Metabolism of nitrogen
containing molecules

Amino acids

Nucleotides



Overview

* The nitrogen cycle

* Metabolic turnover of nitrogen

* Metabolic fate of amino acids

* Proteolysis

* Fate of amino group

* Fate of carbon chain of amino acids
* Biosynthesis of amino acids

* Biosynthesis of nucleotides

* Degradation of nucleotides
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|:> Nitrogen turnover in eukaryotes
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‘ Fate of the carbon chain of AAs E
synthesis

Amino acids

degradation

protein synthesis

2NaN; > 2Na+3N,(g)
10 Na + 2 KNO5; - K,0 + 5 Na,0 + N, (g)
K,O + Na,O + 2 Si0, > K,SiO; + Na,SiO;
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Uric acid

proteases

I Ribose-5-P

Amino acids

/I Glucose I

| Ketone bodies I

— I ATP + CO, +H,0 I Amino acid




Metabolic fates of amino acids |

Urea cycle
Mal-Asp shuttle
Pyrimidine synthesis

Purine synthesis
Heme synthesis

Sphingolipid synthesis

Phospholipid synthesis GSH
Creatine
Alanin Serin Citrulline | | Glutamate || Glutamine Aspartate Glycine

v

NH,* transporter:

In the blood
NH,* Urea cycle: liver
Gluconeogenesis: liver Ammonium transport in blood pH regulation: kidney
Urea cycle Urea cycle: liver Gluconeogenesis: kidney, intestine
TCA cycle Purine synthesis
GABA: neurons Source of Glu in the neurons




Metabolic fates of amino acids ||

Histamine: Carnitine synthesis:
SAM: CH;- transport Allergic response Activated fatty acid transport
Tryptophan || Methionine | | Tyrosine Ornithine Arginine | Histidine Lysin

\

Catecholamines: :

Serotonin DOPA §E:;2;3$ne INO: |
Dopamine Nitrogen monoxide
Norepinephrine Creatine
Epinephrine
Melanin




Role of the amino acids inside of a
polypeptide chain

Glycoproteins
O-glycosylation

S-S bonds
GSH

Glycoproteins
N-glycosylation

Schiff-base cross-link between proteins
Binding prosthetic groups

N

N

1

Threonine

Serin

Tyrosine || Proline || Cysteine || Histidine

Asparagine

Lysin || Glutamate || Glycine

\

J

Hydroxylation:

~

GSH,

y-carboxyl-Glu: coagulation

breaks alpha helix,

Collagen

phosphorylation:
covalent modification

Elastin
Biotransformation

Hemoglobin:
Binding of Fe?* and O,

rotation in a
polypeptide chain,
GSH




Proteolysis

* Digestion:
* Intestinal proteases
* Zymogens
* P-H* pump

* Resorption: Na* -amino
acid cotransport

* Intracellular:

* Proteosome

* Lysosome: V-H" pump
e Autophagy

* Caspases



Proteolysis

* ECM

* MMP (Matrix
Metalloproteinases)

* Damaged tissue, wound
healing

* Metastasis

e Virus and bacterial
infection

* Blood proteinases

* Coagulation factors:
* Serin proteinases



Fate of the amino group

Intracellular proteins

I

amino acids

carbon chain (a-ketoacids)

Dietary proteins =——p

Biosynthesis of:
amino acids,
nucleotides and
biologically active
amines

Carbamoyl-phosphate (a-ketoacids)

aspartate
arginino
succinate
connection

Excretion <;:I Urea Oxaloacetate
Final product of nitrogen l
excretion Glucose :> Blood sugar

Final product of
gluconeogenesis



Transport of toxic ammonia: transport
of the amino group of amino acids

Citrulline




The converting of amino acids

Ketone body
ATP

* TRANSAMINATION
* DEAMINATION
e DECARBOXYLATION UNDER RECONSTRUCTION

GABA

- Fistaming
— . .
_Aman acl Histamine

Dopamine




Aminotransferases

(Transaminases)
cl'.OO' cIZOO' Transamination:
Oe~__ Y . .
{=° i * The amino group will not be lost,
?Hz CH> ammonia will not be released
(|ZH2 cIHz e Different aminotransferases
coo” coo” v Identical amino group
«-Ketoglutarate L-Glutamate
A acceptor (o-ketoglutarate)

P
\ mio = Of amino groups
ewrin:
(ao]0) COO0™

+ al I

H;N—C—H C=0
,a ,L

L-Amino acid a-Keto acid

(respective)

The storage molecule v’ Different amino group

donor (respective amino
acids)

v’ Identical reaction
mechanism, identical
prosthetic group (PLP)




Deamination
In the liver the amino groups originate finally from glutamate!

