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<4 FIGURE 16-3 The glycc
by which glucose is degrade
acid. Reactions in which ATP
are involved are highlighted in
reaction involving NAD and NA
highlighted in yellow. Note that
intermediates between glucoss
pyruvate are phosphorylated co

@ Hexokinase

® Phosphoglucose
isomerase

Triosephosphate
isomerase

@
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>~ 2 NADH + 2 H*

Glyceraldehyde
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Glukoluusi detailid. Uhe
glikoosi kohta kulub 2 ATP,
saadakse aga 4 ATP ja 2
NADH, pluss 2 piruvaati

Phosphoglycerate kinase

® Phosphoglyceromutase

Astmed 1-4 pdoratuna
annavad sahharoosi suinteesi
raja, v.a. Et G1P ja F6P
kondenseeruvad ja produkt
defosforuulitakse
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dehydrogenase \)
NAD*

Overall reactions of anaerobic metabolism:
Glucose + 2 ADP + 2 P, —> 2 lactate + 2 ATP
Glucose + 2 ADP + 2 P, —> 2 ethanol + 2 CO, + 2 ATP

A FIGURE 16-6 The anaerobic metabolism of glucose. In the
formation of pyruvate from glucose, one molecule of NAD" is
reduced to NADH for each molecule of pyruvate formed (see
Figure 16-3). To regenerate NAD™, two electrons are transferred
from each NADH molecule to an acceptor molecule. When
oxygen supplies are low in muscle cells, the acceptor is pyruvic
acid, and lactic acid is formed. In yeasts, acetaldehyde is the
acceptor, and ethanol is formed.

Anaeroobse metabolismi kaigus
kasutatakse GAP-dehiidrogenaasi
reaktsioonis tekkinud NADH ara
puruvaadi vOi atseetaldehttdi
taandamiseks, nii et tulemuseks on
kas piimhape (nt. lihastes
hapnikuvaeguses) voi alkohol
(parmides). Tulemusena on
glikolltsi bilansiks puhtakujuline
ATP suntees ilma NADH Ulejaagqita.
ATP saagis, 2 ATP gukoosi kohta,
on aga suhteliselt vaike vorreldes
sellega, kui plruvaat edasi
okstideerida ja elektronid hapnikule
suunata



Glucose Glukoludsiraja kiiruse

Hoxobinasst 0 regulatsioon toimub
DR fosfofruktokinaasi 1 juures,
Glucose-6-P mida reguleeritakse
E:;suﬁggglu-” o fosfofruktokinaasi 2 abil, mis
TANEDIOINOIO: slinteesib fruktoos 2-6
Fructose-6-P- Fructose-2f bisfosfaati F2,6BP. Viimane
SnumE—— | ATP  ATP aitab Fl_,GBP a_lsen__dadq jg
kinase-1 @ >ADP = ensdumitsentrist kiiremini
High ATP inhibits]/ stimufates eemaldada, seetdttu kbrgem
Citrate inhibits . .
ADP stimulates F2,6BP tase stimuleerib
Fructose-1.6-bisP Fosfof.rukt(_)kunaaa 1
/« ’\ reaktsiooni. F2,6BP slintees
aga on stimuleeritud ADP poolt,
Dihydroxyacetone-P —— Glyceraldehyde-3-P inhibeeritud aga ATP ja tsitraadi
“ (milleks, tsitraat on ju

mitokondris, glukoltts aga
tsttooolis?) poolt.

To pyruvate

A FIGURE 16-16 Enzymatic control of glucose metabo
in the cytosol. Phosphofructokinase-1 is the main control

in the regulation of the glycolytic pathway. It is allosterically |
ited by ATP and citrate, and stimulated by ADP and fructose &
bisphosphate. See the text for discussion.



Substraatne fosforuulimine



TABLE 10.3 Standard free energies

of hydrolysis for common
metabolites

Metabolite

(kJ mc_il DR

Phosphoenolpyruvate
1,3-Bisphosphoglycerate
Phosphocreatine
Pyrophosphate
Phosphoarginine
ATP to AMP + PP,
Acetyl CoA

ATP to ADP + P,
Glucose |-phosphate
Glucose 6-phosphate
Glycerol 3-phosphate

-62
~49
—43
-33
-32
-32
-32
-30
~21
~14
-9

ATP hudrollts ei ole kaugelti
suurima energeetilise efektiga
reaktsioon, vaid umbes 30 kJ mol-1
ga umbes keskmiste hulgas.
Suurema energeetilise efektiga
reaktsioonides on pohimotteliselt
voimalik organiseerida fosfaatrihma
ulekanne ADP-le, seega
substraatne fosfortulimine



Figure 10.10 p»

Transfer of the phosphoryl group from
phosphoenolpyruvate to ADP.

