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Week 16 Amino Acids and Nucleotides

22.1 Overview of Nitrogen Metabolism

22.2 Biosynthesis of Amino Acids
22.3 Molecules Derived from Amino Acids

22.4 Biosynthesis and Degradation of Nucleotides



Nitrogen Cycle

1. Fixation
- Bacteria reduce atmospheric nitrogen (N2) to ammonia (NH3 or NH4*)
2. Nitrification
- Bacteria oxidize ammonia to nitrite (NO2") or nitrate (NOs3-)
3. Assimilation
- Plants and bacteria reduce nitrite + nitrate to ammonia for amino acid synthesis
4. Denitrification
- Nitrate is reduced to N2. NOs- is the ultimate electron acceptor instead of O2

Denitrifying
bacteria, archaea,
and fungi

Nitrogen-fixing N, (atmosphere)

bacteria and
archa/

Oxidation
state=0

degradation
by animals and

J\

Amino acids microorganisms - i s
H
and otherreduced |  r——— N :) (::m.loma) Ng;,,.:jmt.rate)
hitrogen-carbon e p—— xiGatton Anammox bacteria ST
compounds synthesis in state=—3 state=+5
plants and
microorganisms
NO, (nitrite) Nitrifying
W Oxidation bacteria
Nitrifying B
" state=+3
bacteria and archaea




Ammonia is Incorporated through E and Q

« Glutamate and glutamine are entry point of nitrogen assimilation into

biomolecules such as amino acids

- These two amino acids also play central roles in amino acid catabolism
» Glutamate is a temporary storage of amino group
» Glutamine is a nontoxic transport form of ammonia

- Glutamate is synthesized by amination of a-ketoglutarate

- Glutamine is synthesized by amination of glutamate

coo- NH3
7 |
H3N—%— H NAD(P)* ~00C—CH,—CH,—CH—C00"
L-Glutamate
(H2 NAD(P)H ATP
éHz glutamine
I synthetase
CO00~ B COO~ " ADP
+
Glutamate H,N =c| (") ﬁ f\;le
CH, ~"0—P—0—C—CH;—CH>,—CH—COO0"~
cl)' y-Glutamyl
CH; ,  Pphosphate
?OO- | éoo— | glutamine NH -
C—0 synthetase p
I i
CH, H,0 +
| e O\ NH3
sz - C—CH;—CH,—CH—CO00"
CO0~ HZN/

a-Ketoglutarate L-Glutamine 4



Biosynthesis of Glutamine

« Catalyzed by glutamine synthetase
- Glu + NHs* + ATP -> GIn + ADP + P
- Also responsible for converting NH4* to .
Gln |

_ ] ~00C—CH,—CH,;—CH—CO0 "~
- Found in all organisms L-Glutamate

glutamine |/~ Rk
synthetase
\-» ADP

R +
P 1
"0—P—0—C—CH;—CH>—CH—COO0"
(l)_ v-Glutamyl
. phosphate
glutamine |/~ NH 4
synthetase
d \P.
A 4 +
0\ NH3
/C—CHz—CHz—CH—COO'
H>N

L-Glutamine 5



Biosynthesis of Glutamate

* Reductive amination catalyzed 00"

by glutamate synthase in plants H;;Itl—%—H NAD(P)*
and bacteria i \&wam
- o-ketoglutarate + glutamine + fHa

NADPH -> 2 glutamate + NADP*  giutamate . 907
- This enzyme is NOT present in B
animals fH2
+ Minor pathway catalyzed by coo- i:;_
glutamate dehydrogenase in all é= i i
organisms %Hz Hfo
- a-ketoglutarate + NH4* + NADPH ?Hz NH
-> glutamate + NADP* coo”

a-Ketoglutarate



Summary 22.1 Nitrogen Metabolism

* Molecular nitrogen that makes up 80% of
atmosphere is unavailable to most living organisms
until it is reduced to ammonia.

» Reduced nitrogen is first incorporated into amino
acids and then into other biomolecules, including
nucleotides.

» Key entry point is amino acid glutamate. Glutamate
and glutamine (synthesis catalyzed by glutamine
synthetase) are nitrogen donors in a wide range of
biosynthetic reactions.



Week 16 Amino Acids and Nucleotides

22.1 Overview of Nitrogen Metabolism

22.2 Biosynthesis of Amino Acids

22.3 Molecules Derived from Amino Acids

22.4 Biosynthesis and Degradation of Nucleotides



Amino Acids Derived from Intermediates

Glucose
 All amino acids are derived from
Glucose 6-phosphate
intermediates in three processes |4steps
= GIyCOIyS|S 4 steps p'::::::t;
e |
- Citric acid cycle Histidine
- Pentose phosphate pathway ‘phosphate — -Phosphoglycerate > Sl
» Source of N is glutamate or glutamine | pws
. . Phosphoenolpyruvate | Cysteine
 Bacteria and plants can synthesize —
Tryptopha.n r:l:Iate —) Vali;1e
all 20. Mammals require some in diet "o | e
. . . . Cit‘rrate
« Compare with amino acid degradation
- oa-ketoglutarate <-> Glu, GIn, Pro, Arg °xa'°a<etate aKetosllutarate
= OXB'OaCGtate <> ASp, ASH Aspartate \\—4//*
- IS <> Ala az':;:za:::
Threonine Proline
Lysine Arginine 9




A Notable Intermediate PRPP

5-phosphoribosyl-1-pyrophosphate (PRPP)

Synthesized from ribose 5-phosphate derived from pentose

phosphate pathway

Catalyzed by ribose phosphate pyrophosphokinase

- Ribose 5-phosphate + ATP -> 5-phosphoribosyl-1-pyrophosphate +
AMP

"0—P—O0—CH, O H
0 0

H H | [

H o—||>—o—||=—o

OH OH O O~

O—v=0
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Group 1. a-Ketoglutarate

« Glutamate and glutamine are synthesized from a-ketoglutarate
 Human can synthesize proline and arginine

Citrate
Oxaloacetate Qa-Ketoglutarate
Aspartate \\/Glutamate
Asparagme Gl ;
Methionine utar.nme
Threonine Proline
Lysine Arginine




Pro is Cyclized Derivative of Glu

(o]
1. Glutamate -> acyl phosphate . - cua—'c'—\s-cojwsu
|
- ATP reacts with y carboxyl group -;‘“""‘""‘““°°’acety.g|utamatesymhas
Glutamate
- Catalyzed by kinase -
utamate kinase N
2. Acyl phosphate -> semialdehyde Sl
- NAD(P)H reduces acyl phosphate to . s
. \C—CHz—CHz—CH—COO‘ y-Glutamyl
semialdehyde ®-0" phosphate (
- Catalyzed by dehydrogenase g,utamateC NADIPIH + H* ’
3. Cyclization i G
. Pi
- Semialdehyde undergoes rapid o s
S t I . t >C—CH2—CH2—CIH —C00~
pon aneous CyC IZation H ) Glutamate y-semialdehyde
4. Reduction "mH ':_CH g
- Double bond reduced to single bond H-{ e
H A'-Pyrroline-5-carboxylate

(P5C)

- Catalyzed by reductase

pyrroline carboxylate NAD(P)H + H H:
reductase
NAD(P)* N-z
All C and N atoms come from glutamate. N
: : : e .
Pathway operates in animals and bacteria

12



Arg from Glu via Urea Cycle. Part |

l
+ CH3—C—S-CoA CoA-SH
(o) 'i""s 3 / o HNJ—CH3
\ N
\C—CHz—CHz—CH—COO' > \C—CH2—CH2—CH—COO
‘O/ acetylglutamate synthase - g

