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FIGURE 7-26 Proteoglycan structure, showing the trisaccharide
bridge. A typical trisaccharide linker (blue) connects a glycosamino-
glycan—in this case chondroitin sulfate (orange)—to a Ser residue (red)
in the core protein. The xylose residue at the reducing end of the linker
is joined by its anomeric carbon to the hydroxyl of the Ser residue.
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TpaHCnopT MKO3bl U3 KPOBU B KNETKU

Tane I''TIIOT JIoKa/IA3alnsA B Opranax

FJTHOT-1 IIpeuMymecTBEHHO B MO3Te, NIIALICHTE, MOYKaxX, TOJICTOM KHINCYHHKE

JHOT-2 [TpeHMYLICCTBCHHO B NEYCHH, NoYKax, J-kierkax ocrposxos Jlanrepxasca,
IHTEPOIHTAX

JTHOT-3 Bo MHOruX TKaHAX, BKJIKOYAA MO3T, IUTALCHTY, NOYKH

NHOT-4 B Mbinmax (CKeJacTHOH, CepACUHOMN ), HPOBOH TKaHH
(MHCYIMH3aBHCHMBIH ) CoaepAUTCA B OTCYTCTBHUC HHCYJIHHA MOYTH NMONHOCTBIO B LMHTONAA3IME

SS KXNXKXKX

'JIKOT-5 B ToHkOM KHureuHHKe. BO3MOKHO, ABIACTCH NEPEHOCHHKOM (DPYKTO3HI.

GLUT-1 — TpaHcnopT rMoKo3bl B MO3r
GLUT-2 — ocHoBHOM

GLUT-3 — HepBHada TKaHb, OOnbLIE CPOACTBO YEM Y
GLUT-1

GLUT-4 — mbiwiubl, aamnounThil,
GLUT-5 — TOHKMW KMLLEYHNK, HAUMMEHEE U3YyYeEH



MexaHunam perynsaummn GLUT-4 nHcynmHom

Miwokoaa

MHcynuu

NG

\ .

1

!

Beawkyna

TpaHcnopTepsbl
rmioKko3s! (MHOT-4)




HapyweHuns nepeBapuBaHus yrineBoa0B

Ilpuanna 3abosieBaHus

Kanuugeckue NPpOSAB.ICHHA H naﬁoparopuue JAAHHbBIC

HacneacTreHHbIH
AEePHUMT NaKTa3bl

He1ocTaroyHoCTs NIakTaibl
BCNICACTBHE CHHKCHHA IKCIPECCHH
reHa epMenTa B OHTOreHes3e

HeaocrarouHoOCTs NaKkTasbl
BTOPHYHOIO Xapakrepa

Hacnencreenuas He0CTaTouHOCTh
Caxapaso-H30MaJILTA3ZHOI'O
KOMIUIEKCa

[Iprobperénnas HeOCTATOYHOCTE
caxapaszo-H3oMallbTazHoro
KOMIUIEKCa

Betpeyaercs oTHOCHTENBHO peako. [locie npuéma Monoka
HabMOAA0TCA pBOTA, AHApeEs, Cra3iMbl H DOJTH B JKHBOTE,
MeTeOpH3M. CHMNTOMBI Pa3BHBAKOTCA CPa3y IOCIIC POKIACHHA.
XapakrepHa juis B3pOC/biX M JCTCH cTapiiuero sospacra. AsiserTcs
CNEACTBHEM BO3PACTHOINO CHHXEHHA KOJWYECTBA JIaKTa3bl,
CHMITOMBI HEMCPCHOCHMOCTH MOJIOKA AHAJIOTHYHBI
Hac/eACTBEHHON dopMme nedHIHTa NaKTO3bI,

10 BpemeHHan, npuobperénHasn popma. HenepeHoCHMOCTE MOJTOKa
MOKET OBITh CIICACTBHCM KHIUICUHBIX 3a00/ICBAHHI, Hanpumep,
KOJIMTOB, racTpHTOB. KpoMe TOro, BpeMeHHbIH A€PHIMT NaKTa3kbl
MOXKET ObITh crieacTeueM onepauuit Ha JKKT.

IMposBasercs, KOoraa B palMoH JieTeH 100aBnsoT caxaposy M
Kpaxmasn. bonbHblie 1eTH 00BIYHO HEOXOTHO eaAT cnaakoe. ocne
HArPY3KH caxapO30i OTMCHACTCSH HC3HAMMTCIbHAR THINCPITIHKEMHA,
Hpyrue caxapa (rnokosa, fpykTo3a, J1akTo3a) nepeHoCaTCA
XOpOLLO.

