4.6 THE SODIUM-POTASSIUM PUMP AND Na*-K*-ATP-ASE

lon pumps maintain the active transport system. Most animal cells maintain a higher
concentration of K* ion inside the cell while a higher concentration of Na* ion cutside the cell is
required. The actual concentration of the ions differs for different types of cells. Fora typical cell,
the concentration ratios are : [Na*] 4o/ INa*) oy, = 15, (K*), e’ K osige. = 25- The high
concentration of K* ion inside the cell is required for some vital processes occurring within the cells.
K* ion is required for glucose metabolism, protein biosynthesis, and activation of some enzymes

(e.g. pyruvate kinase).

ATP binding sites

inside cell

(cytosol)

outside cell

Steroid binding sides

Figure 4.6.1: Schematic representation of the subunits (c:,8, ) of Na*-K*-ATP-ase.

The concentration gradients for Na* and K* ions are maintained by the Na*TK*- ptfm;; tir:;/:]nt:Z
an integral enzyme, known as Na*-K*-ATP-ase (Mol. Wt. = 280 kDa). Energy is obtamteainsr m e
hydrolysis of ATP to run the active transport process. The enzyme- (o, lte:;}atm:r)[;BOED o
subunits (Mol. Wt. = 100 kDa for each subunit) and two B-subunits .(hgg. S“.e g o
subunit) (cf. Fig. 4.6.1). The larger unit (i.e. o) contains the ATP binding site.
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sites are at the one end of t
steroid inhibitor binding sit
the revoluing door. The

he a-chains (in the cytosol side) while at the 0

ther end (in the outside) the
€s are present,

this o, unit actually acts as

To run the pump, Mq2+
structure-formlng effect

pump, one cycle involves th
ions from outside the cell t

plays a crucial role in two ways : catalysis in ATP hydrolysis and
to change the protein conformation. In the function of the Na*-K*.
€ transport of 3Na* ions from inside the cell to outside the cell and 2K+

0 inside the ce]l, Binding of three 3Na* jons with the protein (o, unit)
changes the |ocal polarities so that jtris favourable to bind an ATP molecule which is hydrolysed by
ATP-ase. Thjs hydrolysis s catalysed by Mg+, During the hydrolysis, the Q, - unit
phosphorylated at the as '

conformation of the protei
role as Mg2+

is

binding sites cannot

ions to the extracellular fluid.

ng causes dephosphorylation

n which opens the K*-binding
is not bound as strongly as before and

nal conformation ready to take up the

matically shown in Fig. 4.6.2

Then the open channel binds 2K+
from the protein chain. This deph

sites open to cytoso| (inside the cell),
K* ions are released

Na* ions to initiate a

ions from outside and this bindi
osphorylation causes an eversio

In this conformation, K+
into the cytosol. This leads to the origi

new cycle. The overall process is sche

ADP

>
(Eversion)

—

V)

Figure 4.6.2 : Schematic representation of the functioning of Na*-K*-pumep.
The overall process s :

3(Nat) + 2(K°),,,+ MgATP2- 4 O ___, 3(Na)

o+ 2(K*);; + MGADP- + HPQ 2- 4 1+,

14 ~ an
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), the two qsubunits actively participate in binding s Y

\ ny 0 wo k n co po ation. Ihe melal binding sites
hasal‘\cri::(‘\\ ‘;\.‘\S S‘\lQQOS\Cd that ‘Or h\ﬂdil \q Na’. “ e (I'SUbUlI“S probably 0“0[ 6 hard 0
c r %

for binding K*, 70 sites or 70 and 1N sites are involved.
The whole transport model can be explained by two different conformations E, an E, i

h\(}
can be mutually converted through eversion. The E;-conformation projects the ion binding .
towards the cytosol site, while the E,

The E,-conformation Is selective for Na* lon while the E2-conformation is selective for K*ion. W e
the E,conformation, Na*-binding triggers phosphorylation while in the Ez-c?nlorm.a!lon k. of
binding triggers dephosphorylation. The E,-form is stabilised by phosphoryla'\tlon while the E,
form s stabllised by dephosphorylation. The process s schemetically shown in Fig. 4.6.3.

It is noted that vanadate (VO,*) even at extremely low concentration can lnhlbalf the function ¢
of Na*K*pump. The VO,> and PO, moleties are structurally similar and VO, can compet I
with PO, >, Removal of PO, through hydrolysis can occur easily and in fact this dephosphorylation }
(from an aspartate moiety) causes an eversion to change the conformation. But if vanadate is |
bound with the aspartate moiety, then Its removal through hydrolysis cannot occur to carry out
the eversion, and consequently the bound K* cannot be released.

In the protein (e K
of Yer

LA

S“es V}I."‘Il "
v
!

o W
.conlormation projects the fon binding sites outside the (,

¢

4
1 W

3(Na*),,
. OPOH
T oM (Na*)y
ATP ADP '

2(K+)in\
' \ 3(Na+)out

HPOZ" H,0 | r
(K)—E; « ~ o E,—OPO,H

2K Dou

Figure 4.6.3: Schematic representation of the functioning of Na*-K*-pump in terms of
two different conformations ( pand E)), '

|
L
Selectivit . o
eversion chla‘::gzs(:l:eﬂ:; Nta* K'-p ump + From the proposed mechanism, it is evident that ¢ ' p#
selective towards Na* h?:]c Pl of the system towards Na* and K+, In one conformation ¥/
K* ions are harg catio:; ledm}:mmher conformation (E,), it is selective towards K*. Both N2
complexing power s gre:tr:ar ioey are not good complex forming centres. But Na* is harder and I? ,
m s ) . )
pared to that of K*, This is mainly due to the smaller 2 Of+ ;

(cf. v, = 133 pm for K+
3 pm for K* and r.=95pm for Na*). In fact, Na* is more strongly hydrated than K
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-
t from their hydration energy (cf. -302 kJ mol™ for Na*, and =230 kJ mol! for K*). Thus the \
acl

ot stronger than H,O will bind Na* preferably while the bases slightly weaker than H,O can also
bf’"’ - K+ from its hydration sphere. This small enthalpic disfavour (i.e. AH = +ve) in binding K*
filspliﬁacfocydic cavity is compensated by the entropic favour (cf. AG = AH - TaS, AS = ve; -
lnaac:rocvclic effect; cf. Sec. 1.5,4.3, 4.4.3). In the case of Na* binding, the basicity of the 1395-“\9
_:‘teS should be better (or at least comparable) than water otherwise AH will be highly positive (mainly
4ue to high dehydration  energy of Na(ag)*) and this too high enthalpic disfavour cannot be
compensated through complexation by a macrocycle. At the same time, the preference is also
decided by the required metal-ligand distance (which is required to be longer for K*). Definitely, the
macrocyclic cavity size to bind K* must be larger than that required to bind Na*_

The actual binding sites to cause this selectivity are not known. Probably, the pump uses crown
ether or cryptand or other related ionophores whose ligand basicity and cavity size may
simultaneously work to cause the selectivity. In fact, for K*, a larger ring size with the relatively

less hard binding sites will be more suitable while for Nat, a relatively smaller ring with the harder
binding sites will be more suitable.
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5.3 BIOLOGICAL OXYGEN CARRIERS

Small organisms require no oxygen carier beyond simple diffusion.  Some
nonheme iron proteins cal led hemerythrin (Hr) for this purpose. Lobsters, crabs use 4 C; g
contalning protein called hemocyanin (He) for oxygen transport. In higher animy, fer

ke

mammals, oxygen transpart and its storage are conducted by two heme proteins hemogfob,'
(Hb) and myoglobin (Mb) respectively. The dioxygen storage proteins are generally prefixed m'vr;
(from Greek root mys meaning muscle). Thus the word myoglobin originates. For hemerythrip,
there also exists a chemically similar dioxygen storage protein described as myohemerythriy,
Some organisms use hemocyanin for dioxygen transportation and use myoglobin for dioxygen
storage. Hb and Mb constitute the red matter of our blood. 100 ml of normal body blood at bod,
temperature can dissolve 20 ml of O, (at 760 Torr) while 100 ml of blood plasma (without any Hb
and Mb) can absorb only 0,3 ml O, under identical conditions. These two proteins, Hb and Mb
also play important roles in CO, transport from working tissues to lungs and in acid-base balance
of blood. Depending on the nature of living species, hemoglobins differ structurally. In
vertebrates, Hb is tetrameric (e.g. Hb-A in human), jn some invertebrates Hb may contain as
many as 192 subunits and these high-molecular-weight Hbs of arthropoda are referred to as
erythrocruorin (Er). In some annelid worms, Fe(II)-protoporphyrin-IX (i.e. heme b) unit is
replaced by chloroheme unit ‘(having different substitutions on the porphin ring, cf. Fig. 7511
to give chlorocruorin (Ch) which becomes green (Greek word chloros means green) on
oxygenation. Ch also consists of 192 subunits. Vanadium in the form of hemovanadin is probably
involved in the oxygen transport process of ascidans (sea-squirts). But the role of vanadiumin 0,

transport is still questioned.

)

5.4 DISTRIBUTION OF OXY GEN CARRYING PROTEINS IN BIOLOGICAL SYSTEM

Iron containing oxygen carriers are present inside the cells and copper containing oxygen
carriers are found in extracellular fluids. These iron containing proteins bear Fe(ll) which can survive
inside the cells where a reducing environment exists. Very often, Fe(ll) gets incorporated within the
macrocyclic prophyrin ligand to produce the non-labile Fe(ll) complexes. This porphyrin ligand
is susceptible to oxidative attack. Thus the reducing environment within the cell protects the
porphyrin ring. On the other hand, in the copper containing proteins, Cufl) and Cufll) form very |
stable complexes with the ligands like imidazole sites from the protein chains. These stable copper

based carriers can survive in bloodstream.

5.5 HEMOGLOBIN (Hb) AND MYOGLOBIN (Mb) IN OXYGEN
TRANSPORT MECHANISM

The hemoglobin family is distributed in different living species like vertebrates, invertebrates o
annelid worms. The monomeric unit is myoglobin. Depending on the structural features th?y o
known as myoglobin (Mb), hemoglobin (Hb, 4 subunits in vertebrate species), erythrocruo"™ :
192 subunits in arthropod species), chlorocruorins (Ch, 192 subunits in annelid wo'rm5)~. v i
and Er use the Fe{l[}-protoporphyrin-IX (known as heme b or protoheme) as the bast w:;:e‘ o
Ch, heme b unit is replaced by chloroheme unit (cf. Fig. 7.5.1.1). On oxygenatiom ™
changes as : purple — red (Hb, Mb), purple — red (Ex), purple — green (Ch). In

and Mb in vertebrate species will be discussed.
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X remain dissociated at biological pH.