N -Acetylglutamate

1. Glutamate -> N-acetylglutamate N-acetylglutamate &%

. . kinase \) ADP
- Amino group is blocked by
acetylation HN_‘lc? i
) o [ —
2. Formation of acyl phosphate ®_o§c_cuz_cuz_cu_coo- el
- Catalyzed by kinase priosphate
NAD(P)H + H*
- Consumes ATP N-acetylglutamate a
. . dehydrogenase \, NAD(P)*
3. Formation of semialdehyde -
- Catalyzed by dehydrogenase ¥ "
- Consumes NAD(P)H o HN -

. . . C—CH;—CH;—CH—CO00"~
- Avoid spontaneous cyclization ¢ /"~ N-Acetylglutamate

" Clitamate v-semialdehyde
aminotransferase

a-Ketoglutarate 13



Arg from Glu via Urea Cycle. Part li

4. Formation of N-acetylornithine
- Catalyzed by aminotransferase
- Amino group donated by
glutamate
5. Formation of ornithine
- Acetyl group removed
6. Formation of citrulline
- Catalyzed by carbamoyl
transferase

- 1st step in urea cycle
- C from CO2 and NHz from

ammonia
0 NH
3
I L/ | .
HyN —C— NH — (CH3)3— CH — COO

Citrulline

Il
0 HN—C—CH3;
\C CH,—CH —-ClH—-COO_
le G e N-Acetylglutamate

H Glutamate v-semialdehyde
aminotransferase

a-Ketoglutarate

te I
Hl\ll—C—CH3

+
HzN—CH;—CH,;—CH;—CH—COO0"~

H,0
N-acetylornithinase
CH3CO00~

NH; Urea cycle

N -Acetylornithine

+
H3N —CHz—CHz—-CHz—CH —C00~ Ornithine

ornithine| — Carbamoyl phosphate

carbamoyl-
transferase \’ P;

L-Citrulline

ATP + aspartate
argininosuccinate " 5

synthetase N, amp + PP, 14




Arg from Glu via Urea Cycle. Part lil

7. Formation of argininosuccinate

- Catalyzed by synthetase
- Amino group donated by aspartate

8. Formation of arginine
- Catalyzed by argininosuccinase
- Fumarate removed
 Source of arginine atoms
- 5Cand 1 N from glutamate
- N from glutamate

- C from CO2. N from NH4*.

Asp

~00C— CHy —

coo\\:l\ 2

CH— NH —C— NH— (CHy)3— CH—COO0

Argininosuccinate

N from

=2
NH3

NH; Urea cycle
+
H3N—CH,—CH,;—CH,—CH—CO0O0~ Ornithine

ornithine | — Carbamoyl phosphate

carbamoyl-
transferase \’ P;

L-Citrulline

ATP + aspartate
argininosuccinate " 5

synthetase \’ AMP + PPI
Argininosuccinate

argininosuccinase
\P Fumarate

HaN T”3
: +/C—H—CH2—CH2—CH2—CH —CO00"~
2N Arginine

15



Interconnected Pro and Arg Biosynthesis

« Ornithine can be converted to glutamate y-semialdehyde
- Catalyzed by d-aminotransferase
- Ornithine is an intermediate in arginine biosynthesis
- Glutamate y-semialdehyde is an intermediate in proline biosynthesis

* Proline can be formed from arginine in dietary or tissue proteins
- Arginine -> ornithine -> glutamate y-semialdehyde

« When [arginine] is low, transamination favors ornithine formation
- Glutamate y-semialdehyde -> ornithine -> -> -> arginine

CO0"
+
H,N —c||-|
i
i
ik
*NH,

Ornithine

a-Ketoglutarate

Glutamate

)

>

ornithine
d-aminotransferase

COO-
+ |
H,N —CH
I H,0 H.$ —CH,
CH, / )
| © s H—C, CH—C00
CIHz H,0 N
H
C
7 N\
- H o -
Glutamate A'-Pyrroline-5-

v-semialdehyde

carboxylate
(P5C) 16



Group 2. Oxaloacetate

« Aspartate and asparagine are synthesized from Oxaloacetate

 Human cannot synthesize methionine, threonine and lysine
- Met, Thr and Lys are essential amino acids

Citrate\
Oxaloacetate Qa-Ketoglutarate
Aspartate \\“//Glutamate
Asparagme Gl ;
Methionine utal.mne
Threonine Proline
Lysine Arg'n'ne

17



Met, Thr and Lys are Essential

Human cannot synthesize methionine, threonine and lysine
Shown here is bacterial biosynthetic pathways

. Aspartate -> acyl phosphate 0, ,;,HB
- Catalyzed by kinase Aspartate c—cuz—cn —c00-
. Acyl phosphate -> semialdehyde
- Catalyzed by dehydrogenase aspa"ok.naset .
The above two steps are similar
to the first two reactions in "”3
. . . Aspartyl- B-phosphate /C—CHz—CH —C00"
biosynthesis of proline and @®—o
arglnlne . i aspartate B-semialdehyde /- - "
Aspartate $-semialdehyde is a SSpingie &NAW
- P;
branch point gy
o 3 »
- Threonine and methionine share \>c—CH2—c|H—coo- e "
. Pyruvate
the right pathway ,/ ; , NADP
Aspartate g-semialdehyde .
- Lysine follows the left pathway s e o )



Biosynthesis of Threonine

3. Aspartate f-semialdehyde ->

homoserine

- Catalyzed by dehydrogenase
4. Homoserine -> phosphohomoserine

- Catalyzed by kinase

5. Phosphohomoserine -> threonine

- Catalyzed by synthase

Threonine

All C and N atoms
come from aspartate

+
>
CH3—C|H —CH—C00"

OH
"

e Homoserine is the 2" branch point threonine synthase [ PLP

- Threonine follows the top

pathway

- Methionine follows the bottom pathway

NH
(0] 3
\ ,
/C—CHZ—CH—COO
H

Aspartate B-semialdehyde

H,0

+
NH 3

(P)—0—CH;—CH,—CH—C00~ Phosphohomoserine

NADPH + H*

homoserine

dehydrogenase

NADP

~—> ADP
homoserine
kinase k
ATP

+
-
CIHz—-CHz—CH —COO0~ Homoserine
OH

19



Biosynthesis of Methionine Part |

NH
(o) 3

\ -

/C—CHz—CH—COO NADPH + H*
H

Aspartate B-semialdehyde NADP

homoserine

+
NH
dehydrogenase | c

CIHZ—CHz—CH—COO' Homoserine
OH

3. Aspartate p-semialdehyde -> — tSuccinyl-CoA

acyltransferase CoA ﬁ

homoserine »
NH3

- Catalyzed by dehydrogenase CIHZ—CHz—CH—COO‘ O-Succinylhomoserine

6. Homoserine -> succinylhomoserine O—Sugchials
L. Cysteine —

- Catalyzed by acyltransferase L s bgmmate
7. Succinylhomoserine -> cystathionine My

- Cata|yzed by Synthase HZ?—f—CHz—CHz—CIH—COO' Cystathionine

H—C—NH;
C|00‘

20



Biosynthesis of Methionine Part li

8. Cystathionine -> homocysteine
- Catalyzed by lyase

9. Homocysteine -> methionine
- Catalyzed by synthase

e Compare following amino
acids
- Serine vs. homoserine

- Cysteine vs. homocysteine

il

+
s
Cle—CHz—CH —COO~ Homoserine
OH
T ¥
NH;

HS—CH,—CH,—CH—COO~ Homocysteine

NH;3
H,C—S—CH,—CH,—CH—COO~ Cystathionine
H— it
CIOO'

