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Hemeproteins

A 5l ) Acadiall Gl g ) (e A sana (A i g sagd)
.plsals A ja (prosthetic group) 488 s 4 gaza < (heme) )

> Hemeproteins are group of specnahzed proteins that contains heme
as tightly bound prosthetic group = w. w»w»j;ii
C:JE??) (B‘& syl oyl (60900 O plE sl 5,983 Loips (pisig  yad 1l
> Function in i s L
- Oxygen binding - Oxygen transport
oKi hlivc P "
- s Electron transport - Photosynthesis
i =} é/ * 5
A ), oty 2 @MML(‘V") a\@/‘,ﬁﬂ;(}“‘" '(Pﬁ‘,{)éwf@’} Sapd ol o Yoz
i Calalyse ope.

> The most abundant hemeproteins are Myoglobin and hemoglobin

1k 1agag Clisi g sangd) S D
(Myoglobin) ¢ 5t saal Oxygen storage : Oxygen transport

(Hemoglobin) (i st saxgd)
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Structure of heme ... =

A i M) ol £ 5 (e adiad aagld) Al g
Function according to the protein it
binds

(Fe+2) S8l (A waa 5 IX s sisn 00 0380 oS0 2 (Heme) pd)
G gl il (35353 ga (i g s 3 g e Jagl g Aa 5 pagd) g IS b i) i plg

Heme is a complex of protoporphyrin
|X and ferrous iron (Fe+2). The iron is

held in the center of the heme molecule e

by bonds to the four nitrogens of the
porphyrin ring.

The heme Fe+2 can form two
addltlonal bonds, one on each side of

the planar porphyrln in myoglobin and

hemoglobin, one of these positions is
coordinated to the side chain of a

histidine residue of the globin molecule,
whereas the other position is available

Iron can form six bonds:
four with porphyrin nitrogens,
plus two additional bonds,
one above and one below

the planar porphyrin ring

i CH'z
"CH,
C.
H.C. _CH
3 c 3
) ch\?)\j N ’c — peasrs
HC | St
c-N =
Hzc\\ IC\\ c - 2 C'CH3
H0 il Lxe
ChoH 6
? H CH,

tO DINA OXYQGEON it i i o s o sy i s, s s s s
Aa) (el paaad i) Alualially Ungi o (a8 gal) (b dn) 0153 O sl gl g sl saall (A
oSl Jalg S LAl JAY) a8 gall Sy Lads O slaD) (55 2 O0n (Hiistidine) Gaasioasgd)
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Structure of myoglobin

et G V10 Aot 31C 71
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v v
In heart and skeletal muscle
CriaeaS JBU S g (SO () i S g Al

Functions as reservoir for oxygen and as oxygen carrier

gl gasgl Clan g e Bas g A S5 sy 4 3 g (single polypeptide) 5aa) g siw (g Aldes o (585

Consists of single polypeptide that is structurally similar to
hemoglobin subunit.

1= Gl cligslal) oda (489 A S5 (a %80 (A gs Jidiy (a-helices 8) W ciligila Alad e 3<h
(B-bends) U clgliadle gl (Proline) (s 4am! (sl aane
Db bl gy 5 gl Tl g Al 53 Ae (505

Consist of eight a-helices which represent 80% of the structure
which are ended by prollne or BJIvo\e/ng§ stabilized by ionic and

hydrogen bond|ng ”“““1 ! @w&*m bk (el i PR 3,3
434’6"\‘4’ \rion a’m(h v Glyowe (MM}) Abedis ?ﬂ&‘wf‘“”

lall gn Ao 5008 Jagl 55 (035 5 ¢8 5 Sl o (1S B g g (5SS paniall g Adal) Aiaal) alaay)

Polar and charged aa are present on the surface of the molecule

»,v\éu)

which form hydrogen bonding with water
(nonpolar) dukd & Al Galeal (e 3858 ¢ g ) Jala Ll
(F5- m«tﬁ’r I (593 \opipe (Histidines 2) O 353513 La

with the exception of two hlstldlnes nonpolar aa‘s form the interior
Stru CtU re PQ\W‘CJWJW Prios Qs B bl w‘”"‘fg& R v Lg*l)

Jn’: wf
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Binding of O2 to myoglobin

<o) B3y badi y (Proximal histidine) <&l Cpaiugl)
Fe+2 (A aaally danis¥) B 5) i e 3Ly (Distal histidine) 2 (nafsgd) Ly

The proximal histidine binds the iron of the heme while the distal
histidine helps to stabilize the binding of oxygen to the ferrous iron.

LY = qandd ) Jsa (microenvironment) 4als 488 iy (5% G slé saall o Gaglh) 5 33 b g
Jaih s g cpaaas) g g Jad oaual)
.(oxygenation dawsY) il : i)

The globin portion of myoglobin thus creates a special
microenvironment for the heme that permits the reversible binding of

one oxygen molecule (oxygenation).

WS
Proximal
B histidine
Oxygen
> molecule
3 —~ “

\ myoglobm
Heme 2 —
single polypeptlde ., tal
W93 histidine
Soltvg I

= HelixJ E Helix]




Hemoglobin

> In red blood cells »eowsiss

A g S g At @ i ) (ot N @ha CrasY) JB 58
(O () A1 (3a) GuSlaal) slai¥l CO2 ¢r52S) dpuasi

> Transport oxygen from lung to the capillaries of tissues as well as
CO2 in the reverse direction

s (e Jedles il 00 O3S (ORI i bl (S0 352 9all) A Ot sang)
(2P) B Oileads 5 (201) W Ol
(non-covalent) dsaalud e Ja) g s Lgwans aa Judlal) 03 Jasi i g

> Hemoglobin A, mainly in adults, composed of four polypeptide
chains (2a and 2B) held together non-covalently

D Aal oy (o pasglls Ciaaasy) S )
(allosteric effectors) & iu sl & jisa aa Joliil)

> Oxygen binding is regulated by interaction with allosteric effectors

> The subunits occupy different relative positions in
A Al Lppus ) 54 330 (subunits) 4 il Clas gl

deoxyhemoglobin compared with oxyhemoglobin  -s dsmmesomin s .o

(oxyhemoglobin) x5 sa (s s¥)



Structure of hemoglobin

.(aB2) 5 (ap1) et (two identical dimers) silaia (i (s (Hemoglobin tetramer) &b (s sandl 03<4
eractions) skl 48 S CHEUS (1 (8 (pubend JS205 43 i Loy on (dimer) o5 08 J30 i (L) (oo B3 55

>The hemoglobin tetramer comblgggd of two identical dimers,
« (apl) and (aB2. The two polypeptide chains within each dimer are
»7 % held tightly together, primarily by hydrophobic interactions
>|nterchain hydrophobic interactions form strong associations
between a-subunits and B-subunits in the dimers, ionic and
hydrogen bonds also occur between the members of the dimer.