Id be represented as HyPIX where H,
protons are lost

[Note : The —CO,H groups present at the surface of Pl
In terms of the number of dissociable protons, the ligand shou
accounts for two —CO,H group protons and two >NH group protons. The >NH
during complexation with Fe2+. Thus heme b is produced in the reaction :

HZPlXZ' + Fe?* — Fe(PIX)?~ + 2H*,
However, for the sake of simplicity, for all forms of the ligand it is simply represented by PIX.]

b 1:;;)'!"(1::;)“0?: functions of the heme-proteins are: (i) transport and storage of dioxygen fe.g.
per:oxida'se ) fechtron transport (e.g. cyt by; (iii) catalysis in redox reactions (e.q. cata{ase,
prOtOporp}; n',S: (};{ rorr_re -P-450, NO' synthase, etc.). All these proteins possess the iron
I ;fhe pmtel;:litrajctthe commoln prosthetic group in spite of their different biological
oropery) ond st i ;Jerz c:;lttr;_z StP(;ese f)rlopertles. l; is illustrated f9r Hb/Mb (O, UP:ak_e
cloavags of O po s eg. P , ca a.ase: ;?erom ase, etc) leading to t‘he heterolytic
l . push-pull’ mechanism is important for such heterolytic 0—0 bond
cleavage. These aspects have been discussed in Secs. 5.5.7, 7.9.4 and 7.10.

(Distal Histidine) ' \>

E7

Globin chain

CH,(his)

(Proximal Histidine)
_ F8
Figure 5.5.1.2 : Structure of a heme unit in hemoglobin and myoglobin.

A heme unit including the globin protein chain is called myoglobin (Mol. Wt. = 16,000 Daltqnf»)
(Fig. 5.5.1.2 and 3) and hemoglobin (Mol. Wt. = 64,000 Daltons) is a tetramer of myoglobinic
subunits. From the standpoint of protein structure, the four units are similar but not identical, The
most common hemoglobin in adults contains two q-units (141 amino acid residues).and two ﬁ-un}l]ts
(146 amino acid residues) and it is called Fib-A (o). Depending on the amino acid sequenc® f oef

protein chains are characterised by @, 5'_,,5‘_3,@ Y. Ho-Ay (0!.252) I -2 consten
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<126 : BIOINORGANIC CHEMISTRY

human blood. In fetus, the fetal hemoglobin is Hb-F (a,y,). In Hb, these four polypeptide chains

are coiled in such a fashion that the four heme units are more or less at the corners of a
tetrahedron near the surface of the molecule. The protein chains bear —CO," and —NH,* groups |
and the chains are coiled to bring about salt-bridge Interactions (l.e. —CO0," -*H;N—, ¢f. Fig. I
3.5.15). In Hb-A (0)B,) there are eight such interacting sites in its deoxy-form and these bridges

are destroyed on oxygenation.

Proximd| histidine (F8)

Folded globin
protein chain

Tertiary structu_ré of Mb (monomer) Quarternary struciu}e of Hb (tetramer)

Figure 5.5.1.3 : Structure of myoglobin (Mb) and Hemoglobin (Hb) with the globin protein chain.

..................
------------------

o ® @ Heme unit '

Figure 5.5.1.4 : Schemetic representation of tetrameric hemoglobin (Hb-A):

Hb transports 0O, from its source (e.g. lungs, skin and gills) to the site of its biochemical use (i.e.
respiration) inside the muscle cells where O, is transferred and stored in Mb,

In the planar porphyrin ring of heme unit of Hb and Mb, due to the presence of conjugated
double bonds in the porphyrin, stable 1 and low lying n* orbitals are available and these allow the
characteristic charge transfer electronic transitions to give the red colour of blood. These
transitions occur in the range 400-600 nm giving rise to Soret (400-500 nm) and «, B-bands (500-
600 nm). The high energy n-n" (near to UV) transition of the iron porphyrin ring system is described
generally as Soret band. This band is also described as y-band (cf. cytochromes).

Definition of Soret Band (IUPAC recommendation, 1997) : An intense (n — n*) absorption
band in the blue region of the optical absorption spectrum of a heme protein (e.g. Hb, Mb, Cyt, etc) §
is called Soret band. Thus the Soret bands appear near the ultraviolet regioh.
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In the Mb and Hb, the sixth coordination site of iron remains vacant or occupied by |
deoxy-forms and this site is occupied by O, In their oxy-forms. It is worth noting thyy n’?
sixth coordination site, there is another histidine residue (called distal histidine, E7, ¢/ |:|g'a:
which cannot coordinate'iron, but it plays a very crucial role to stabilise the oxy-formpy,

mg:(’cf Fig. 5.5.7.1). This distal histidine protects Hb and Mb from CO pdfm
kﬁcﬁs"ﬁaque been discussed in Sec. 5.5.7. Properties of the distal molety largely ¢,
properties of different heme protelns, e.g. Hb/Mb, cytochrome P-450, peroxidase, etc. T
ligand is important to introduce the ‘pull effect’ in certain heme proteins. The proximal lig
plays some important roles, e.g. ‘push effect’. All these aspects have been discussed in
Secs. 5.5.7, 7.9.4 and 7.10. The microenvironment of the iron in Hb and Mb is ve
comparable with that of cytochrome ¢ but in cyt ¢ all six coordination sites are filled. Their |
are also different : cyctochrome c, an electron carrier; Hb, an oxygen carrier.

______ W
By HyN* Asp-94 His-146 > CO,”
B 7 12)
(a)) 0,C+——Arg-141—— Asp-126 Lys-40 NH,*
| 5!
A N o
() HyN* Lys-40 —— Asp-126 Arg-141 ————CO,~
S
(B;) O,Ce—— His'-146 —— Asp-94 NH,*
®
(1), 8)=» NH*----- - 0,6—
, (Aspartate, pK, = 4.4)
N
H
(Histidine, pK, = 6.5)
(2), (7) = —NH,= === 0,0—

(Lysine, pK, = 10) (Terminal, pK,=3.1)

(3, (6)% —NHy-- -~ ~0,6 —

(Terminal, plé-a = 8) (Terminal, pK, =3.1)

NH

/ .

(4),(5)= —NH—C +} “eenn... -
Ci+ 0,6—

. W,
(Arginine, pK_ = 12) (Aspartate, pK, = 4.4)

Figure 55 1.5 : Salt-bridge interactions in Hb-A (a,B,). Given pK,
values correspond to the respective conjugate acids.
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Y 9 Square pyramidal enyj t

ommetry) is attained in deoxy-Hb, but on oxygenation Felil) fits ] ronment (C,,

gi»out 70 pm towards the porphyrin plane. On o

5.5.2 Function of Hb and Mb

Hemoglobin (Hb) carries O, from lungs to tissues wh

: ere it is transferred to myoglobin (Mb)
and stored therein for metabolic requirements. To

make this process thermodynamically
possible, the oxygen affinity of Hb in lungs where oxyge

than that of Mb and the reverse condition should arise i
is less. Nature has designed Hb and Mb in such

a fashion that this condition is "aftained
artomatically (Fig. 5.5.2.1). These are evident from t

he characteristics of O,-binding interaction
with Hb and Mb. ’
—— (Hyperbolic curve) .
mgl)\-cooperaﬁve) PH(1)
: ey T (Ho)
"-é ’ (Sigmoida! curve) % pH(2)
L .
of Hb) g pH(2) < pH()
L Cooperative) g
*
p(OZ) E e = p p(OZ)
(@ | (®)

' tion
Figure 5.5.2.1. Oxygenation curves for Hb and Mb (a). Effect of pH or:.ox;/gena i
. H n
(lustration of Bohr effect) of Hb (b). (Qualitative representation

nto the porphyrin cavity and travels—

f

e —— e —
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5.7 HEMERYTHRIN (Hr OPROTEIN
A large number of marine invertebrates are found to utilise the iron bzaring protein ~
This nonheme protein bears

_Fe(l“)

hemerythrin having no porphyrin skeleton in oxygen transport.
xidised, it forms methemerythrin (Met-Hr) which contains

th the

hn =1, Mb used in Oz

Fe(ll) in deoxy-form. When it is 0
and then it cannot bind oxygen. In Hr, the coorperativity effect on O, affinity is insignificant wi
Hill coefficient (n) 1.2-1.4 in accord with its role in O, storage (cf. Mb wit
been reported. Hemerythrin can exist in both \
' forms. The ,
(cf- myog\ob'ln \

storage). But in some cases, higher cooperativity has
= 13,500 Daltons) and octameric (Mol. Wt. = 108,000 Daltons)
 trimeric form is also known. The monomeric form is also known as myohemerythrin
-storage. Each subunit contains two Fe(ll) centres_
perature th:ough \

vs. hemoglobin) which is exclusively used for O, ns
(high-spin) and deoxy-Hr is_ Eaf:;qmggngﬂt_ic_._‘The oxy-Hr is diamagnefic a“t"'lb'\'i)'tem _
~ The two Fe(ll) centres aré

-an-antiferromagnetic coupling interaction between the Fe(lll) centres.

- joined-by two bridging carboxylates Gh}358"and:Asp-*1'06‘6f’tl’1“e” SFdf;in chain. There is also another
oxo group. (—O—) or hydroxo group (—OH) to act as the third bridging ligar{d. One Felll) centre is
) to attain the octahedral geometry,

coordinated by three histidine residues (His-101, His-73, His-77
His-25 and His*54 keeping the sixth site reserved for O,

while the other Fe(ll) centre coordinates with

‘binding as peroxide or hydro-peroxide (v5_g =844 cm™). Thus the deoxy-Hr is characterised by :
(His-N);Fe"(p-OH)(u-n - n!-0,C-Glu)(p-n'! : n1-0,C-Asp)Fe"(N-His),. Each subunit can bind with one
molecule of oxygen (i.e. Fe : O, = 2:1; for Hb, it'is 1:1) as shown in Fig. 5.7.1 *

~H
ol (His) T""o\o

(His)N 0 N(His) . .
\F'e"/ \F "/ ‘0, (HIS)N\ \ /O \F\ m/N(HlS)
/TN

(His)

) - AN OXYGEN UPTAKE METALL

monomeric (Mol. Wt.

(Violet-red)

(Colourless)
Figure 5.7.1: Structural representation of the mode of O, binding in hemerythri
rythrin.
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iy,
Thus, dioxygen binds asymmetrically as a peroxide In oxy-I-r and it leads t OXidag;
Fefll) centers to Fe(lll) centers during oxygenation. The O—O streching frequency supon thy, '
existence of peroxo (0,27 linkage in oxy-Hr (cf. in oxy-Hb, O, exists). In oxy-Hr, th, tp°“‘ t,
centres participate in antiferromagnetic coupling Interactlon to attain the diamagne“s:]Femr,
deoxy-Hr s colourless, but in oxy-Hr, an intense absorption band arises at 360 nrm due T

R

charge transfer band (0,2 - Feflll] which looks violet In colour. Here it is important 1o nm:l‘h_
Bohr effect Is absent in Hr.

