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What’s a nucleotide?

“0-P-0-P-0-P
A molecule composed of... e e Ll -
e Nitrogenous base: purine or pyrimidine 3'2'
OH OH
Purines: Adenine, Guanosine
° ’ l—Nucleoside—J

o  Pyrimidines: Cytosine, Uracil, Thymine

o “Name-tag” of a nucleotide '—NUC'GOS‘dimg‘;D“°SF’ha‘e‘ |
e Pentose sugar: ribose or deoxyribose

o Deoxyribose sugar: for DNA nucleotides

o Ribose sugar: for RNA nucleotides

e Phosphate group(s)

¥,

Nucleotides

|
)

Difference between nucleotide and nucleoside:
e Nucleotide: contains phosphate groups
e Nucleoside: does not contain phosphate
groups




Why are nucleotides important?

Building blocks for DNA & RNA
o DNA: dAMP, dGMP, dCMP, dTMP
o RNA: AMP, GMP, CMP, UMP
Sources of energy:
o ATP, GTP
Enzyme regulators: ATP, ADP, AMP
Cellular signaling: cyclic AMP

Components of coenzymes: NAD+, FAD
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How do we make nucleotides?

It’s kind of integrated with
making those nitrogen bases
(the “name-tags” of
nucleotides) via...

SOUNDS EASY ENOUGH

e Purine synthesis
e Pyrimidine synthesis




Purine synthesis
(De novo & salvage)
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What are our purines?

l\llH2 O
r«/ﬁ\‘ k. HN/AL\C’/‘\
ey WSS,
- 8 C
'31/ \H H,N” \N/ \N
Adenine (A) Guanine (G)
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How do we make purines-based

nucleotides?

1. De novo pathway

Regulation of Purine Ribose 5- ph°Sphate

- ADP
nucleotide PRPP synthetase V @ - GDP
Bi has PRPP.
lOSVnt 1esis Glutamine PRPP ® <=~ AMP
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Adenvlosuccinate ‘vv\liuu&e/ \ . 2 :
+GTP o o \'Mp dehydrogenase E
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el G - . GTP

2. Salvage pathway

PRPP
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De Novo Purine Synthesis

Making purines from scratch
Occurs in almost all human cells
Main gist:

o Start with a ribose sugar, then build up
using some amino acids and other
molecules

o Goal: to make IMP (a purine-based
nucleotide) which can then turn into
AMP or GMP (other purine-based
nucleotides)

Requires ATP to run

Ribose 5-phosphate + ATP

1

Glutamine + PRPP

1

G T T W T T

Glycine (+ ATP)
N'°-Formyl-FH, (Cy)

Glutamine (N3) (+ ATP)
(+ ATP to close ring)

CO, (Ce)
Aspartate (N4) (+ ATP)

N'°-Formyl-FH, (C.)

study
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What atoms are needed to build a
basic purine?

Ribose 5-phosphate + ATP

—Q
O

)]
o

<
()
=
®

Glutamine + PRPP

Aspartate T l/l
Glycine (+ ATP)
/I ><_ N10 Formy|- l/N’O-Formyl-FH4 (Co)
F H Glutamine (N;) (+ ATP)
10 o 4 l/(+ATPtocIose ring)
N Ifz:grmyl Glutamlne jrooeco
4 am|de N l/Aspanate (Ny) (+ ATP)
Glutamlne R
(amide N) ,&:
e Glycine
e Aspartate
e Glutamine
e (CO2 S
o Tetrahydrofolate (Donates one-carbon units in the form of N10-Formyl-FH4)