How does the liver gets rid of the glutamate’s amino group in
order to prepare it for excretion?

Oxidative deamination:

* The glutamate-dehydrogenase is located in the

mitochondrial matrix, and uses NAD* or NADP* as proton
acceptor during reduction.

* Free ammonia is released.

* The combined activity of glutamate-dehydrogenase and
the aminotransferases are called transdeamination.



Transdeamination

Urea cycle
0
a-Amino acid a-Ketoglutarate NADH + NH,* ~— N)L
H, NH,
Urea
Aminotransferase I I Glutamate dehydrogenase

Transdeamination

AS X AKG X Alanine AKG
AKS Glu pyruvate X Glu

I—» N FAKG
- a




The fate of the amino group

+ +
2 NH3 NH3
Oy NH3 R—CH—C00™ CH3 —CH—CO0"~
\c—cuz—cuz—cn—coo Amino acids Alanine (from muscle)
"zN/ Glutamine a-Ketoglutarate
(from a-Keto acid
extrahepatic +
tissues) NH3
~00C—CHy—CHy;—CH—C00™
Glutamate
Glutamine ?
Lglutaminnn ~00C—CH,—C—C00™
. 4
> Ghutans @aloaetate
dehydrogenase ‘Aspartate
a-Keto- P "
> NHE glutarate NH3
HCO;V & ~00C—CHy—CH—C00™
2 carbamoyl
phosphate
synthetase |
2ADP + P,
Carbamoyl phosphate
[ o
Mitochondrial
.
matrix A
i i
HaN— C—NH— (CH;)3— CH—C00~
Ornithine Citrulline
Cytosol Citrulline — ATP
PP;
+
r NH3 -
HN=C— NH — (CH,)3—CH—C00~
+
g s Urea i
H3N—(CH)3— CH—C00™ | 0=P—0"
Ornithine Cycie cl) f"
|
Urﬂca CH, <: J
HaN—C—NH, @ w Citrullyl-AMP
intermediate
H,0 - OH O R
A 4
+ + Aspartate ﬁﬂs
NH, NH3 - -
- 00C—CHy—CH—COO
HaN—C— NH— (CH3)3— CH—COO' AMP
Arginine Argininosuccinate
® 00 NH NH
~00C— CH=CH—C00~ - 3

Fumarate

~00C— CHy— CH— NH — C— NH— (CH,)3— CH—C00"~




What are the precursors of urea?

3 ATP or 4 makroerg phosphate + 2 x NH,* + CO, + H,0

Urea
i 0 :
| /

Asp = H2N = CT NH2 <—— GIn

T

co,

Glu




The fate of the carbon chain

Leucine Arginine
Lysine Glutamine
Phenylalanine Ketone Glutamate € Histidine
Tryptophan bodies Proline
Tyrosine A v
Isocitrate a-Ketoglutarate
e ¥ \
Acetoacetyl-CoA Citric :;dti‘fcm.e
. . - ethionine
t E
Citrate CICIId Succinyl-CoA <_Threonine
\ 4 cysie. v Valine
Acetyl-CoA Succinate
£ "4
Oxaloacetate Fumarate |—— Phenylalanme
\ T Tyrosine
“1™=l=| Malate
co,
Alanine
Cysteine
Isoleucine Glycine [ Glucogenic
Leucine Serine .
Threonine Threonine Asparagine : Ketogenlc
Tryptophan  Tryptophan  Aspartate

The products of the amino
acid degradation are
intermediates in the urea
cycle

The carbon chain is either
being oxidized to CO, and H,0O
or being transferred to form
C3-, C4-intermediate
products, from which via
gluconeogenesis glucose
forms!

This is meat becoming sugar!