(ITOO@ ﬁf ADP ATP ?00@
ﬁ_O_T_O@ \ / } ﬁ—OH
) Pyruvate kinase C
e © 27N
H H o iR
Phosphoenolpyruvate Enolpyruvate

ADP substraatne fosforttlimine fosfoenuuoolplruvaadi defosfortilimise kaudu.
Susinikahela enoolvorm on ebastabiilne (energiarikas), kuid fosfoenoolplruvaadis
on see vorm lukustatud fosfaatriihma abil C2 positsioonis. Reaktsiooni kaigus
kandub fosfaat ADP-le, samal ajal aga p66rdub enoolvorm ketovormi, tokestades
fosfaatrihma tagasitee. Osa enoolvormi energiat salvestub ATP fosfaatsidemes.



Elektroni tlekandel vabaneva
energia otsene kasutamine
ATP slinteesiks tiooli
energiarikka sideme abil
Glutseeraldehuudi
dehtdrogenaasi
reaktsioonis.Glutseeraldehtud
seostub, katkestades N-H
sideme (1), kuid vajalik
energia kompenseeritakse
otsekohe elektronide
tleminekuga NAD+ le(2).
Fosfaat seostub, asendades
C-S-CH2 sideme, vajalik
energia kompenseeritakse N-
H sideme tagasi tekkimisega.
Kokkuvottes on elektronide
tleminekuenergia
glutseeraldehttdilt NAD+ le
osaliselt salvestunud
fosfaatsideme energias.
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Figure 11.7 A

Reaction mechanism of glyceraldehyde 3-phosphate dehydrogenase. (1) The —SH grou
of a cysteine residue ionizes and attacks C-1 of glyceraldehyde 3-phosphate, forming a
covalently bound thiohemiacetal. (2) The thiohemiacetal reduces NAD® and forms a
thioacyl-enzyme intermediate that is energy-rich (i.e., is a potent acyl-group donor). (3)
NADH dissociates and is replaced by NAD®. (4) Inorganic phosphate binds and attacks
the carbonyl group of the thicacyl-enzyme intermediate, resulting in formation of the
phosphoanhydride 1,3-bisphosphoglycerate, which dissociates from the enzyme (5).




Elektronide tlekande energia kasutamine ATP (vbi GTP)
substraatseks fosfortulimiseks. See on Krebsi tsukli ainuke
substraatse fosfortuulimisega paarduv reaktsioon.

([:009

CH; Succinyl-
phosphate
(|3H; intermediate

ure 12.9 A

posed mechanism of succinyl-CoA synthetase. Phosphate displaces CoA from a bound
inyl-CoA molecule, forming the mixed acid anhydride succinyl phosphate as an in-
ediate. The phosphoryl group is then transferred from succinyl phosphate to a histi-
e residue of the enzyme to form a relatively stable covalent phosphoenzyme
mediate. Succinate is released, and the phosphoenzyme intermediate transfers its
horyl group to GDP (or ADP, depending on the organism), forming the nucleoside
hosphate product.



Figure 10.11 p
Structures of phosphocreatine and
phosphoarginine.
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Fosfokreatiin ja fosfoarginiin on umbes samasuguse fosfaadi
ulekandepotentsiaaliga nagu ATP. Seetbttu saab neid aineid kasutada
fosfaadienergia akumulaatoritena, sest neid on rakus rohkem kui ATP —d.



Aeroobne hingamine

Krebsi tsukkel



Pyruvate

PUruvaat siseneb mitokondrisse (ndrga
happena lihtsalt difundeerudes labi

NAD — membraani?) ja reageerib
o atsettitilkoensuiiim A —ga. Selle reaktsiooni
<> co,

kaigus vabaneb Uks susinik CO2 kujul ja

NADH kaks elektroni redutseerivad the NAD.
Y i Atsetulljaak (2C) koensuumilt ei vabane,
Acetyl-CoA vaid kandub Ule 4-C aktseptorile

CoASH

tsitraadi.