Mo&XCT BO3HMKATh BCJICACTBHC KHIUCUHBIX 3a00n¢BaHM.
Ilposensercs AucnencHeHl, NPOBOIHPYCMOH KpyllaMH, Kpaxmaiom,
a TAKAKC [ITHBOM H JAPYI'HMH HAIlTMTKaAMH Ha OCHOBC COJIoAA.
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Steady-State Concentrations of
Glycolytic Metabolites in Erythrocytes

Metabolite mM

Glucose 5.0
Glucose-6-phosphate 0.083
Fructose-6-phosphate 0.014
Fructose-1,6-bisphosphate 0.031
Dihydroxyacetone phosphate 0.14
Glyceraldehyde-3-phosphate 0.019
1.3-Bisphosphoglycerate 0.001
2.3-Bisphosphoglycerate 4.0
3-Phosphoglycerate 0.12
2-Phosphoglycerate 0.030
Phosphoenolpyruvate 0.023
Pyruvate 0.051
Lactate 29
ATP 1.85
ADP 0.14
P; 1.0

Adapted from Minakami, S., and Yoshikawa, H., 1965.

Biochemical and Biophysical Research Communications 18:345.

docdopunnpoBaHume rmnoKo3bl

Extracellular
fluid

D -

Glucose is kept in the cell

by phosphorylation to G6P, (- 6-phosphate
which cannot easily cross
the plasma membrane

a-D-Glucose + ATP*~ —— a-pDglucose-6-phosphate®*™ + ADP*~ + H”
AG" = —16.7 k] /mol

s 3 [G_G_P] [‘mp]
AR ( [Glu] [ATP] )

—16.7 k] /mol + (8.8314 J/mol - K) (310 K) In (

[0.083][0.14]
[5.0][1.85] )

—33.9 k] /mol
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[lepBas pasa rmmkonmaa

(a) Glucose Preparatory phase
Phosphorylation of glucose
first ; ATP and its conversion to

—16.7 kJ/mo (1)
1 kJ/mol pnuuzg (1) glyceraldehyde 3-phosphate
ADP

Glucose 6-phosphate

1.7 kJ/mol

Fructose 6-phosphate (#—0—CH. 0 CH,—OH

H HO
= —14.2 kJ/mol pmmns (3) . -
reaction ADP H

Fructose 1.6-bisphosphate (O—0—CH, 0. CH,—0—P)

A
cleavage H HO
of 6-carbon H

AG'=23.8 kJ/mol  phosphateto (4) -

two 3-carbon

sugar
phosphates

y

Glyceraldehyde 3-phosphate

-

(AG’~0)

Dihydroxyacetone phosphate
AG'° = 7.5 kJ/mol

(AG’~0)

(D)




AG"™ = 6.3 kJ/mol

AG'™ = —18.5 kJ/mol

AG'° = 4.4 kJ/mol

AG'°=17.5 kJ/mol

AG'°= —31.4 kJ/mol
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Glyceraldehyde

oxidation and

y

3-phosphate (2)

2P

/' 1 )
A

|~ 2NAD

y

1,3-Bisphosphoglycerate (2)

first ATP-

forming reaction {'.’7'\
(substrate-level -~
phosphorylation)

2ADP

2 ATP

3-Phosphoglycerate (2)
A

&)

2-Phosphoglycerate (2)

A

Iy
'\_9,/

s, 2H,0

Phosphoenolpyruvate (2)

second ATP-
forming reaction 40
(substrate-level <~
phosphorylation)

2ADP

2 ATP

Pyruvate (2)

\’2 NADH +H'

170
®_o_cn,_cu_c\
H H

O

7
®—O—C.H,—CH—C.\

by To-®

0
&
N

(8]

®—0—C.H2—i:—c
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5

Payoff phase

Oxidative conversion of
glyceraldehyde 3-phosphate to
pyruvate and the coupled
formation of ATP and NADH

(6) Glyceraldehyde
- 3-phosphate
dehydrogenase

Phospho-
glycerate
Kinase

Phospho-
glycerate
mutase

) Enolase

Pyruvate
kKinase
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SHepreTMKa MMNKOJ1IN3a N COoNMpAXEeHHbIE peaKuni

CeH 905 — 2H3;C—CHOH—COO™ + 2H*
AG® = —183.6 k]/mol

A=-120 kJ/mol

9ADP + 2P, —> 2ATP + 2H,O
AG' =2 X 30.5 k]/mol = 61.0 k]J/mol (~4 AT@)

(a) AG at standard state (AG™") (b) AG in erythrocytes (AG)

40 40

30 30
20 20

10 10

0 0

-10 -10

Free energy, k|/mol
Free energy, k]/mol

-20 =20

=30

—40

3 45 6 7 8 91011 2 345 67 8 91011
Steps of glycolysis Steps of glycolysis




PeanbHaga ueHa rmukonusa — Klla = 60%

The Free Energy of Hydrolysis of ATP within Cells:
The Real Cost of Doing Metabolic Business