PLP
cystathionine B-lyase Pyruvate + NH3 a
+
0
HS—CH,—CH,—CH—COO~ Homocysteine

N>-Methyl H, folate
methionine synthase

H4folate ﬁ

+

e
CH3—S—CH,—CH,—CH —CO00"~

Methionine

e 4 C and 1 N from aspartate
e S from cysteine

e Methyl group from cofactor
21



Biosynthesis of Lysine Part |

1. Aspartate -> acyl phosphate T Y
- Catalyzed by kinase o
2. Acyl phosphate -> semialdehyde ATP

aspartokinase

- Catalyzed by dehydrogenase

ADP

10.Semialdehyde -> dihydropicolinate . i
- Catalyzed by synthase Aspartyl- B-phosphate }c_cﬂz_én_coo-

* The first two steps are similar to ®-o
the first two reactions in aspartate B-semialdehyde | @
biosynthesis of proline and arginine REa— &;.Aw

» Aspartate -semialdehyde is a . NH

: \
branch point >C—CH2—CH—coo-

Pyruvate H
- Threonine and methionine share the /

Aspartate g-semialdehyde

rlght pathway dihydropicolinate synthase deh
- Lysine follows the left pathway = e
'OOC—(“Z—CHz—?—CHz—CH—COO'
(0] H

22



Biosynthesis of Lysine Part li

11.Dihydropicolinate -> piperidine [-ooc_ﬁ_mz_gic“z_c"“:s_coo]

dicarboxylate "
dihydropicolinate t\_) H,0
- Catalyzed by dehydrogenase G NADPH ﬁﬁ
: AL : 7 HH H* NADP* Q
12.Piperidine dicarboxylate -> N- *
p ] ] y . 'ooc’gn\/ﬁgow 1\/ > 00C” "N” "co0"
succinyl-2-amino-6-keto-pimelate Dibydropicolinate 2,600 bmriore  A™-Piperidine-2,6-

dehydrogenase dicarboxylate
Succinyl-CoA + H,0

- Catalyzed by synthase
13.N-succinyl-2-amino-6-keto-

. . a-Ketoglutarate  Glutamate ﬁa
pimelate -> N-succinyl-a.,e- -ooﬂmcoo- R NT 3 ,oocmcooz

H, NH succinyl diaminopimelate

N-succinyl-2-amino-6-
ketopimelate synthase

dlaman'plmelate Sluccinate aminotransferase . lzs"“f"m
. -Succinyl-L,L- - uccmy-.-amlno-
- Catalyzed by aminotransferase. "ai._dia:ﬁ'ini,.‘ T3 6 keto-L-pimelate
pimelate

23



Biosynthesis of Lysine Part il

14.N-succinyl-a,e-diamino-pimelate -> L,L-a,e-diamino-pimelate
- Catalyzed by desuccinylase

15. L,L-a,e-diamino-pimelate -> meso-a,e-diamino-pimelate
- Catalyzed by epimerase

16.Meso-a,e-diamino-pimelate -> lysine
- Catalyzed by decarboxylase

H .
-00c” N [Scoo- * Source of lysine atoms
H, IilH - Two amino groups. One from aspartate and the other from
Succinate glUtamate
N-Succinyl-L,L- - Carboxyl group from aspartate or pyruvate
“r;}ﬂz'lgig@ - 5 carbon-atom skeleton. Two from pyruvate and three from
aspartate
succinyl F H2°
1opimelate N, gyccinate
succinylase -
CIOO' .\ CIOO G ?oo-
+
H3ﬁ—<|:—H “3N—‘|:—H HQng H_JJ—?—H
D — >
(CH2)3  diaminopimelate (CIH2)3 (CIH2)3

" : + diaminopimelate
H_CI_NH3 epimerase HsN—C—H  decarboxylase ?Hz
; I
coo C00" *NH3
L,L-a, e-Diamino- meso-a,e-Diamino-
pimelate pimelate

Lysine 24




Group 3. Pyruvate

« Alanine is synthesized from pyruvate by transamination

 Human cannot synthesize isoleucine, valine and leucine
- lle, Val and Leu are also essential amino acids

« Shown here is bacterial biosynthetic pathways

Alanine Valine Leucine Isoleucine

~.\ /_—

Pyruvate

0\ /0' COoO

+
H,N—C —H

CH, CH,
Pyruvate Alanine

25



Biosynthesis of lle and Val Part |

CH3;—C—CO0"~
I Pyruvate
Threonine TPP
-+
NH3 acetolactate synthase }\, (o

|
CHg={n=tH=ea0" p— CH3—C—TPP
ok 17 b

threonine dehydratase
(serine dehydratase) CH3—CH>,—C—C00"
l

CH3;—C—C00~

(o)

a-Ketobutyrate Pyruvate

acetolactate synthase
acetolactate synthase

CH> CH3
. CH3;—C—C—CO0"~ CH3;—C—C—COO0"~
17.Threonine -> a-ketobutyrate. = B = B
O OH O OH
- Catalyzed by dehydratase. a-Aceto-a- a-Acetolactate
hyd butyrat
18.Pyruvate -> a-aceto-o-hydroxyl PEREEENREE
acid.

- Catalyzed by synthase.

26



Biosynthesis of lle and Val Part li

19.a-aceto-a-hydroxyl acid -> a,3-dihydroxyl-g-methyl acid.
- Catalyzed by isomeroreductase.

C."s
CH2 a-Aceto-a- CH3
CH3—ﬁ—CI—COO' hydroxybutyrate CH3—<II:—c|—c00' a-Acetolactate
O OH O OH
acetohydroxy acid l ﬁa acetohydroxy acid
isomeroreductase isomeroreductase
- ?H3 —
<|3Hz CIH3
CH3—f—ﬁ—COO— CH3—CI—ﬁ—COO_
HO O OH O

NAD(P)H + H*
/_

acetohydroxy acid

isomeroreductase acetohydroxy acid
k, NAD(P)* isomeroreductase

R +
(I:H3 \—P NAD(P)

(|:H2 T a, B-Dihydroxy- iz, & a, B-Dihydroxy-

CH3—C——C—c00~ B-methylvalerate cy,_c——c—coo- isovalerate
N |

/— NAD(PH + H*

OH OH OH OH 27



Biosynthesis of lle and Val Part Il

20.a.,3-dihydroxyl-B-methyl acid -> a-keto-p-methyl acid.
- Catalyzed by dehydratase.

21.a-keto-f-methyl acid -> isoleucine or valine.
- Catalyzed by aminotransferase.

. . CH3
* Source of isoleucine L o o _
T 2 | a, B-Dihydroxy- T 3 | a, B-Dihydroxy-
atOmS. CH;—C——C—CO00" B-methylvalerate CH;—C—C—C00™ isovalerate
- NH2 from glutamate. B o OH OH
- 2 carbon atoms from dihydroxyacid}\} dikva id
pyl’UVate . dehydratase [ H20 aﬁ : dyeh?:r!n:ac;e H,0
- 4 carbon atoms from c|Hz o -
. a- -B- 3;
threonine. CH3— % (Ii coo- methylvalerate CH3—?—ﬁ—COO' a-KetIo-
- i t
* Source of valine atoms. H 0 0 oveere
- NH2 from glutamate. E R | —
" '
- 2 carbon atoms from aminotrans::rall:: PLP aminotrans::r:;: PLP
pyruvate. - a-Ketoglutarate E a-Ketoglutarate
3
- 3 carbon atoms from &, [ cH, NH3
pyrUV_ate- _ cn;-cln—éu—cov CH3—CH—CH—CO00"
» a-keto-isovalerate is a branch
Isoleucine

point to leucine biosynthesis. -



Biosynthesis of Leu

22.0-keto-isovalerate -> a-isopropylmalate.

- Catalyzed by synthase.
23.a-isopropylmalate -> p-isopropylmalate. —

- Catalyzed by isomerase. CHs—CH—C,—CHz—COO‘ asanropylmalate
24 -isopropylmalate -> a-ketoisocaproate. .sopmzm::l ..

- Catalyzed by dehydrogenase. cisopropyimalt CHs €00~
25.a-ketoisocaproate -> leucine.