O A g clali ) 03<3 (Interchain hydrophobic interactions) Jedud) ¢ slall 4a S cdle sl
Byl Wyl 22 g5 LaS ¢l J303 (B-subunits) Ui 4 il clasgl) g (a-subunits) W A il clas gl
A plas Cp din g j Jadl ) 9 Ao ol
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Hemoglobin

%
deoxy form of hemoglobin

The

; .

[ENEPALY, PN
«(taut/tense) 93dad) JS& 5 T JS& act (deoxyhemoglobin) ¢ st saxd) a s g 555 (S
OS] Audabiie AR 430 55 M iy (A oal) Quudaw S (3 By S uS 5 R

is called the “T or taut (tense) form,

a constrained structure that limits the movement of the polypeptide

chains, has a low oxygen-affinity

Lo\ Yo 0,9 4,5

A g 130 5 ki g g T g 5 At 0 e g 0 (s S/ Sl () 52 o 588 sl (oY) )
Al A i At el Judls sl i (relaxed) (ATl JLA 5 R JSE s S A 03

The binding of oxygen to hemoglobin causes rupture of some of

the ionic and hydrogen bonds. T

his leads to a structure called the ‘R’

or relaxed form, in which the polypeptide chains have more freedom

of movement.

Weak ionic and Strong interactions,
hydrogen bonds occur
between off dimer pairs

in the deoxygenated state.

between o and 3
chains form stable
ofy dimers.

W > s

4 ofd dlmer 1

"T," or taut, structure of deoxyhemoglobin

primarily hydrophobic,

Some ionic and
hydrogen bonds
between of3 dimers
are broken in the
oxygenated state.

"R," or relaxed, structure of oxyhemoglobin
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Hemoglobin

O 5t gl (b (oS Alal) ABY) 3 JSEN g8 R JS)

The R form is the high oxygen affinity form of hemoglobin.

(S-shaped) 254k (158 (oxygen-dissociation curve) Ox st sad) o8 (s Juall) iaia >
(Hyperbolic/iaill hjia (58 s (gl gaall aia (uSay)
S il ) B ¢y slai e LA claa gl o e Ju diag

The oxygen- dissociation curve for hemoglobin is sigmoidal in
shape (in contrast to that of myoglobin, which is hyperbolic),
indicating that the subunits cooperate in binding oxygen.

S L) o r st gangll g ) s gl Ada) gy CpamanSSI (A glatil) LYY >
e gannall Ay (A CmaSO O o8 sargd) 4Bl (1 2333 Baal g st A8 gana B

Cooperative binding of oxygen by the four subunits of hemoglobin
means that the binding at one heme group increases the oxygen
affinity

32US; (sl Juasg dans o st sasgl] framsy sy Jluall nial slall Jual) >
Labddall el i) @il GSWY) ) (pO2) sl Al A 5al) il @i Sl e

The steep slope of the oxygen-dissociation curve permits _
hemoglobin to carry and deliver oxygen efficiently from sites of high
to SIteS Of IOW pOZI A3 AgaS Gl it bl M8 (O ol8 saal) Jia) Hyperbolic Juali iaia dllay 3 ¢ g 5ol Ll >

LSS A Ja gl (e Jlaall 134 (panda )
Ao s ey o Mg cJanald 138 ) s (ransSSU 13 Ale AR Al @ g el 0 Yy

A molecule with a hyperbolic oxygen-dissociation curve could not
achieve the same degree of oxygen release within this range of
partial pressures of oxygen. Instead, it would have maximum affinity
for oxygen throughout this oxygen pressure range and so would
deliver no oxygen to the tissues.



... Sigmoidal O2-dissociation curve
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Cooperative binding

~

The oxygen-dissociation curve is

oxygen delivery to respond to small

steepest at the oxygen concentrations |
that occur in the tissues. This permits |

changes in pO,.

pO, in p0, in
tissues lungs
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el
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Partial pressure of oxygen (pO,)
= I l (mm Hg)
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Increasing
affinity
for
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pO.in lungs
O] dibio sl
mmHg 100 U5 i Jle puannsHl Jlin
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Hb loads oxygen :45,Jl % =
pO. in tissues
Ao 3l dibio s>
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The oxygen-dissociation curve is steepest at the oxygen
concentrations that occur in the tissues.
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Allosteric effector

025 saxgd) (e 02 (s S Ga &y pH ) paldid)

The pH of the environment (the decrease in the pH enhances the
release of O2 from Hb)

H(PCO2) G308 ] A i) Bkl >~
02 G Al G 13 pCO2 3365
.(Bohr effect & 52 il 138 g)

;I'fhe ;)COZ (increase in pCO2 enhances the release of O2 (Bohr
effect

:bisphosphoglycerate (2,3-BPG)-2,3 33l ji5i >
LOtasl) sad ) Jlua) sinda g g s 43l G ST 5 0o 518 sasgdly BPG-2,3 b5

The availability of 2,3-bisphosphoglycerate. 2,3-BPG binds to the
Hb and decreases its oxygen affinity and shifts the oxygen-
dissociation curve to the right

1l 8 g Jashall (gaal) o Sl Cpall gad s (o ot gasgll CpaaasY) Jualll iaia >
(anemia) a3 Ji o) (chronic hypoxia) (ajal) cuamsy) palie

The oxygen-dissociation curve of Hb is shifted to the right to cope
long-term with the effects of chronic hypoxia or anemia

233 g (ousall i JSy (1) B 5 Jad iy (CO) Sswusll masi I >
(HbCO) st sash (o 538 UsSe s sagd)

Carbon monoxide (CO) binds tightly (but reversibly) to the
hemoglobin iron, forming carbon monoxyhemoglobin, HbCO.




Effect of pH

:pH A s da o paddd ) (+H) <lsisd) jiaa Lgard) @l padd) 3 +H Gt Glig 5 CO2 Gussl) s Al ¢ U8 3853 -
Source of the protons that lower the pH: == i

The concentration of both CO2 and H+ in the capillaries of
metabolically active tissues is higher than that observed in
alveolar capillaries of the lungs, where CO2 is released into the
expired air.