The standard free energy of hydrolysis of ATP is
—30.5 kJ/mol. In the cell, however, the concentrations
of ATP, ADP, and P, are not only unequal but much
lower than the standard 1 M concentrations (see Table
13-5). Moreover, the cellular pH may differ somewhat
from the standard pH of 7.0. Thus the actual free
energy of hydrolysis of ATP under intracellular con-
ditions (AGp) differs from the standard free-energy
change, AG"™. We can easily calculate AG,,

In human erythrocytes, for example, the concentra-
tions of ATP, ADP, and P, are 2.25, 0.25, and 1.65 mm,
respectively. Let us assume for simplicity that the pH
is 7.0 and the temperature is 25 °C, the standard pH
and temperature. The actual free energy of hydrolysis
of ATP in the erythrocyte under these conditions is
given by the relationship

ve o 1y IADPI[P]
ACP = AG*® + RT IHW
Substituting the appropriate values we obtain
AGp = —30.5 kJ/mol +

(0.25 x 1073)(1.65 x 1073)
2.25 x 1072

[(8.315 J/mol - K)(298 K) In

= —30.5 kJ/mol + (2.48 kJ/mol) In 1.8 x 104
—30.5 kJ/mol — 21 kJ/mol
= —52 kJ/mol

Thus AG,, the actual free-energy change for ATP hy-
drolysis in the intact erythrocyte (—52 kJ/mol), is

much larger than the standard free-energy change
(—30.5 kJ/mol). By the same token, the free energy
required to synthesize ATP from ADP and P; under
the conditions prevailing in the erythrocyte would be
52 kJ/mol.

Because the concentrations of ATP, ADP, and P,
differ from one cell type to another (see Table 13-5),
AG,, for ATP hydrolysis likewise differs among cells.
Moreover, in any given cell, AG, can vary from time
to time, depending on the metabolic conditions in the
cell and how they influence the concentrations of ATP,
ADP, P;, and H* (pH). We can calculate the actual
free-energy change for any given metabolic reaction
as it occurs in the cell, providing we know the con-
centrations of all the reactants and products of the re-
action and know about the other factors (such as pH,
temperature, and concentration of Mg®*) that may af-
fect the AG'™™ and thus the calculated free-energy
change, AGp.

To further complicate the issue, the total concen-
trations of ATP, ADP, P,, and H™ may be substantially
higher than the free concentrations, which are the
thermodynamically relevant values. The difference is
due to tight binding of ATP. ADP, and P, to cellular
proteins. For example, the concentration of free ADP
in resting muscle has been variously estimated at be-
tween 1 and 37 pMm. Using the value 25 pm in the cal-
culation outlined above, we get a AGy, of —58 kJ/mol.

Calculation of the exact value of AG,, is perhaps
less instructive than the generalization we can make
about actual free-energy changes: in vivo, the energy
released by ATP hydrolysis is greater than the stan-
dard free-energy change, AG™.
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Alcoholic fermencton
n yeast

A3pPOOHbLIN N aHAa3POOHbLIN MUKOSN3

Glucose

glycolysis
reactions)

hypoxic or ¥
anaerobic

{10 successive

anaerobic

conimy 2 Pyruvate %dm:ns

aerobic
conditions

2 Ethanol + 2CO,

- 2C0,
Fermentation to ethanol !
in yeast

2 Acetyl-CoA

citric
acid
cycle

s 4

4CO, + 4H,0

Animal, plant, and
many microbial cells
under aerobic conditions

Glucose + 2NAD™ + 2ADP + 2P, —

2 Lactate

Fermentation to
lactate in vigor-
ously contracting
muscle, in erythro-
cytes, in some
other cells, and

in some micro-
organisms

2 pyruvate + 2NADH + 2H* + 2ATP + 2H,0

2 Pyruvate

TN

2NAD'

Actobac
condidons

2NADH D
» 2 Lactate

2 AcenyiCoA
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Brewing Beer | .

Brewers prepare beer by ethanol fermentation of the
carbohydrates in cereal grains (seeds) such as barley,
carried out by yeast glycolytic enzymes. The carbo-
hydrates, largely polysaccharides, must first be de-
graded to disaccharides and monosaccharides. In a

process called malting, the barley seeds are allowed
to germinate until they form the hydrolytic enzymes
required to break down their polysaccharides, at
which point germination is stopped by controlled heat-
ing. The product is malt, which contains enzymes that
catalyze the hydrolysis of the B linkages of cellulose
and other cell wall polysaccharides of the barley husks,
and enzymes such as a-amylase and maltase.

The brewer next prepares the wort, the nutrient
medium required for fermentation by veast cells. The
malt is mixed with water and then mashed or crushed.
This allows the enzymes formed in the malting process
to act on the cereal polysaccharides to form maltose,
glucose, and other simple sugars, which are soluble in
the aqueous medium. The remaining cell matter is
then separated, and the liquid wort is boiled with hops
to give flavor. The wort is cooled and then aerated.