Oxaloacetate

FADH,

Citrate

Citric acid
cycle

FAD

(oksaalatsetaat), moodustades 6-C

Tsitraadi edasisel
oksudeerimisel vabaneb
veel 2 CO2 ja tekib 2
NADH. Tsukli teises
pooles aga veel NADH
ja FADH,, ilma
paralleelse CO2
eraldumiseta. Kogu
hingamisahela kohta
tevikuna eraldub 4 e-
CO, kohta. Tsuklis on
ka Uks substraatse
fosforttlimise koht.
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Coenzyme A (CoA)

Koensutm A on jarjekordne ATP “derivaat”’, milles kolmas fosfaat on asendatud
pika ahelaga, mille 16ppu vaavli kaudu Uhildub atsettidlijaak.



Buccinate
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Krebsi tstikkel okstideerib
pUruvaati. Kdigepealt
enne tsuklisse sisenemist
okstideeritakse piruvaat
atsetuuljaagiks, mis
seostub koenstim A —le
ja eraldub CO2 ja NADH.
Atsetulljaak kandub
oksaalatsetaadile (4C)
moodustades tsitraadi
(6C). Viimane
oksudeeritakse alfa-
ketoglutaraadiks,
eraldades CO2 ja NADH
ning vimane omakorda
suktsinaadiks, eraldades
CO2 ja NADH. Viimane
reaktsioon on paardunud
substraatse
fosforttlimisega, milles
osaleb koensium A. Edasi
oksuideerumine jatkub
CO2 eraldamata.



Llucose

:

3-Fhosphoglycerate — Serine family

Aromatic .
. . o =+— Phosphoenolpyruvate
amino acids l .
S I Alanine and related
Pyruvate ——»= , )
l amino acids
. Fatty acids and
Acetyl-CoA———» 7 ° T
Aspartate family isoprene derivatives
Aspartate .+—— Oxaloacetate {‘.in':{
MNucleic acids Malate Isocitrate
I'ulllil'éilﬁ' a-Ketoglutarate ——== Glutamate
succinate +
\ Glutamate family
Succinyl-CoA *
l Nucleic acids
Forphyrins

Krebsi tstikkel ei ole iseregenereeruv ja stohhiomeetriliselt suletud, vaid peaaegu koik
glikolltsi ja Krebsi tstkli vaheproduktid vbivad ahelast valjuda, pannes aluse
aminohapete (valkude), rasvhapete (isopreen, membraanid), samuti nukleiinhapete
sunteesile. Hingamine on raku metabolismi ja energeetika tuumik, mis varustab aine ja
energiaga teisi sinteesiahelaid. Osmootse rohu konstantsuse tagavad trans|okaatorid.



Mitokondriaalne elektron-
prooton-transport ja ATP slntees



Sucrose

'

2 Hexoses

— 44ATP: + BADP + 8@,
il -
—= §JATP: + 4ADP + 4@,
4 Pyruvate
80 =
4 CO;
1 Acetyl-CoA
4 Oxalodcetate 4 Citrate

Aeroobsetes tingimustes
(O2 olemasolu)
okslideeritakse tekkinud
NADH (ka FADH2)
mitokondrite
elektrontransportahela
poolt, mis viib elektronid

. hapnikule, olles aga
f 2 Citrlc .
Ta acd cyele seejuures paardunud
[ transmembraanse
iy prootontranspordiga.
e Viimase poolt

80~ 8 . ;
n | genereeritud energiat
\ e %NA0B kasutatakse ATP
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Complex IV
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Mitokondrite
elektrontranspordiahelas
on potentsiaalilangus
umbes 1.1 V, mis on palju
suurem kui kloroplastides.
Kloroplastides oli see suhe
12H+/4e-, mis vOimaldas
sinteesida 3 ATP/4e-.
Mitokondrites voiks see
suhe olla suurem, sest e-
kukuvad korgemailt.

Mitokondris on elektroni
kukkumine O2-le vaga
jarsk, mis tekitab
voimaluse hapniku
kontrollimatuks
taandamiseks ja aktiivsete
hapnikuvormide tekkeks.
Seda aga tuleb valtida.