Organic acids, such as lactic acid, are produced during ... .. ...
anaerobic metabolism in rapidly contracting muscle — - i s

In the tissues, CO2 is converted by carbonic anhydrase to
Carbonlc aC|d 31380 033 Aaed 5 CO2 Jsa cpmal¥)

waea M (carbonic anhydrase) 5,8
(carbonic acid) <l g <Y

COQ 2 ¥ Hgo (:> HQCO:;

which spontaneously loses a proton, becoming bicarbonate (the
major blood buffer): R

a2l A3 «(bicarbonate) “Uis: Su A J3adig

H.CO» s HCO5; + H*

a3l B (buffer) Jjle aUs

This differential pH gradient (lungs having a higher pH, tissues a
lower pH) favors the unloading of oxygen in the peripheral tissues,
and the loading of oxygen in the lung which makes hemoglobin a
more efficient transporter Of OXYQEN. . wu s e i o6 s s o pit s o g s

oSS 3o S ST By g18 gargl) Jrag Laa (i) (8 (s Jpant g Al At (3



(Bohr effect) b s il 4401 :pH LEU

Effect of pH -
' Mechanism of the Bohr effect #

L35« PK&T

The Bohr effect reflects the fact that the deoxy form of hemoglobin
has a greater affinity for protons than does oxyhemoglobin. This
effect is caused by ionizable groups, such as the N-terminal a-amino
groups, and specific histidine side chains that have higher pKas in
deoxyhemoglobin than in oxyhemoglobin.

A g (Al gadia grana g g9 53 iS5 Gl ganall 038 Jrad (DH AU ) (525 Las) (+H) gy ) 38 8a 5 olé
S8 i o uall J0y Jaxd bl g ) 038 (salt bridges Asale ) s Ul o g) i gl sl 5 uw&,#- L.-.CM
LSS O 518 sl AN QLR ) (5355 Laa (Ot sasgd) O sVl £

Therefore, an increase in the concentration of protons (resulting in
a decrease in pH) causes these groups to become protonated
(charged) and able to form ionic bonds (also called salt bridges).
These bonds preferentially stabilize the deoxy form of hemoglobin,
producing a decrease in oxygen affinity.

HbO, + H° P HbH + O

oxyhemoglobin e deoxyhemoglobin
AW o\ 26 2N
where an increase in protons (or a lower pOZ) shifts the equilibrium
to the right (favoring deoxyhemoglobin), whereas an increase in pO2
(or a decrease | in protons) shifts the equilibrium to the left.

Lm%s Aalj) (N @25 (PO2 s Al bl (alids) ) (+H) @ligig ) 5345 o)
//C’ﬁf «(deoxyhemoglobin Ol sam (S si sl 385 Jlak Las) Cosanll gad 5
LSl 53 I Aa 3] ) (g2 (g g ) o gl) pO2 B3k Lk




Effect of pH

(affinity) 44l 2UR3 ) a3 pH ) palisd)
o TS ang (Ml g CmanSOU (o g1 gargd)
(O eI B fiada o cuadl

Decrease in pH results in decreased
oxygen affinity of hemoglobin and,
therefore, a shift to the right in the
oxygen dissociation curve.

8

At lower pH, a

" greater pO, is
| required to

|achieve any

| given oxygen

| saturation.

% Saturation with O, (Y)
3

0 . =y -—="9 1 i = o o s DY
0 40 80 120
Partial pressure of oxygen (pO,)

(mm Hg)

hiva ) gliad (pH galdd) xie
Jsesl (pO,) a8l s
e gt i 6 )



c Eff CO2

DS Wl s 35 e oz e
uncharged a-amino groups of (455

o Gpa¥) Gl garay bl ja (carbamate) Slabi S JS& o (CO2) Gssh sl A ¢a £ SR aly
C .(carbamino-hemoglobin) ¢ s sash- sisaly S ams La U3 ¢ st gangl) (b A gaiiall &

>& some CO2 is carried as carbamate bound to the
uncharged a-amino groups of hemoglobin-> = =

(carbamino-hemoglobin)
CbYLaﬂhkL,
Hb—-NH> + CO, s Hb—NH-COO™ + H~

quY\EJ)uMl}\( gadiall) T JS& iy (CO2) Gr50SN S (A Bl ) >
CpamasSU A3l AR ) (549 Laa ((deoxyhemoglobin) (st sasgd)

> The binding of CO2 stablllzes the T (taut) or deoxy
form of hemoglobin, resulting in a decrease in its
affinity for oxygen. R

charged a-amino groups of & 2 p»\> G J3o3y%
in (car i i

soblizes T (B ¢80
ftin

> In the lungs, CO2 dissociates from the hemoglobin,
and is released in the breath. ... cs s v e con s s s

COjisreleased Oy binds to
from hemoglobin hemoglobm

C02 bindsto Oy is released
hemoglobin from hemoglobin |

TISSUES
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Effect of 2,3-bisphosphoglycerate on oxygen

0o AR i 5 N sn
(ool (4 0o BOAGR i e 5

affinity

O gasglly (s Bl Y aga pliia 92 (BPG-2,3) & pesnl gion shinss2.3 >

2,3- Bisphosphoglycerate (2,3-BPG) is an importan
regulator of the binding of oxygen to hemoglobin.

Ot gangd) S i1 G gl U 5 0 358 53 (1589 e paall pdl) DA JAIIB g (g gudae cilhn g ST g 9 >

t

It is the most abundant organic phosphate in the |
red blood cell, where its concentration is |
approximately that of hemoglobin.

€954 Ot sangd) Al 1 DA (e CppaaaSSU (51 sangd) AT Qi BPG-2,3 sy >
§ -(oxyhemoglobin) gus3all (s saxlls Gl g (deoxyhemoglobin) Cpansy)

2,3-BPG decreases the oxygen affinity of
hemoglobln by binding to deoxyhemoglobin but not
to oxyhemoglobin.

G Ol 55 Gt sl T (taut) gl JSEN G Jle Jary (il S V) 138 >
This preferential binding stabilizes the taut
conformation of deoxyhemoglobin.
ra.