Now the veast cells are added. In the aerobic wort
the veast grows and reproduces very rapidly, using en-
ergy obtained from available sugars. No ethanol forms
during this stage, because the yeast, amply supplied
with oxygen, oxidizes the pyruvate formed by glyvcoly-
sis to COs and H-0O via the citric acid eycle. When all
the dissolved oxygen in the vat of wort has been con-
sumed, the yveast cells switch to anaerobic metabolism,
and from this point they ferment the sugars into ethanol
and COs. The fermentation process is controlled in part
by the concentration of the ethanol formed, by the pH,
and by the amount of remaining sugar. After fermen-
tation has been stopped, the cells are removed and the
“raw” beer is ready for final processing.

In the final steps of brewing, the amount of foam
or head on the beer, which results from dissolved pro-
teins, is adjusted. Normally this is controlled by pro-
teolytic enzymes that arise in the malting process. If
these enzymes act on the proteins too long, the beer
will have very little head and will be flat; if they do
not act long enough, the beer will not be clear when
it is cold. Sometimes proteolytic enzymes from other
sources are added to control the head.
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CyOcTparThbl rMKOHeEOreHes3a

Blood Other

glucose Glycoproteins monosaccharides

Glycogen Disaccharides

Glucose 6-phosphate

Phosphoenolu-’ —
pyruvate

. Citric
‘ acid
\cycle
Pyruvate Glucogenic Glycerol
amino
acids T

Lactate Triacyl-
glycerols

Sucrose

Starch

3-Phospho-
glycerate

1

COq
fixation
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PEP
i ."-1"1“;? CO,
carboxykimnase

Oxaloacetate

i NADH + H*
dehydrogenase NAD+

Malate

Malate PEP

NAD* mitochondrial PEP C02

carboxykinase

NADH + H'
Oxaloacetate Oxaloacetate

CO‘) cix Z: XY ].--_- - CO‘)

A A

Pyruvate Pyruvate

Mitochondrion
Cytosol

Pyruvate

NADH + H*
aenydrogenase N.AD-’-

Lactate
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2 0,POH,C o > 04POH,C = CH,OH

H,0. [‘. S H HO +®
]4 uctose-1 .6- H OH
bisphosphatase

HO H FBRPase-1 HO H

Fructose-1,6-bisphosphate Fructose-6-phosphate
AG”=-16.7 kI/mol

Endoplasmic reticulum

Glucose-6-
phosphate

Glucose-6-
phosphatase

AG™ = —13.8 kd/mol
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ConpsipkeHue ¢ rmaponunsom ATO/I TO “TAHET” rmoKOHEOreHes:

. DGO = -37,7
2 Pyruvate + 4 ATP + 2 GTP + 2 NADH + 2 H* + 6 H,O Kx/monb
1 4 ADP 9%,DP+6P 2 NAD"
glucose + 4 . +26G e (DG_ 156)
= 2 '

[TpocToe obpalleHne rmmkonmn3a aHepPreTM4eckn HEBO3MOXKHO:

2 Pyruvate + 2 ATP + 2 NADH + 2 H" + 2 H,O DGO, £ 74 O

l
glucose + 2 ADP + 2 P, + 2 NAD"™ K.EI)K/MOJ'lb




Perynauuna rniokoHeoreHesa

Reguladon of To bloodstream Regulation of
glycolysis gluconeogenesis
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Glucose-6-phosphate

I

Fructose-6-phosphate |I|

© Fructose-2 6-bisphosphate
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@ Citrate
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prospaen Pyruvate carboxylase Acetyl-CoA ©
perynauund perynauuns

Pyruvate
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=. Perynauusa |l cydcTpatHoro (“goymuribHo20”) unkna

Fructose-1,6-bisP + HoO —— fructose-6-P + P;

Fructose-6-P + ATP —— fructose-1,6-bisP + ADP
ATP + H,O — ADP + P;

T Uncynun/rmiokaroH 1 UMHcynun/rmiokaroH

\ ®pykT0o30-6-hocdar <>

l BU®-OH i

QOC KTO asa izt S - A ¢pyKT030-1,-6-
e -6uc<boc¢>araaa

e’ 2 n =~ 3 1 @ >
4 ®pykT030-1,6-6Mchoctart 7O

AT®. NADH  AM®

Gluconeogenesis
Fructose 6-phosphate
() €———- ATP
(M) <-——- ADP

&) «———- AmP
(}j@ € ———- citrate
Fructose 1,6-bisphosphate

!

Glycolysis
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CymmapHas cxema [NNO[7T

Nonoxidative Oxidative
phase phase
| | 12 | |

Glucose 6-phosphate

NADP" 2 GSH
glutathione
reductase

:. NADPH GSSG

Fatty acids,
6-Phosphogluconate sterols, etc.