“Glycine And Glutamine Contribute To PURINES” S'I'Udg



The Steps of De Novo Purine Synthesis

Glycme
NS
7 NH H,C%
gt -
0=C¥¢ NN
®—0—CH, ®—0—CH, ®—-0-CH, o0=C ®—0—HyC NH  Methenyl "
H H Glutamine Glutamate P'JH ~o- H,folate H,folate N
o HQ \ @ APP o e ® o H,CS v\.,h:n
}
H H H H, Mg2+ ‘9 O
. PP Gitam o b [rompmeass ] Z°"
H HY: 2o —-@—-0—-@® H H ATP ADP4+P, H ormyltransferase | (52 ,‘I‘H
OH OH OH OH OH OH OH OH R5-®
a-D-Ribose 5-phosphate Phosphoribosy! 5-Phospho-f-o-ribosylamine Glycinamide
0} pyrophosphate (PRPP) (Il) () ribosyl-5-phosphate Formylglycinamide
) ribosyl-5-phosphate
V)
'OO(.I? Gin
HC — ik, Visynihetase | G iz
Aspartate | Glu
CH,
|
~00C
coo- - o ATP, Mg2*
I . ! H,0 I co, H,0 Ring closure N
i "ff—gf ﬁ?ﬁ/N\\CN 06y "\\c i @) H(f’“ \® z?f. ? gH
HC 4 / /
' I TS I S P S e
a0e Tooc R-5-®) R-5-®) R ® F,_5.®
Fumarate
Aminoimidazole succinyl Aminoimidazole Aminoimidazole Formylglycinamidine
® ribosyl-5: ribosyl-5: -5 ribosyl-5-phosphate
1X) (i) (Vi) 1)
Adenylosuccinase
i N'0-Formyl- ﬁ 0
H ,folate H,folate H,0
c. ‘ “ !
H, N \ﬁ,N Y H?N/C\ﬁ/N\\CH @ Hr?/c\ﬁ,N\\c
H H
= i /
H,N’C\N/ Formyfiransh O—S\N /c\N/ Ring closure Sy /c\:‘
R-5-(®) H n 5-@® |IMP Cyclohydrolase R-5-®)
Aminoimidazole carboxamide Inosine monophosphate (IMP)

ribosyl-5-phosphate ribosyl-5-phosphate
(X) xn

(xm




Step 1: Creating PRPP

e Ribose-5-phosphate — 0-P-0-or A,
5-phosphoribosyl-1-pyrophosphate TR
(PRPP) OH  OH
o Ribose-5-P: Produced from glucose oS s
via pentose phosphate pathway symhi?aiig

o PRPP: high energy form of ribose 0 AMP
that’s used to initiate purine o-f-ogty T
synthesis " Ih 0-P-0-p-0"

- Enzyme: PRPP Synthetase 5-Phosphorib(<)):yl1-::oph2;phat: _

o Uses ATP (PRFE)
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Step 2: Rate Limiting Step via GPAT

e PRPP — 5-phosphoribosyl
1-amine
e Enzyme: Glutamine
phosphoribosyl
amidotransferase (GPAT)
o Uses glutamine & H20
o Highly regulated enzyme, making
this the rate-limiting
(committed) step of purine
synthesis

OH OH
5-Phosphoribosyl 1-amine
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9 more steps to get to IMP!

Glycme
A NN3
2 NH H, cd
H c‘ o
5 5 o= C 4 NN
®—0—CH, ®—0—CH, ®—0—CH, o c NH  Methenyl-
i ATP  AMP Glutamine Glutamate e So- ®—0—HC H,folate H,folate H
N D Qo™ J_\® B \@os HGT T IGH
H H/ TR R P — H H Mg2+ H H ——— Cie O
/0 —@)—0 — PRPP Glutamyl 9 Formyltransferase i
o o PRPP HE2S o-® Anudolvanslemge H {H AP ADP4+P, H H L o N
OH OH OH OH OH OH OH OH R5-@®)
a-p-Ribose 5-phosphate Phosphoribosy! 5-Phospho-fi-p-ribosylamine Glycinamide
0} pyrophosphate (PRPP) (Il) ) ribosyl-5-phosphate Formylglycinamide
) ribosyl-5-phosphate
v
-00C Gin
HC — ik, Visynihetase | G iz
Aspartate (‘;H Glu

| ~00C

i H.©
~00C

ATP, Mg2*
i 0, H,0 Ring closure u
N HC—N C/ Non % b \\ { Ht? \\ \® H,CZ 7 3CH
HC I