Biosynthetic reactions of amino acids

Glycolysis
TCA cycle

Pentose phosphate

pathway
4 —
(2]
©
'S
=
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;=
=
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B Nonessential
B Essential

1234567 8910111213141516
Number of steps in pathway

Glucose

A 4

Glucose 6-phosphate

4 steps

Ribose 5-
4 steps phosphate

|

Histidine

Y

Erythr’ose 4 ! 3 | .
Bhosphate ~ 3-Phosphoglycerate + Serine

Y

4 Glycine
Phosphoenolpyruvate |Cysteine

4 7t h 1} Alanine
ryptophan Valine
Phenylalanine Pyruvate  ——p»  cine
Tyrosine Isoleucine
v
Citrate
Oxaloacetate a-Ketoglutarate
Aspartate |\\_/|Glutamate |
Asparagine Gl i
Methionine utamine
Threonine Proline
Lysine Arginine




Classification of amino acids according to
their metabolic precursors

TABLE 22-1 Amino Acid Biosynthetic Families,
Grouped by Metabolic Precursor

«-Ketoglutarate Pyruvate

Glutamate Alanine

Glutamine Valine*

Proline Leucine*

Argininea Isoleucine*
3-Phosphoglycerate Phosphoenolpyruvate and
Serine erythrose 4-phosphate
Glycine Tryptophan*

Cysteine Phenylalanine*
Oxaloacetate Tyrosine’

Aspartate Ribose 5-phosphate
Asparagine Histidine*

Methionine*

Threonine*

Lysine*

*Essential amino acids. A Esszencialis a fiatal allatokban

TDerived from phenylalanine in mammals.



Amino acid synthesis from a-ketoglutarate

a-Ketoglutarate

Aminotransferases l Glutamate synthase

Glutamine synthetase o)
?
Proline * Arginine




Amino acid synthesis from 3-phosphoglycerate

3-Phosphoglycerate

l

‘ Serine

/\

Glycine ; Cysteine ‘




Amino acids synthesis from oxaloacetate and
pyruvate

Oxaloacetate

l

Aspartate
Asparagine Methionine Lysine Threonine
Alanine Valine Leucine | | Isoleucine

N/ 7

Pyruvate



Amino acid synthesis from PEP, E4-P and ribose 5-P

/

Phenylalanine

l

+

l

Phosphoenolpyruvate

Erythrose 4-phosphate

N\

‘ Tyrosine

Tryptophan

\

catecholamines

Tyrosine /

serotonin

Aibose 5-phosphate

l



Nucleotide metabolism

* No nucleotide storage! DNA and RNA metabolism depends
on nucleotide synthesis

e Absorption:
* Max. 5% reaches blood stream
* 95% utilized locally in enterocytes

* Intracellular localization: cytoplasm

* Even the ATP production of the mitochondria depends on the
cytosolic ADP synthesis and transport.



Z \\
NT ¢\ HN ¢\
S A A
7 Va A
N N
N o H,N N +
Adenine Guanine
Purines
(0] (0]
! !
l\ll/ \ﬁH Hl\ll/ \ H|\||/ \ﬁH
0/C\N/CH o/C\N/CH 0/C\N/CH
H H H
Cytosine Thymine Uracil
(DNA) (RNA)

Pyrimidines

Modifications
of the bases

* Methylation
* Replication, DAM
* Gene expression:

e GCrich
promoters

e Alkylation
* Amination

e Deamination
* RNA “editing”



Occurrence of nucleotides

DNA, RNA Biotransformation
Coenzymes * UDP-Glucuronic acid

* NAD, FAD, FMN, CoA, SAM Energy storage

* Second messenger ° AIP, GTP
* cAMP, cGMP  Pharmaceuticals:
N i ' * 5-Fluoro-uracil, Allopurinol,
Monosaccharide activator Azido-timidine. AICAR
 UDP-GIc, UDP-Gal, CDP-Fuc PTM
* Phospholipid activator « ADP-ribosylation
« CDP-DAG
. Adenvlati e Substrate
enylation | « NAD: PARP, Ligase
* Amino acid activator, ligase
activator * Regulator

* Allosteric: AMP, ADP, ATP, GTP



“De novo”

