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Heme synthesis from glycine and succinyl coA

Ahmed Salem, MD, MSc, PhD, FRCR



1.Synthesis of non-essential amino acids
Amino acids metabolism 2.Catabolism of amino acids

3. Nitrogen metabolism and urea cycle
4. Heme synthesis from glycine and succinyl-CoA




What is heme, function of heme

(IX = 9) ferrous protoporphyrin IX e 3ke s ol i

* Heme is produced by the combination of iron with a porphyrin ring

* Chlorophyll, the photosynthetic green pigment in plants is magnesium-porphyrin
complex

] ] hemoglobind! s ,protein &= in conjugation 2> s« oS hemed)
* Heme is presentin: protein s globind! ¢us heme + globin (e 3_ke s I D

* Hemoglobin
* Myoglobin = In muscles
Cytochromes in ETC

Peroxidase ,degradation of hydrogen peroxidedt 4&3e agll U enzymesdh 25 5o
Catalase catalased! s peroxidased! )

Nitric oxide synthase

 Hemoglobin is a conjugated protein having heme as the prosthetic group
and the protein, the globin

agdll g Ladally Lnde (yial g cclian ) lde il 5 celia€a (ol o) Wl i) agll




HC ———CH

Structure of Heme gy

<) methenyl bridges & b o= (alaia four pyrrole rings (= (x5S« cyclic compounds 4« porphyrind) o N
methenyl bridgesd) < s&u 5 (1/ 11/ 11/ 1V) Sl a8 5316 4 pyrrole ringsd) <o sy (58 3 ) pally (—CH= 92 R Pyrrole
ASaall sitesd) Jiar ,8J 1 (0 a j i A5 ((clockwise) debudl @ jlie s 28 yill) delta ) alpha (< 4l T _ Methenyi bridge
system of & porphyrinsdus substitutionsd) dle Jls clilara fppay < 3 ) a5 substitutionsd! H ¥
absorption of light J) dxala sy (=la 5 (doubled!s singled) o alternation) conjugated double bonds » C| (’i =
,reduced form of porphyrins 4«2 porphyrinogensd! <us porphyrinogensd)s porphyrinsd) ¢ 38 8 HC—C | Cc= CiH |
Olie double bonds aeé W oa <@ (-CH2-) methyl bridge ~2 055 7 methenyl bridge e 05 L Jué BHC—C, = C =cx
colorless ) 5 S <l ‘ W N th |
Porphyrin ing \ THC € ‘o =ch
I o] 1 | e |4
) | o HC— ¢ 7 0 S == CH
~ =0 . pENy
X
8 8 3 : ? /
. M|V
Pyrrole ring 7 | VN LG |4 ko : 4 D_L—‘I
a3 Ula) | jlaiad l a I § i e
G ringd) ) t /lll B " L | J— W]
h
double bondsd! I l 6 5 / | Ni—Fai=—iN |
: 6 5 P | V]
bridgesd s | . |
ale Al JSMJ\ $) ; . [M] = Methyl
(e b yas) a1 The pyrrole rings are numbered | to IV; the bridges named I = Vinyl
as alpha to delta and the possible sites of substitutions are P| [m] 5] = Propionyl

denoted from 1 to 8. (For brevity, the bridges and double
bonds are sometimes omitted, as shown on the right). Structure of heme




Structure of Heme

 Heme is a derivative of the porphyrin. Porphyrins are cyclic compounds formed by fusion of 4 pyrrole rings
linked by methenyl (=CH-) bridges

* Since an atom of iron is present, heme is a ferroprotoporphyrin

* The pyrrole rings are named as |, Il, lll, IV and the bridges as alpha, beta, gamma and delta. The possible
areas of substitution are denoted as 1to 8

. \{Vhen the substituent groups have a symmetrical arrangement (1,3,5,7 and 2,4,6,8) they are called the
series

* The lll series have an asymmetrical distribution of substituent groups (1,3,5,8 and 2,4,6,7)

* The usual substitutions are:
* propionyl (~CH,—CH,—COOH) group
* acetyl (-CH,—COOH) group
* methyl (-CH3) group
* vinyl (~CH=CH,) group



BIOSYNTHESIS OF HEME

* Heme can be synthesized by almost all the tissues in the body

* Most active in bone marrow (85%) and liver
liverd! &5 bone marrowd) 8 & ST (&1 LA alaxa & jaeas synthesisd

* Heme is not synthesized in the matured erythrocytes
hemed! sl Led juay Lo Cua aa 4l exceptiond! LS 4 matured RBCsd)!