H,N"

3 C\N [IX Synthetase |

i VII Carboxyiase H,NT \'r

W7
|

“ooc A5 A5 R-5-
Fumarate ® ® ® R5®
Aminoimidazole succinyl Aminoimidazole Aminoimidazole Formylglycinamidine
® ribosyl-5- y ibosyl-5- yl-5 ribosyl-5-phosphate
(1X) (vimy (v (\1}
o N'0-Formyl-
: . Hofolate  H,folate g i H,0
HNT N \®A HNT \ A 4
2 i eH o X i CH ®
g N nd
;',.5.® H ;’,_5_® IMP Cyclohydrolas}
Aminoimidazole carboxamide Inosine monophosphate (IMP)
ribosyl-5-phosphate ribosyl-5-phosphate (xn)
X) (xn

N
8y« N'%-Formyl-

9
FH
N 4
|\Glutamine
Glutamlne A famida N)
(amide N)

But you just have to know that
we eventually get to our lovely
nucleotide, IMP, by adding those

5 key atoms along the way #%
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IMP: our intermediate purine-based
nucleotide

OH OH

Inosine monophosphate
(IMP)

study



What can IMP turn into?

Adenosine
Monophosphate (AMP)

@)
|
7
Q-p=0
@)
(%

1 / HO OH
HO—FI’—O 0
OH
OH OH Guanosine
. HO— p 0 Monophosphate (GMP)
Inosine
Monophosphate (IMP) N

OH OH

study 3:{



- IMP to AMP

e
aTP~| Gt . i
o T 1. Formation of adenylosuccinate:
i AOp a. Enzyme: Adenylosuccinate synthetase
Ol 1 i i. Requires GTP for energy
Ll R i. Aspartate is added to IMP
NCIN\> ii. Regulation:
o s 1. Activated by GTP (energy)
- 2. Inhibited by AMP (the product)
&
2. Formation of adenosine monophosphate:
- a. Enzyme: Adenylosuccinate lyase
/NH! ) i. Fumarate is removed
NL\/I Y i. NH2 stays on IMP
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IMP to GMP

NAD*

a3 \ o L3

O e 1. Formation of Xanthosine monophosphate
-t (XMP):

0 a. Enzyme: IMP dehydrogenase
LY

T~ 2. Formation of guanosine monophosphate
gy (GMP):
_— o A a. Enzyme: GMP synthetase
. I. Requires ATP for energy

& ii. Glutamine donates amide nitrogen to XMP
HN I N\>
:N/I\N b

R study *



De Novo purine synthesis regulation

Ribose 5-phosphate
° Purine&Pyrimidine

PRPP synthetase |+ Mbonacieoste e Activation: via respective precursor or
e M __________ \ sources of energy
o] | ey o GPAT: PRPP
B e K P o Adenylosuccinate synthetase: GTP

y -
5-Phosphoribosylamine

o IMP dehydrogenase: ATP

R " i1 e Inhibition: via respective “product”
pom—— o | ] o PRPP synthetase: ADP, GDP
. IR 2 1§ o GPAT: IMP, AMP, GMO
il . 5[ o Adenylosuccinate synthetase: AMP
§ i o IMP dehydrogenase: GMP
L R : study




De Novo Purine Synthesis Summary

e Goal:
o Make IMP (nucleotide with “precursor”
purine/name-tag)
o — make AMP or GMP (purine-based
nucleotide)
e Atoms needed to make a purine:
Glycine
Aspartate
Glutamine
CO2
THF

O O O O O
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De Novo Purine Synthesis Summary

e Key enzymes:
o PRPP synthetase
o GPAT: rate-limiting enzyme
o IMP dehydrogenase
o Adenylosuccinate synthetase

e Purine synthesis regulation:

o Enzyme activation: via their precursors or source of energy
m GPAT: PRPP
m IMP dehydrogenase: ATP
m Adenylosuccinate synthetase: GTP
o Enzyme inhibition: via their “products”
m PRPP synthetase: GDP & ADP
m GPAT: GMP & AMP
m |IMP dehydrogenase: GMP
m Adenylosuccinate synthetase: AMP s‘I‘udg