NADP "«
reductive
blosynthesis
CO; + C NADPH

Precursors

Ribulose 5-phosphate

Ribose 5-phosphate

Nucleotides, coenzymes,
DNA, RNA
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ObpasoBaHME BOCCTAHOBUTENbHbIX 3KBMBAIEHTOB
HALPH+H*

ObpasoBaHmne pnubo3sbl ANs CUHTE3a
NYPUHOBbLIX U NEPUMUONHOBLIX OCHOBaHUM
CUHTE3 HYKITeOTUAO0B
MeTabonmam Apyrnx MoHocaxapuioB
CprKTyprIe KOMITOHEHTbI KITETKIU

Glucose-6-P + 2 NADP" + H,O —— ribose-5-P + CO, + 2 NADPH + 2 H™

6 [ntoko3o-6-cpocpat + 12 HALD + 12 H,0
vV i

5 Mtoko30-6-pocdpat + 12 HALPH + 12 H™ + 6 CO,




MeTabonunueckme npeBpaLleHns

6 NADPT 6 NADPH 6 I\ADP"’ 6 NADPH

Glucose-6-P .. 6-Phosphogluconate > Ribulose-5-P

E //
Xylulose-5-P Ribose-5-P

Glyceraldehyde-3-P Sedoheptulose-7-P Xylulose-5-P

Fructose-6-P Erythrose-4-P

Fructose-6-P Clyceraldehyde-3-P

Gluconeogenesis 1 l Gluconeogenesis
Yy I

4 Glucose-6-P 1 Glucose-6-P
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HeokucnutenHbin atan (MeHTO3HbIN LINKIT)

oxidative reactions of
pentose phosphate pathway

Ribose Sedoheptulose
5-phosphate 7-phosphate 6-phosphate

- L. ’ 1 ] :
[ ISA L iaolase

Xylulose Glyceraldehyde Erythrose
5-phosphate 3-phosphate 4-phosphate

C5 C3 C4

Xylulose
5-phosphate

C5

Glucose
6-phosphate

6-phosphate

1111

Glyceraldehyde
3-phosphate C3




» 3 cTagun Katadbonuama

buonornyecknn cmbicri
OlK

- OlK: UTK + 1Ll + OP

OBLUMN TTYTb KATABONM3MA




3 ctagun n mecto OlK B obOLwem katabonuame

The various kinds of proweins, polysacchandes, and
fazs are broken down into their component

C Ta AM ﬂ 1 building blocks, which are reladvely few in number.
L]

Obwue 6110KkU
l
The vanious buslding blocks are degraded incwo 2 2
common produce, the aceryl groups of aceyl-CoAl v

I/; IIvcan]dchwic-lph(nphmc\l

Ctaaus 2. N
O6LWmU NpoAYyKT AT® <-
Auetun-KoA

degradacon produoct |

J
CTGAM g 3 Cacbolism converges via the diric acd oycle
O three principal end produce: water, carbon daoxide,

and ammona.

O6bwuun TTyTb
KaTtabonusma
(OTTK)

KoOHeuHbIe
NPOAYKTbI




LITK ecTb nepBas ctaaua OlK

Pyruvate
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‘\»Ze

Acetyl CoA
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4
Proton gradient /

[FADH,] (~ 36 H)
NADH_J \ j




OBPA3OBAHWME Auetun-KoA N3 TTMPYBATA

» [paHcnopT nupyBarta
» YCTPOMUCTBO N MEXAHU3M
NAOK
- KodbepmeHThl
» ConpsixeHHble peakumm
- CTtexnometpus
» Perynauus



[lepeHoC nupyBata B MUTOXOHOPWUNA

MexmemBpaHHoe NPOCTPaHCTBO

CH: -~ C ~-COO H*
i

Y o

g gg MUTOXOHAPUWA

CH, —C —COO- M Benok-nepeHocumk

i
O

MaTpuKkc

3a cYeT 3NEeKTPOXUMUYECKOro rpaaueHTa



MexaHn3M OKUCNUTENBbHOIO AeKapOoKCUITMPOBaHNS

nupyBaTa

CH,-CO-COOH + NAD" + HSKoA -
CH,-CO ~ SKoA + NADH + H- + CO,.

AG"= —33.5 xx/Monb

Pyruvaie boses OO, and €) Hydroxyethy group is €© Acen] group is cansferred
HETPP 1s formed ransferred o Wpoic 2cd o CoA

and oxidized o form O

acery] dihydrolipoamide CoASH

CHC==SCoA
0
Dihydrolipoamnide
(}{,—(‘ 15 reoxadhized

Thizmmne
pyrophaosphawe Sz
[FAD]
Prowemn ,-.
CH_., NADH +

CH—OH

'l'PP S

Hydroxyedthyl TPP SogsE -
(HETPP) Lipoac and
|

D l"\lil 1' ) Dhydrolinos

Mruvawe
olase dehydrogenase

dehydrogenase (ransic




MexaHn3m gencrtema TMaMMHOBOIO KOdbepMeHTa

Tuamuraudcocdar (TAD)

CH,
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O(;-OH
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TyHenupoBaHue cybcTpara