* The pathway is partly cytoplasmic and partly mitochondrial

5OAY)s Liall el g b sl Gl ) wll




Steps of heme synthesis
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) S l\«:o, Methyl
i Coproporphyrinogen |
M1 M (CPG-I)
P P NADP
b 0, NADPHH'
PM :
5 Propiony!
CO,
MV Viryt
i Protoporphyrinogen i
M M (PPG-II)
P Vv
i N
PM 4H
Protoporphyrin Il
7 *FO**
Heme

2 = ALA dehydratase

1 = PBG deaminase and UPG-ll| co-synthase
4 = yroporphyrinogen decarboxylase

5 = Copro porphyrinogen oxidase

6 = Protoporphyrinogen oxidase
7 = Heme synthase or Ferrochelatase
A = acetyl; P = proplonyl; M = methyl: V = vinyl




B I OSYNTH ESIS O F H E M E pyridoxal J 25> 52 ,glycined s succinyl CoOAJ! condensation s
delta amino levulinic acid Lz (lie Co-factor & phosphate
. 1 Lbsy ~ ) b condensationd) (Js¥! # ,0disha Lo juay Jelil
Step 1 . ALA SyntheSIS i 4l # (CoA-SH z s~ alpha-amino beta-keto adipic acid
enzymed! Ui 32k e 5w Gfishally [CO2J) z oA ALAJ) e
* The synthesis starts with the condensation (ATP elleny Le ) ALA synthased) s Ml

of succinyl CoA and glycine in the presence
of pyridoxal phosphate to form delta amino ~ S'c¢™!°A

levulinic acid (ALA) COO”  ALA CO0T  ALA  COO
| synthase | synthase
CH, (+) PLP CH, (+) PLP CH,
. . . CH ; CH ; CH
* Hence anemia may be manifested in [ T é; o I
pyridoxal deficiency B e i
< anemiadlé | » a¢« Co-factor s pyridoxal phosphated 4 S~CoA CH-NH; CHa-NH;
pyridoxal deficiencyd! (u=l_el /_las) manifestationsd) (s 32 5 CHyNHY 00
* The enzyme ALA synthase is located in the doo
. 5 . o _ege Alpha-amino Delta-amino
mitochondria and is the rate-limiting beta-keto levulinic acid
Glycine adipic acid (ALA)

enzyme of the pathway
Step 1 in heme synthesis



BIOSYNTHESIS OF HEME
Step 2: Formation of PBG

Next few reactions occur in the cytoplasm
cytosold) & Sty 40 2 (e Gl shadl)

Two molecules of ALA are condensed to form
porphobilinogen (PBG)

The condensation involves removal of 2 molecules of
water and the enzyme is ALA dehydratase

Porphobilinogen is a monopyrrole

ki gne pyrrole ring = & i~ PBGJ
(4 Oxaline Lal (A)

The enzyme contains zinc and is inhibited by lead

.2 molecules of ALAJ condensation _sas (52

agie = a5 porphobilinogen (PBG) agie i
ALA dehydratased) &b o Jelddls 2 H20

ALA + ALA \

2H,0

O.J..Ca.é‘).b . .. ‘55;‘ . .SS/; Y} ,ds szucsj ! i,:....a i 5!":n=ﬁe‘9ﬂgtﬁzz€;g

COO
coor {,
I
CH, CH,
‘I I\
N
CH,

|
NH3

Porphobilinogen
(PBG)

