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Carbohydrate Synthesis

Blood Other
glucose  Glycoproteins monosaccharides Sucrose Lactate, pyruvate and glycerol
Glycogen | Disaccharides Starch are the important 3C compounds
t T j that feed gluconeogenesis.

Glucose 6-phosphate

Glucogenic amino acids —

Animals Plants catabolized to pyruvate, and
other citric acid cycle compounds
can enter gluconeogenesis.

Phosphoenol-
pyruvate
Photosynthetic organisms use
Onke the pathway to fix COz.
cycle
Pyruvate Glucogenic Glycerol 3-Phospho-
amino glycerate - -
acids | Occurs in the liver of mammals !
Lactate Triacyl- co,

glycerols  fixation




Glucogenic Amino Acids ?

TABLE 14-4 Glucogenic Amino Acids, Grouped
by Site of Entry

Pyruvate Succinyl-CoA
Alanine Isoleucine®
Cysteine Methionine
Glycine Threonine
Serine Valine
Threonine Fumarate
Tryptophan* Phenylalanine*
a-Ketoglutarate Tyrosine*
Arginine Oxaloacetate
Glutarnfate Asparagine
G!ut_ar_nme Aspartate
Histidine

Proline

Note: All these amino acids are precursors of blood glucose or liver glycogen, because
they can be converted to pyruvate or citric acid cycle intermediates. Of the 20 common
amino acids, only leucine and lysine are unable to fumish carbon for net glucose synthe-
sis. *These amino acids are also ketogenic (see Fig. 18-21).

The Cori Cycle

: '_)
When a working muscle goes anaerobic, 4
the generated lactate is released is Muscle: ATP produced by

transported to the liver via the bloodstream.  glycolysis for rapid contraction.

!.nm!ta-7— Glycogen 7' N
. . ATP

In the liver Lactate is converted to

glucose (gluconeogenesis).

Blood lactate Blood glucose

Glucose produced in the liver is
made available, through the ~
bloodstream, to other tissues Lactatd e = Sl

e.g. muscle. E. A

| Liver: ATP used in synthesis

. of glucose (gluconeogenesis)
during recovery.

If muscle contraction ceases, glucose
is still transported to the muscle »
— conversion to glycogen. d




Glycolysis Again

TABLE 14-2 Free-Energy Changes of Glycolytic Reactions in Erythrocytes

Glycolytic reaction step AG"™ (ki/moal) AG (kl/mol)
(1) Glucose + ATP — glucose 6-phosphate + ADP -16.7 334
(2) Glucose 6-phosphate === fructose 6-phosphate 1.7 0to 25
(3) Fructose 6-phosphate + ATP — fructose 1,6-bisphosphate + ADP —14.2 —-22.2
@ Fructose 1,6-bisphosphate === dihydroxyacetone phosphate +

glyceraldehyde 3-phosphate 238 Oto —6
(5) Dihydroxyacetone phosphate === glyceraldehyde 3-phosphate 75 Otod
@ Glyceraldehyde 3-phosphate + P, + NAD® == 1,3-bisphosphoglycerate +

NADH + H' 6.3 -2t 2
@ 1,3-Bisphosphoglycerate + ADP === 3-phosphoglycerate + ATP -18.8 Oto 2
(8) 3-Phosphoglycerate === 2-phosphoglycerate 4.4 0to 0.8
(9) 2-Phosphoglycerate === phosphoenalpyruvate + H,0 1.5 0to 3.3
(10 Phosphoenolpyruvate + ADP — pyruvate + ATP ~31.4 =1B.7
Note: AG™ is the standard free-enesgy change, as defined in Chapter 13 (p, 491). AG is the free-energy change calculated from the actual of glycolytic i
present under physiclogical conditions in erythrocytes, at pH 7. The ghycolytic reactions bypassed in are shown in red. B ical equations are not necessarily bal-

anced for H or charge (p. 506).

Gluconeogenesis

Glycolysis Gluconeogenesis i .

ATR e P Glycolysis and gluconeogenesis
iy’ TRV e share 7 of 10 steps

Aop &-phosphate H,0
it Eotiosphets an The reactions of hexokinase, PFK-1

Suciohanet| Fructose 3 &-Sphasphnie and pyruvate kinase are essentially

ADP 1,6-bisphosphate H,0

i irreversible in vivo.