HbO, + 2,3-BPG

oxyhemoglobin

Hb—2,3-BPG 05

}

+ |
deoxyhemoglobin |
|

Glycolysis

Glucose

v
v

glycerate

3-Phospho-
glycerate

v
’

1,3-Bisphospho- |

V'Y

O

c-6o
Hco®'
Hco®-

H
2,3-Bisphospho-
glycerate

PO42—

|
W
|




BPG-2,3 il

Effect of 2,3-BPG

@=L )04 2 (B-globin chains) Ui iladu (e 0385 (pocket) wxad BPG-2,3 ¢ 833 g 44y ja Jadi i >
.(deoxyhemoglobin tetramer) (:2SY) £ 55 (o ol sasgl)

One molecule of 2,3-BPG binds to a pocket,
formed by the two B-globin chains, in the center
of the deoxyhemoglobin tetramer .

2 Al ) g5 0 oS 985 Aliadil) A g el alaal B30 o ) 138 (g giay > B Sl A g 35 Al can g i gay 1 BPG-2,3 G 3315 5533
W &\& BP(, 2 zng U\... il 5l e gana _ : - -&‘.[dcu\_\fmmu‘glnlvin) Ol Bl e O gl sl (L)
This pocket contains several positively A single molecule of 2,3-BPG

charged amino acids that form ionic bonds with 2;';?@‘,‘;?mpe°:g'y“$,:\; gt‘:,:gfnds

the negatively charged phosphate groups of of deoxyhemogiobin.
2,3-BPG.

£l Lsed ) a8 Aual) Galaal) o2a s B (mutation) Boik & gas >
G e (S Al ja A4 3 (o 1 gargll (1

A mutation of one of these residues can result
in hemoglobin variants with abnormally high
oxygen affinity

Al 2k BPG-2,3 (g1 A)) b ok >
(S Akl ) sie (gl Gmsle sang)

2,3-BPG is expelled on oxygenatlon of the
hemoglobln.
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Effect of 2,3-BPG

Al g Jes I8y BPG-2,3 2525 ((RBC’s) 51 0aal) all LYA B >
Ll 553 CpaSY) Jluaki) it ) 53 La eSS Oy s sasgl)

In RBC'’s, the presence of 2,3- BPG

b e i B, M1y

significantly reduces the affinity of
hemoglobin for oxygen, shifting the }
oxygen-dissociation curve to the right. 2,3-BPG =0 |
(Hemoglobin ;
PSR stripped of 2,3-BPG)

This reduced affinity enables hemoglobin = ®
to release oxygen efficiently at the partial
pressures found in the tissues.

) T 1

2,3-BPG = 5 mmol/L |
(Normal blood)

2,3-BPG =8 mmolL |
(Blood from individual |
adapted to high altitudes)

acasss & ok @0t
2t Oty U Lt o desty ot I 3, i e, o)
1 v= 1 1 =3 3

0 40 80 120

The concentration of 2,3-BPG in the red
blood cell increases in response to
chronic hypoxia (obstructive pulmonary
emphysema, or at high altitudes), where

) T T T LB

% Saturation withwdé

o

circulating hemoglobin may have difficulty
receiving sufficient oxygen Sarvel p'(enff:ﬁg‘)" ORvden

O 3all s i AT dlai 51 paad) all LA JA13 BPG-2,3 iS5 L

Al gy 3B G ((Allad) il pal) B Gl g g0 (g g3 FLAL Jia)
S (3 AES Aas o geand) (B Ay g pall (B 53 o) (i sl g
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2,3-BPG Jsiidl adll A (Transfused blood)

2,3- BPG |n transfused blood

£ aad) adl) il S JA BPG ZXMUAUNI\JJY;)J cid-citrate d xtrose Jgiaa 8 adll ¢ jad >

> releas A JA13 s g 45 St el s a3 B By Mﬂwhﬁduumw\mu@.qemy@mm
e et > . L R N A

e (s JRI US55 O (o Y 7 GaaSO Bt IS Jaty BPG-2,3 (o2 Ll (01585 ) (a8 sl OB (Uil g

storing blood in acid-mtrate-dextrose, leads to a decrease of 2,3-
BPG in the red cells. Such blood displays an abnormally high
oxygen affinity, and fails to unload its bound oxygen properly in the
tissues. Hemoglobin deficient in 2,3-BPG thus acts as an oxygen -
“trap” rather than as an oxygen transport system.

v w)“»—HJ
e

Transfused red blood cells are able to restore their depleted
supplies of 2,3-BPG in 24 to 48 hours. However, severely ill patients
may be seriously compromised if transfused with large quantities of
such 2,3-BPG-"stripped” blood. The decrease in 2,3-BPG can be
prevented by adding substrates such as inosine to the storage

m ed lum. Aol 48 M) 24 P BPG-2,3 (4 0l g g jaa ¢ s Bale) it (g yall Ll 3ay 61 paal) pl) iy S >
BPG-2,3 £ 554 a3 (5 a5 S ibpaS Ji3 5 13) ol JSiy 019 5 8 (2 el g aad e sall 081
LAl by ) (inosine) crisiY) e (substrates) 2)se 43lal BPG-2,3 oalidil gia (Sarg

Inosine, an uncharged molecule, can enter the red blood cell,
where its ribose moiety is released, phosphorylated, and enters the
hexose monophosphate pathway eventually being converted to 2,3-

B P G . % a3 c(ribose Jsnl) 4 Galdd) £ 5adl el ol dua el paad) adl) by S ) J A i ¢ gadia 5 555> S8 CRISY) >
&g A «(hexose monophosphate pathway) i sill galai jsusgl) jlua b JAy s ((phosphorylation) 45 jiud
BPG-23 sk
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Binding of cCO

i g (el BB gy 815) 558 (CO) OS] el Il by >
554220 g s 04 e Al g (HDCO UisSa G ste angd)

Carbon monoxide (CO; binds tightly (but reversibly) to the
hemoglobin iron (HbCO) with affinity 220 times more than O2.