4
5.8 HEMOCYANIN (Hc) - AN OXYGEN UPTAKE PROTEIN |

Hemocyanins are copper containing O, uptake proteins, occurring in a numbe , |
invertebrates. Depending on the distribution pattern, hemocyanins are classified in two groups, " |
mulluscan-He (found in snails, octopi, etc.) and arthropodan-He (found in lobsters, scorpiy, §
etc.). Hemocyanin occurs freely in bloodstream (cf. Hb occurs inside the erythrocytes). In 1}; 'p
mulluscan family, the subunit (containing two Cufl) centres) has the Mol. Wt. ~ 53,000 Daltey, ¢
while in the arthopodan family the subunit (containing two Cu(l) centres) has the Mol. Wt. ~ 77,0@; h
Daltons. Both types of He remain in polymeric forms and the molecular aggregates are compog, |

of 6, 12, 24 or 48 subunits, !t is noteworthy that no monomeric form containing one subunit exiy, |
for He (cf. Mb is @ monomer). . b

For some hemocyanins, the O, binding affinity is highly cooperative, with the Hill coefficigy
as high as n ~ 9. Deoxy-Hc containing Cufl) centres is diamagnetic and colourless, but onyHe, |
blue (Greek word cyanos means blue). . Each subunit can bind one O, molecule (i.e. Cu 0,=2. 'R
The bound O, remains symmetrically (cf. in oxy-Hr, 'OZ is bound assymmetrically) bound r
shown in Fig. 5.8.1

0

/ \ o /0\ /ﬁu"(N-His)a
(His-N)acu"\ /CJ'(N-H!S)J o HsNCY' ~ 0

o
(un?:nd) (u-1.2)

Figure 5.8.1: Structural representation of the moge of attachment of O, in oxyhemocyanin,

In oxy-He, the O—O stretching frequency is ~ 744 cm™. 1t indicates that the coordinate
cioxygen is a peroxo species (cf. in oxy-Hr, peroxo species is present and in oxy-Hb, superow
species is present). Here it should be pointed out that there are ditferent views on the moded
binding of peroxo group with the copper centres. EXAFS (extended X-ray absorption fine structu
data indicate that 0" binds symmetrically with the Cu-centres as shown in Fig. 5.8.1 [t
bonding i.e. thebridging unit is Cul(p-n2: 12-0,)Cull; the other possibility involves the bridging u?
s Cu'(-1, 2-0,)Cul with a Cu-Cu separation of 360 prri). Because of the conversion of O, 0}
the Cufl) centres become Cufl) centres on oxygeriation (cf. Hr where formation of 0;7 et
Oxidation of Fe(l) centres to Fe[ll) centres). The bonding scheme (u-n2:12) shown in Fig 5'28'12
20 supported by studying a model complex. containing two Culll) centres bridged b ™!

per-o'xide, The similar mode of bridging by the peroo group has been considered in explainng
activity of tyrosinase (cf. Scheme 7.112.1)

The diamagpnetic
Cu(ll

il
|

; on between
property of oxy-Hc arises due to antiferromagnetic mteract;on'b:;S o
centres. The oxo-form is also epr silent. The intense blue colour of oxyHe 2™

|
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410 charge transfer between the coordinated peroxo group and the metal centre (cf. charge

ler band in oxy-Hr). In oxy-Hc, the charge transfer absorption bands at 580 nm (e=103 M-!
) and 340 nm (€ = 104 M~! cm™) are due to LMCT (ligand to metal). '

indeoxy-Hc, there are two distorted trigonal coplanar [Cu'(N-His),| units with the imidazole rings
saggered across the Cu--.....Cu separation of 4.6 A (in horse-shoe crab). In deoxy-He, using a
bidging ligand (probably H,0), each Cu(l) center may adopt the distorted tetrahedral geometry. In
ayHe, each Cull) centre is approximately square pyramid (2 bridging O, 3 His-N; supporting the
pitant structure of Fig. 5.8.1) with a trans-axial His-N ligand. This structural change (i.e. distorted
irzhedral o trigonal planar to distorted square pyramidal) during oxygenation is quite significant in
apaining the cooperative effect observed for O, affinity in hemocyanin.

Note : Comparison of O, binding properties of the common 0, uptake proteins : It i.s
bleresting to compare the fate O, in Hb, Hr and He. In Hr and He, the active O,-binding site is
dnucleor while in Hb, the active site is mononuclear. In oxy-Hb, bound dioxygen exists as O,
lmpc_roxlde) but in oxy-Hr or oxy-Hc, the second metal centre Fe(ll) or Cu(l) can provide an
diional electron yia some metal-metal bridge to reduce further dioxygen to 0% (Pf-m.’“de)'
Ihe PEIXo-moiety s symmetrically bound to both Cufll) centres in oxy-ﬁc but 1.t (;s ”O_t
:e";sf;eir;cally bound to both Fe(lll) centres in oxy-Hr. The cooperativity In 0, b;“ '"3[ ‘:
o 3'0“ b Hill-coefficient (n) in different O, uptake proteins. The aPPTOX‘Tﬁ:: ‘fel::;lenl
bon 0,;Hb). 9 {for He), 1.2-1.4 (for Hr), and 1 (for Mb). Thus in terms of Hi ; storagt;
© dre having the O, transport properties and Hr is having ”".3 u:eir deoxy-
for Mb). All these proteins (except Hc) are paramagnetic In

sicfnw
for . . d
ms byt they are diamagnetic in oxy forms. In Hb and Mb, metal : O is 1.1 while in Hr an
218 2:1, |

C meta) ,
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f 119‘ ' . onzymes are generally activated by differen met

o-\'\"’cp“dac dase- (307 amino acid residues) and carboy
(),lh m,boﬂ;ﬂ Zofllsite per molecule. But yeast carboxypeptid
Jire ©

Pl
e :
> XYPEPIIDASE-A (CPA) : STRUCTURE AND REACTIVITY
. re released from their inacti
ontﬂmmg cnzymes a - nactive precurs
et In tdases) 0 the pancreas for the'dlge.stion of proteins. This panocrrsezj)tr
e p hydrolyse the terminal peptide linkage at the carboxy] eng ; lchenzyme is very
h peptide linkages in which the side chain of the 1em'1ina‘5 OWS a marked
branched aliphatic.chain with L-configuration (denoted by Be)sldue contains

HNCH(RTICO—NHCH(F?) =+ CO—NHCH(p)CO,”

al ions ke 7
e Zn(ll) Mn(l)
. , Co
uy:;(.zglidase-l} (308 aming ru(c"i)(;
Is not a mclalloenzymo

Zymogens (| ¢

—CPA
HZNCH(W)CO—NHCH(RZ) ............ Coz— + +NH30H(B)C02‘

me can also show esterase activity (i.e. ester hydrolysis).

The en
(tural Features

' CPA xsts in different forms (i.e. C.PA-a, CPA-B, CPA-, etc.) depending on the size of the
tlos from the zymogen. CPA-a is commonly known as CPA. The prosthetic group of CPA
s 2 7n(l) site and the protein bears about 307 amino acid residues. Its molecular weight is
61Da. CPA-p contains 305 amino acid residues and CPA-y contains 300 amino acid residues.
cP;\ molecule looks egg-shaped and the active site is situated in cleft in the protein structure. The
14l centre is coordinated by two N-sites (His-69, His-196), one carboxylate oxygen of the
guramate (Glui-72) and a water molecule (at the fourth coordination site). It provides a distorted
eirchedral geometry around Zn{ll). In the vicinity of the active site, the three amino acid residues -
nlonated guanidyl moiety of Arg-145, phenolic OH of Tyr-248 and carboxylate end of Glu-
770 are present and these residues play some important roles for the enzymatic activity. A
hyrophobic cavity produced by the apoenzymatic portion is important in housing the hydrophobic
goup (9) of the terminal residue of the substrate. ‘

521 StrY

622 Characteristic Features of CPA Reactivity

f9) Metal substitution : Zn({l) can be removed from the enzyme by using the stronger chelating
s like 1,10-phenanthroline. The apoenzyme can be isolated through dialysis against the
beng agrt 1,10-phenanthroline. The apoenzyme is itself inactive. But the activity can be
rgmmd by adding Zn2* and many other bivalent metal ions like Colll, Nilh, Mn(ll.. In fact, t_he
O{MPA_ enzyme is more active than the native enzyme, 7n(ll)-CPA. The relative activities (towards

I’lel)ltnc?afe and esterase activity) of different metal substituted enzymes are given in Tablet
rem,e‘}; ;15 Interesting to note that the Co(ll)-CPA is more reactive than the native Zn(l!):C'PA, gu
k " se-led Zn(ll rather than Cofll) because of the nonavalability of Co. The reactmlty o\r” (:l:
by s;olysls of glycyltyrosine by metal ion substituted CPA is : Mn(ll) << Zn(l}) E Co‘(l ();.,eas; !

of M—0 bond strength, the carbocationic character of the carbonyl caroon In

rving-Wi : —0<Co—0.
Ining Williams series, the bond strength changes 2s Mn—0 << Zn

I lng to th
Thg d e
. tching frequency: The bond

0
g M strengh sequence has been supported by M—O stre

€Quen .
“© explains the peptidase activity sequence.
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Table 6.2.2.1

Relative activities of different melal-substituted CPA

—_ Metal Peptidase Esterase
Apoenzyme 0 _ 0
Zn(ll 100 100
Co(ll 200 110
Nifl1 50 40
Mn(ll) 30 | 160
Cd(ll 5 140
Pbii) 0 60
H(ll) 0 90

, ®) l?istoned tetrahedral geometry around Zn(ll) - entatic state : To understand the
;mcroenv:.ronment and microsymmetry around the metal centre through spectroscopic investigation,
n{ll) (which does not show any d-d transition) is replaced by some comparable transition metals

which display the d-d transitions. In the present case, substitution of Zn(il) by Cofll) retains the

enzymatic activity. Substitution of Zn(ll) (d!9) by Cofll) (d7) allows the spectral studies (absorption,
circular dichroism, magnetic circular dichroism) of the substituted enzyme. In fact, the Co(ll}-
substituted enzyme furnishes valuable information about the metal environment. Thus Co(ll) serves
as an spectral probe for the study of the active site. The electronic spectrum of Co(ll}-CPA indicates
the distorted tetrahedral symmetry around the metal centre. In fact, the distorted geometry is
also supported by the X-ray studies. Vallee has termed the distorted condition as the ‘entatic state’

which is believed to lower the activation energy to attain the transition state.

(c) Hydrophobic pocket : This pocket created by the polypeptide chain resides in the vicinity
of the active site to house the hydrophobic group (6) of the terminal residue of the substrate.

(d) Role of Arg-145 in substrate recognition : The terminal carboxy! group of the
substrate forms a salt-bridge (i.e. ionic interaction) with the protonated guanidyl group of Ars-l45
(Scheme 6.2.2.1). It keeps the substrate in a proper position and orientation as required in the
the enzyme is specific for the terminal peptide linkage at the carboxyl

ess. This is why, a ,
s:r:ic In other words, this salt-bridge interaction helps to recognise the substrate. This interaction also
helps the rupture of the N—C bond of the peptide linkage. .

H

S : *
© H
(substrale) (Arg-145)

Substrate Recognition

Scheme 6.2.2.1 : Salt-bridge interaction between the terminal carboxyl group of the
substrate and arginine-145 in carboxypeptidase-A (CPA).

e —
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<158 : BIOINORGANIC CHEMISTRY

(¢) Generation of carbocationic character at the terminal peptide carbonyl carbon : The
carbonyl oxygen replaces the H,0 molecule at the active site of Zn(ll). This Lewis acidic character of
Zn(ll) polarises the ‘C=0" bond to develop a carbocationic character on the carbonyl carbon center.