NHTepmeamnatsl «nepenaroTca ¢ pyk Ha pyku» U HUKoraa

He NOKUAAHOT NOBEPXHOCTU (PepMeHTOB

(

> CoA-SH CH,—C—S-CoA
g
/ \\’//' P -
CHy—C—C_ o MR

Reduced

3 -/ : >
P_Vl'uvate lipoyllysine
K X‘Mllyslne f : = .:bl‘

CO,

/ . ; ~ lipoyllysir_xg =t

Hydroxyethyl
TPP

Pyruvate Dihydrolipoyl Dihydrolipoyl
dehydrogenase, transacetylase, dehydrogenase,

E, Ep Es




anekTpoHHas mukpockonua MNMAOK

DI1eKTpOHHas 3D-image
MUKpOOTOrpadpus reconstruction



DepmenT

HHCI10 MOHOMEPOB

KodepmenT

1. IupysarackapbokcHiasa
(mupysBaTacruaporenasa)

120 (30 TerpaMepos)

TAD

2. JIMruapoMnonsIrpanc-
alnerunasza

180 (60 TpuMmepos)

JIunoamua

KoA

JInnoesasn
kuciora (JIK)
Ilanrorenosas

KHcJioTa

3. duruapo-
JTHNOWILIETHIpOTreHas3a

12 (6 auMepos)

NAD* NADH + H*

-
7

CoA CoA

FAD
NAD"

B;
PP




Perynauus nupyBataerngporeHasbl

Pyruvate

™~/ » NADH + H"

x> )

" S g

- Py

) o
r 2

s

"' " . .-"'.' R

P
: > » : ,/
\_// 3 g
Pyruvate AT Pyruvate

dehydrogenase AD?’ A .j,'\ p dehydrogenase

Nnactive active

Perynauma metabonutamm: cybctpater aktusupyrot (nupyeat, HAQ+, AT®),
NpoAyKTbI MHrMbUpyroT (Au-KoA, HAOH).

Perynauua uaet yepes kuHasy TTOK




LIMKN KPEBCA (LLTK)

icTopusa OoTKPbITUSA
[locnenoBaTernbHOCTb
COObITUN
QHepreTunka
TepmMmoanHamuka
Krnto4yeBble MeXaHU3Mb
Perynauns

| Acetyl CoA




IcTopusa OTKPbITUSA

1932. Hans Krebs.

Tonbko HEeKOTOpbIe Mmarbie
opraHun4yeckue KUCNOoTbI
OKUCNAFOTCA SKCTPAKTAMU
noYyekKk Un neYyeHu.

OkcanoaueTat obpasyetcs U3
nupyeara.

H,C =00~

H,C =000~ CH,CO0~

N
“00C H

CyKIuHat  (¢ymapar  amerar

u(l) a
Homm € == GO0 SR Ne—coo-

HC =000~ HO == C== 00~

|
H,C — OO

CH,000~

Majiar LUTpAaT  OKCaloaleTar

L O
HCom=C=C

MpyBaT &

1935. Albert Szent-Gyorgyi.

HobasneHue nrobou U3 Tpex
AUKAp6OHOBLIX KUCIOT K
3KCTPAKTAM MBILL, MOBLIWAO
noTpebrieHue Kucnopoaa
CylLecTBeHHO bornblie, Yem
TpeboBanOCb TONbKO ANS UX
OKUCNeHuA.

Numutupyrowme selecTea.

OKucneHue cykuuHara -
CKOpPOCTb-NTUMUTUPYHOLLAA
ctaaus (MHrMbupoeaHue
MGJSIOHATOM)

HO
|

H,C =00~
H o= C == OO0
H,C =000~

N  —
-00C H R -

dbymapar

CYKIIMHAT Majaar

Karl Martius Franz
Knoop.

LUutpat >
NU30UUTPAT > a-
KeTornyrapar

bbrno ussectHo:
a-KI™ > cykuuHar

[NocnepnoBaTenbHO
CTb peakuumn
onpegenunackh




IcTopusa OTKPbITUSA

% s CoASH
C - Q0O synthase -

Malae
dehydrogenase HC =000~
(8] Oxaloacewite
HO H,C = COO~

NAD
Hem o COO- NADH + HO=C=COO0~
B e OO0y H,C = COO-

Malx
e Ciraze

e ff @ 1937. Hans Krebs. At
no

~ DKCTPaKThI MBIIII 0OPa3ykOT UTPAT
Ipy 100ABJIICHUH OKCajloalerara u Pya s

: an0o nupyBara, Mo alerara. B I
LN T
) H
Kpebc yxe 3Han o MeTaboInyecKux Hd—coo-

Fumarate I
- - UKIax - B 1932 0H OTKPBUI LUK OH
Succinae (0 MOUYCBUHBI St

dehydrogenase
FAD

"f_(m)_ NADH +

Snccleste Succinyl-CoA NADH + #% S
synchewse CoASH HC= COO~

O _@ o H,(lz
Ilr(ll— OO~ f(l = OO~
' cop
cTP H,C O
aKetoglumrace
Nudeoside
ADP diphosphawe 4

kinase

O

Isocitraze
dehydrogenase

a-Kewogluarawe
dehydrogenase

ATP




[TocnenoBaTenNbHOCTb PeaKkLUuii 1 SHEPreTmKa

CH:—COO'
AxoHwWTasa HC COO Waoumrpar- c?