JLAl ) Ot sarg SR a3 gl a8l 5a 5 JESH i 331 50 CO b Lasie >
N Ale AG GV s 5 Aall aagl) 281 ga Jaag Laa (R form) (Al el

When carbon monoxide binds to one or more of the four heme
sites, hemoglobin shifts to the relaxed conformation, causing the
remaining heme sites to bind oxygen with high affinity.

oladly adall agdal) (63 gataedd) JSEN g ¢ bl gad CuaansY) a380 Aada dhy ) g3 138 >
A Y gt e a8 g2 st saxgll Jaas Lea cHyperbola JS&

This shifts the oxygen saturation curve to the left, and changes the
normal sigmoidal shape toward a hyperbola makes hemoglobin
unable to release oxygen to the tissues

LAY s gia e CO 4o pilaa i (tissue hypoxia) Aawi¥) (A (s (el (o g e (0 5 (CO) g8 s Jgl & o gou
st sl 5n CO AT/ o 35y 435 %9100 sy sV 340 alaiIudy Allal) 028 £ ol

Carbon monoxide toxicity appears to result from a combination of
tissue hypoxia and direct CO-mediated damage at the cellular level
which is treated with 100 percent oxygen therapy (facilitates the
dissociation of CO from the hemoglobin).
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Minor Hemoglobins
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> HbE: in infants

KLt

> HbA2: After 12 weeks after birth

e b,
> HbA1c: under unphysiologic conditions

(glycosylated)
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- Fetal hemoglobin (HbF)

HDA (8 5253 3al) Jeidlaal] (yiling (gr) Wi (pidealune L\b#\ ‘Xg [32
§ Like

y) W il ) ALY

, GpL
Ly, 5 % oy Y
l /\4 4 sdads hoF * Jo

HbF is a tetramer consisting of two a chains identical to those
found in HbA, plus two gamma (y) chains (ay2). The y chains are
members of the globin gene family i

HbF synthesis during development: In the first few weeks after g
conception, embryonic hemoglobin composed of two zeta chains”
and two epsilon chains (C2£2) is synthesized by the embryonlc yolk
sac. Vg Pl bt s “““’:3

A Sl (Y1 81 B8 el o) 58 (B st sl e 0 %560 5m JS B S Etn g il B a5nga) sl Gt sl 4 HIDE

Within a few weeks, the fetal liver beglns to synthesize HbF in the
developing bone marrow. HbF is the major hemoglobin found in the
fetus and newborn, accounts for about 60% of the total Hb in the
erythrocytes durlng the last months of fetal life.

HDF J)aials U, sy o5 Jandl ha palll 5gddl ais Uy 5 alinl) £185 (3 HA el 12

HbA synthesis starts in the bone marrow at about the eighth month
of pregnhancy and gradually replaces HbF

G-2,3 o ki Cinia JS3u i A \ia CuaaisS o | A8l HDF @lliag mdall Aa ol gaeadl) Ci g 50 &

Under physiologic conditions, HbF has a hlgher afflnlty for oxygen
than does HbA, so HbF’s blndlng only weakly to 2,3-BPG.

In contrast, if both HbA and HbF are stripped of their 2,3-BPG, they
then have a similar affinity for oxygen. The higher oxygen affinity of
HbF facilitates the transfer of oxygen from the maternal C|rculat|on %
across the placenta to the red blood cells of the fetus. =™ “;ii‘-*?i:‘;mz‘:ﬂ

s L\.u\,\ﬂd;l..u F b Sl o8 ) of Las
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A2 (HbA2) On st sadl

Hemoglobin A2 (HbA2)

HbAZ2 is a minor component of normal adult hemoglobin, first
appearing about twelve weeks after birth and, ultimately, constituting
about two percent of the total hemoglobin. ... o e e

It is composed of two a-globin chains and two delta- () globin
chains (0202) . ...eea

(3-globin) sl Ula (pilalugo Ky £,
0,0, 4SS ) p W clain
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Hemoglobin A1c

Under physiologic conditions, HbA is slowly
and nonenzymically glycosylated, the extent of
glycosylation being dependent on the plasma
concentration of a particular hexose. The most
abundant form of glycosylated hemoglobin is
HbA1.

.(nonenzymic) 43 xE JSu s sl (glycosylation) 538 Ailaal HbA aiahy daasdall A o) o) i g I 8 >
o L33 A (hexose) Sl e ¢ma £ g 55855 e 5 5S Aa 3 saiaty
HDAT 8 SRl cpn sl gasgl) (a8 )85 JSi sl g

SBUAN - By
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It has glucose residues attached

.. predominantly to the NH2 groups of the N-

W Y

terminal valines of the B-globin chains

B-globin Juduu & (N-terminal valines) Akl Gl e 5392 gall NH2 e gana g (roari) IS Al ja 38 slall (o Ly dile 0158 >

> HbA1c are found in red blood cells of patients
W|th d|abetes mel“tus .(diabetes mellitus) Sl #13 (a8 Ko &) gasl) a2l &S 2 HbATC 2252 >
1) ceploens S 314 Yot C8in

AR

L i 774 8818 -
s gl st £ 7709 =
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NHo NHo

Hemoglobin A
HCO
HCOH

HOCH
HCOH
HCOH
CH,OH

. Glucose

HCH HCH
co co
HOCH HOCH
HCOH HCOH
HCOH HCOH
CH,OH CH,OH

Hemoglobin A,
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Organization of the globin genes
Gene family

O sasgd) Judaw (2 B-globin - Agedll Clas sl 5 g-globin - 4gzeddl cas ) (coding) il AN clisadl >
Ko LCilida (na g gag S o ol (gene families sl gene clusters) <liad) (s (nilaiia (8 gana (ad 2258

The genes coding for the a-globin-like and 3 -globin-like subunits of
the hemoglobin chains occur in two separate gene clusters (or
families) located on two different chromosomes

18 558816 psmsa g SN o 5192 sall (0-gene cluster) WY cilisa 4e gana >
a-globin Juslud ¢pisae

$ Q) B 0 e Lol g giasi Lase

The a -gene cluster on chromosome 16 contains two genes for the
a -globin chains. It also contains the zeta ({) gene

1 pssas Sl e Boglobin Aulud salg (s .50 >

C 125 B-globin = Agnd Ala) Gl day i a5 LS
4 () O] e
(y) e Gl

A single gene for the p -globin chain is located on chromosome 114
There are an additional four B -globin-like genes: the epsilon (g)
aene, two v aenes and the © gene

Two copies of the c-globin
gene are designated o1 and
«2. Each can provide
a~-globin chains that combine
with B globln chains.