Intermembrane
sSpace

_ [ATP
External NAD{PIH | synthase

dehyvdrogenase .
: = Complex I'V

Alternative

MNADH & o NADPH

— nxidass
@ HNAD NADE"
[
Comiplex 11

Complex I

} Complex 111

Surcinate

Hotenone

NADH I'W.T- insensitive
= by pass ADP + (B

Mitokondriaalses elektrontranspordiahelas on neli peamist kompleksi. Kompleks |
kaudu sisenevad elektronid NADH —It. Kompleks Il kaudu sisenevad elektronid
FADH2 —It (suktsinaat-fumaraat tleminekul). Kompleks Ill teostab Q-tstklit
(tstitokroom b6c kompleks) ja Kompleks IV redutseerib hapnikku, moodustades
vee. Lisaks voivad elektronid siseneda veel otse rasvhapetest ja taimedes ka
NADPH-It. Pange tahele, et prootoneid transporditakse maatriksist valja (joonisel
tles, membraanidevaheline ruum) ja need voolavad tagasi labi ATP sintaasi. ATP
sunteesitakse maatriksis.



Intermembrane
space

Matrix

2H)" O-

1

IN-1, N-3, N-4]
Fe/S

\

FMN

NAD'

Complex 1
(600 kDa)

Kompleks | okstideerib
NADH, transportides
samal ajal 4H+/2e- , ni
nagu selle sees to6taks
veel seniavastamata Q-
tsikkel (punktiirjoon).
Elektronid kanduvad
ubikinoonile, mis haarab
samuti 2H+/2e-.
Joonisel on naitamata,
et NADH
okstideerumisel eraldub
selle koosseisust H+,
mis vahendab uldise
prootontranspordi suhte
Kompleks | juures
6H+/2e-, asemel
5H+/2e- tasemele.



Succinate

Fumarate

uQ

UQH,

Complex II
(125 kDa)

Kompleks Il saab elektronid
otse suktsinaat-fumaraat
reaktsioonist, mis toimub
membraanile ankurdatud
Kompleks Il juures, mitte
vabalt difundeeruva NADH-
ga, nagu Kompleks I juures.
Elektronid kanduvad FAD ja
kompleksile seotud ubikinooni
kaudu vabale ubikinoonile,
mis seob maatriksist 2H+/2e-
(vordle, ka PSII juurtes
kanduvad elektronid vabale
kinoonile seotud kinooni
kaudu) . Siin rohkem
prootoneid Ule ei kanta kui
vaba ubikinooniga seostuvad.
Tsutokroom b roll ei ole selge.
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Intermembrane space
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MWatriy

Complex [11
(500 k)

(B)

Kompleks IIl on vaste
tsitokroom b6f kompleksile
kloroplastides. Erinevus on see,
et tstitokroom f asemel on
tsitokroom ¢, aga molemad on
thte, c-thdpi. Cyt f tahistus
tuleneb sellest et tema avastati
taimedes. Q-tsukkel tdotab siin
samamoodi kui kloroplastis (siin
ta avastatigi). Aga jargnevaks
vabaks e- kandjaks ei ole mitte
plastotsianiin, vaid tsttokroom c



(A) (B)

Complex IV
(123 klba)

Kompleks IV (tsitokroom c okslidaas) saadab elektronid hapnikule, moodustades
vee. Kuna energiahtpe on suur, ei ole siin 4e- Mn kompleksi, nagu fotostinteesis
ja hapniku taandamise molekulaarmehhanism on erinev vee oksiideerimise
molekulaarmehhanismist.
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A FIGURE 16-268 Electron transport through the cytochrome
¢ oxidasa complex and coupled proton transport.