\ﬁﬁ P

(2] Glycaraldehyde 3-phosphate

IR T These steps have to be bypassed
HINAD" agortaiiaD: in gluconeogenesis.
(2] NADH + (21 H* [2)NADH + H®
(21 1,3-Bisphosphoglycerate
‘I’:':;: :;'::’: The gluconeogenesis enzyme
. SO _reac_:tlons are also irreversible
in vivo.
2] 2-Phosphoglycerate
@cor Both are reciprocally regulated,
[2) ADP u'p::f:'_:"“" PEP carbonykinase cytoso"c pathways_
pyruvate kinase 2)GTe . .
ik (2) Oxaloacetate Metabolite flux is always one way or
(2) ADP
(2) Pyruvate Pyruvate carboxylase the other.

2) ATR




Gluconeogenesis Reactions

Glycolysis Gluconeogenesis
ATP lucos P,
hexokinase glucose 6-phosphatase
Glucose
ADP 6-phosphate H,0
ATP Fructose P;
phospho- 6-phosphate fructose
fructokinase-1 1,6-bisphosphatase
Fructose
ADP 1,6-bisphosphate H,0
Dihydroxyacetone Dihydroxyacetone
phosphate phosphate

N\ 7

(2) Glyceraldehyde 3-phosphate

Glucose 6-phosphatase and Fructose 1,6- bisphosphatase catalyze simple
hydrolysis reactions. — strongly favorable

Gluconeogenesis Reactions

(2) Glyceraldehyde 3-phosphate

Conversion of pyruvate to PEP )P )P
is complex. (2) NAD* (2) NAD*
(2) NADH + (2) H* (2) NADH + H*

R ays . (2) 1,3-Bisphosphoglycerate
Oxaloacetate is a citric-acid cycle

metabolite — occurs in mitochondria (2)ADP (2)ADP

(2) ATP (2) ATP
(2) 3-Phosphoglycerate
Pyruvate must be transported into

the mitochondrion to enter (2) 2-Phosphoglycerate
gluconeogenesis

(2) GDP
(2) ADP @ P::ri'pv:::noll PEP carboxykinase
pyruvate kinase (2) GTP
(2) Oxaloacetate
(2) ATP (2) ADP
(2) Pyruvate pyruvate carboxylase

(2) ATP




Gluconeogenesis — Step 1

cytosolic
PO / Two different pathways are possible !

Oxaloacetate

cytosolic MNADH + H"
NG i o It all depends on the presence of
Malate lactate in the cytosole.
Malate PEP
i ndri itoch rial
riefonita |y wan g ey co,
dehydrogenase NADH + u+
Oxaloacetate Oxaloacetate
pyruvate pyruvate
carboxylase Coz carboxylase COz
s 1{ . .
— Mi!’ochondrionpym“ . The mitochondrion has no
1
Cytosol oxaloacetate transporter!
Pyruvate Pyruvate

+
lactate NADH +H
dehydrogenase NAD*

Lactate

Gluconeogenesis — Step 1

Pyruvate carboxylase ‘

Bicarbonate Pyruvate

(0]
A I
HO—C\ +CH3—C—C\
(s 38 [o}n
ATP
pyruvate L.
carboxylase biotin
ADP + P;
0\ /O
/C—CHz—C—c\ Oxaloacetate
g I

1 ATP is used !




Gluconeogenesis — Step 1

Pyruvate carboxylase
HCO;™

Site 1
ATP

Long biotinyl-Lys
tether moves
CO, from site 1
to site 2.

.

N
|
<

o=C

03 "
o, ¢ Site 2
%—c@oz
= 0/
Pyruvate l
0
0\ i yO
C—C—CHa—C_ Oxaloacetate
-0 o-

Biotin is covalently attached to the

the e-amino group of lysine.

Reaction takes place in two
different reaction site on the
same enzyme.

Gluconeogenesis — Step 1
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Pyruvate carboxylase
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Pyruvate
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Gluconeogenesis — Step 1

PEP carboxykinase ‘

0 /0
Q/C—CI-IJ(I%—C\O_ Oxaloacetate
0

+
RN
0—P—0—P—0—P—0"

‘L_ (l_,- o GTP Oxaloacetate is converted to
PEP using GTP as phosphoryl
donor.

pep | > GDP
carboxykinase
co,
0—p03”
= Phosphoenolpyruvate
CH>=C—C00

Gluconeogenesis — Step 1

+ [ o
Bicarbonate Pyruvate

%, &
C—CH3—C Oxaloacetate
o (i et 3 TR
0 P o oy ©
HO—C\ . + CH3 —(—C _ +
g ’ RN
are [Guanadingt-o——o—r—03#—o"
ruvate | LY
Py bioti & o - GTP
carboxylase letin
ADP + P,
o 0 PEP GOP
Y ' boxyki
Jc—cH—c—C_ Oxaloacetate i il 0
-0 I o
0—PO;"
2 Phosphoenolpyruvate
CHy=C—C00