A""‘))\Olt&*(d.lp \ "(LK( .\ =

o=Globin-like genes [ = - —gene cluster - '~

(Chromosome 16)

Hemoglobins are formed l T
by combinations of v Siemasiessiiaa
a-globin-like chains Hb Gower 1 HbF “HbAz HbA
and B-globin-like chains Lot asYn ods 0P
A
B-Globin-like genes | e B *
(Chromosome 11) < I - :
e cluster & Ay 5 B :
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Steps in globin chain synthesis

«(red cell precursors) s yasd) aal) @il €1 Aol LYAY 31 55 JA13 Csli) ¢ 08 sl oy >
L) cila glaa Jasy 3 DNA I Jealas (transeription) g o Cus

Expression of a globin gene begins in the nucleus of red cell
precursors, where the DNA sequence encoding the gene is
transcribed.

aaall) mRNA 3 (s (precursor) Bsh S18& Aa8al) 8 ¢ o feadll Alee e @ilil) RNA D) >
O stad) b it S 1) (531 ¢(Jsma 5590 95

The RNA produced by transcription is actually a precursor of the
messenger RNA (mMRNA) that is used as a template for the
synthesis of a globin chain.

A3) g Al gl 03 3] e 1348 sy of g >
Joudes 2 RNA (introns) ) e cidéa 8 (akia
A alial) Jua g B3le) wl o A5 MRNA
ks JSi s (exons) ddial

Before it can serve this function, two noncoding stretches of RNA
(introns) must be removed from the mMRNA precursor sequence, and
the remaining three fragments (exons) reattached in a linear manner

(translation) 4ea ji sl Cus (cytosol) Jgagizad) ) galil) mRNA ) Jay dlid >
Crmotad) s Ly A o) Adlaglaa

The resulting mature mRNA enters the cytosol, where its genetic
information is translated, producing a globin chain



Y0 ol 0d edalle Y %
e oAl e oot 8
[XIVETANAIR)
e
i ubon

ey
e

(NUCLEUS) /531 Jala :Ysi
(cnadf) DNA 1 1
e s gian il
EXONS = (g yall (3 9is 213
Introns = JLiisi Y dage jal el
(Transcription) gl .2
pre-mRNA (I DNA Jf s oy
1dad Lol ghalf 1320
exons
introns ¥ (5152 g0 L)
(Splicing) jéuaill.3
Ud23 &0 €XONS Loy ady g introns I dl)) g yad aliy
(z5L RNA) mature mRNA :ziLul
CiaNs 5 gl anl (sla
mMRNA i z 9,5 .4
Jgugisadl S 316301 (4o gllay mudlall MRNA i
(CYTOSOL) J g giscall (56 :Lisls
(Translation) &aa,ill .5
leuley o a3 g MRNA Jf 13 (Ribosome) a geu g I (o
el (Alaal
el paan = ucl g3 3 s
gl (oS3 .6
Protein folding - <&ils alealeall
(Globin protein) o gladl (g (o<is

Globin chain synthesis
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Globin and other gene sequences
coding for proteins are transcribed into
an RNA copy called pre-mRNA

Globin prtein
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hemoglobinopathies

sy daaalt bl ghad) (A Cole gangd) cDlie )
Hemoglobinopathies are disorders caused by: okt s oy g
Production of a structurally abnormal hemoglobin molecule
Synthesis of insufficient quantities of normal hemoglobin

S u b u n itS (normal hemoglobin subunits) ¢ 5 saxll &bl due ja) il gl (e AAS 1 il priea gf

or, rarely, both. o

Ga5a3 ((E6V) () Ui Asbas (B Ak § 5 gy 3y 521 (DS dlisease) ertaial) pall i 105 sagd) ¥ o ALAY) o
Uiy g Lnaseads Ll Jadts 1) LianuadlEl) e J3Ga ) ALYL (E6K) Uil Ui Aludas A 5,8k ¢ @il C (HDC disease) O s sasgd)

Examples: o i s ey e
Sickle cell disease (HbS disease) point mutation in B chain
(E6V)
hemoglobin C disease (HbC disease) mutation in 3 chain (E6K)
thalassemia syndromes (a and 3 thalassemia)
methemoglobinemia

vl [ | oo

—r —
Val - His - Leu - Thr - Pro - Glu - Glu - Lys WA/ Val - His - Leu - Thr - Pro - Val - Glu - Lyssav Val - His - Leu - Thr - Pro™~ Lys - Glu - Lys~AAZ
1 2253 A=rth 6 7 8 1 2—3 4355678 1 23 47555 367278
p{z BI HbA HbS HbC charged and migrate toward

the anode,
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Sickle cell anemia

o Y4 R € (valine) Ol Aua) (el Jladad of >
Q38 ) a5 gsadal (glutamate) Salish (sl Gaaall
( (B-globin) ¢ st-Us ks = (protrusion) jsx

The substitution of the nonpolar valine for a charged glutamate
residue forms a protrusion on the B-globin

Cua gl paad) adll @l S J313 (polymerizes) &xaill HbS asi: «(low oxygen tension) CnamsY) i (alddi) s
LSS Aa pia g Al 5 pan 03 il S (S5 ) (g2 Al il sl g ) Y g o5 o(gel) oD IS e Y S

At low oxygen tension, HbS polymerizes inside the red blood cells,
first forming a gel, which assembled later to fibrous polymers
producing rigid, misshapen erythrocytes.

Sickled cells block the flow of blood in the narrow capillaries
leading to localized anoxia (oxygen deprivation) in the tissue,
causing pain and eventually death (infarction) of cells in the vicinity
of the blockage. el i D o g 08 ) 0 30 15

N Al B gy 385 Lall @l i g <(localized anoxia / oxygen deprivation) dawi¥) 2
A e e 4y Al (infarction) WAL Ciga



Hyd hobi Hydrophobic pocket
0255l 25 DNA I & (point mutation) 4ki 5 il A point mutation ydrophobic AL (hydrophobic) siais i s Intracellular fibers
0 5555 S (HDS) Lol son in the DNA codes pocket G 530 53 of HbS distort R

(GAG — GTG %)

(Glutamic acid — Valine &l 2 )

for structurally
altered HbS.

i
J
|
!

“(deoxygenated state) Cxamesi) oaki s
S g (polymerizes) Juad 4 Al sh it )

the erythrocyte.

$1paall pl iy 5 JS&

In the deoxygenated
state, HbS
polymerizes

into long, rope-like
fibers.