(a) Arrangement of electron carriers within the oxidase complex
and flow of electrons from reduced cytochrome ¢ to O;. All the
heme groups are shown in red. From the heme of reduced
cytochrome ¢, one electron is transferred, via the Cu, copper
ions (green dots) and heme a, to the oxygen-reduction center,
which consists of herme a, and the Cu, copper ion. Four elec-
trons, released from four molecules of reduced cytochrome ¢,
together with four protons from the matrix, combine with one
0, molecule to form two water molecules. Additionally, for each
electron transferred from cytochrome ¢ to oxygen, one proton
is transported from the matrix to the intermembrane space, or
a total of four for each molecule of Oy reduced to two of Hy0.
(b) Proposed intermediates in the reduction of oxygen to water.
Four electrons, released sequentially from four molecules of

reduced cytochrome ¢, are transferred sequentially to the
bimetallic Fe - Cuy, oxygen-reduction center. In reactions (@)
two electrons are added, reducing the Fe* in the hemal
and the Cu** to Cu®. Then an O, moleculs binds to the 0
reduction center (reaction @), immediately followed by th
transfer of two electrons, one from Fe®* and one from
forming the peroxide anion O,*~ and regenerating Fe®" 8
Cu** (reaction @). In reaction ®), one electron and two j
are added, forming an unusual Fe**=0?" intermediate. ]
addition of the fourth electron (reaction @) and two mors|
(reaction (D) forms two molecules of water and regeneral
initial Cu?*-Fe®" oxygen-reduction center. The translocati
four protons from the matrix space 1o the intermembrang
occurs during reactions @), @) 10@) [Part (a) adapted from
R. Willams, 1996, Mature 376:643. Part (b) adapted from H. Mid
Proc. Nat'l. Acad. Sci. USA 95:12819.

Hapniku taandamise reaktsioonides
osalevad 2 tsutokroomi (Fe3+) ja 2
Cu2+ elektronikandjat.
Vaheastmetena esinevad
ebaharilikud hapniku
taandusseisundid ja ka F4+ seisund.
Seega, O, taandamine 2H,0
tasemele on keerukas keemiline
protsess. Vee moodustumisel
neeldub kristas 4H+ /4e- kohta.
V'idetakse aga, et lisaks
transporditakse veel 4H+/4e- I'bi
membraani. See oleks aga
prootonite liikkumine elektronidele
vastusuunas, mis on energeetiliselt
v’heusutav. Pigem ehk segatakse H+
seostumine O2-ga tema
transportimisega labi membraani.



ATP suntees mitokondrites

See toimub pohimotteliselt samamoodi nagu kloroplastides



Phosphoanhydride
bonds

O O s
Adenosine triphosphate
(ATP)

A FIGURE 2-24 In adenosine triphosphate (ATP), two
high-energy phosphoanhydride bonds (red) link the three
phosphate groups.
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Viimastel andmetel on kloroplastide ATP stintaasi rootoris 14segmenti, mitokondris
aga 9 vOi 12. Seega, prootonite kulu voib vastavalt olla kas 4.66, 4.0 voi 3.0. Viimane
variant tostaks tublisti mitokondriaalse ATP slnteesi efektiivsust



A FIGURE 16-31 Demonstration that the ¥ subunit of the F,
complex rotates relative to the (af); hexamer in an energy-
requiring step. F, complexes were engineered that contained
B subunits with an additional Hisg sequence, which caused them
to adhere to a glass plate coated with a metal reagent that binds
histidine. The y subunit was engineered to attach to a fluorescently
labeled actin filament. Using a fluorescence microscope, the
actin filaments were seen to rotate counterclockwise in discrete
120° steps in the presence of ATP, powered by ATP hydrolysis
by the B subunits. [Adapted from H. Noji et al., 1997, Nature 386:299;
and R. Yasuda et al., 1998, Cell 93:1117.]

llus katse, mis
demonstreerib, et
gamma-valk tdepoolest
poorleb oma telje
umber. Pange tahele, et
demonstreeriti
poorlemist ATP
hudrollusi reaktsioonis,
prootoneid labilaskev C
kompleks oli mudelis
puudu



ADP + P,

Energy—120°
rotation of y

N
?\,

£ 16-30 The binding-change mechanism of ATP

from ADP and P; by the FoF, complex. This view is
at F; from the membrane surface (see Figure 16-28).
B subunits alternate between three conformational
Ldiffer in their binding affinities for ATP, ADP, and P,.
fter ADP and P; bind to one of the three B subunits
rarily designated B;) whose nucleotide-binding site is
bpen) conformation, proton flux powers a 120° rotation
jbunit (relative to the fixed B subunits). The causes an
p the binding affinity of the B, subunit for ADP and P,
an increase in the binding affinity of the B subunit for