I /
CHR

“ |
._>m—" 10=C—NH—
’

Hydrogen bonding interaction between the —NH— group (of ?he peptide linkage) and thfa
phenolic —OH group of Tyr-248 also enhances the cationic character of the carbonyl carbon and it

also helps the rupture of N—C bond (c¢f. Scheme 6.2.2.4). In fact, with the increase of positive
charge on the carbonyl carbon centre, the nucleophilic attack on it is facilitated.

(f) Role of Glu-270 to generate a potential nucleophile : The carboxylate end of Glu-270
may participate in a number of ways. It can simply keep the nucleophile (i.e. H,0) in a proper
position through hydrogen bonding to help the attack on the target carbonyl carbon (Schem
6.2.2.2). :

NH

HsSONS_ . | M0
(Glu-72)0—ZM—10=C---- 0 50— (Gu270)
(His-196)N o oo

CHR
|

Scheme 6.2.2.2 : Correct positioning of H,O (i.e. nucleaphile) through
H-bonding interaction of Glu-270 in carboxypeptidase-A (CPA).

The carboxylate group of Glu-270 may interact with the water molecule bound with Zn(ll) to
generate the metal bound hydroxide group which is a powerful nucleophile to attack the peptide

linkage (Scheme 6.2.2.3) ,
0
i |
C NH
(Glu-270) O----H H c]:/\o
U s —
NG
o JCHH
Zn" I
(His-196)N/ D\-N(His-BQ)
(Glu-72)

Scheme 6.2.2.3 : Generation of the enzyme-bound OH group (a better nucleophile)
by Glu-270 to attack the substrate in carboxypeptidase-A (CPA) activity.
The carboxylate group of Glu-270 ¢

ydride as shown in Scheme 6.2.

an itself act as a good nucleophile to produce an acid
probable enzymatic activity of CPA

2.4. In fact, existence of acid anhydride has been proved. The
is outlined in Scheme 6.2.2.4. |
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7.2 IRON-SUI.FUR PROTEINS

7. L ]
2.1 Genera| Features of the Iron-Sulfur Proteins

The non-h i

: eme iron- -

Fd, ‘where fer ron-sulfur proteins (commonly known as ferredoxins, sometimes abbreviated as
Means iron and redoxin means redo > €

bioloqical elec X protein) are extremely important in many
i :i?otos nt}:r OT" tranffer Processes and these are available in all living bodies. They play vital roles
oxidace e.th F€$IS, m"ltocho.ndnal respiration, nitrogen fixation, in the activity of xanthine

, elC. Ferredoxins mainly act as electron transport proteins in the biological redox reactions.

'_s‘f"‘" Proteins, both the cysteinyl sulfur and inorganic sulfur as S*- are present.
' nic squurs are labile as they can be removed as H,S on acidification. The iron-sulfur
proteins are very often represented by nFe-mS, where n denotes the number of Fe-cations per

protein molecule, S denotes the labile sulfur and m denotes the number of labile sulfur sites per
protein molecule.

In iron
The inorga

In all iron-sulfur proteins, Fe** is approximately tetrahedrallyssurrounded by the sulfur sites, at

least one of which is a cysteinyl sulfur. Another important aspect is that for a particular value of n,
in all nFe-mS proteins which may have different sources, the number of cysteinyl sulfur is the same

" though the amino acid sequences in the protein chains may be different." '

In the electron transport process, the Fe3*/Fe?* couple works and both the oxidised and
reduced forms of Fe remain in high spin tetrahedral geometry. The sulfur binding site being
relatively soft tends to stabilise the lower oxidation state Fe?* of the Fe3*/Fe?* couple. The\
ionic radii of tetrahedral high spin Fe(ll) and Fe(ll) differ. This makes the distorted tetrahedral
geometry around Fe. During reduction of Fe(lll) to Fe\(Il), this chanqe in ionic radii initiates to
change the prthein structure (tertiary and quaternary). This protein structure change largely

Blolnorg. Chem. [12]
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amino acid sequence), the reduction potential of the Fe3*/Fe?* couple for ferredoxins can be

|
controls the redox potential of the Fe3*/Fe?* couple. Thus by varying the protein structure (i.e. |.
varied in a wide range (-0.6 to + 0.3V, at biological pH). In iron-sulfur proteins, the charge \

transfer (LMCT) band occurs in the range 350-600 nm due to S — Fe transition. Properties of
some Fe-S proteins are given in Table 7.2.1.1. )
Table 7.2.1.1
_ Some representative Fe-S proteins
Proteln Source Mol. Wt (kDa) E, (V) at approximately
blological pH
Rubredoxin (1Fe) C. pasteurianum 6.0 : -0.57
2Fe-2S Spinach 10.6 -0.42
: Azotobacler 21.0 -0.35
C. pasteurianum 250 . -0.30
Pig adrenals (Adrenodoxin) 16 -0.27
E. coli 12.6 -0.36
Themus 20.0 +0.15
thermaphilus (Rieske)
4Fe-4S Bacillus 9.1 -0.28
Beel heart (Aconitase active) 81.0 —
Chromalium vinosum (HiPIP) 10.0 +0.35
Xanthine oxidase 0.0
(8Fe-8S, 2FAD, 2Mo)
Succinate Mitochondria 200.0
dehydrogenase

(8Fe-8S, FAD)

NADH Mitochondria 100
dehydrogenase -
(28Fe-28S, FMN)
JFe-4S Desulphovibrio 6.0 -0.13
(Fd ll)
Beel hear 81.0

(Aeonilase, inactive)

Some representative jon-sulfur protein systems are discussed below.
7.2.2 Rubredoxin (Rd)

It is the simplest bacterial iron-
a molecular weight of ~ 6 kDa
to create a tetrghedrq| cavity by
It is a one electron transport agent
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involving the couple Fe?*/Fe3* in which both Fe?* (¢%,%) and Fe3+ (€2,3) remain, nhy

in tetrahedral symmetry. It is noteworthy that the tetrahedral symmetry s dlsgo"e'd Sbin y,
oxidised and reduced forms. The reduced form is expected to experience a J"h"'Teﬂer‘: th “t
but the oxidised form does not experience any Jahn-Teller distortion. This is why i bel!mm":
the distortion is imposed by the ligands (cf. Sec. 7.1.1). o ty

Protein chain

Figure 7.2.2.1: Structural representation of flattened tetrahedral structure of rubredoxin.

This distortion is extremely important for rapid electron transport through an outer gy,
process. In fact, this distortion leads to place the Fe-centre in such a geometry that the requiremg
of structural change during the electron transfer process is minimum. -Consequently, according|,
Franck-Condon principle, the reorganisation energy needed for the outer sphere electm
transfer process should be minimum to facilitate the process. In fact, the self electron exchang
rate in rubredoxin is tremendously high (ca. 10? electron transfer per second). This is mainly duet
the fact that the structural parameters (i.e. spin state, geometry, bond angle, etc.) for both th
oxidised Rd (i.e. Fe3*) and reduced Rd (i.e. Fe2*) are very much comparable. Here it is importantts
note that in Fe(ag)3*/Fe(ag)®* couple the electron exchange rate is very slow (ca. 1.0 mot™ dns?
where Fe—O bond lengths in Fe(H,0)¢** and Fe(H,0),2* differ considerably. It has been propos
that in rubredoxin the ligand imposed distortion renders the HOMO neither strongly bondng
nor anti-bonding thereby facilitating the electron transfer.

In the distorted tetrahedral geometry of Rd, the S—Fe—S bond angle varies in the range 1
to 114° and Fe—S distances range from 224 to 233 pm. When Fe(lll) is reduced to Felll, there &
slight increase (~ 5 pm) in Fe—S bond. The reduction potential of the Fe*/Fe?* couple is %
0.6 V(at pH 7). Different model compounds (e.g. Fe(SC,Hc),1/%) have been prepared wheretf;e
‘cys-S' is replaced by thiolate moieties. It has been noted that the magnitude of the dihedral anﬂa:
between the S—Fe—S plane and the Fe—S—C plane involving the same Fe and S s ole'ﬁ
important consideration to determine the redox potential of rubredoxin. This dihedral a8
controlled by the protein structure associated with the Fe-centre.

7.2.3 Ferredoxins (Fd) - : ol
52 biﬂ”dearn;one

(a) 2Fe-2S (2Fe ferredoxin) : It is also designated as Fe,S, protein. t but it acts &

with two bridging inorganic sulfurs. Here, though there are two iron centres
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yonsfer agent {i.e. In the oxldised form, 10,

Vthe | /
ron . I ot Tong »
i (orm, both Fe and Fe¥* exlut) [ by, the: onidige 043 star, e |
e emalns in high spin state In a distorted tetrahiedy | dand e, y N the

i wre) In the oxidised form arlses through the
2 XU

wr" " echanism) of the l‘c"‘(cftz]) centres throygh,

o ":l o bolh Fe?* (d% and Fe* (d) centres and be

a,nshm the complete quenching of the gpjng

the bridging
catse of the

does oy

4 sulfur sites, () mda’;'r,w,n it
A nurmbyer olclar,tmm (le f;o
N eenr Aving rjse 1o a dru'H

gmagnefic state (S =¥), (l.e., ten electrons are palred throy -

|11 lectron remains unpaired). Thus In the redyced form, th
1.‘1:,. and Fe3*) while In the oxidised form both the cengres foiies
tron transport proteln as ;

gh Supereschangg

e metal centros
metal centreg oy nonequlvaler
Qulvalent (both ar Feb). It acty g

mechanise, bt

 one elec

(Oys-S),Fe"(8%),Fe"(S-Cys), "+ 0 == [(CYG‘S)zFB'"(32')2F0"(S-Cy5)2]" (7.2.3.1)

Protsin chaln

Figure 7.2.3.1: Structural representation of the active site of 2Fe-ferredoxin (reduced form),

(b) Rleske Centre (2Fe-25) : Rleske protelns belong to the 2Fe-2S class, but at least at one
Fe centre Cys-S binding sites are replaced by imidazole N-sites of histidine residues, Ligation by
these nonsulfur binding sites remarkably influence the reduction potentials of the Fe3*/Fe2* couple.
The potentials for the Rieske proteins range from + 0.35 to - 0.15 V (cf. for plant 2Fe-25
lemedoxin proteins, E,’ ranges from - 0.25 to —‘.0.45 V). Here it is interesting to note that the
mumber of liable S-sites remains unchanged in both ferredoxin and Rieske protein.