Net costs for the reaction are 2 ATP

The PEP carboxykinase reversibly exchanges high energy bonds

AG’° = 0.9 kJ/mol

but under cellular conditions AG = -25 kJ/mol




Summary

TABLE 14-3 Sequential Reactions in Gluconeogenesis Starting from Pyruvate

Pyruvate + HCO; + ATP — oxaloacetate + ADP + P,

Oxaloacetate + GTP === phosphoenalpyruvate + CO, + GDP

Phosphoenolpyruvate + H,0 === 2-phosphoglycerate

2-Phosphoglycerate === 3-phosphoglycerate

3-Phosphoglycerate + ATP === 1 3-bisphosphoglycerate + ADP
1,3-Bisphosphoglycerate + NADH + H* = glyceraldehyde 3-phosphate + NAD" + P,
Glyceraldehyde 3-phosphate === dihydroxyacetone phosphate

Glyceraldehyde 3-phosphate + dihydroxyacetone phosphate == fructose 1,6-bisphosphate
Fructose 1,6-bisphosphate — fructose 6-phosphate + P,

Fructose 6-phosphate === glucose 6-phosphate

Glucose 6-phosphate + H,0 — glucose + P,

Sum: 2 Pyruvate + 4ATP + 2GTP + 2NADH + 2H* + 4H,0 — glucose + 4ADP + 2GDP + 6P, + 2NAD*

X2
X2
x2
x2
X2
x2

Pentose Phosphate Pathway

Nonoxidative Oxidative
phase phase
I 11 1
Glucose 6- pha sphate

NADP* 2GSH
glutathione
I reductase
NADPH GSSG

transketolase, Fatty acids,
transaldolase 6- Phosphoglucunate sterols, etc.

reductive
NADPH biosynthesis

ibulose 5-phosphate Precursors

|

Ribose 5-phosphate

Nucleotides, coenzymes,
DNA, RNA

Alternative path to oxidize
Glucose.

The electron acceptor is NADP®.

NADPH is needed for reductive
biosynthesis.

Products are pentose phosphates.

High amounts of NADPH prevent
oxidative damage to proteins
(red blood cells, cornea).




Pentose Phosphate Pathway — Oxidative Phase

WM

o
wat
o
C

Oxidations have large negative free
energy changes and are essentially
irreversible.

intramolecular
ester

2 equivalents of NADPH are produced
per G6P starting molecule in the
s o dehydrogenase reactions.

gluconate

hydrolysis

oxidation and
decarbocylation

o-Ribulose
S-photphate

isomerization

o
oo .
o-Ribose
o
o

S-phosphate

-

Pentose Phosphate Pathway — Oxidative Phase

Intramolecular HCOH
ester HCOH
HOCH ©
HeoH Glucose
6-phosphate
H
CH,0PO3"
NADP*

glucose 6-phosphate ([, 2+
dehyd
ehydrogenase NADPH + H*

i=0
HCOH

HOCH ¢

6-Phospho-
HCOH

glucono-d-lactone

H
CH,0P03%"




Pentose Phosphate Pathway — Oxidative Phase

=0

Hydrolysis HCOH
HOCH ¢
6-Phospho-

HEOH glucono-é-lactone
H

CH,0PO3%~

H,0
lactonase 24
Mg

02

HCOH
HOCH 6-Phospho-
| gluconate
HCOH
HTOH

CH,0PO3"

Pentose Phosphate Pathway — Oxidative Phase

o\ P
Oxidation and
decarbocylation HCIOH
HOCH 6-Phospho-
| gluconate
HCOH
HCOH
CH,0PO3"
NADP*
6-phosphogluconate Mg+
dehydrogenase NADPH + H*
o,
CH,OH
=0
HCOH p-Ribulose
HCOH 5-phosphate
CH,0PO3"
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Pentose Phosphate Pathway — Oxidative Phase