Val-His-Leu Thr-Pro-GlU-Giu-Lys ~Ans

Val-His-Leu-Thr-Pro-Val Glu-Lys ~aA >
B Chain B-6-Valine—"

Fiber

Hemoglobin S (HbS) (2585 ) 52 a Valine - Glutamic acid J)3s) ¢ ¢ua f-globin G b 4l 3 ik &as 15
s 34 8 (hydrophobic patch) 4s 31 48khis (35 G Laa (hydrophobic) slall 48 S 3aka o)

) dudany s s Y0 HDS 1 (deoxygenated state) GssY) (i) xie (UG

¢ a3l adll il S J313 (polymerization into fibers) &b Gildi 3% 5 HbS geniy

(sickle shape) (aia JS& ) 51 jaal) asll iy S J4 5 L) 038 Uals.

g 5l il (B Al g 9l i Y5 A pa b 5 Fuad 155 Alanial) al il S slindbes

(vaso-occlusion) & sasll 4 §¥1 ol ) I3 535 sales

(tissue hypoxia) Aaa¥) 3 Cuams¥) b palli Gaayy adll 35 Jhy ;Gal

434 ol (microinfarets) e Glpliial i (e @G lals

Elongated erythrocytes
occlude blood flow
in the capillaries.

b o) (3835 30 (slandall) 53 53ad) 51 a5

Lgad) it

Microinfarcts produce
tissue anoxia, resulting
in severe pain.

A1 (B Gpaus) 4ok cipedd (microinfarcts) § s Slplis
a2l ) g laa




Jadaill Sgaa b 3 Al Ja) gad)
factors increase sickling

sy 0@ pal) Badi a3 g (sickling) Jadall) &gas alajy >

Sickling and the severity of disease is enhanced by:

A giiag g 55l b o) jalal) gf Adlal) cladl yal) & ) A CpuaensY) i (aldlS)

decreased oxygen tension as a result of high altitudes or flying
in @ nonpressurized plane

(PCO2) Cg2 8w (ABT ad) i) 514

increased pCO2

(Lagaali 3343) pH (aliad)

decreased pH

#1paadl adll @y S Jals BPG-2,3 385 835

An increased concentration of 2,3-BPG in erythrocytes.
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Treatment

W) cis e 5

Adequate hydration

AU S

Analgesics

% @y 13 A gl clalaally o 6 g3
Aggressive antibiotic therapy if infection is present

.(fatal vasocclusions) AL dule g iyl sl Jadl (paua all pa jall a3 Jai
.(stroke) A la) Al o Lla¥) jhad JIy 55K e £1 e a3 Gl S aladiuly adaiial) adl) Ji5 ) Las

transfusions in patients at high risk for fatal vasocculsions.
Intermittent transfusions with packed red cells reduce the risk of

stroke

Bl g Jama iy g a1 g ) 4SS JIBy el g Saa 93 8 9 (Hydroxyurea) L (s gosh
Jalail) & gan iy Laa HDF Apd 33 o8 4l i) (0 cLalat Ao ggda b Al 4301

Hydroxyurea (an anti- tumor drug) decreases the frequency of
painful crises and reduces mortality. The mechanism of action is
not understood, but it may increase HbF that decreases sickling
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Sickle cell anemia = =
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cp 1 gud) Byl (5 93 48 89 ¢y HDS Ol Alad) L) of >
.(homozygous state) ) Jilail) Al b jLal) o 50 a8

The high frequency of the HbS gene among black Africans, despite
its damaging effects in the homozygous state

(ladall a3 cpad (heterozygotes) s (Lilaia s GalAEY) G M) el 32y >
.Plasmodium falciparum ¢bib W 3 b Sl Aladt La e i ¢ 5358

heterozygotes for the sickle cell gene are less susceptible to
malaria, caused by the parasite Plasmodium falciparum. s

ol
st S0
ofad ) lala sie il <) o3 ¢ Lagg gl pand) adll il S JAIS ATl 593 (e al ) 1B 50 (ol il 138 >
J(intracellular stage) &1 Ja1 o sai Al ja Jla) gabiiens ¥ Laihal) (8 cazbal) (sa yuall 30

This organism spends an obligatory part of its life cycle in the red
blood cell. Because these cells have a shorter life span than normal,
the parasite cannot complete the intracellular stage of its
development

& (selective advantage) A\ 3 ja < g2 3l Lilaia e giad 8 458a)) 020 >
3L 51 G Uisaw Ly Sl L 28 31 (3lalial)

This fact may provide a selective advantage to heterozygotes living
in regions where malaria is a major cause of death.
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Hemoglobin C disease

B e
w2 Jidda) 48 &y (hemoglobin variant) Om sl saxd) (e Lilida 1 58 HbC i <HbS Jia >
.(B-globin chain) ¢ st -t Alades (a Gadbaad) @ gal) A 2a) g (sl

Like HbS, HbC is a hemoglobin variant that has a single amino acid
substitution in the sixth position of the -globin chain

(glutamate) Slalishil) Ga Y (lysine) O Jlaia oh Allad) oda B o<1 >
A(valine Glds JIsiu) 058 HDS (o Lk

In this case, however, a lysine is substituted for the glutamate (as
compared with a valine substitution in HbS

L Cidl (e 3a (Mladl a3 3 (e G 5ilay WIE HbC (homozygous) v sl & sl Lilaia &g & ulll oo sal) >
23 zde ) @ saliag ¥ «(infarctive crises) Auliia) cilajl (a ¢ gilag ¥ (uasall £Y 38 9

Patients homozygous for hemoglobin C generally have a relatively
mild, chronic hemolytic anemia. These patients do not suffer from
infarctive crises, and no specific therapy is required.
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Hemoglobin SC disease

«(sickle cell mutation) ¢Aaiall adl) j38 5 jih Jasi (B-globin) G sle-tin Judla (any 585 (sl 132 & >
HBC 2 b 8392 5al 3kl (5 AT Uiy Juudles Janl Laiyy

In this disease, some B-globin chains have the sickle cell mutation,
whereas other B-globin chains carry the mutation found in HbC
disease

LAY oo Cilida aal g IS 08 gk 2 B-globin (i XS HbSC (sa ¢ s GsS

Patients with HbSC disease have both of their f-globin genes
abnormal, although different from each other

HDSC U2 (b (81 01585 O () O st sargd) Sl gn Sl ¢ ladall pl) 38 (2 yay 45 )\
(bl Jarall (e S 3a) B % )

Compared to sickle cell disease, hemoglobin levels tend to be
higher in HbSC disease (may be at the low end of the normal range)