Profeln chaln

R T T ntre.
Figure 7.2,3.2 : Structural representation of Rieske iron-sulfur ce

, rotein) are
9 4Feqs (4Fe-ferredoxin) : The four Iron ferredoxins (designated also as F¢;5 P

- is a cubane llke

Tmtee - Ocumented than the 2Fe-ferredoxin. Each unit [I.e..' Fe Ccisr::rsedlis ioordlnatcd bya

C‘JSte'r Ol four fron centres and four labile sulfur centres in which each ifol:] 5. In a distorted cube, 4
inyl Tesidue ang other three sites are oz:ctiPled by three abile 5 sKe2

bile S
allerna[ rners are occupled by 4la \
lteg Wh: ;Ofners are occupled by four Fe centres and the othe? 4,—(;:: radil and this is why the cube IS

“hact as the bridging ligands. The Fe and S centres diffe
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distorted. The ‘e

o ubane-type” Fe, S, cluster may be considered as the combination of wo Fe,S, ﬁ.j‘

t(l::;ers leading to a tetrahedron of labile S centres cocentric with a tetrahedron of Fe conres. The
model compound [FCQSQ(SCHZPh)q]z- has been prepared in the reaction of FeCly, N"OCH3, NaHS
and benzylthiol (CGHSCHZSH) in methanol.  The magnetic properties, redox properties, “spectral

properties of this model compound are very much comparable with those of natyral 4Fe-45
ferredoxin.

- /S—C\[S"\-"

-‘\-ACYS.—S\ /‘,—" ‘_!/:
FE_

Q
R
L .
NN ’
LY S,
o .
v 4
. .
. .~ ’
[y . .
.
q
vl
] LY
’ ~
[y
- .
.~ .
-~ )
- .
-~
~
.

tation of cubane unit (distorted cube) of 4Fe-f9fred0x,-n

AMCys—-S

<X

S—Cys~~—

Figure 7.2.3.3 : Structural represen

ndergo a one ¢lectron transfer, but 6yc1ic3vo\ta;netw Studies ingicate
‘ 2 + + .

6, l.e. (Fe*)y(Fe?), (Fe®*),{Fe?*); and Fe*IFe®); The firg 5y last

f the 4Fe-4S clusters exist as (Fe:‘*)?_(peu‘ :
i 2 In the
3+)(Fe2*), in the reduced form (pur“"‘ﬂgnetlc

4Fe-4S clusters usually u
that it can exist in three form
forms are separated by two electrons. Most o
oxidised form (diamagnetic) and as (Fe

S= -!') and the electron transfer process Is:

[(Fe'“) (Fe") (Sz')4(5 —Cys) ‘]2-+ e — [(Fe“\)(FeH)a(S2-) AS—(T:Ys) ‘J:l- a .2.3.2)
2 2

The reduction potential of the couple is - 0.4V at pti = 7. The magnetic properties ing;c, the

: i ' -2S protein.
existence of antiferromagnetic interaction 25 1 ZFB. - ifferent i |
ot ntion that for convenience the di erent iron centres are designated N
Here it is important to me | vidences indicate that the & iron centres are equy

Fe(lll) and Fe(ll), t.’;tt_l:s :;‘::“This equivalent character indicates an extensive delocaligyyo, oy
some average oxidati :

the clusters. ' _ _ _
There are some 4Fe-4S clusters known as HiPIP (High Potential Iron Proteins kngy,. 4o as
er

: i hich also act as a one electroy
_ . ~hromatium vinosum) W : . ransport
clostridial ferredoxin found in © otential is very highyapproximatly +0.35V 3 4 =70

: duction p ,
protein, but‘ the cor}'esPOntiilrt]?h r:oiidised foreils (Fe3*)3(\:€2") (paramagnetic) and lh? Ottespo nding
In HiPI:.fit is ‘e-st(a:hasf;eg: ;2?) diamo gnetic). The relevant electron transter process is ,
reduced form is (Fe”*)y 2 ]
== [(Fe"),(Fe")(S*)(SCys). (1233

[(Fe'“)a(Fe")(Sz')4(S—CyS)4]' -k

HiPled). (diamagnetic)
HiPIP(m), (paramagnetic)

er agent. Hence it is expected thﬂ;c;\:e_ie"e dnis
coretically it should occur and the Wd“‘-‘O\tame{w
has got an important role in de‘e‘m'ming Fie

ns

9Fe-ferredoxin acts as a oné e!ectroz nttra -n]]

should act as a two electron transfﬁr a;.lmct;m‘ oo
studies also support this view but the $
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aspect. In lerms of

average oxidation state of Fe-centre, the stepwise electron transfer process
among the different p

ossible forms of 4Fe-4S proteins can be represented as :
Fe (§%)(8-Cys) - 22 [Fo,(S%),(S-Cys) - =2 [Fe,(5%),(S-Cys) >  (7.2.3.4)

i.e, Hi 2o ‘s0. '
& HPIP ) S5 HiPIP,, 0 HIPIP , e (7.2.3.5)

le, (Fe,8,Fd),,, & (Fe,S, Fd),, == (Fe,S,, Fd) (7.2.36)

(Fez.75§) (Fez.St) (Fe2.250)

(red)

The reduction potentials at pH = 7 are -

HIPIP : Fe?75/Fe25*, Ey’ = 0.35 V ; Fe,S,, Fd : Fe?5*/Fe?2* = = 0.4 V. The HiPIP is
found in chromatium vinosum and Fe,S, ferredoxin is found in peptococcus aerogenes.

In 4Fe-4S system, the first equilibrium (i.e. Fe?75*/Fe?5*) corresponds to the redox couple of
high potential iron protein (HiPIP), while the second step (i.e. (Fe?>*/Fe?-25* ) corresponds to the
redox couple of normal 4Fe-4S ferredoxin. In fact, the form having the average oxidation state
Fe2T>* is the normal oxidised form of HiPIP while it is the super-oxidised form of 4Fe-4S
ferredoxin, i.e. (4Fe-4S), _,,. On the other hand, the form having Fe225* is the normal reduced form
of 4Fe-4S ferredoxin while it corresponds to the super-reduced form of HiPIP, i.e. HiPIP g In
fact, no equilibrium involving HiPIP, _, and (4Fe-4S, Fd), ,, is involved in nature to act as
a two electron transport agent in biological system. This is why both HiPIP and 4Fe-4S
ferredoxin act as one electron transfer agents in biological system, and the agents utilise different
redox couples.

(d) 3Fe-4S Ferredoxin : Fe,S, cluster protein can be considered as a Fe,S, cubane-type -
cluster where one Fe centre is missing from one corner of the distorted cube. This is why, 3Fe-4S
Fd is described as “void-cubane” or “Fe-depleted cubane” protein. On addition of Fe2* or other
M2¢, the vacant corner of the cube is filled in to restore the cubane-type structure.

S—Cys~~ .
-~Cvs—s\

Fe
S/‘\S Fe—S§
)
T

_Fe Fe .
~~Cys—S \S/ \S— Cys~~ ~~Cys — S/

I\S S—Cys~—~
S—-IFe/
AV

Fe——Tg

Figure 7.2.3.4: Active site structure of 3Fe.45 proteins (R = cys).

(e) 8Fe-8S Ferredoxin : Fe,S; cluster consists of two Fe,S, cluster units separated by about
12 A. Each Fe,S, unit can act as a one electron transfer centre just like the 4Fe-4S ferredoxin.

[(Fe"),(Fe"),(S%),(S-Cys) >~ + e = [(Fe")(Fe"),($27)(S-Cys) J*- (7.2.3.7)
Thus, as a whole the 8Fe-8S ferredoxin can function as a two electron carrier.
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The two Fe,S, cubes are linked through protein chains. Th’e cysteine residues 4 the bog
811,14 and 45 and four labile sulfur sites coordinate the Fe sates. of one cgbe while fhe Cyg:l?"‘
rc:sidCJcs at the positions 18, 35, 38 and 42 and four labile sulfur sites coordinate the Fe °€nlr:r°'

y
the other cube. ‘

In nitrogenase enzyme, the so called P clusters present conf»isl of two F{,S4 units, by h
Fe-S proteins in P-clusters are different form the common ferredoxin Fe-S proteins (cf. Sec, 83 %

Cys(8) ~~ g ﬁ
| S-Cys(45) T—C)’SHZ)
S Fe )

S
RN
F o
sé iy S Fg —t— S-Cys(38)~n
S Fe , S- Fe\
! % \/s F/ L/ s-cys(3s)nen
y, 7 S—— e— .

? © COpld) S(Cys(ie)
Cys(11) ~~ K————/’)

Figure 7.2.3.5 : Structural representation of the active site of 8Fe-8S
ferredoxin (the cubes are actually distorted).

7.2.4 Fe-5 Model Compounds

Several model compounds have been synthesised to understand the properties of the Fe$
proteins. Because of the redox decomposition of the Fellthiolate group, it appeared a
formidable challange (cf. difficulty in the synthesis of model compounds of Blue proteins having the

Cul-thiolate group, Sec. 7.3.1) to synthesise the model compounds of iron-sulfur proteins. The
redox and polymerisation reactions are :

2Fe¥ 4+ QRS' — OFed + R—5—S5—R (Redox reaction)

nFe?* + 2nRS- — [Fe(SR),}, (Polymerisation reaction)

HHowever. It was overcome by using NaSCH,Ph in methanol to react with FeCl, in presence!
NaHS.

4FeCly + 12RS" — 4Fe(SR), +1201, (R = Ph—CH,—)
4Fe(SR) +4Me0~ 4+ 4HS™ 2
3 “Reducion 50" F&4S4(SR), - + R—S—S—R + 6RS~ + 4MeOH
of FG-SI\ES) (Fe‘s‘ model)

The Fe,S

| thiok®
35 timeq) 4 model compound can also be prepared as follows in presence of excess

FeC|3 RS [FE4(SR)1 NS +48

— [Fe,S,(SR), |-

—

|
!

i
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detals of the amino aci
throughout the evolution over a billion years

plants— lower animals —— man.

Cytochromes have been classifie
porphyrin ring system and spectra

of three

?em;Pis found in the class of cyt b; heme ¢ covalently bound via two
:;;10 in the.c!ass of cyt ¢. For the b- and c-types
sorphyrin X (found in Hb and Mb); but in cyt b, the prosthetic grotip

bound t

thain i

" g’r‘osist:;oet:n?r linkages (cf. Fig 7.5.2.1). These linkages are
21) Foriyhieme residues to the vinyl (—CH=CH,) groups at the

Postion 8) by 5 oyt g, heme a is produced from heme h by replacing one

ty ormyl group (—CHO) and one vinyl group (at the position

15,

N term,
t 5 of spe :
aﬁe Tedceq Pectral properties among the different UV-visible absorp

e
Cytochr

ihe \ omes (i.e., Felcytochromes), the a-peaks vary chara
o

T, Thg

and above the porphyrin P
i chains; some cytochromes

and Classification of Cytochromes

tures
ost widely distributed metalloproteins (iron-based systems) In carryi
ng out

1e m i stem. In fact, th i
ase activy in living system. In fact, fhey are found in all aerobic forms of life
s one O more heme prosthetic group(s). Cytochromes mainly exist in th.
ia and chloroplasts to facilitate the electron transfer reactions The

. The

jtoch9
¢ r{marily attached to the inner wall of the cell, though to some extent in the cell

s, the active prosthetic group contains the heme group (i.e. iron-porphyrin unif)
hromes: ~ ¢ porphyrin provide 2 rigid square planar coordination for Fe and thé

ot irogens
qole 1 i orphyrin skeleton may itself particlpate in the electron transfer process
(i.e. axial positions) may be occupied by the suitable ligating

cystem i .
sy . coordination sites \
e or substrate to give the octahedral geometry of Fe. Cytochromes

. rotein chain
g from P Fe(ll) and Fe(lll) states at the active site and each heme unit can

iing Fe petween .
py shu ¢ activity. In general, the cytochromes are described as one

biological systems.
— tural featfjres of cytochromes are : (i) the basic Fe-
it may be substituted around its periphery by different organic groups, varying
m one system to another, (ii) Fe is octahedrally coordinated with the axial ligands
nlane, often histidine-N but sometimes methionine-S or other
keep the sixth coordination site vacant for coordination by O;
or both of these axial ligands to a protein chain to provide the
The cytochromes present in different organisms differ only in
d sequence of the protein chain, but the basic heme unit has been retained
for a variety of organisms ranging from, yeast — \

heme unit is bound by one

d as cyt a, cyt b, cyt c, etc ba ed upon the nature of |
| data. The most commonly occurring hemes (Fig. 7.5.1.1) are \

long phytyl tail (CyHg0) i present in the class of cyt a;
thicether linkages Is ll
|

of cytochromes, the prosthetic group is Fe-
is not covalently \
\

types : heme a possessing a

t is covalently bonded to the protein
formed by the addition of —
2 and 4 positions (cf. Fig.
—CH, group (at the
2) by a hydrocarbon

hloroheme (found in chlorocruorin).

tion peaks (@ P and y) of
cteristically. For example,

A .