Purine salvage pathway

Free bases Nucleotides Nucleosides
Adeni APRT AMP 5'-Nucleotidase Ad
denine / \ > \ » Adenosine
PRPP PP; T AMP P; Adenosine
deaminase Adenedie dnsse deaminase
| NH4 ADP ATP N>-NH,
H thi IMP 5'-Nucleotidase l \4
ypoxanthine \gz—<z \ P Inosine
PRPP PP, P
Ribose 1-phosphate
Purine nucleoside phosphorylase

l 5'-Nucleotidase

Guanine STS7 GMP \

PRPP PP; P,
Ribose 1-phosphate

» Guanosine

Purine nucleoside phosphorylase

Purpose: To interconvert
purine bases, nucleosides
& nucleotides

Energy required: less
than De Novo synthesis

Key enzyme: HGPRT
o Clinical correlation!

S
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Clinical Correlation: Lesch-Nyhan Syndrome

e HGPRT deficiency

Free bases Nucleotides Nucleosides

Adenine il » AMP, e i » Adenosine L BiOChemical e.ffeCt: R
N i ‘\ ! o o Hypoxanthine & guanine aren’t
I ——— deaminass Adenosine kinase deaminase .Salvage.d, SQ ]nstead are degraded
== - o "N into uric acid
== a s . .
- | o Overall result: uric acid

Hypoxanthine IMP » [nosine o
I oy overproduction
Purine nucleoside phosphorylase . Cl]n]cal p]Cture:
= | - o Hyperuricemia
» GMP \P » Guanosine Gout
I Ribose phosphate ’ Aggression & self mutilation

Purine nucleoside phosphorylase

Crystals in urine
Dystonia: abnormal muscle tone

O O O O
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Pyrimidine synthesis



What are our pyrimidines?

Cytosine (C)

“CUT the pyramid”

O

0O
||
C
HNZ 4 SCH

262 4 _SCH
N
H

Uracil (U)

Thymine (T)

study
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How do we make pyrimidine-based
nucleotides?

1. De Novo Pyrimidine synthesis 2. Salvage pathway
g

e Nov
yynthesis
8
\ 3 l
7 5-6 4
Uracil—> | UMP | «<— Orotate «— Dihydroorotate
/s

All Other Pyrimidine Nucleotides

study



De Novo Pyrimidine Synthesis

Glutamine + CO, + 2ATP
I

CPS-1I

UTP@ |© PRPP
|
Carbamoyl phosphate

~ Aspartate

!
.

Orotate

}, PRPP
& CO,

UMP

e Making pyrimidines from scratch
e Occurs in almost all human cells
e Main gist:
o The pyrimidine base is made first, and
then ribose-5-phosphate is given from
PRPP
o Key enzyme: CPS Il
o All steps occur in the cytosol (with one
exception)...
o Goal: to make UMP (a pyrimidine-based
nucleotide), which then can make any
other pyrimidine nucleotide

study
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What atoms are needed to build a
basic pyrimidine?

Glutamine
(amide N)—N3

COQ —’\\

e Glutamine: used in first step
e Aspartate: added in second step
e CO2

g /Aspartate

study



CTP
TT o HCHO;
NH 45
o o
(¢’
>
&
Ho' I /\q HZN)J\/Y\I\OH \//
NH.
o1 ume S
Glutamine o o
g )k el
o (2
[® &
3
carbamoyl phosphate
Aspartate
I =
Hof 8]
z