CI-I3—CH—CH —CH—cCoo- B-lsopropylmalate
CoA [

OH
- Catalyzed by aminotransferase. | heetpbcon o el
CH3 dehydrogenase .
CH;—?—C—coo- fx-Keto- NADH +H
. II isovalerate -
e Source of leucine atoms. CHs
valine Sivtamate CH3—éH—CH2—C—COO' a-Ketoisocaproate
- NH2 from g|Utamate aminotransferase PLP | (Il)
a-Ketoglutarate
- 2 carbon atoms from pyruvate. e e Glutamate

CHz3—CH—CH—CO00 a-Ketoglutarate

cH Rl'm3

CH3z—CH—CH;—CH—C00"~

2 carbon atoms from pyruvate.

2 carbon atoms from acetyl-CoA.

29



Group 4. 3-Phosphoglycerate

« Human can synthesize serine, glycine and cysteine.

- Ser, Gly and Cys are NOT essential amino acids.
« Shown here is mammalian biosynthetic pathways.

3-Phosphoglycerate

l

Serine

/N

Glycine Cysteine

30



Biosynthesis of Ser and Gly Part |

1. 3-phosphoglycerate -> 3- COOo-
phosphohydroxypyruvate. .
- Catalyzed by H—CI—O -® 3-Phosphoglycerate
dehydrogenase. I

2. 3-phosphohydroxypyruvate i

-> 3-phosphoserine.
- Catalyzed by
aminotransferase.

phosphoglycerate NAD*
dehydrogenase NADH + H*
(fOO'
C=0 3-Phosphohydroxypyruvate
CIH2—0—®

phosphoserine |~ Glutamate

aminotransferase a-Ketoglutarate

CIOO'
+
H3N—C—H 3-Phosphoserine

H, —0—@

31



Biosynthesis of Ser and Gly Part li

3. 3-phosphoserine -> serine.
- Catalyzed by phosphatase.
4. Serine -> glycine.
- Catalyzed by hydroxymethyl-
transferase.

e Source of serine atoms.
- NH2 from glutamate.
- 3 carbon atoms from 3-PG.
e Source of glycine atoms.
- NH2 from glutamate.
- 2 carbon atoms from 3-PG.

Cco0"
|
H3N—(|:—H
CH,—0—P)

phosphoserine H20
phosphatase P.
1

3-Phosphoserine

coo~
+
|-|3N—CI—H Serine
CH,OH
— H4 folate
hydroxymethyl- N>,N'°-Methylene H, folate
transferase
H,0
C00~
|
HzN—C—H | Glycine

I
H

32



Biosynthesis of Cys

1. Homocysteine + serine ->
cystathionine.

Catalyzed by synthase.

- Homocysteine is formed

2. Cystathionine -> ammonia +

 Source of cysteine atoms.

from methionine.

a-ketobutyrate + cysteine.

Catalyzed by lyase.

NH2> from serine.
3 carbon atoms from serine.
S from methionine.

NH;
~00C—CH—CH; —CH>,—SH + HOCH, —(IZH—COO'
"NH;
Homocysteine Serine

PLP
cystathionine B-synthase H,O

+
p
"00C—CH—CH, —CH; —S—CH, —CH—COO0"~
*NH3
Cystathionine
H>O
cystathionine y-lyase [ PLP
NH;

+
1
'OOC—IC|—CH2 —CH3 + HS—CH,—CH—COO0"

a-Ketobutyrate Cysteine 33




Group 5. PEP + Erythrose 4-Phosphate

 Human cannot synthesize phenylalanine and tryptophan.
- Phe and Trp are essential amino acids.

 Human can synthesize tyrosine from phenylalanine.
- Tyr is considered a conditionally essential amino acid.

« Shown here is bacterial biosynthetic pathways.

Phosphoenolpyruvate
+
Erythrose 4-phosphate

VA BN

Phenylalanine Tyrosine Tryptophan

l

Tyrosine




Biosynthesis of Chorismate Part |

Chorismate is a common P e
intermediate in biosyntheSiS Of Trp, \i: Phosphc(»::gl)pyruvate
~ Phe and Tyr. 2

|
| ‘ |
‘ O O H (I:HOH Erythrose 4-phosphate
?HOH
CH,—0—P)
2-keto-3-deoxy- | - H,0
p-arabinoheptulosonate
O H 7-phosphate synthase | >Pi
Y70 ‘ o oo

IHz

2-Keto-3-deoxy-p-

1. Phosphoenolpyruvate + erythrose 4- H——OH arabinoheptulosonate

H ?l OH 7-p|losp|late

phosphate -> 7-carbon compound. t,—0—®
- Catalyzed by synthase. dehyd,oqumtesymhase}1‘:

2. 7-carbon compound -> 3- o oo
dehydroquinate. LQ,H o
- Catalyzed by synthase. }dehyquuinatedehyd,:;e}'\Hzo

3. 3-dehydroquinate -> 3-dehydroshikimate. -
- Catalyzed by dehydratase. "

o H
HO H 3-Dehydroshikimate

HO —C—H 5
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Biosynthesis of Chorismate Part Il

3-Dehydroshikimate

4. 3-dehydroshikimate -> shikimate. s S | wangy o 1
- Catalyzed by dehydrogenase. -
5. Shikimate -> shikimate 3-phosphate.

€00 ~

=OH
- Catalyzed by kinase. X, H Shikimate
6. Shikimate 3-phosphate + PEP -> 5- _ k
shikimate Kinase
enolpyruvyl-shikimate 3-phosphate. o
€00 ~
- Catalyzed by synthase. e
7. 5-enolpyruvyl-shikimate 3-phosphate -> WIS S ohesphate
chorismate. 5'*“°"’”’““¥.‘.§EL‘§‘,’JLZ§ZF:"’
synthase i
- Catalyzed by synthase. .
] ®—o, (-
° Source Of Chorlsmate atoms. HHO H&H —c:::olpyruvylshikimate
- 4 carbon atoms from erythrose 4-P. R 3-phosphate
- 3 carbon atoms from PEP. F
- 3 carbon atoms from PEP. coo~
CH,
Oﬁ—g—cm‘
Ho e
Chorismate
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Biosynthesis of Tryptophan Part |

COo0~

CH» .
Il Chorismate
=0—C—C00"~

X H
HO H

Glutamine

anthranilate synthase
Glutamate

Pyruvate

1. Chorismate -> anthranilate + pyruvate. &NH: PPV
- Catalyzed by synthase.

PRPP
anthranilate phosphoribosyltransferase F
PP

R
2. Anthranilate + PRPP -> N-(5'- 'Q
H
phosphoribosyl)-anthranilate. ©-o—cia o WY
- Catalyzed by phosphoribosyl-transferase. H|<‘” HP"I N-(5'-Phosphoribosyl)-

anthranilate
OH OH

N-(5'-phosphoribosyl)-anthranilate isomerase l

3. N-(5’-phosphoribosyl)-anthranilate -> coo~ HO OH
R-1-deoxyribulose phosphate. d\":_ﬁ"ﬁ““"°‘®
. /C\:"i H Enol-1-0-carboxyphenylamino-1-
- Catalyzed by isomerase. N deoxyribulose phosphate
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Biosynthesis of Tryptophan Part Ii

(oo 2y

HO—ﬁ—TI—iI—CHz—O—(ID

/C\n H Enol-1-0-carboxyphenylamino-1-

indole-3-glycerol phosphate synthase

indole-3-glycerol phosphate.

- Catalyzed by synthase. N ——
5. Indole-3-glycerol phosphate + serine ->

tryptophan + glyceraldehyde 3-

phosphate.

- Catalyzed by synthase.

e Source of tryptophan atoms.
- NH from glutamine.
- 2 carbon atoms from PRPP.
- 6 carbon atoms from chorismate.
- 3 carbon atoms and a-amino group from serine.