?‘r:ri the a-band in the longer wavelength region > 570 nm; b-type has the Apax
g esignaﬁge 555-565 nm and c-type has the Apax of the a-band in the range 548-554
" on, eyt cee, for example clearly explains its class. The y-bands (Soret bands)

! nm a
nd 415 nm for cyt a, cyt b and cyt € respectively.

o the protein, whereas in cyt c, the heme uni

ere is
also another type heme group known as ¢

15 the
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R__B
HOOC— CH,— CH,—
COOH
Heme a )
p = —CHOHCHZ—(CH20H=(|:CH2)3—H (6. C a0
CH,
0
7
Q= —‘CH=CH2. R=—C
M

Heme b (i.e. protoheme or protoporphyrin IX)

P=Q-= —»CH=CH2.R = —CH,
Heme ¢
P = Q = —CH(CH,)SCH,CH(NH,)COH, R=—CH, |

Note ; The P and Q moietes are linked covalently to the protein
chain through cystein sesidues.

Chloroheme
0
' Y4
P= -—CH=CH2, Q= —C ,
\H

R ¢
= —CH,

1+ Structural representation of heme a, heme b and heme c groups

Figure 7.5.1.
in different cytochromes and chloroheme group in chlorocruorin.

(active sites)

yt a; heme b is found in hemoglobin, myoglobin, catalase, peroxidase, cyt

Heme a is found inc
b. etc; heme c s found in eyt ¢; and chloroheme is found in chlorocruorin (an oxygen uptake protein

found in annelid worms).
To provide the octahedral geometry around Fe in cytochromes, the 5™ and 6 positions are very

often trans-axially coordinated by the amino acid residues of protein chain. Sometimes, one axial
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ial
e . these two ax
Position is kept vacant (as in cyt a,) to accommodate the reactant. In cyt l‘" eyt ¢, the axial
positions are occupied by the N-atoms of histidyl imidazole moieties. in

. S-atom of
positions are occupied by the imidazole N-atom of histidine-18 and thioether
methionine-80 (cf. Fig. 7.5.2.1).

: in a restricted
- In cytochromes, generally one heme unit exists per molecule but in cyt ¢; (foilrid]:istidines. The
class of sulfate-reducing bacteria), four heme units exist, each ligated by two axia

: in tuna cyt €)
reduction potentials of cytochromes may vary from - 0.3 V (as in cyt c;) to + 0.3V (asintu
and molecular weight may vary from 13 kDa to 200 kDa.

all
In the respiratory chain (Se& 8.1), the electron carriers between QH, and 0, are
cytochromes apart from one iron-sulfur (Fe-S) protein.

NADH —» NADH-Q reductase — QH, — cytb ——— Fe-S

l

0, «——cCyta+cyta, cyt c«——cyt ¢,

(cyt c oxidase)

In many other_glegtron transport chains (e.g. photosynthesis), cytochromes play also similar
roles. Here we shall discuss cyt c, cyt c oxidase and cyt P-450 in detail.

Fe remains in high spin state for both the oxidised [i.e. Fe(lll)] and reduced |i.e. Fe(ll)) forms of
cyt c. The hydrophobic envirorment {lower dielectric constant) of the heme unit makes the reduction

protential (0.25 V at pH 7) of the Fe(lll)/Fe(ll) couple more positive compared to that of the same
heme complex in aqueous media. Thus it is energetically more costly to oxidise the heme unit
fi.e. Fe — Fell)l in the hydrophobic environment. X-ray structures of the oxidised and reduced
forms of cyt ¢ are very much similar. It does not have any vacant coordination site to participate in

an inner sphere mechanism for electron transport. It is believed that the electron transfer occurs
through the -system edgewise in an outer sphere mechanism.

Cytochrome c is the oldest biological chemical compound evolved more than 1.5 billion years
ago and it is widely distributed in the biological world. The different cyt ¢ from different sources
mainly differ in the amino acid sequence of the polypeptide chains. In fact, a family tree of the
evolution process from lower animal to higher animal can be constructed in terms of the ami

acid sequence of the protein chain in cyt c. In spite of these differences it-has co n;'}o
function and basic structural features throughout the evolution proces ' nserved its
that cyt ¢ from any species will react in other species. The absorption

sources are also comparable. Among the 104 amino ac

_ spectra of cyt ¢ from different
id residues, s
different sources.

ome residues are invariant for
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P HoTOSYNmESIS AND CHLOROPHYLL
3 rganisms depend directly or indirectly on photosynthesis to capture energy from

living ©
Al But there are some nonphotosynthetic processes (relatively unimportant) based on
sources of energy. But these reactions utilise oxygen which is believed to be

) radiation-
organic reactions, a5
o 1 originated through photosynthesis. Chemolithotropic bacteria (rock-eating bacteria’) utilise
:ﬁte iolowing reactions (see Sec. 3.2.4 dealing with microbiological mining:process) for their required
pnergy- ‘
[0]
oFet ——» Fe,0, + energy - (85.1)
¥
gH,S — Sy + 8H,0 + energy , (8.5.2)
[O] 2- + |
Sg + 8H,0 —> 8S0,% + 16H* +energy (8.5.3)
Nitrifying bacteria utilise the foﬂowing reactions for energy.
2NH, ﬂ-» 2NO,™ + 3H,0 + enérgy (8.5.4)
N0~ NO; + energy (8.5.5)
8.5.1 Photosynthesis - |
0 is oxidised to O, and CO, is reduced to CH,0

Photosynthesis is a redox reaction where H,

(which simply represents carbohydrate), L.e.
(8.5.1.1)

Light
H,0 + CO, ——> 0, + (CH,0)
In the respiration, the reverse

y is stored as chemical energy.
lants occurs in chloroplasts which possess chlorophylls
rted into chemical energy through a series of reaction.

oxygen comes from H,0

In this process, solar energ
reaction pperates. Photosynthesis in green p
to absorblight. Then the light energy is conve

From isotope labeling experiment, it has been proved that the evolved

( not from CO,. Thus the reaction should be represented as :

‘ CO, + 2H,0 ¥, 180, + H,0 + (CH,O) 85.1.2)
Some anaerobic photosynthetic bacteria use H,S (instead of H,0) and produce S.
. Light
2H,S + CO, —— 25 + H,0 + (CH,0) (8.5.1.3)
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In fact, in the photosynthetic redox reaction, differ
different electron acceplors (e.g. CO,, NOy", elc.) may
reaction means the involvement of
Robert Hill showed that the isolated ¢
artificial electron acceptor like Fe(CN)¢>~

liluminated
3=
2H20 + 4Fe(CN), ———*d‘br opias

This Hill reaction prov
artificial electron acceptor can substitute CO,.

8.5.2 Light

The overall photosynthesis reac
capture of light by light absorbing
with the concomitant re

H,0 as an electron do
hloroplasts on being illuminated can evol

0, + 4H* + 4Fe(CN);*" (8.5.1.4)

es that O, evolution can occur even in the absen

Phase and Dark Phase Reactions in Photos
tion occurs in two phases. The lig
pigments which co
duction of NADP* to NADPH (

ent electron donors (e.g. H,0, H,S, elc.)
be used. But, commonly, the photosynthesls

nor and CO, as an electron acceplor.
ve O, and reduce an

ce of CO, and an

ynthesis

ht phase reaction involves the
oxidation of H,0 to 0,

nsequently lead to
de adenine dinucleotide

reduced nicotinami

phosphate). It also leads to the synthesis of ATP.
: light
8 photon .
2H,0 + 2NADP* + (2ADP +2P) (Bph0ons) () , oNADPH + 2H" + (2ATP)  (8521)

S -~
15 .
S \
£ \
c \ -
g \
a 1

\
] \

\
\
'R i
620 6'40 6%0 7 6l80 760 7l20
— Wavelength (nm).
red by quantum yield

Figure 8.5.2.1: Dependence (q
for 0, evolution) on the

It has been noted that the efficiency of the light

0, evolution does not vary significant
nm, but it abruptly decreases for

phenomenon Is described as red drop.
absorb light in the region of 7

light of 700 nm increases synergistically (i.e. much

_.worg. cnem. [17]
1

yalitative) of photosynthetic efficiency (measu
wavelength of the illuminating light.

ly with the waveleng
the light of wavelegth above 680

This red drop is quite unexpecte
00 nm (i.e. far-red light). However,

phase reaction measured by quantum yield for

th of illumination in the range 400 to 675
nm (Fig 8.5.2.1). This i
d as Chl-a is known to

the efficiency of the process for the

above the additive efficiency) in the presence
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of shorter w, | | " osed by
Emerson) th:\;df'?g“\ light (such as yellow-green light). This observation lndnca!:;ga.s p fI;ct, Mo
Photosystems (PSC two reaction centres are Involved in the overall P'%e ndence ©
Photosynl} ti _'l and -ll) are involved in a Z-scheme (cf. Sec. 5.5). 1( <
activated :: C'Cfflclcncy on the wavelength of light indicates that both the phéog (s)ynm)
photosyst shorter wavelength (< 680 nm) but at higher wavelength (> - b
PS-1 y 'cm is activated. In fact, PS-Il is activated by the light of waveleng!
is activated by the light of wavelength < 700 nm.
eous consumption of

In the dark phase, NADPH imul
, reduces CO, to carbohydrate with the simultan ) )
es CO, to cardoCIR® = - o descried bY Calvin cycle

ATP. This dark phase reaction is 4 complicated one and very

The overall dark-phase reaction is :
2.2
6CO, +12NADPH +12H* + (18ATP)—»CgH,,05 +12NADP* +6H,0 +(18ADP +16p) (82 )

8.5.3 Chlorophylls (Chl) : Structural Features
nt, chlorophl/”-

In the photosynthetic s i i igme
ystemns, the active component s the green pi9
- d lic tetrapyrrole

Chlorophyll is a macrocyclic complex of Mg(ll). Chlorophyll consists 0

f a macrocy )
system (Fig. 8.5.3.1) belonging to the porphyrin family with some modifications 0 the POTPth'"
ring. The macrocyclic ring in chlorophyll is referred to as chlorin ring. Chlorin ring diffe
phorphyrin ring in several aspects: (i) one double bond in 2 pyrrole ring (denoted by IV) 15 redu.c‘ed;
porphyrins with the reduced tetrapyrrole ring systems are in general known 05 chlorins; (ii)
cyclopentanone ring is fused to one pyrrole ring (denoted by IID; (iii) both the acid side chains are
esterified (cf. in heme, the acid side chains remain free). One side chain (attached with the
cyclopentanone ring) is a methyl ester while the other chain (attached with the ring IV which is
sa tetraisoprenoid

partially reduced) is an ester of phytol (Cy,H340H). This long chain alcohol i
alcohol. In fact, presence of this phytyl chain makes chlorophyl! highly hydrophobic and

soluble in nonpolar media. In ring Il, X differs for chlorophyll-b (X = = CHO) and chlorophyll-a
(X = - CH,). The most abundant chlorophyll, chlorophyll-a was first synthesised by Woodward

in 1960.