ATP formation
in T site
I=;>‘

Energy—120°
rotation of y

e o

H,0 ADP + P,

ADP and P, from L to T (tight), and a decrease in the binding
affinity of the B, subunit for ATP from T to O, causing release of
the bound ATP. Step @: The ADP and P, in the T site (here the
B3 subunit) form ATP, a reaction that does not require an input
of energy, and ADP and P, bind to the B, subunit, which is in the
O state. This generates an F, complex identical with that which
started the process (upper left) except that it is rotated 120°.
Step (@) now occurs again, and the cycling of the O - L - T —- O
conformations of each B8 subunit continues. [Adapted from P. Boyer,
1989, FASEB J. 3:2164, and Y. Zhou et al., 1997, Proc. Nat'l. Acad. Sci.
USA 94:10583.

ssayjufis di1v
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Subthik beta3 on ainuke, milles reaktsiooni faaside vaheldumise jarjekord on
oigesti kirjeldatud. Ka ulejadnud kaks subthikut l&bivad samad faasid, aga
nihkega 120 kraadi.



Metaboliitide transport mitokondri ja tstutosooli vahel
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Hingamise bilanss
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Vaidetavalt produtseeritakse
uhe glukoosi (6C) kohta 36 ATP,
ehk 6ATP eralduva CO2 kohta.
Seda on 2 korda rohkem kui
fotoslinteesis. Puides ise H+
bilanssi kokku seada saame aga
vahem, eriti kui kahelda selles,
et kompleks IV transpordib
lisaks H20 siinteesile veel "4H+
ja kui eeldada, et ATP slintaasi
rootor teeb taispoorde 14 H+,
mitte 9 H+ transpordi arvel.

nl* 120, +48H"



Hingamise ATP saagise arvutus

Lahtume glikoosist ja arvutame saagise 6C kohta.

Substraatse fosfortlimisega saadakse 2 (glukoluus) + 2 (Krebsi tstikkel) = 4 ATP
6CH20 oksudeerumisel eralduvad 6x4=24 e-, mis taandavad 10 NADH + 2 FADH?2
Sk ke kkdkk ke dkok

Arvutame Ulekantud H+ arvu IGA NADH kohta:

Compl. I:

4 (sisemine Q-tsukkel)+ 2 (ubikinooni taandamine) — 1 (vabaneb NADH —st)=5
Compl IlI: 2 (Q-tsuikkel lisaks ubikinooni okslideerimisele)

Compl IV: 2 (neelduvad H20 tekkel) {+2, kui toimub veel lisatransport}

Summa iga NADH kohta on 9 (voi 11 H+)

Sk ko ke kokokkk

Arvutame Ulekantud H+ arvu IGA FADH2 kohta

Compl. II: 2 (ubikinooni taandamine); Compl lll: 2 (Q-tstkkel); Compl IV: 2 (v6i 4)
Summa iga FADH2 kohta on 6 (vOi 8).



Glukoosist tekkiva 10 NADH kohta transporditakse 90 (voi 110 H+)
2 FADH2 kohta transporditakse 12 (vOi 16 H+),
Kokku kas 102 (vOi 126 +).

PUruvaadi impordil kulub 2 H+ kahe plruvaadi kohta, seega ATP stinteesi tarbeks
jaab kas 100 voi 124 H+.

ATP suntaas nouab kas 4 voi 3 H+ iga ATP kohta, ADP ja Pi sissetransport
omakorda kumbki Uhe H+, seega 1 ATP sunteesiks vOib kuluda kas 6 v0i 5 H+. Kuli
arvutame kuluga 6 H+, siis slinteesitakse prootontranspordi abil kas 100/6=16.6 voi
124/6 = 20.6 ATP, lisades siia 2 substraatsel teel slinteesitut saame kogusaagiseks
kas 18.6 v0i 22.6 ATP glukoosi kohta.

Kui aga prootonkuluks arvutada 5H+/ATP, saame vastavad arvud 100/5 = 20 voi
124/5=24.8. Lisades ka kaks substraatsel teel slinteesitut, on summaarne saagis
kas 22 v0i 26.8 soltuvalt sellest, kas kompleks IV kannab lisaprootoneid labi
membraani vOi ei kanna.

Nii et 6pikutes levinud numbrit 36 ATP gltkoosi kohta ei saa mitte kuidagi.
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