CH,OH
L
HéOH
HCOH
CH,0PO73"

phosphopentose
isomerase

l

CHO
H(|TOH
HCOH
HCOH

CH,0PO3™

p-Ribulose
5-phosphate

p-Ribose
5-phosphate

Pentose Phosphate Pathway — Oxidative Phase

Oxidative
phase

Nonoxidative
phase

I | 1

Glucoge 6-phosphate

transketolase,
transaldolase 6-Phosphogluconate

lose 5-phosphate

|

Ribose 5-phosphate

Nucleotides, coenzymes,
DNA, RNA

| NADP*

NADPH

‘ :NADP* :
reductive
. NADPH biosynthesis

2GSH
I glutathione
reductase
GS5G

Fatty acids,
sterols, etc.,

Precursors
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CH0POT e

i G
ATP  ADP  C=0 =
1 I oy 2 coz
H—l‘:—ﬂH % +

phuspho. n—r‘:—oﬂ ribulose Lry " Iyces ;

ribulo bisphos:  H—C—0OH  givoerate - B-phosphate

Kinase c;0p0 T L s Kinase CELOP05 qehpceoge: ST

Ribulose:  carbaxyluse s 1,3-Bisphospho- Glycersldehyde-
1,6-bis. 3-Phospho- glycerate S-phosphate
phosphate ycernte (BEG) (GAP)
(RuBP) (BPG)
5 trinse phosphate
H
c=0 c‘Hgom:- Produsts
H—(Ilﬂm <‘3='D
H—C—OH CHLOH
I Dil
CH; phasphate
Ribulose.5. HAP)
phosphate
{RuSE) aldalase H,0F0F
|| Erythrose-d-
CHoRGy phosphate (E4P)
(i) g Jolase
HQ—?—H
ribose phasphopentose H H;OPO
13 phosphate 12 epimerase o 2
isomerase H—C—0H =g
Croror RSl
Fructose-15- H—C—OH
bisphosphato 9
(FBP} E—C—on
HO 7 H—C—OH
s fructoso
H—C—

o bisphasghatase | By ha::?:gi
H—C—on HO—C—H Disphosphale (SEP)
H=C—0H !l—f—cl]l sedubeptulose 10

1 AH'OPDQ" on : bisphusphotase P
ﬂl:hooc-ﬂ Kylulose-5 Ho—clz—n
phosphato phosphate
FuP) Ll
H—C—
1 0:’:_ Ho—(!tfﬂ
Fructose.s- im0l
phosphato H—C—0H
P} |
H—[I:—(YH
CHOF0}
Sedohoptulose-1-
B phosphate (STF)

1 1 reneketotane

Pentose Phosphate Pathway — Non-oxidative
Phase

oxidative reactions of
pentose phosphate pathway

e \"-.
Ribose Sedoheptulose Fructose Glucose
5-phosphate 7-phosphate 6-phosphate 6-phosphate
-
epimerase1l il;:qs:':ns:exnse
transketolase transaldolase
Xylulose Glyceraldehyde Erythrose Fructose
5-phosphate 3-phosphate 4-phosphate 6-phosphate

A fructose 1,6-

bisphosphatase
5C sugars are converted to 6C sugars. 1

GG6P is regenerated to make more NADPH.
Enzymes are unique to PP pathway

aldolase

o -
transketolase’ triose phosphate

Al A ’ xy|u|ose isomerase
. en(zjy_mtes cydcfsf i h alveolvsi 5-phosphate Glyceraldehyde
shared intermediates wi glycolysis 3-ph05phate
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Nonoxidative Reactions of the Pentose
Phosphate Pathway

5C 7C 6C
5 hexoses (6C) are
made from 6 pentoses (5C)
5C 3C 4C 6C
>‘< 6C
Every reaction shown here is reversibel ! 5C 3C7/
e 3C
i 3C 4c 6C
5C 7C 6C
Epimerase
@H CIHIOH
C—OH = HO—C—H
| ribose |
H—C—OH S-phosphate H—C—OH
| epimerase |
CH,0PO3" CH,0PO3”
Ribulose Xylulose 5-phosphate

5-phosphate

Reaction is similar to the ribose 5-phosphate isomerase: enediolat intermediate.

In the epimerase reactio a proton is abstracted from C3 and added afterwards,
resulting in an inversed configuration on the carbon atom.




Transketolase

CH,OH CI

{=0 ;
H H

T e % N ]

CHOH c transketolase € 'i

R

|
R’ | Remember the Enzyme ? | !
Ketose

donor acceptor

0\ /1"I
THZOH lf
C=0 H—C—OH 0
| | \
HO—c—H H—C—OH PP :
* ——
H—CI-—UH H_CI_DH transketolase
CH,0PO?" CH,0P0}"
Xylulose Ribose

5-phosphate 5-phosphate

Glyceraldehyde Sedoheptulose
3-phosphate

H-—? —OH
CH,0PO3~

Transfer of 2-carbon group

TPP-mediated

CH,0POY

7-phosphate

Thiamine Deficiency

The ability of TTP’s thiazolium ring to add carbonyl groups and act as an
“electron sink” makes it the coenzyme most utilized in a-keto acid

decarboxylations.