Patients with HbSC disease to remain well (and undiagnosédd’w)hﬁﬁfil
they suffer an infarctive crisis (beginning in childhood)

AL 85 8 (A ) cliland) day gl 52V 5y Giaad QIS AaY) oda

This crisis often follows childbirth or surgery and may be fatal.
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038 ) ¢2% Ferric (Fet3) A &aaal) Al ) ¢ sl gl A (heme) ) #53 bausi >
LS Bl ) i ¥ JSG 8 9 «(methemoglobin) Gl sasgiall

> Oxidation of the heme component of hemoglobin to the ferric

(Fe+3) state forms methemoglobin, which cannot bind oxygenz>
Q*’S C{‘LO
&),\)_)9 4 _}%\M‘

caused by: <"

§ (nitrates) AU dia s (a4

The action of certain drugs, such as nitrates .

ntermediate: )u:u.u CaanasY) Jailia g Jia pnial) d_n..AJC_.,.‘

>

>

> Endogenous products, such as reactive oxygen intermediates

> Inherited defects, for example, certain mutations in the a- orB
globin chain promote the formation of methemoglobin (HbM) =2~

@ Deficiency of NADH-cytochrome b5 reductase which is i i

responsible for the conversion of methemoglobin (Fe+3) to o
hemoglobin (Fe+2), leads to the accumulation of methemoglobin

Ji533 05 Jsisall NADH-cytochrome b5 reductase a5 g2l
S5 ) 535 Laa %Fc‘rl);ﬂ,#bﬂ#ﬂ; (Fet3) mste sasgisall
O st sangaal

> newborns are particularly susceptible to the effects of
methemoglobin-producing compounds

st sl 09585 ) 958 A 3 sl S R ST (1 5050 shoam Y =

<
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- Methemoglobinemias - %.

Alal) gl s b g ¢(chocolate cyanosis) 745y oS sl 4851 acd La  g¢hs Laria ol gangilaal) Foali >
LOSIA G 318 sagisall (0 8Y a9 (AR 5 9 (5 p3 59 (1) ARGV ¢l Jila (351 o8l () Aad Wy

> The methemoglobinemias are characterized by “chocolate
cyanosis” (a brownish-blue coloration of the skin and membranes)
and chocolate colored-blood, as a result of the dark-colored
methemoglobin

:Jadiig ((tissue hypoxia) Asui¥) 2 Crams) (aki - A ja o2l £ @5
> Symptoms are related to tissue hypoxia, and include anxiety,
»» headache, and dyspnea. In rare cases, coma and death can occur.

T () 2
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*HbS + HbC + MetHb — structure problem

Wﬂ‘ Z_/ *Thalassemia — quantity problem
Thalassemia

il A 0156 pse g JIA Wb Gisy (hereditary hemolytic diseases) 4aiad) 4301 59 () jal (A Laswdl >
.B-globin sl a-globin gl A JIa dUA ¢ 68 Sy (bl Jedls

The thalassemias are hereditary hemolytic diseases in which an
imbalance occurs in the synthesis of globin chains (either the a- or
B-globin is defective)

L al) i 18 g aa) gl Cad) il pladal ST ¢y LageadEl) tnd e ganaty >
As a group, they are the most common single gene disorders in
humans
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Normally, synthesis of the a- and B-globin chains are coordinated,
so that each a-globin chain has a p-globin chain (formation of a232
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A thalassemia can be caused by a variety of mutations, including
entire gene deletions, or substitutions or deletions of one to many
nucleotides in the DNA.
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It can be classified as either a disorder in which no globin chains
are produced (a°- or B°-thalassemia), or one in which some chains
are synthesized, but at a reduced rate (a+- or f+-thalassemia)




B-Thalassemias
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In these disorders, synthesis of 3 -globin chains is decreased or
absent, whereas a-globin chain synthesis is normal
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a-Globin chains cannot form stable tetramers which precipitate,
causing the premature death of cells initially destined to become
mature red blood cells
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Accumulation of a2y2 (HbF) and y4 (Hb Bart’s) also oceurs. Tﬁere
are only two copies of the B-globin gene in each cell (one on each
chromosome 11)
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Individuals with B-globin gene defects have either p-thalassemia
trait (B-thalassemia minor) if they have only one defective B-globin
gene, or B-thalassemia major if both genes are defective



B-Thalassemias
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Because the p-globin gene is not expressed until late in fetal
gestation, the physical manifestations of p-thalassemias appear only
after birth. Those individuals with B-thalassemia minor make some
B-chains, and usually do not require specific treatment
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Infants born with thalassemia major have the sad fate of being
seemingly healthy at birth, but becoming severely anemic during the
first or second year of life (reqmre regular transfusions of blood)
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Although this treatment is lifesaving, the cumulative effect of the
transfusions is iron overload (a syndrome known as hemosiderosis),
which typically causes death between the ages of 15 and 25 years

The increasing use of bone marrow replacement therapy has been
a boon to these patients (bome marmon eplacement (herapy) <56 50T Tt 520 150
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a-Thalassemia

These are defects in which the synthesis of a-globin chains is
decreased or abSent. s e s s -
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Because each individual’s genome contains four copies of the a-

globin gene (two on each chromosome 16), there are several levels
of a-globin chain deficiencies: e et i i3
If one is defective, the individual is termed a silent carrier of a-
thalassemia (no phyS|caI manifestations of the disease)
If two are defectlve the individual is designated as having a-
thalassemia trait e mowssios e bomsions i s 2
If three a-globin genes are defective, the individual has
hemoglobin H (HbH) disease, a mildly to moderately severe
hemolytiC aNeMia ™ s s s s om st o s et s 513
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The synthesis of unaffected y- and then B-globin chains continues,
resulting in the accumulation of y tetramers in the newborn (y4, Hb
Bart’s) or  tetramers (B4, HbH) 95 g 558 3 Flobin e 7o b5 i = D

¥, (Hb Bart’s) ;3330 s i y clslyye
9
B: B, (HbH) =lslie



a-Thalassemia
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(heme-heme interaction).

Although these tetramers are fairly soluble, the subunits show no
heme-heme interaction.
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Their oxygen dissociation curves are almost hyperbolic, indicating
that these tetramers have very high oxygen affinities (useless as
oxygen delivers to the tissues)
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If all four a -globin genes are defective, fetal death result, because
a-globin chains are required for the synthesis of HbF.
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Each copy of chromsome 16 has
two adjacent genes for c-globin chains.
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