N

OH

PLP
H,0

HO OH

deoxyribulose phosphate

H>0 + CO,
OH

—CH—CH,—0—P)

H
4. R-1-deoxyribulose phosphate -> @
N

Indole-3-glycerol phosphate

Glyceraldehyde 3-phosphate
Serine

o+
NH3

CH,—CH—CO00"™

N
H

Tryptophan
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Biosynthesis of Tyr and Phe

1. Chorismate -> prephenate.
- Catalyzed by mutase.

2. Prephenate -> 4-hydroxylphenyl-pyruvate. ol

- Catalyzed by dehydrogenase.

3. Prephenate -> phenyl-pyruvate.

- Catalyzed by dehydratase.

4. Phenyl-pyruvate -> tyrosine or
phenylalanine.
- Catalyzed by aminotransferase.

e Source of Tyr/Phe atoms.
- NH2 from glutamate.

- 9 carbon atoms from chorismate.

C00~
CH»
~0—C—C00"
H
HO H Chorismate
'OOC_% CHz—ﬁ—COO'
(o}
Prephenate
+ +
NADH + i o on- | @
/@ @ P
(o) (o]
Il ~ [ _ o
CH, —C—COO0 CH,—C—CO00 —_—

4-Hydroxyphenyl-

pyruvate Phenylpyruvate
OH
amino- Glutamate amino- Glutamate
transferase transferase
a-Ketoglutarate a-Ketoglutarate
+ +
NH3 NHB

CH,—CH—CO0O0"~

CH,—CH—CO0O0"~

| Phenylalanine |

OH
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Group 6. Ribose 5-Phosphate

« Human cannot synthesize histidine.
- His is an essential amino acid.

« Shown here is bacterial biosynthetic pathways.

Ribose 5-phosphate
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Biosynthesis of His Part | |

- Catalyzed by pyrophosphohydrolase.
3. 6-membered ring opens.
- Catalyzed by cyclohydrolase.

/
i~
CH>
(®)—o—cH, o_ H G l X
o i CH—NH3
?\T Pl'/cl‘i,) g HC‘Q I >
H Cmmc’ 0~(P)—P) NN C00~
OH OH % HO-®—®
5-Phosphoribosyl- ATP | Histidine
1-pyrophosphate (PRPP)
o
_2_< Rib-O-®-® N7 N{RB]-®
(®)—o—cH: o "Il ,C: z‘ (P)>—o—cH, :N 'I‘-f:/u
clz{ HC € é{ H\c
1. PRPP + ATP -> N1-5'- - -
' OH OH oH OH
phosphonbosyI-ATP N '-5'-Phosphoribosyl-ATP N '-5"-Phosphoribosyl-AMP
- Catalyzed by phosphoribosyl Of e
1-5"-Phosphoribosylformimino- NAN
tranSferase v :!‘am?r:‘oimli’daﬁ)fleA- 0\ —
y . y carboxamide ribonucleotide H.N—C N
2. N1-5’-phosphoribosyl-ATP -> N1-5'- H—y—
| G | ®
phosphoribosyl-AMP. N
| |
OH OH
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N
Biosynthesis of His Part Il |
| |l /CH
0
CH>
dntm
To purine biosynthesis X Bl
| CO00~
T A\ A\ |
s N” “N—Rib[-®) NTN—{Rb @ | [istidine
N n—{RB}H® o )= o ={ |
0, — HoN—C N H,N—C N
A £ / = Vi
H2N—C NH HN—CH H—N—C
25-Aminoimidazzole- H CI—H ®_°_CH2 o | H
4-carboxamide | 4 é{ H\C
ribonucleotide (AICAR) c=0 INI 1/
| H CesmC H
H—C—OH [
. on
g Glutamine ] N '-5"-Phosphoribosylformimino-
_N CH0(P) 5-aminoimidazole-4-
Hc" \CH Glutamate N '-5'-Phosphoribulosyl- carboxamide ribonucleotide
. 4 formimino-5-amino-
i S imidazole-4-carboxamide
H—?_OH ribonucleotide
H—C—OH
|

00  Ribose ring of PRPP opens (ribose -> ribulose).

Imidazole glycerol

rPhogenate - Catalyzed by isomerase.
5. Formation of imidazole ring (imidazole glycerol 3-
phosphate).

- Catalyzed by amidotransferase.



H
. = - _N
Biosynthesis of His Part lll % .
A
CHz
6. Imidazole glycerol 3-phosphate -> imidazole acetol 3- C|H_+NH3
phosphate. too-
- Catalyzed by dehydratase. [ Histidine

Hclcl\ >,CH - Catalyzed by aminotransferase.
H—(::—OH 8. Histidinol phosphate -> histidinol.
T - Catalyzed by phosphatase.

CH0(P)

Imidazole glycero 9 H1IStidiNOI -> histidine.
phosphate  _ Catalyzed by dehydrogenase.

e\ e\ O RN

Il /C & Glutamate a-Ketoglutarate Il /CH I /C -

| TN \ [N P [N

CH> - CH> CH2

| 7 [ )s [«

(IZ=O (IZH—NH3 (|ZH—NH3

CH20(P) CH0(P) CH2OH
Imidazole acetol L-Histidinol L-Histidinol

3-phosphate phosphate

7. Imidazole acetol 3-phosphate -> histidinol phosphate.

e Source of His atoms.
- NH2 from glutamate.
- 5 carbon atoms from PRPP.
- 1Cand 1N from ATP.
- 1 N from glutamine.

< AN
2NAD* 2NADH + 2H* Il CH

< W/

|
\ / > CH»

& DS
(IZH—NH3

C00~
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Essential Amino Acids

From oxaloacetate
- Met, Thr and Lys
From pyruvate

- Val, Leu and lle
From PEP + E4P
- Trp, Phe and Tyr

From ribose 5-phosphate

- His

Nonessential amino acids.

- Glu, GIn, Pro and Arg

- Asp and Asn from
oxaloacetate

- Ala from pyruvate

- Ser, Gly and Cys from 3-PG.

/.18 Ea M Amino Acid Biosynthetic Families,

Grouped by Metabolic Precursor

a-Ketoglutarate
Glutamate
Glutamine
Proline

Arginine
3-Phosphoglycerate
Serine

Glycine

Cysteine
Oxaloacetate
Aspartate
Asparagine
Methionine*
Threonine*
Lysine*

Pyruvate

Alanine

Valine*

Leucine*

Isoleucine*

Phosphoenolpyruvate
and erythrose
4-phosphate

Tryptophan*

Phenylalanine*

Tyrosine?

Ribose 5-phosphate

Histidine*
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Summary 22.2 Biosynthesis of Amino Acids

* Plants and bacteria synthesize all 20 common
amino acids. Mammals can synthesize about half.
The others are required in diet (essential amino

acids).

* Nonessential amino acids
a-ketoglutarate -> E, Q, P, R. Oxaloacetate -> D, N.

Pyruvate -> A.

Essential amino acids
PEP + E4P -> W, Y, F.
Pyruvate -> |, V, L.

3-phosphoglycerate -=> S, G, C

Oxaloacetate -> M, T, K.

Ribose 5-phosphate -> H
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Week 16 Amino Acids and Nucleotides

22.1 Overview of Nitrogen Metabolism

22.2 Biosynthesis of Amino Acids

22.3 Molecules Derived from Amino Acids

22.4 Biosynthesis and Degradation of Nucleotides

46



Glycine is a Precursor of Porphyrins

Porphyrin nucleus is important in heme proteins.
- Myoglobin, hemoglobin and cytochrome c.
Succinyl-CoA + glycine -> §-aminolevulinate.

2 6-Aminolevulinate -> porphobilinogen.