4 x Porphobilinogen



BIOSYNTHESIS OF HEME €00

— |
COO™ CH,
° : | |
Step 3: Formation of UPG CH, Ch,
* Condensation of 4 molecules of the PBG = formation of the first porphyrin of the I
pathway, namely uroporphyrinogen (UPG) | |
Bk (e 4% 4J condensation Jexis <3 one pyrrole ring e ¢ sis: PBGJ) 4 L N
uroporphyrinogen 4au! A porphyrin Js e Jasis cla 5 PBG deaminased CHN
e Condensation occurs in a head-to-tail manner, so that a linear tetrapyrrole is I i
produced; this is named as hydroxy methyl bilane (HMB) NH3
_ o , Porphobilinogen
* The enzyme for this reaction is PBG-deaminase (PBG)
* HMB molecule will cyclise spontaneously to form uroporphyrinogen | 4 x Porphobilinogen

uroporphyrinogen | Lisazy 5 | A&l JS4 cycle JS& e yuay HMBJ
* Itis converted to uroporphyrinogen lll by the enzyme, uroporphyrinogen Il

synthase 3
. o . 4NH,
* When the fusion occurs, the lll series of isomers are predominantly formed; and
only the lll series are further utilized
Uroporphyrinogen Ill

* During this deamination reaction 4 molecules of ammonia are removed (UPG-III)



BIOSYNTHESIS OF HEME
Step 4: Synthesis of CPG

* The UPG-IIl is next converted to
coproporphyrinogen (CPG-IIl) by decarboxylation

uroporphyrinogen decarboxylase &b e ey Jeldill

* Four molecules of CO, are eliminated by
uroporphyrinogen decarboxylase

* The acetate groups (CH,—COOH) are
decarboxylated to methyl (CH;) groups

Uroporphyrinogen Il
(UPG-III)
Acetyl

; l

4CO, Methyl

Coproporphyrinogen llI
(CPG-III)



BIOSYNTHESIS OF HEME
Step 5: Synthesis of PPG |

* Further metabolism takes place in the mitochondria (CPG-III)
mitochondriadk Jx<=l: reactiond 4l stepd) sl (s

NADP
e CPG is oxidized to protoporphyrinogen (PPG-III) by o N
coproporphyrinogen oxidase 2 NADPH+H
S Propionyl
* This enzyme specifically acts only on type Ill series, and  CO, l
not on type | series Viny!
. . : e Protoporphyrinogen Il
* Two propionic acid side chains are oxidatively (PPG-Ill)

decarboxylated to vinyl groups

* This reaction requires molecular oxygen

lie Cacld siall Caad 3ie oli) Al




BIOSYNTHESIS OF HEME
Step 6: Generation of PP

* The Protoporphyrinogen-Ill is oxidized by the
enzyme protoporphyrinogen oxidase to
proto-porphyrin-Ill (PP-IIl) in the
mitochondria

* The oxidation requires molecular oxygen

* The methylene bridges (—CH,) are oxidised to
methenyl bridges (—CH=) and colored
porphyrins are formed

a¢xn s methenyl bridgesd) el reactiond) (=l
colored porphyrins are formedd!

Protoporphyrinogen Il
(PPG-III)

4H

Protoporphyrin Ill

-

7|+Fe




BIOSYNTHESIS OF HEME
Step 7: Generation of Heme

The last step in the formation of heme is the attachment of ferrous iron to
the protoporphyrin

The enzyme is heme synthase or ferrochelatase which is also located in
mitochondria

Iron atom is coordinately linked with 5 nitrogen atoms (4 nitrogen of p¥rrole
rin%s of proto-porphyrin and 1st nitrogen atom of a histidine residue o

globin) < 1 N ,pyrrole ringsd) ¢« 4 N 4laia  &S% jron atomd!
1 H20d 48LaYl (5 & seaa) histidined!