HO
HO OH
Ortidine-5'-monophosphate & o
)kN O—

[®)
) HN
B\ § al
“w
NH carbamoyl aspartate
o

w L1

N o
NH /

o /K s

HO. ¥
Ortate ‘x N o o
D, H
o

o,
Dllasy
Dihydroorotate

The Steps of De Novo Pyrimidine Synthesis




Step 1: Rate limiting Step via CPS Il

e Glutamine + CO2 + 2 ATP —

Carbamoyl phosphate pORID + Dy & SAIE
e Enzyme: CPS I CPsll
o Different enzyme than CPS I!!! UTP@|©@PRPP
(Which is from urea cycle)

NP Carbamoyl phosphate
e Rate-limiting step

o Activated by PRPP (signals low o
pyrimidine levels) H N)ko—g—o‘
o Inhibited by UTP (“product”) 2 0

study *



Step 2: Addition of Aspartate

o)
2- O Aspartate P; /g\
| 1 L i | e
/P\ /C o =
= 00C .
0(5/ O \NH2 Aspartate COO
transcarbamoylase H
H H
Carbamoyl phosphate Carbamoylaspartate
study
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Step 3: Ring Closure via Dihydroorotase

0
| - o

C.J + Il
HN T@\K HN/ \/

H
\ \ / . \'\
"00Ca \ cOa- > ~00C \ L)

H " dihydroorotase H O

HH H H
Carbamoylaspartate Dihydroorotate
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Step 4: Oxidation to Orotic Acid

NADH
O i O
E NAD* H* Icl
ol Y O HN" SNH
Dihydroorotate -00C . O
dehydrogenase
1 H
Dihydroorotate Orotate

This is the only step that takes place in the mitochondria!

studyaid



Step 5: Addition of PRPP

O

1L

O N COO™
H

Orotic acid This is when the ribose

(orotate)

oome |~ PRPP sugar is added to the
phosphoribosyl- { fOrm]ng nUCleOt]de!

transferase

PP,
0

@

O f\ll COO™

Rﬁf? study



Step 6: Formation of UMP

O

|
O)\N COO™

F|1-5-®

OMP

Orotidine 5'-P
decarboxylase 002
O
HN3 ok
A

(0] N

1
R-5-(P)
UMP

study



Now to make some other nucleotides...

e UMP — UTP:
o Phosphorylation: addition

of phosphates (in this case ATP  ADP are e ofotoda CX,
2 of them) UMP \/ upP \/ uTP \_/
o Enzyme: nucleotide I ﬂ
kinases
~ UTP N CTP Glutamate + ADP + P
o An amine group from o000 Lo
glutamine is donated to R -

UTP to make CTP
o Enzyme: CTP synthetase

e These actions require ATP!




Yeah, 'm made of
::5 Depression

What about deoxynucleotides? ' ;

P-0-P-0 e
H\! H/H

NDP HO OH
SH
NADP*, Thioredoxing
SH
Thioredoxin Ribonucleotide
reductase red‘uctaj
S
NADPH Thioredoxin|
S
ke
O.
B=0-P)-0 Base
H\H H/H
dNDP HO H

74 N’
.b vﬁ’;,-‘
S

To make DNA, nucleotides
must have a deoxyribose
(not ribose) sugar
Enzyme: Ribonucleotide

reductase
o Cofator: Thioredoxin
o Activation of enzyme: ATP
o Inhibition of enzyme: dATP

dNDPs can be
phosphorylated into dNTPs

for DNA synthesis 2
4 study *



What about dTMP?

e To make dTMP, it must be o
converted from dUMP! UDP — > 4P
> dUDP — dUMP or dCMP — o
dUMP (via deamination: @ yelutamme ‘\P
removal of amine group) i 4y
e Then, dUMP — dTMP
o Enzyme: Thymidylate synthas + oteatoone” (o)
o Cofactor:

N°,N'%-methylene-FH4

study 3:{



De Novo Pyrimidine Synthesis Summary

e Goal:
o Make UMP (nucleotide with "precursor”
pyrimidine/name-tag)
o — can make UTP, CTP, dUMP, dTMP
e Atoms needed to make a purine:
o Glutamine
o Aspartate
o (CO2
e Rate-limiting enzyme: Carbamoyl phosphate

synthetase Il (CPS II)
o Activated by PRPP (signals low pyrimidine levels)
o Inhibited by UTP (“product”) study *



Purine synthesis vs pyrimidine

synthesis

What are they?