Nucleotide synthesis synthesis

Recycling:
i Salvage
o=||=—o—cr|2
Lo
Phosphate
group

Sugar \ Pentose_

phosphate
pathway




Salvage reactions: Recycling

Adenine

Guanin

+ PRPP =——p AMP + PP,

+ PRPP

q

Hypoxanthine + PRPP ==——p-

Uracil
Uridine

Cytidine

+ PRPP

+ ATP

+ ATP

q

q

#

GMP + PP,
IMP + PP,

UMP + PP,

UMP + ADP

CMP + ADP



C and N sources of purine and
pyrimidine bases: “de novo”

co,
Aspartate l / Glycine
v N
| I C <— Formate
C\N C ~N
Formate \ f
Amide N

of glutamine

Bicarbonate
+
NH,

2 ATP#

Carbamoyl
phosphate Aspartate

C
AN
\ 'T'3 s 5(|3 /
£ 1 5k
\N/
Pyrimidine
ring



5-Phosphoribosyl

0—CH, O AIR
®- 2 H 1-pyrophosphate (PRPP) ) @ glutamine-PRPP
N YCYT) HEO; amidotransferase
&5 © GAR synthetase
OH OH © GAR transformylase
Glutamine ADP + P; 3
(1 co, @ FGAR amidotransferase
il:tamate \ " N5-Carboxyaminoimidazole ::AGIARI:I %:ﬂ::aese)
L 0=c-—N/C\N/c ribonucleotide p ¥
(®—0—CH, o NH, \ (N>-CAIR) © N>-CAIR synthetase
i H H /X, 5.phospho-g- ° (62) AIsR carboxylase
p-ribosylamine © N°-CAIR mutase
OH OH © SAICAR synthetase
Glycine /N\\ Carboxyamino- Q SAICAR lyase
9 ATP H N/C\N<c " ::\:Ii;)zole ribonucleotide @ AICAR transformylase
ADP + P, R @ IMP synthase
I;H Aspartate
Hzcl/ : Glycinamide (3]
= ibonucleotide (GAR ATP
0=C ribonu ide ( )
co0™ ADP + P;
1
) N1°-Formyl H, folate HCI H lcl -
H it ks \‘Ii N\ N-Succinyl-5-aminoimidazole-4-
# 0o¢ | nm carboxamide ribonucleotide (SAICAR)
H
N R
"z‘I:/ C—H  Eormylglycinamide
°=C\NH° ribonucleotide (FGAR) Q Fumarate
i
Glutamine "zN/C\ﬁ/N\}H 5-Aminoimidazole-4-carboxamide
o Gliitamaia HzN/C\N\R ribonucleotide (AICAR)
ATP
ADP + P N1°-Formyl H, folate
H o H,folate
Hzcl/ ¢—H  Formylglycinamidine N/ﬂ =N
HN=C._. .0  ribonucleotide (FGAM) HNTNTN,,  N-Formylaminoimidazole-
NH o=c_N/C\N/C 4-carboxamide ribonucleotide (FAICAR)
H H &
ATP
™ H,0
Of por+ P, 2
H,0
N\
H
Hﬁ/m\\ 5-Aminoimidazole y I M P S I lt
HZN/C\N{H ribonucleotide (AIR) -0
R

OH OH
Inosinate (IMP)

hesis



AMP and GMP synthesis

_OOC—CHz—C H—COO™

Fumarate
GDP + P; \ N\
STP k)j: > adenylosuccmate k)j[ >
Aspartate lyase
o adenylosuccinate
N synthetase Adenylosuccinate Adenylate (AMP)
HN
SN N NAD*
NADH + H*
GIn Glu AMP + PP; 0]
Inosinate dehydrogenase \\ / alk / N
(IMP) )\ | N . 'jl\ | \>
XMP-glutamine \
H N HZO amidotransferase H,N N N
Xanthylate (XMP) Guanylate (GMP)
Figure 22-36

Lehninger Principles of Biochemistry, Seventh Edition
©2017 W. H. Freeman and Company