W VRPOTeHASS a-KeTornyrapar

(':Hz -COO’ C,OA SH

HO~C-COO - u-Kerornyrapar-
CHy—COO"
Unrpar
CoA-SH

Umrpar- 3(NADH+H")
cHUMTa3a 1 FADH:

O \
CH;-—C S—CoA 0

C'Z COoO” — FOAD + Pi

CH;~COO
Oxkcanoauyerar CyKuuMHaTrMoKuHasa

_NAD' |' \
Manar- —__ OH H,0 H_COO g TD. GH—CO0 \
nermpporexasza HC coo 7 ol __J/ —CH:-COO o n 3R

HZC o0 = A CyxuymHar

®ymapasa o CyxumuHaTaer resasa
ooc W yruunarheruapo

Acetyl CoA + 3INAD" +FAD + GDP + P, + 2H,0——>
2C0O,; + 3NADH + FADH, + GTP + 2H" + CoA

Manar




Elle pa3 npo saHepreTnyecknn banaHc

Acetyl-CoA

N

Oxaloacetate Isocitrate

COg | NADH

a-Ketoglutarate

COg
Fumarate NADH
FADH, E Succinyl-CoA
Succinate




AcnMmmeTpua umkna

O

O-@—s —con

(
(_/-(" =
Oxaloaceae

Gurawe

\(al.u.c

Isocoue
wkccuglummc
Succm.uc

Sucanyl-CoA

BeBoonmas kapbokcunbHasa rpynna ygansieTcss Ha BTOPOM LiMKNe




TepmMmognHamuKka Umkna

OOC—C—OH

C"z \

‘OOC—C—H
éOO‘ ! NAD*

NADH + H* .
Omaloacetate ([T STHKEHUE tsocitrate -8.4

|
hrydrog NADH + H*

cOo,
-00C.__

-
HO—E—H camMasdad MCIAJICHHAA '

COO-
AGE" = —40 'k.'.‘."m()l a-Ketoglutarate

NAD*
+ CoA

-30,1

'c"" NADH + H*
v CO,

CH,

CH,

COO-
Succinyl CoA




MexaHn3m LUnMTpaTCUHTa3HOU peakumm

TTocneposartenbHas ynopaaodYeHHas
ABycybcTpatHasa peakums

(ordered single displacement)

Substrate complex Enol intermediate Citryl CoA complex



CH,—COO™ H>0O

HO— 2

COO~ =
CO0"~

H—l ———
H

Citrate

AKOHUTa3Haa peakuud

[ CH,—COO™ |

‘%—COO_
C—COO~

cis-Aconitate

CH,—COO0~

AKOHUTAT ruapaTasa

H—-C—COO™
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N\
=
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“
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nsoumuTpar

HO—(IJ—H
00~

Isocitrate

UMCTEeunH

AG™ = 13.3 kJ/mol

H,C —COO™

AG'
+6,3

Aconitase

HO—C—COO™

H,C —COO™

Citrate

©

HeC— COO™
|

HC — COO™
HC — COO™

OH

NAD' Isocitrate

(3] Isocitrate
NADH + B* dehydrogenase

8,4




[lepBoe okucnenue: nsountpart-Alr

OkucnutensHoe AekapbokcunmuposaHme

(|300‘ (|300'
CH NAD(P)" NAD(PH+H" CH2

OA@,
HCC HC

|
HO—C—H - c n‘o
@

M 2+
// : I\ f
(9] O 0) O

Isocitrate Oxalosuccinate

[lse (popMbI pepmeHTa:
HAL-3aBUCUMBIU - B MATPUKCE MUTOXOHAPUMA
n HAI®"-3aBUCUMBIU - B MATPUKCE U LIUTO30S1e

a-Ketoglutarate



BTopoe okucneHue: a-ketornytapar-Al

CoA-SH
CH,—COO~ NAD* CH,—COO~
| NADH
CH2 o CO2

: : . (HJ—S-COA
COO~ ‘ O

a-Ketoglutarate Succinyl-CoA

AG'° = —33.5 kJ/mol

NADH + B
H,C— COO™

CoASH ST %
oC
H,C— COO™ C—COO™
| 7
O

HyC

o-Ketoglutarate
C —SCoA -Ketoglutarate

7 ] dehydrogeasse G . 30)