TABLE 14-1 Some TPP-Dependent Reactions

Enzyme Pathway(s) Bond cleaved Bond formed
. [ A~
Pyruvate decarboxylase Ethanol fermentation ll‘—C—C\ R'—C\
0-
. e 0 0
Pyruvate dehydrogenase Synthesis of acetyl-CoA Re é[ Cé' R2 Cé
a-Ketoglutarate dehydrogenase Citric acid cycle T S
t-Ketog| ydroge y p N
0O OH (I) {l)H
Transketolase Carbon-assimilation reactions RO—(— C— R R—(C—(C—R®
Pentose phosphate pathway | |
H H

as beriberi.

Thiamin (vitamin B1) is neither synthesized nor stored in significant amounts by
vertebrates. Deficiency in humans results in an ultimately fatal condition known

14



Transaldolase

?H;Ol-l

?=o T ,OH
HO —C—H o H C=0

| Ry o I
I-I—(IZ—OH o H CI HO ? H
H—C—OH \C/ H—C—OH H—C—OH

| + —— I - |
H—C—OH H—C—OH H—C—OH H—C—O0H

transaldolase [ |

CH,0POZ CH,0POZ CH,0PO3" CH,0POZ
Sedoheptulose Glyceraldehyde Erythrose Fructose
7-phosphate 3-phosphate 4-phosphate 6-phosphate

Transfer of 3-carbon unit; similar to aldolase reaction in glycolysis.

Short Reminder — Class | Aldolase

CH,OP0]

. CHOPOY
W HO
H oM
wh iy Fructose 16-bisphosphate
inding and
. Protonated
A — R Schiff base
CH,0PO}
W CHoPo} | [-n WO j“ 10°0}
Ly kl"‘né(_“" A _,L;. —TJ—c . =$ Lys —U
o . @ | W e "“Ej ‘_.._
= Hé—O—H —tb HJI —0=H D, HEL
HioH Heom Hwn
(Iu,obo‘. [T tn 090
Aldolase in steps (Tiand (Than amine
s converted to a Schiff
base (imina).
3-phosphate fir
phosphate i
i r @
Proton -0 o1
exchange o 3
with &
solution wecond
restores. product
e relpased i |I:||,umf' " ||:||,uw{
=i H—A— Ho k‘i":‘;-‘li ' W= Ny =
® i ® %

- = Schiff base = H=8— —aH H
kel " B -8
in reverse of
Schiff base
formati

= Protenated Enamine
Schiff base intermediate
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Mechanistic Similarity !

(I)H (I)H
Transketolase HOH,C —C HOH,C —?‘
s Shs — e
R —N3 5 resonance R —N
VL stabilization >,¢L
R’ R'
CH; CH;
TPP

TTP stabilizes the two-carbon carbanion
Transaldolase

TH:OH TH:OH
Lys/\ N’C%C’OH — Lys/\ I'tl'c\cf .
| I resonance | |
H H stabilization H H

Protonated Schiff base

Shiff base stabilizes the three-carbon carbanion

Regulation
Glucose
¥ lycolysis
Glucose u ATP
6-phosphate
pentose e s " When NADPH is forming faster
phosphate N, NADi’H than being used for biosynthesis
pathway glucose 6-phosphat dehydrogenase
¥ is allosterically inhibited.
6-Phospho-
gluconolactone

Pentose
phosphates
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Some Questions

During strenuous exercise, the NADH formed in the glyceraldehyde 3-phosphate
dehydrogenase reaction in skeletal muscle must be reoxidized to NAD" if
glycolysis is to continue.

The most important reaction involved in reoxidation of NADH is:

A dehydroxyacetone phosphate — glycerol 3-phosphate
B glucose 6-phosphate — fructose 6-phosphate

C oxaloacetate — malate

D pyruvate —lactate

17



Some Questions

In an anaerobic muscle preparation, lactate formed from glucose labeled in
C-3 and C-4 would be labeled in:

A all three carbon atoms

B only the carbon atom carrying the OH
Cc only the carboxyl carbon atom

D only the methyl carbon atom

E the methyl and carboxyl carbon atoms

Some Questions

Which of the following statements about the pentose phosphate pathway
is incorrect?

A It generates CO:2 from C-1 of glucose.

B It involves the conversion of an aldohexose to an aldopentose.
Cc It is principally directed toward the generation of NADPH.

D It requires the participation of molecular oxygen.

18



Chapter 16

Reading

The Citric Acid Cycle
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