4 Porphobilinogen -> porphyrin.

(a) T 007 ] oo

cloo- CH> f"'z

I

CH: CoA-SH CH; co, (I:Hz

| + ) | ¥ C=

CH, + CH;—NH3 > C=0 > I—

I | d-aminolevulinate + d-aminolevulinate CH

C—S-CoA COO- synthase CH—NH3 synthase | 2

[ N

o C00" NH;
Succinyl-CoA | Glycine a-Amino-g- o-Aminolevulinate

| ketoadipate
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From o-Aminolevulinate to Heme

Pr Ac
= Pr
CO0"~ ~00C s
8 H,0
8 o S NN / \
W N e
H
NH; FisN Pr Pr
é-Aminolevulinate Porphobilinogen Preuroporphyrinogen Uroporphyrinogen Il

OPico,
Vinyl group

CH3 === CH3 Pr CH3
CH; v \ CH; \ CH; Pr
Fe2+ 2 c02
'y ) -}
CH; CH; CH; CH; CH; CH; C
Pr Pr Pr Pr

Pr Pr

CH,

X

CH,

Pr Pr
Heme Protoporphyrin Protoporphyrinogen Coproporphyrinogen Il
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Glutathione (GSH) From E, C and G

Sltamate « Glutathione is a tri-peptide.
Cyereine - Derived from glutamate, cysteine and
\/ ATP glycine.
yohutamy! - y-carboxyl group of glutamate.
cysteine synthetase .
e \’ADP .». * Glutathione can be thought of as a redox
| buffer.
Falt=Lys - Keep proteins and metal ions at reduced
Glycine state.
\/ o - Can be oxidized to form a dimer (GSSG).
glutathione
synthetase 'Y'Glu —CyS—Gly
y KﬁADP + P
| S
¥-Glu Cys Gly
| I'\'I-H3 oII OI | | S
“00C—CH—CH, — CH, —g—N—CH —gI—N— CH,—CO00™
y <::H2 y v-Glu -Cys-Gly
i Glutathione (GSSG)

Glutathione (GSH) .
(reduced) (OXIdIZEd) 49



Aromatic Amino Acids -> Plant Substances

+
o

_* Auxin, or indole-3-acetate, a plant growth hormone.
CH,—CH—CO0O0

- Derived from tryptophan.

N - Two reactions: transamination and decarboxylation.
Tryptophan * Cinnamate, flavor of cinnamon oil.
amino- - Derived from phenylalanine.
transferase . . .
6 - One simple reaction: removal of ammonia.
CHz—g—COO‘
Indole-
N 3-pyruvate QCH;—?H—CCO'
d *NHs
Phenylalanine
decarboxylase co,
phenylalanine
CH,—CO00" ammonia | ¥ NH,
lyase

©:§ QCH =CH—C00"~

Indole-3-acetate
(auxin) Cinnamate

(a) (b) 50



Summary 22.3 Amino Acid Derivatives

* Glycine is a precursor of porphyrins.

 Glutathione, formed from three amino acids, is an
important cellular reducing agent.

* Aromatic amino acids give rise to many plant
substances.
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Week 16 Amino Acids and Nucleotides

22.1 Overview of Nitrogen Metabolism
22.2 Biosynthesis of Amino Acids

22.3 Molecules Derived from Amino Acids

22.4 Biosynthesis and Degradation of

Nucleotides
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Biosynthesis of Nucleotides

« Two types of pathways lead

to nucleotides.
- De novo pathway.
- Salvage pathway.
* De novo pathway.
- Begin with metabolic
precursors.
- Amino acids, ribose 5-
phosphate, CO2 and NHs.
« Salvage pathway.
- Recycle free bases and
nucleosides released from
nucleic acid breakdown.

SALVAGE PATHWAY
Activated ribose (PRPP) + base

|

Nucleotide

DE NOVO PATHWAY

Activated ribose (PRPP) + amino acids
+ ATP + CO, +...

|

Nucleotide
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« Bases are synthesized while attached to ribose.
- Free bases (GATCU) are NOT intermediates in biosynthetic pathways.
* PRPP provides ribose sugar ring and monophosphate group.
- Different from Trp and His biosynthetic pathways.
- Amino acids, ribose 5-phosphate, CO2 and NHs.
* An amino acid is an important precursor in each pathway.

- Glycine for purines.

- Aspartate for pyrimidines.

- Glutamate is the most important source of amino groups.
» Aspartate is also used in some reactions.

'&' H
N7 ¢ Sc 7\ NZ *cH
NS Y S
9 2 6

Purine Pyrimidine
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Origin of Ring Atoms of Purines

* Purine ring contains nine atoms.
* These nine atoms come from seven precursor
molecules.

co,
l Glycine

C
| [ C <—— Formate
C B o

A L L
Amide N
of glutamine

Aspartate

N\

Formate
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De Novo Purine Pathway Part |

H> O H

1. PRPP + glutamine -> 5-phospho-
. 9 . P P N
B- Fl bosyl amine. 5-Phosphoribosyl
OH OH 1-pyrophosphate (PRPP)

Glutamine

- Catalyz_ed by amidotrapsferase. e

- Glutamine donates amino group.  amidotransferase I\ Glutamate
. PP,

- Amino group attached to C-1 of '

(:)—O—CHz o)
PRPP. S
. . 0 H 5-P.hospho-@-
2. 5-phospho-p-ribosylamine + o-ribosylamine
. . . OH OH
glycine -> glycinamide Glycine
ribonucleotide. CAR Rt E ATP
- Catalyzed by synthetase. ADP + P;
- Addition of three atoms from . C/Rm;
. 2 Glvci id
glycine. | | 0=C.,,  ribonucleotide (AR
- ATP consumed to activate glycine. I
3. QAR -> formyl-gly0|nam|de T, F N'®-Formyl H, folate
ribonucleotide. Ha folate
H
- Cata_lyzed py transformylase. il Th rormylgtycnamide
- Glycine amino group formylated. o—¢ & ribonucleotide (FGAR)

SNH
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De Novo Purine Pathway Part Il

4. FGAR + glutamine -> formyl-

H
HZCI/N \ICI—H
0=C 0
SNH

|
R

- Glutamine

Formylglycinamide
ribonucleotide (FGAR)

glycinamidine ribonucleotide. . ,q.midotransferase | Glutamate

- Catalyzed by amidotransferase.
- Glutamine donates amino group.

5. FGAM -> 5-aminoimidazole

ribonucleotide.

- Catalyzed by cyclase.

- Dehydration reaction.

- Yield five-membered imidazole
ring.

~ ATP
“>ADP + P,

Y

H

AN
H>C C—H Formylglycinamidine

H N=(|: Icl) ribonucleotide (FGAM)
SNH

FGAM cyclase ATP
(AIR synthetase) ADP + P;

H,0

5-Aminoimidazole
/ ribonucleotide (AIR)



De Novo Purine Pathway Part lli

6. AIR + CO2 -> carboxy-

AIR carboxylase

aminoimidazole ribonucleotide.

- Catalyzed by carboxylase.

- Found in human but not bacteria.

8. CAIR + aspartate -> -

succinyl-5-aminoimidazole-4-

carboxamide ribonucleotide.
- Catalyzed by synthetase.

- Formation of an amide bond.