Camas «ABUXYLLAS» peakLms




a-ketornytapat-AI — aHanor MNAOK

MexaHu3m npakTuyeckmn naeHtudeH TTOK: komnnekc U3 3 qpepmeHToB
U Tex Xe D KopepMeHTOoB

HO: nepsuyHas cTpykTypa 6enKOB OTNUYHA

Composition of the a-Ketoglutarate Dehydrogenase Complex from E. coli

Number of
Enzyme Number of Subunits
Coenzyme M, Subunits ] per Complex

a-Ketoglutarate dehydrogenase Thiamine pyrophosphate 192,000
Dihydrolipoyl transsuccinylase Lipoic acid, CoASH 1,700,000
Dihydrolipoyl dehydrogenase FAD, NAD™ 112,000




MexaHn3M CyKLUMHATTUOKMHA3HON peaKkLun

succinyl-CoA

synthetase

Succinyl-CoA Succinate

GTP + ADP — GDP + ATP AG"® = 0 kJ/mol AG'® = —2.9 kJ/mol




"3aumnknueatoLme” peakumm

T

~00C H

Carbanion

Fumarate transition state

KOHKYpeHTHbIM AG'™ = 0 kJ/mol |

H-+-
UHrUbuTtop

COO~

KpanHe
H—A)—OH P 3
CTepeocneLUnUPUYHBIN
H.

: epMeHT,

00"
am [ aHanoru He y3HaroTCA
Malate
AG'® = —3.8 kJ/mol

COO— NADH + H+ COO_

NAD"
&Ho - — o &Hg
- ‘k.l:i‘.w

=

OO_ envarogenass éoo—
L-Malate Oxaloacetate

AG™ = 29.7 kJ/mol




Perynauua LUTK

Pyruvate

':; f\ i ;)' acet |"; (_ (_1,'.\

l and NADH

Acetyl CoA

Oxalo- -

acetate . _
’ Citrate

Malate ‘

' Isocitrate

— -
| T v
) ATP and

Fumarate S .
,‘ NADH
Succinate

\

-Ketoglutarate

Succinyl )\ O ATP, succinyl

CoA CoA, and

NADH

Perynaumsa metabonmtamu:
NPenMyLLECTBEHHO

3a cyetr ATO n HAOH -
npoaykTtoB LITK



Opyrue oyHkuuu LITK

- AHabornunyeckue
doyHKL MU

» AHanneportunyeckue
peakyum



AHabornnyeckaa doyHkumsa LITK

Glucose

/- Pyruvate

Acetyl-CoA

v Glutamine

Phosphoenolpyruvate

Oxaloacetate Proline

(PEP)

Glycine Asjiicagise

Cysteine l
Phenylalanine Pyrimidines
Tyrosine
Tryptophan

\ Arginine

Citric \ I
acid

Malate cycle a-Ketoglutarate sss==ss Glutamate

-1\ _l

Purin
¥ Succinyl-CoA =
Pyruvate




buocnHTes y aHaspoboB

Acetyl-CoA

Oxaloacetate Citrate

Malate
k a-Ketoglutarate
Fumarate l

\ Biosynthetic

/ Isocitrate

Succinate pxroduc(s
\ (amino acids,
Succinyl-CoA ™ nucleotides,
heme, etc.)

Y HUX HeT

a-KIr-Agr



AHannepoTnyeckmne peakumn

&GP *®
BocnonHeHue - _\.J

FEP caaboxvlase

ADP + (B

KOMMOHEHTOB LMKIIa —

N KOMIMEeHCauund ; e NADH + &8

NAD*

OKCaJll0aueTarta

OH

B + NADPH
@ u_(l._.ooo-

|
H,C— 0N
TABLE 16-2 Anaplerotic Reactions

Reaction Tissue(s)/organism(s)

Pyruvate + HCO5 + ATP —— ~ oxaloacetate + ADP + P, Liver, kidney
Phosphoenolpyruvate + CO, + GDP ————— oxaloacetate + GIP Heart, skeletal muscle
Phosphoenolpyruvate + HC03 =————= oxaloacetate + P, Higher plants, yeast, bacteria

Pyruvate + HCO; + NAD(P)H — ———— malate + NAD(P)* Widely distributed in eukaryotes
and prokaryotes




Catalytic
| site
Lys 2

Pyruvate carboxylase

Pyruvate
enolate

Carboxyphosphate

Transfer of
carboxybiotin
(activated CO,)
to second

catalytic site
I
" . \ //()
HN. N
R
Q)
Pyruvate




B-Mercapto-

ethylamine Pantothenate
(___—A__\ f )

AueTart
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O YenHo4yHbIM MexaHu3M TpaHcnopTa auetTun-KoA

DKCNopT UMTpata U3 MUTOXOHOPUIM 1 BO3BpAT Manara U nupysaTta

NADPH +

-"m‘f*---------({- : '7 ----------- Malate

NAD*

Malace
= dehydrogenase
NADH + @ E T

Oxaloacecise
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