Sources of atoms in the
ring(s)

Ribose sugar

Is PRPP used?

Rate-limiting enzyme

Purine synthesis Pyrimidine synthesis

Adenine, Guanine

Glutamine, aspartate,
CO2, glycine, THF

Is incorporated at the
start of synthesis

Yes

Glutamine phosphoribosyl
amidotransferase (GPAT)

Cytosine, Uracil, Thymine

Glutamine, aspartate,
CO2

Is incorporated later in
the synthesis

Yes

Carbamoyl phosphate
synthetase Il (CPS II)

study



Nucleotide structure I Purine metabolism I Pyrimidine synthesis

2 ATP « CO.
anse sase + sooan | ACCICTNEES—— I

PHOSPHATE = Aibose 5
" NUCLEOTIOE s atoms from AME S UTEAD) - fagantea
5Prosphorbosyt-1-pyrophosphete (PRPP) ' e ] e
Adenine  dAMP AP, GUP @ | Fegtu=d Precursor Guanosine Cr3y
Prer @ | arar molecules
DNA | Guanine  dGMP : Guanine Chhamayi priospihate
Glutamine: phosphonbasyl- . frAspantata

Cytosine dCMP ) i Adenosine Carbamoy! aspartate
5
Thymine dTMP i e y ADA Ditydrdoratate
Glycinamide not:lldc-lGAH) N'-Formyl-THF = Inosine «- IMP O
e — v
BASE BASE + SUGAR N-Formylghciramide rbotide (FGAR) : i =
+ PHOSPHATE = f Glutamine Hypoxanthine Oroting 8-
NUCLEOTIDE || v idine ribotide (FGAM) xo Ienophowtue (OME)
N 1
Adenine  AMP ¢ Xanthine dne 5
S-Arrlno-mdazde.nbsma (AIR) cO: ; X0 Uridine Sl(lrm\srhasohme
RNA | Guanine GMP Gaitanbcito U(L'm)" UDP ~ dUMP
fibotide (CAIR] Aspartate i 18
osine  CMP |
= ST -
carboxamide) ribotice (SAICAR) i
Uracil  UMP i ! CIP
i 4-carboxamkle o B -
rivatide (AICAR) 10, R ¥ Inherited deficiency
i N -FomyTHE B Uric acid in UMP synthase
2 AR
4-caboxamide ribotkie (FAICAR) ! leads to
— *

[ ATP~ ADP~AMP~ IMP ~GMP-~ GDP~GTP
dapp—BNA LANA . acpp

Gout I Purine synthesis as drug target I Purine base salvage pathways

Sulf ides || Methotrexate fypeanitine
most often caused by less often caused by — PRPP
Ura Urate have has [ 2]
excretion synthesis ¥ ) IMp
Antimicroblal || Anticancer Guanine
AMP GMP AMP GpP [ action ] [ acion ] P
Guanosine| Guanosine| bec‘:uss b“:’-m
Guanine| ( of sy of THF |~
. Adenosine leads 10
Adenosine ¥
Inosine Inhibition of purine,
Inosine TMP, and DNA synthesis
5 Hypoxanthine leads 1o
Hypoxanthine 1 ~ Inherited deficiency
3 [ Inhibition of cell division ) R et
i
Xantr ne latopurinol® J X0 ; earis o transferase
L
Uric acid Uric acid Inhibition of DNA
(blood) (blood) [ inT am: B cells Lesch-Nyhan syndrome
Probencci : symptoms include
Sufiopyrezone > | { Immunosuppressive action | ik Y
\/ ¥ Cognitive defecis
Uric acid Uric acid has Se"—v::lmng:trl'c‘)g
(urine) (urine) ( Mycophenolic acid ] ype