N
HICI/ \\CH 5-Aminoimidazole
C-3 N/ ribonucleotide (AIR)
HoNT \

HCO3
N*-CAIR
synthetase ATP
ADP + P;

CH N3-Carboxyaminoimidazole
ribonucleotide
(N3-CAIR)

| CH Carboxyamino-
imidazole ribonucleotide
| (CAIR)

Aspartate
SAICAR
synthetase ATP

ADP + P;
(e [0y

H: o
| u | N
HC—N—C—C\ : R
1l CH N -Succinyl-5-aminoimidazole-4-
00~

Hol /C\T/ carboxamide ribonucleotide (SAICAR)
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De Novo Purine Pathway Part IV

9. SAICAR -> 5-aminoimidazole-4- oo
carboxamide ribonucleotide + Hul_ﬁ/"\\cﬂ v Sucingt5 aminimidorolet
fu ma rat e. Oo;bn N \,l,/ carboxamide ribonucleotide (SAICAR)
- Catalyzed by lyase. SA.CAR.yaset\RFumm
- Elimination of carbon skeleton of 0
aspartate. B P samincimidisoiet-arburanide
10.AICAR -> N-formyl-aminoimidazole-4- o rbenudeotae aican
carboxamide ribonucleotide. e i Fw—mmy- Ha folate
- Catalyzed by transformylase. o FTHiee
- Final carbon comes in as formyl group. 4NN W-Formylaminoimidazole-
11.N-formyl-aminoimidazole-4- omg R emoremide rihonuciectite
carboxamide ribonucleotide -> we syase 10
inosinate (IMP). :
- Catalyzed by synthase. B :@:N'\}H
- 2”d.r|ng clos_ure. | | O . osnate )
- 1stintermediate with a complete purine K
ring is inosinate (IMP). |
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Synthesis of AMP and GMP From IMP

 Inosinate (IMP) -> adenylosuccinate -> adenylate (AMP).

- Aspartate donates amino group.
 Inosinate (IMP) -> xanthylate (XMP) -> guanylate (GMP).

- Glutamine donates amino group.

H
~“00C—CH 2—?—COO"
Fumarate NH,

NH
GTP GDP+P; N7 \> / \>
' K adenylosuccmate k
Aspartate N" N yase
0 adenylosuccinate
N

N\ synthetase Adenylosuccinate Adenylate
L) (AMP)
N

Inosinate H20

(IMP) NAD
NADH + H*
(o] GIn Glu [ATP AMP + PP; (o]
IMP el N
dehydrogenase \> \\ j Ne / HN | \>
)%N N

XMP-glutamine

H2° . HZN
|.| *—‘ amidotransferase
[Rib —(P) *—. (P

Xanthylate Guanylate
(XMP) (GMP)



Aspartate Donates Amino Group

« Urea cycle.
- Citrulline + aspartate -> argininosuccinate ->
arginine + fumarate.
« De novo synthesis of purines.
- CAIR + aspartate -> SAICAR -> AICAR + fumarate.

'OOC\ _N
CT\
| /CH Carl

H 2N/C\N imic
SN (Y

7= Aspartate

~ ATP
o0~
. \, i coo \> ADP + P;
NH2 [N —Cc—n 2 - \
N | Il I coo
0—? CH ?_u—?—ﬂ I
2
—> (ICHZ)E Aspartate > (|CH2)3 (oo )y HC—N-- A N
H—C—NH, Q H—C—NH, 0" Il /CH N -5
(dolon Aspartate addition coo- HzN/C “~N carb
Citrullyl-AMP is facilitated by Argininosuccinate |
displacement of R
AMP.
- \ - et\v Fumarate
e [~ _ 9 o]
HaN —C—NH— (CH,)3— CH — COO I
Arginine C
A= lN
H>N = \Y
Il NH 5-Ai

= + +
‘;\ cl:oo ||~|u-|2 lilH3
~00C— CH=CH—CO00_ 9

S00C— CHa—CH"—NH— C— NH — (CH,)3— CH — COO"~ A \N/ ribo

Fumarate Argininosuccinate
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Regulation by Feedback Inhibition

Ribose 5-phosphate

ADP ATP
ribose phosphate
. ] . pyrophos?ahokr;na:e ® < - ADP '————-u—\
 First reaction of purine (PRPP synthetase) |
[ L] I
biosynthesis. """"® |
o €= AMP —-—-—————- N
- Inhibited by end products AMP, glutamine PRPP | (@ oyp \ E
GMP and IMP. | Q<= mp -~ S
[ [ ] . . I I
* Last reactions converting IMP to Ehoipmadbosiaming .
|
AMP and GMP 9 steps i i i
|
- AMP inhibits formation of v [
: IMP ————————————~ !
adenyIOSUCCInate adenylosuccinate / IMP i i
. . . . synthetase e rogenase |
- GMP inhibits formation of XMP. e - B
_ - AMP -> @) Q <-emp-~ 1
 Formation of precursor PRPP. | ..A o
|
- ConSU meS ATP. i Y 1 XMP-qutamine E i i
- Inhibited by ADP. l RNt ¢ e
: adenylosuccinate GMP —————=-—— et :
: lyase v :
‘\ ________ AMP ______________________ I



Pyrimidine Biosynthesis Part |

1. Aspartate +
carbamoyl
phosphate -> N-

carbamoyl-aspartate.

- Catalyzed by
transcarbamoylase.

2. N-carbamoyl-
aspartate -> dihydro-
orotate.

- Catalyzed by
dihydroorotase.

3. Dihydro-orotate ->
orotate.

- Catalyzed by
dehydrogenase.

Aspartate

aspartate
trans-
carbamoylase

N-Carbamdirlaspartate

dihydroorotase

L-Dihyd rvoorotate

dihydroorotate
dehydrogenase

C

s

.

Y
Orotate

Carbamoyl
phosphate
P; ‘O\C/O
~N
i N
C CH —COO0~
o/ \N/
H
0
H20 I
/C\
B
C CH —COO0~
Z N\~
o© "N
H

NAD™

0
NADH + HT I
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Pyrimidine Biosynthesis Part Il

UridyIaIe (UMP) (P —o—cH,

kinases

i dehydrogenase
:
1
1
: Oro
1
1
I
4. Orotate + PRPP -> ! orotate
orotidylate. i Phosphoribosyl-
! t f
i Catalyzed by : ransrerase
I
transferase. : Orotidylate
5. Orotidylate -> uridylate |
+ COa.. : .
! orotidylate
- Catalyzed by i decarboxylase
decarboxylase. :
:
I
I
I
!
I
!
I

OH OH 64



Pyrimidine Biosynthesis Part Il

Uridylate (UMP) ®-o—cH, |

— 2'ATP H H
kinases

N— 2 ADP o

Uridine 5’-triphosphate (UTP)

o

6. Uridylate (UMP) + 2
ATP -> UTP + 2 ADP.
- Catalyzed by kinase.

7. UTP + glutamine ->
cytidylate

CTP + glutamate. synthetase ATP NH,
- Catalyzed by a :
synthetase. \-»ADP +=P; bl/ \ﬁH
’ Ay~
b4 O—CHz o

S S ——————————————————— —— ————————— -



Regulation by Feedback Inhibition

 First reaction of pyrimidine biosynthesis.
- Aspartate + carbamoyl phosphate -> N-carbamoyl-

aspartate.
Catalyzed by aspartate transcarbamoylase (ATCase).

Inhibited by end product CTP.

Vmax

Normal
activity
(no CTP)

CTP + ATP

—

CTP

vmax

V, (um/min)
N

|
| |
10 ‘ 20 | 30

KO.S =12 mm Ko_s =23 mm

[Aspartate] (mm) 66



Allosteric Behavior of ATCase

(a) Inactive T state (b) Active R state

« Regulatory subunits have binding sites for CTP and ATP.

« CTP functions as a negative regulator.
- CTP is one of end products of biosynthesis pathway.
- When CTP is abundant, negative regulation limits ATCase activity.
« ATP functions as a positive regulator.
- High concentrations of ATP indicates robust cellular metabolism.
- Additional pyrimidine nucleotides needed to support RNA
transcription.
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AMP is converted to ADP by phosphorylation.

- Catalyzed by adenylate kinase.
- ATP + AMP -> 2 ADP (reversible reaction).

Other nucleoside monophosphates (NMPs) are converted to

nucleoside diphosphates (NDPs).

- Catalyzed by nucleoside monophosphate kinases.
- ATP + NMP -> ADP + NDP (reversible reaction).
- Intracellular conditions favor formation of NDP.