Aspartate

A >® Carbamoyl
aspartate /_ phosphate
trans-
carbamoylase K» P; oA
C
N CH,
N-Carbamoylaspartate | |
PN /CH —C00~
o” N
dihydroorotase H
(o]
\—> H,0 I
HN/C\CH
L-Dihydroorotate | |2 :
o/C\N/CH —COo0
H
NAD*
dihydroorotate /_
dehydrogenase )
\> NADH + H* I

Orotate

orotate / MERE

phosphoribosyl-

transferase \, PP

orotidylate
decarboxylase
¥ \> co,

Uridylate (UMP)

/—2 ATP

2ADP

kinases

Uridine 5'-triphosphate (UTP)

/— GIn
K» Glu

o
=
o
=
Q.
=
o
-
m
(o]
|
[a}
XL
S

cytidylate
synthetase ATP ?Hz
C

A
\\*ADP+Pi g

o/c\N/

®O—-@®—-®—0—cH,
R Cytidine 5'-triphosphate (CTP)

Ciurivea 9 D0

Synthesis of pyrimidine bases

CcDP » dCDP » dCTP

ribonucleotide nucleoside .
diphosphate deaminase
reductase :
kinase

UDP » dUDP > dUTP

dUTPase

\4
dUMP
thymidylate
synthase

A
dTMP

Figure 22-46
Lehninger Principles of Biochemistry, Seventh Edition
©2017 W. H. Freeman and Company



Chemotherapy

FAUMP

dUMP / dTMP

®

thymidylate
synthase

N>,N10-Methylene 7,8-Dihydrofolate
H, folate

+
serine NADPH + H

Glycine hydroxymethyl-
transferase
dihydrofolate

reductase @,g Methotrexate

\: . .
Aminopterin
Trimethoprim

PLP

H, folate

NADP?*

Serine



(a)

Formation of — |
deoxyribonucleotides Creductase.

s catalysed .by e N\
ribonucleotide siuaredosin
reductase

* The NADPH serves as

(b)

NADPH + H™ NADPt

o

FAD FADH,

thioredoxin
reductase

electron donor

Connected by s
gIUtathione (a) or reductase l

thioredoxin (b)
pathways

H,0
dNDP

Figure 22-41
Lehninger Principles of Biochemistry, Seventh Edition
© 2017 W. H. Freeman and Company

HS

HS

Ribonucleotide
reductase

NDP



Nucleotide degradation

AMP
H,0
5'-nucleotidase (- %
-
GMP Adenosine
H,0 . H20
2 adenosine [
5'-nucleotidase \; ro———
Pi N NH;
Guanosine Inosine
- ~ H,0 H,0
nucleosidase nucleosidase
N Ribose N Ribose
(0] (o]
N N .
HN I \> HN I \> Hypoxanthine
k g (keto form)
H,N” N7 N N u
Guanine
H,0 xanthine H,0 + O,
oxidase H.O
NH3 20>
. (o]
guanine
deaminase N .
HN I \> Xanthine
J§ (keto form)
HO” °N ﬂ
H20 + 02

xanthine
oxidase

Uric acid

o}
[

e >N

| Il \\C—OH Uric acid
A /C\N/
HO N H

302+ H,0
urate oxidase

co,

(o)
I i
NH, C—%\ )
| C=0 Allantoin
=C\N/|§|\N/
H H

H,0
allantoinase

?00' NH:

Allantoate

H,0

(IIOO—
CHO

Glyoxylate

allantoicase

Il Urea
2 HoN—C—NH,

Excreted by:

Primates, birds,
reptiles, insects

Most mammals

Bony fishes

Amphibians,
cartilaginous
fishes

Marine
invertebrates

Nc—cH

I 3 Thymine
_CH

dihydrouracil NADPH + H*
dehydrogenase

NADP*

o
ICI
AER P
HIT CI\CH3 Dihydrothymine
O/C\N/CHz
H

H>0
dihydropyrimidinase /

/O
H2N—ﬁ—NH—CH 2 —C| H—C\
0 CH3

-
( H,0
\» NHj; + HCO3

v o
+ 4
H3N—CH,—CH—C_
I o-

[B-Ureidoisobutyrate

[-ureidopropionase

B-Aminoisobutyrate

CH3

a-Ketoglutarate
aminotransferase

O\ /O
Ne—cH—c? Meth.ylmalonyl-
N\ semialdehyde

H CHs [0}y