The remaining valency of iron atom is satisfied with water or oxygen atom

When the ferrous iron (Fe**) in heme gets oxidized to ferric (Fe***) form,
hematin is formed, which loses the property of carrying the oxygen

Heme is red in color, but hematin is dark brown

Protoporphyrinogen ll|
(PPG-III)

4H

Protoporphyrin Il

7|+Fe'

Heme

N\

Pyrrole-N

Pyrrole-N

HZO N-Pyrrole

Fe

N-Pyrrole

N-Histidine (proximal)




(stepsd) &l se chia 31 () 58)
Glycine + Succinyl CoA

6 7
PPG-||| = PP st Heme l 1

Mito- I 5
chondria ALA
CPG-IlI
BT 500800008008
s ooy
ALA
CytoplasmCPG =

UPG-III PBG



Regulation of Heme Synthesis

* ALA synthase is key rate limiting enzyme
* Heme, lead poisoning and steroids inhibit its activity
e Excess heme in BM is converted to hematin by oxidation of Fe2+ to Fe3+
* ALA synthase is also allosterically inhibited by hematin hematind Jsai (v o3s e hemed) 1 » Wl
*BM = bone marrow ALA synthased! inhibition Jex: hematind! s

ALA synthase is activated by hypoxia due to increase in erythropoietin

ALA synthase is also activated by availability of intracellular iron

INH (Isonicotinic acid hydrazide) that decreases the availability of pyridoxal phosphate
may also affect heme synthesis

Drugs like barbiturates induce heme synthesis. Barbiturates require the heme containing

cytochrome P450 for their metabolism
* Out of the total heme synthesized, two thirds are used for cytochrome P450 production

ALA synthase enzymed! (_»¢x3) induction Jex: ) = cytochrome P450 sabiai W drugsd! (Js /¢ 2) ingestion sy Wl

el g aall ey dsely ol aed) (el 3ge ] Al aell




Porphyrias

* Group of disease associated with abnormalities in the biosynthesis of
heme

e Characterized by accumulation and excretion of porphyrins or
porphyrin precursors

* Most inherited porphyrias are autosomal dominant except one

Jlead poisoningd) cass suai (Sas acquiredds ,(AaiSs) acquired sl (45,5) hereditary o 53 gla Ll oY)
L aal 5 LWL gutosomal dominant ~&IS hereditaryd! s



High cellular concentration of glucose prevents induction of ALA synthase.
This is the basis of administration of glucose to relieve the acute attack of porphyrias

most common typesdle X5 ,mode of inheritanced) 48 yze 4aaY 48LaYU dege defect enzymed) 4 za #
## Low levels of ALA synthase will lead to Anemia not porphyria
Gk oo oSS empirical Wl treatmentd! s ,acute intermittent porphyria (AIP) L) acute attacksd' #
ol s (a=la s ALA synthased! inductiond) aies 43Y | e (555 &di 1 glucose sl high CHO diet

; s attacksd! J>& glucosed! administrationd!
TABLE 21.2: Features of important types of porphyrias
Type Enzyme defect Inheritance Excretion in urine Other salient features
Acute intermittent PBG-deaminase Autosomal Precursors, ALA and Most common porphyria
porphyria (AIP) (UPG-1 synthase) dominant PBG. No coloron Most commoniepatic porphyria
(enzyme 3) voiding Abdominal and neurological
manifestations. No photosensitivity
' Congenital erythro-  UPG-cosynthase Autosomal UP and CP; Portwine Marked photosensitivity. Erythrodontia
. poletic porphyria (enzyme 3b) recessive appearance Incidence, rare
| Porphyria UPG-decarboxylase Autosomal Uroporphyrins Second most common; incidence
' cutanea tarda (enz 4) dominant Urine colored Second most commoniitivity (Fig. 21.98)
Hereditary copro- CPG-Il-oxidase Autosomal UP and CP excreted Symptoms similar to AIP; but milder
porphyria (enzyme 5) dominant in urine and feces Photosensitivity is also seen
| Colored urine
Hereditary proto- Heme synthase Autosomal Neither porphyrins Protoporphyrin increased in plasma,
porphyria or Ferrochelatase dominant NOr Precursors are RBCs and feces. RBCs show fluorescence
| (enzyme 7) excreted in urine
| PBG = Porphobilinogen; CP = Coproporphyrin; ALA = delta amino levulinic acid; UP = uroporphyrins. (Enzyme numbers are given as shown in Figure 21.9)

Al ala e Jed)8 | Cuegh s culhia g ol j g sy La e ginl ) agll