ADP is converted to ATP in glycolysis or oxidative phosphorylation.

Nucleoside diphosphates are converted to triphosphates.

- Catalyzed by nucleoside diphosphate kinase.

- NTPp + NDPa -> NDPp + NTPa (reversible reaction).

- Donor (NTPp) is almost always ATP because of its high intracellular
concentration.
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NTPs Are Precursors to dNTPs

(a) (b)
NADPH + Ht NAPP'*' NADPH + HT NILDP"'

« dNTPs are derived from NTPs by direct reduction at 2’-carbon.
» Reaction is catalyzed by ribonucleotide reductase.

« Reduction requires a pair of H atoms, ultimately donated by
NADPH.

Ribonucleotide T Ribonucleotide
reductase s reductase

ADP -> dADP
GDP -> dGDP
CDP -> dCDP
?->dTDP

dNDP NDP 69




dTMP Derived From dCDP And dUMP

coP — dCDP —— dCTP

ribonucleotide cleane l :
diphosphate deaminase
reductase ;
kinase
uvpoP —— dUuDP — dUTP
+ CDP -> dCDP (UDP -> dUDP). l dUTPase
- Catalyzed by ribonucleotide reductase.
« dCDP ->dCTP (dUDP -> dUTP). dUMP
- Catalyzed by nucleotide diphosphate thymidylate
Kinase. h
+ dCTP -> dUTP. Sy nxnase
- Catalyzed by deaminase. dTMP

« dUTP -> dUMP -> dTMP.
- Catalyzed by dUTPase and thymidylate

synthase.
70



Degradation of Purines Part |

. AMP
1. GMP -> guanosine B
(AMP -> 5'-nucleotidase C 2
. P;
Nosine). v
adenosine) , GMP Adenosine
- Catalyzed by 5'- - H,0
nucleotidase. 5'-nucleotidase :den?sme
. P. eaminase \"NH
2. Adenosine -> ' | -
, , Guanosine Inosine
INOSIine H-O
2
- Catalyzed by nucleosidasek nucleosidaseC )
deaminase. Ribose ! Ribose
o 0

3. Guanosine -> . N
guanine (inosine -> HN)E: \> HN | \> Hypoxanthine
: keto f
hypoxanthine). HzN)%N N KN N (keto form)
- Catalyzed by Guanine :

nucleosidase.
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Degradation of Purines Part li

N\> HN | N\> Hypoxanthine
(keto form)
Guanine
H,O xanthine H,0 + O,
4. Guanine -> xanthine. oxidase 5
NH3 2V 2
- Catalyzed by 5

deaminase. guanine
. deaminase \ Xanthine
5. Hypoxanthine ->
o i J\ > (enol form)
xanthine.

- Catalyzed by oxidase.
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Degradation of Purines Part lli

guanine
deaminase HN

N\> Xanthine
(

)§ | enol form)
HO” "N~ N
H
6. Xanthine -> uric acid. canthine |~ H20 + 02
- Catalyzed by oxidase. s T
o)

Uric acid is the HN | N\>—OH
excreted end HO*\N N
product of purine H
catabolism in
human.

Uric acid
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Degradation of Pyrimidines Part |

1. Thymine ->

o]
dihydrothymine. /'cl;\
- Catalyzed by H']' ﬁ_CH-" Thymine
dehydrogenase. oéc\ A0

- Consumes NADPH.

dihydrouracil NADPH + H*
dehydrogenase

NADP*
o
J
T G :
| [ €Hs Dihydrothymine
C CH
oZ N7 2
H
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Degradation of Pyrimidines Part li

: : 0
2. Dinydrothymine -> - |l
ido-isobutyrat A
- Catalyzed by o/c\N _CH,
dihydropyrimidinase. -
3. B-ureido-isobutyrate -> f3-
. — 7 H20
amino-isobutyrate. dihydropyrimidinase
- Removal of NH4* and CO.. o
7/
H2N—ﬁ—NH—CH2—(IZH—C< B-Ureidoisobutyrate
0 CHy 9
H,0
B-ureidopropionase (
NH; + HCO;
v 0
+ / .
H3N—CH2—CIH—C\ B-Aminoisobutyrate
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Degradation of Pyrimidines Part il

4. f-amino-isobutyrate ->
methyl-malonyl-
semialdehyde.

- Catalyzed by

aminotransferase. .
0

- Formation of glutamate. " 7 o
e Fates of thymine atoms. H3N_CH2_C|H_C\O— B-Aminoisobutyrate
- 1 nitrogen -> ammonia. CHs
- 1 carbon -> bicarbonate. a-Ketoglutarate
- 1 nitrogen -> glutamate. aminotransferase (
- 4 carbons -> succinyl-CoA. Clutamate
C|H3 (") O\C_CH_C/O Methylmalonyl-
~00C—CH—C—S-CoA — 47 | Yo- semialdehyde
\thylmalonyl- Methylmalonyl-CoA CHs
CoA mutase lcoenzyme B12

o
I
~00C—CH,—CH; —C—S-CoA Succinyl-CoA 76



Salvage Pathways

Free purine and pyrimidine bases are constantly released during
metabolic degradation of nucleotides.

Most purines are salvaged and reused to make nucleotides.

- Adenine + PRPP -> AMP + PP..

- Catalyzed by adenosine phosphoribosyltransferase.

- Free guanine and hypoxanthine are salvaged in the same way by
hypoxanthine-guanine phosphoribosyltransferase.

fj[\>—> \>

Ademne Hypoxanthme

)\ >—>"I:\>
|

Guanine Xanthine

7’



Summary 22.4 Purines And Pyrimidines

* Purine biosynthesis starts with PRPP. Amino acids
glutamine, aspartate and glycine provide all the
nitrogen atoms. Pyrimidines are synthesized from
aspartate and carbamoyl phosphate.

* NMPs are converted to NTPs by enzymatic
phosphorylation. rINTPs are converted to dNTPs by
ribonucleotide reductase.

 Uric acid and urea are end products of purine and
pyrimidine degradation. Free purines and
pyrimidines can be salvaged and rebuilt into
nucleotides.
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Example Question

Glutamine, arginine, and proline:

A) do not have a common precursor.
( .B) may all be derived from a citric acid cycle intermediate. )
C) may all be derived from an intermediate in fatty acid oxidation.
D) may all be derived from a glycolytic intermediate.
E) may all be derived from a urea cycle intermediate.
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Example Question

An amino acid that is not synthesized from pyruvate is:

A) alanine.

B) leucine.
C) _isoleucine.
(D) lysine. )

E) valine.



Example Question

Amino acid IS a precursor
to synthesize plant hormone
auxin (indole-3-acetate).

‘A) _histidine.
( B) tryptophan. )
C) tyrosine.

D) phenylalanine.
E) proline.



Example Question

Which of the following molecules does not directly
donate atoms in the biosynthesis of purine ring.

A) aspartate.

B) glycine.
C) glutamine.
(D) alanine.)

E) COa..



Example Question

Precursors for the biosynthesis of the pyrimidine ring
system include:

(A) carbamoyl phosphate and aspartate. )
B) glutamate, NHs, and COs.
C) glycine and succinyl-CoA.
D) glycine, glutamine, CO2, and aspartate.
E) inosine and aspartate.




Example Question

The following reaction (from left to right) in lysine
biosynthesis is catalyzed by a(n)
A) carboxylase.
B) dehydrogenase.
C) kinase.
(D) aminotransferase. )
E) reductase.

a a-Ketoglutarate  Glutamate O\
PLP
“00C~ N CO0~ < \ / 200oc” "o,/ coo?

H,

N -Succinyl-L,L-
a,e-diamino-

NH ']""

Succinate Succinate

N -Succinyl-2-amino-
6-keto-L-pimelate

pimelate
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