Mg(1l) sits at the centre of the chlorin ring and

pm (cf. in oxy-hemoglobin protein, iron sits a
chlorophyll is described as a magnesium porphyrin in analogy with the heme which is an iron

porphyrin. Here it is important to mention that iron plays a crucial role in the biosynthesis of
chlorophyll through template reaction. Probably, Fe(lll) brings the four pyrrole rings in a correct
position for condensation to produce a cyclic planar porphyrin ring and it remains as a Fe(lll)-
chelate. After this biosynthesis, Fe(lll) is replaced by Mg(ll) which is more abundant. Though the
Fe(lll)-chelate is more stable, the substitution by Ma(ll) is favoured because of two facts : abundance
of Mgfll) and crowd of pyrrole rings standing in a queue displaces the iron from the porphyrin
complex to utilise the iren for the formation of a new prophyrin ring.

Ultraviolet light is absorbed in atmosphere by O and Oy; infrared light is absorbed by CO, and
HZO vapour. The rest portion of the solar spectrum reaching the earth nicely matches witl21 the
absorption spectra of the chromophores (e.g. chlorophylls absorb red and blue light; phycocyanin
absorbs yellow light; phycoerythrin absorbs blue and green light, carotenoids absorb in the range

410-490 nm range) present in the photosynthetic system.

it lies above the macrocyclic plane by ~30 to 50
t the centre of porphyrin ring). Sometimes,
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OCH,
X =—CH, (chlorophyll a); X = —CHO (chlorophyli b)

R = phytyl group;
‘ | /o,
R =—CH,—OH==0—CH,—{CH~CHy—GH—CHyl—CHy—CH,—~CH
. 3
CH, CH, CH,

Figure 8.5.3.1 : Structural representation of chlorophyll a and b

The chlorophyll acts as the chromophore in photosynthesis. The extensiye conjugation i
the chlorin ring allows the electron transition, iHOMO) — n*(LUMO), in the visible region, Ty,
peaks are highly intense (extinction coefficient = 105, among thg highest values obseryeq for
organic compounds). One absorption band arises in the region 430 - 480 nm (i.e. blue light)uh
the other band appears in the region 645 - 680 nm (i.e. red light). Chlorophyll fooks green
because it absorbs red and blue light. In the gap, 500-600 nm, the absorption by chiorophy s
relatively weak. However, enough solar energy is absorbed in the blue and red parts of the
spectrum. Other pigments like yellow carotenoids, and blue or red pigments (phycoerythrin and
phycocyanin) can also absorb light. All these pigments collectively can absorb most of the sunlight,
These light harvesting pigments act as molecular antennas to absorb the solar energy which is
transferred to a centre where the chemical reaction goes on. This reaction site is called reaction
ff:;’ ehw:ich °C'CUPi9:5 a Very'small region in the photosynthetic unit. Thus, the function of most f’f
i :gaiﬁ::’esnng Pigments is to absorb light and only a small portion of the chlorophylls presen[thln
ol irc]erntre .converts the solar energy to chemical energy. The structural features of the

eaction centre and in antenna have been discussed later (cf. Sec. 8.5.6).

The li ” ,
ioiogi:al;gsht tharvesting Pigments not only facilitate the photosynthesis process but also profec the
ystem from the photochemical damage by absorbing the solar radiation.

Extensive coniyqatian '
visible  regjop ‘(’:/Jugatlo.n L Fhe chlorin ring of chlorophyll allows the absorption to occ'u" inthe
€Onsequently Jeg . pamcl'e 2 box model). This conjugation makes the ring gt °"

Senergy is wasteqd dye to molecular vibration.
8.5.4 The
® The c:(’ile ° Mall) i Chlor ophyll
e Oice of : rf
rnng is ﬂourescent '::Qe(ﬂ)t;]n ch]°r°Phyll is really unique. In fact, without magnesium te Ch:f)ter

e absorbed [ight energy is emitted back immediately) B,
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Mg, chlorophyll becomes phosphorescent.  This change (due to metal
,,on) . fluorescent to phosphorescent, is biologically very important. If the
ation 'ccurs exclusively, the absorbed light energy Is lost Immedlately and it will not be
trans‘formatlon'in a chemical reaction. Hence, the absorbed light energy
I ored for some while so that lt. can be utilised in a chemical reaction for the conversion,
ﬁﬁtcnt‘- o chcr‘mcal energy. For‘ l'hxs phosphorescence behaviour, there must be an excited
e fetime. P‘robably, mixing of the excited singlet and triplet states through spin-orbit
A0 magnesium gives 2 relatively stable triplet excited state. In fact, triplet to singlet
mfmo is not Jllowed and it makes the triplet excited state stable.

", Mgl (d? system) does not have any crystal field stabilisation energy to prefer the square planar
o *rather it prefers the tetrahedral geometry where the steric hindrance is less. But the rigld
fk.!on‘n ring enforces Mg(ll) to have the planar geometry. Consequently, the Mg(Il)—N bonds remain

fr'| ] rained condition, and the electrons constituting the bonds can, therefore, be readily excited by

I . .
i abs0rPtion of light energy. This absorbed energy can be utilised in the desired chemical reactions

n
r’fi"irr;‘n; for chemca!
"l

, Through coordination by the chlorophyll to the Mg(ll)-centre, rigidity of the macrocyclic
gructure IS further strengthened. It may be noted that the macrocyclic ring experiencing
conjugation or delocalisation of 7- electron cloud is itself sufficiently rigid. The rigidity of the system
ninimises the energy loss due to molecular vibration (i.e. thermal vibration).

+ Stacking of chlorophylls (i.e. polymerisation) in antenna chlorophyll i.e. (Chl, is attained
trough the bridging action of Mg(ll) between the adjacent chlorophyll moieties (cf. Fig. 8.5.6.1).

+ The water molecule coordinated to the Mg(ll) - centre in the axial direction in the chlorophyll

H,0.Chl) experiences the photoinduced splitting 0

of active reaction centre i.e. (Chl,
ordination of

generate the H-atom that provides the electron for the photosynthetic process. Thus co
the water molecule to the Mgflf)-centre plays a crucial role (cf. Fig. 8.5.6.2).

o Here it is interesting to note that for the electron transfer process, not the metal (i.e
magnesium) but the macrocycle is involved (cf. in cyt P-450, catalase and peroxidase, the
porphyrin ligand is also oxidised by one equivalent; in other metalloproteins, the metal centres
participate in the redox processes). This aspect has been discussed in Sec. 8.5.5.

8.5.5 Electron Transport Chain in Light Phase Reactions of Photosynthesis

Chlorophyll catalyses the reduction of NADP* {to NADPH) and oxidation of H,0 (to 0, in the
mresence of light. The electron flows from H,0 to NADP* (without considering the cyclic flow of
electrons which will be discussed later) through an electron transport chain (P-680 to p-700%)
which looks like Z when the electron carriers are placed in the order of their reduction

potentials. Thus the chain is very often described as Z-scheme.

The whole process is carried out by two kinds of photgsystems. Existence of such two
red drop and the dependence of

Photosystems was established by considering the phenomenon of

‘;h°‘°5‘}nthetic efficiency on the wavelength of light. This aspect has been already discussed in Sec.
h«?‘-?. Photasystem 1 (abbreviated as PS- or P-700, P stands for pigment) which is e_xcited by the
3ht of wavelength in the region 700 nm (or lower) generates a strong eductant to bring about the

duct .
"uction of NADP* to NADPH. Photosystem I (abbreviated as PSII or P-680) uses t Pg | .

Wave|
tlength 680 nm or lower to produce a very strong oxidant to oxidise HyO to Yo _
tains ~250 light

Hlorphyl)-
Py, (chl-a)) while PS-II uses chlorophyll- g (chi-a,). Each photosystem GOl

dition to different clectron ca

AMvesti . X
ing pigments (~200 chlorophylls and ~50 carotenoids) in ad 2l
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| In terms of th'e standard reduction potential (under biological conditions, i.e. pH ~ 7.0) of t}e
involved couples, i.e. 0,/H,0 (Ey = 0.82 V) and NADP'/NADPH (E, = - 0.34 V), the elclron
flow fron? H_ZO to NADP* to produce NADPH is a ‘thermodynamically uphill' process. Bur:
photoexcitation of PS-l and PS-Il can make the electron flow ‘downhill' as shown in the Z-scheme

When the chlorophyll (present in PS-l or PS-ll) is excited, its electron distribution pattern
changes. Qn excitation, it can act both as a better reducing agent (because the excited electrons
can be easily removed) and also a better oxidising agent (because the positive hole resulted from the
excitation of electron can accept electron favourably). Thus the excited chlorophylls can initiate a
series of redox reactions. ~

When P-700 is excited to P-700°, its reduction potential changes from + 0.4 V (at the ground
state) to about -1.3 V (at the excited state). In fact, the uphil reaction is favoured by the absorption of
700 nm photon (=171 kJ mol) and the photon energy is utilised to elevate the electron. Thus
P-700* becomes a better reducing agent and it transfers its electron to its primary electron

acceptor P-430. It is a membrane bound ferredoxin of the Fe,S, type characterised by an strong
he reduced form. Then the electrons flow the downhill and

absorption maxima at 430 nm in t
ultimately reach NADP* through a series of electron carriers arranged in the increasing order of their

reduction potentials. This electron transport chain is shown below.

P-700* — P-430 (Fe,S, protein) — Fd (Fe-S protein) —» FP (flavoprotein) —» NADP*

-1.6 1

>
iy —-0.8
|
€
Q
o -0.4
Q
c
-9 -
©°
g
o
e
" Photon (hv)
0.8 -
H,0
| (Mn-complex)
1.2 4 0, +H*

PS-Il Photon (hv)

Scheme 8.5.5.1 : Schematic representation of Z-scheme to represent the electron flow process

in light phase reacticns of photosynthesis. The dotted route indicates electron
Jow in cyclic photophosphorylation. ]

Scanned by CamScanner




SIS CHEMISTRY e

in (Sec.
The electron enters into PS-1 from Plastocyanin (PC), a copper containing bl;;ch:gt;;nthh
redox reaction Catalysed by PS-1 involves the electron flow from
Yy involves o PS-1
subslequcnlly reduces (catalysed by FP, ie., Fd-NADP reductase) NADP* to NADPH. Th
Catalysed redoy reaction can be simply represented as -

PC(Cu) + Fdy(Fed) — 2, pecuzs) 4 Fd,,,(Fe?); (AE, =-0.82V)

. _ -0.45
Considering the Ey’ values (reduction potentials at biological conditions) + 0.37 V and
V for PC ang Fd res

ess is
pectively, the standard free energy change (AG,) for the uphill Pro;;omns
about +79 kJ mol-!l. This disfavoured process is driven by the absorption of 700 nm p
(=171 mol-!), :

The flavoprotein (FP) is called ferredoxin-NADP* reductase. After transferring an elc'actror':J iflfoeﬂ;
P-700* to P-430, it remains as chl-a,** (a cation radical). This porphyrin radical is sta IlS
through its extended conjugation. A similar situation has been observed in the activity of catalase,
peroxidase and cyt P-450.

To sustain the Process, the oxidised species chl-a;** in P-700 must be reduced to chl-a, so that IE
May again participate in a calalytic process. The standard reduction potential of 0,/H,0 couple (Eo
= 0.82 V) is too high to reduce chl-a;** to chi-a; in P-700. To perform the task, PS-Il (i.e. P-680) is
linked with the ps.| (i.c. P-700). When P-680 is excited to P-680°, the reduction potential changes
approximately from + 1.2  to about- 0.8 V. A 680 nm photon is possessing an energy of 1.82 eV

which is utilised to change this reduction Potential. Thus P-680°, acts as a better reducing
agent. In P-680°, the excited chl-a,*

transfers its electron to pheophytin (Ph). Then the electrons
flow the downhill to reach chl-a;** (in

PS-). After transferring the electron to pheophytin, chl-a,** is
produced in PS-II. This oxidised species chl-a,** is then brought to chl-a, by water. In this event, O,

sed by a polynuclear manganese protein called oxygen

n transport chain from pheophytin to chl-a,** is shown
nged in the increasing order of their

P-680°(PS-Il) — pheophytin —s eyt b —, plastoquinone (PQ)
— plastocyanip (PC) — chl-a,** (PS
The overall reaction catalysed by PS- s :

evolving complex (OEC). The electro
below where the electron carriers are arra reduction potential.

— cyt bf complex
-, i.e. P-700).

2H,0+2PQ s 0,4 2POH, ; (aE, =072 V)

(PQ = Plastoquinone: PQH, = Plastoquinol, see Sec. 8.1.1 for structure)

Then the electron reach to plastocyanin (PC) throy
reduction potentials (Ey) for the PQ/PQH2 and O
respectively, the standard free energy change (AG
favoured by the absorption of photons of 680 nm (=

gh the cytochrome-bf complex. Considering A
2/H,0 couples as +0.10 V and + 082 V

o) becomes positive This uphill reaction is
176 kd mol)) in the PS-II.

0 to P-700* i;l term

hy it is very often desc
In the downbhill electron flow from P-680° to

The electron flow pathway from P-68 s of the redox potential
diagram looks like the letter Z and this isw

ribed ag Z-scheme.
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/ 23 4dichlc’rophcnyl)-1,l-dlmclhyluma ey W

a‘“‘
¢
n picides likéclxromc b complex ‘and consequently, (he Dhmq.,.m;}' . ,;50
. dlm::;m 680 lo:f herbicides compete with the electron transport 50, bl #
¢ ﬂ(“"' nIy US i ."I“‘._,"o U
(k‘;"[:ft:‘ The Common o the dlectrons leads to the overall reaction. " o
js st0 0
] The total dounhl _Lght (8P, 5 4 ONADPH + 24 (2AT iﬁ
H,0 ¢ (2ADP + 2P) P) By,
v 2 !
oNADP* + €12 Lectron lows rom NADPH to CO, to produce glucose, .
dark phasé: DP* +H
o i + (@8TP) — & CatheOe ¥ PNADF? + FLD+[3A0P 439, \ :
oNADPH * . o a\
c0,+ Jescribed above €an be (.axplamed by conSIflerlng the Photsing,
[Note : The Z'SCheTerophylL The lost electron 15 n:aF'tu,r e by eisillable acceptor uhyy, t-,:
e scParaﬁO“ in chlo ation radical (Chl”) acts gs = (.)x.ldant. ln PS:L the Mmediate “-‘ﬁdr;
Cht’ r:s a reductant anc-l::;g fbound feredoxin) while in PS-lit is pheophytin. |
acts bly P

acceptor is pro -
pS-l v, chi-ay (oxidant) + (pheophytin)™ (reductant)

p3-l v, chl-;l,-+ (oxidant) +(P-430)" (reductant)
o- -
o (E/=120V)isa powerful oxidant and it can oxidize H,0 0 O, £, - +0p
In PSII, c}l:l-a2 we(:oﬁﬂ reciuttant (P-430)" can reduce NADP* to NADPH and chl-a s €, < ;
w. lﬂ PS']»: t e po

V) can take up the electron from the reductant (pheophytin).] l
0.4 V)can :

: is : In the electron transport chain, P-
. lation process in photosynthesis : o,
Cyclic pl;;i?fp tl;\:f :‘soil;,ys:ﬂicient NADP* to accept the electrons from the reduced Fd (via P,
Zhoo tt: l::g[; pc;tential electrons flow back to the oxidised form of P-700 through cytochrome bf
en the

o

Ced

:F\

2o

28

cw

2 |
530

35 i)
m -

Phaton (hv) Plastocyanin

.

LP-700}

PSA

Sch il . cyclic
eme 8.,5,5,2 icheman’c representation of cyclic flow of electron In ps-1 and ¢!
P otophosphorylation without generation of NADPH.
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‘ ‘,;l :

. It creates a cyclic flow of electrons and durin

ol q this cyclic flow, ATP |

W P“‘%:E‘S called cyclic photophosphorylation, ’

.i“;,-nc,r.\f"‘\;h. olactron flow through PS-, in fact the high polential electron from P-700° is
¥ v

g ?o eyt b complex rather than to NADP* (Scheme 8.5.5.2), Then this electron flows
'_‘,,,«\”-:c adised form of P-700 via plastocyanin. In this cyclic electon flow, PS-Il is not involved

s“!t:;qucnﬂv no ‘02"5 produced flromszo, HOWeVe.r ATP s generated during the electron
' pastocyanin via cyt bf complex, but no NADPH' is formed.
Hef ¥

s - splitting reaction catalysed by Mn-proteln in photosynthesis : The oxidised form of
¢ idies water and the released electrons enter into the photochemically active centre. The

~

B \ o ctalysed by a manganese containing enzyme. The oxidation of H,0 involves the net
FA

" 4 of d-electrons.

et

\ 2H0 — 4H* + 0, + 4e , (855.3)

The P680* (cation radical) formed in PS-l is a strong oxidant and it extracts electrons from
20 trough the intermediacy of Z factor (i.e. H,0 — Mn-complex — Z — PSH). It is suggested
1 e Mrbased enzyme is first oxidised in four one-electron transfer steps and then this oxidised
« of the enzyrie leads to O, evolution If the Mn(IV)/Mn(ll) cycle operates, then the enzyme
~stcontain 2t least two Mn-centres to accommodate the four-electron transfer process.

Different models have been proposed to explain the observation. One such popular scheme
iawn as Kok cycle) s discussed below (Scheme 8.5.5.3). The enzyme contains four Mn-centres. This
i-cluster along with 4-5 CI fons and 2-3 Ca?* ions constitute a catalytically active comlex known as
uyen evolving complex (OEC) which can bind two molecules of water. During extracting of

hv H

hv

Scheme 8.5.5.3 , Schematic representation of oxidation of H,0 (i.e. splitting of water) in
PS-l catalysed by OFC loxygen evolving complex, a Mn, cluster) in Kok cycle.
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clectrons from H,0, protons and 0, are released. OEC cycles through a series of states designated by 1
Sp S1- Sy, Syand S, These states are actually the different combinations of Mn(lll) and Mn(l\}) centres R
The OEC is oxidised by P-680* sequentially to dillerent states. The lower states (i.e. Sor 8y, Sy) are
cubane-like Mn,O, complexes while the higher states, i.e. S, and S, are adamantane-like Mn,O,
complexes. The sequential electron withdrawal and release of protons and O, are shown in Scheme

8.5.5.3. In the conversion of S, to S, the adamantane-like structure adopts the cubane-like strucure
with the release of O,. This recovery step (S4 to Sy) is not light dependent.

The probable oxidation states of Mn in S, S, 5, S; and S, are given in Scheme 855.4
(other binding sites are not shown ). S

|l

Sg: M (1—OH),Mn'" s M u—o) "
0 0
Mn (1—O),Mn" Mn'‘(u—0), M’

S, Mn' (u—O) M~ S,: Mn'"(1—0") (1—O)Mn
0 0
Mn (u—0),Mn : Mn'"(p—O),Mn"

S Mnm(p—-O‘)zan Sy Mnm(|1—r]2 ; r]z—OZ)Mr{V
0 % 0
Mn (u—O),Mn" an(p-O)-Zan

Scheme 8.5.5.4: Suggested oxidation states of M in different forms So: 51,55, S;and S, in Kok cycle.

It is suggested that for the final step, Sy = [S,] = S ( where S, is probably a transient
only), the reduction of a tyrosyl radical occurs with the evolution of O, . Here, it is important to
mention that Ca2* (which may be replaced by Sr?* to restore the activity ) and CI- are essential
cofactors of the Mn-OEC. Their actual role is not yet well established. It is suggested that some
bridging ligands (likely carboxylate) bridge the Mn~ and Ca-sites and CI” acts as "gate-keeper’ to
control the substrate (water) accessibility to.tetramanganese core of Kok Cycle. CI- may act also as a
bridging ligand between the Ca and Mn-centres. Ca-bound water molecule remains hydrogen
bonded with the oxo-sites of Mny cluster and this hydrogen bonded water molecule (bound to Ca-
site) participates in the activity of the Kok cycle. . |

There have been several other propositions like butterfly clusters (Mn,O,) regarding the
structure of the Mn-based enzyme.

The reactions occurring in Z-scheme are summarised as
PS-Il: 2H,0 - O, + 4H* + 4e, (Mn, cluster) (8.5.5.4)
PS-l: 2NADP* + 2H* + 4¢ —» 2NADPH (8.5.5.5) !

The electron released in PS-Il are transmitted to PS-l as discussed in Z-scheme. Then the dark
reaction produces CH,0 by reducing CO, with the help of NADPH.
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Dark reaction :

BCO, + 12NADPH « 12H* —, 12NADP" + 6H,0 + C,H,,0,

Thus the overall reaction is

6CO, + 6H,0 —— 60, + C,H,,0,
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