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Some High-energy-transfer Compounds Found in Bacteria, with Their Standard Free-energy
Changes upon Hydrolysis
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“Table 10-2, Component O/R Systems of the Respiratory Chain, with Their Corresponding E0

Values

O/R SYSTEM E(l IN VOLTS. AT pH 7 AND 25°C
NADt/NADH + HY -0.32
Flavoprotein/flavoprotein — H2 -0.03
CoQ/CoQ - H, +0.10
Cyt b-Fe'* /eyt b—Fe? +0.05
Cyt c]fFe‘“/cyl clfFezJr _ +0.21
Cyt c—Fe' /eyl ¢ —Fe? ! +0.23
Cyta— Fc“/cyt a—Fet ' +0.29
Cyt a3—Fe3+/cyt a}fFe2+ +0.53
Oxygen/water . +0.82

NOTE: The relative position of CoQ) to Cyt b is uncertain. E for CoQ measured under artifical
" conditions
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GLYCOLYSIS: miamudzasluanauimanglos (siaanneniveu) 813
-1 °  as a A P 1w cd o 1 . -]
indulasdrdudfnIofignidsioewloifafoninvuums gycolysis #3a Embden
Meyerhof pathway fiwavinliifiansa pyruvie (s17U3znauswaivou) sasluans

o 1 a X A 4 a o a a = A
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Glucose

p .
Tlh'] 10-3 pissimilation of TP
¥ glucose to pyruvic acid by :
lycalysis (Embden-
glycaoty { AOP

Meyerhot pathway) The two

pairs of electrons liberated Glucose-6-phospate
from the oxidation of
glyceraldehyde-3~phosphate L

can be-accepted by NAD

and. thus anter the respira- Fructose &-phosphate
tory chain. in this and Fig.

10-4, the important reguia- ATP £ =m - - ) s )

tory mechanisms by means MW _ _ _ (4 __ - - €—-——-= -(—}- == Citrate {rom )
of allosteric enzymes (dis- ADP 0P TCA cycle |

cussed in Chap. 9) are also ATe :

shown. The dashed colored
arrows indicate activation
{+) or inhibion (~)

Fructose-1, 6-diphosphate

B

Glyceraldehyde-3-phospnate Glyceraldehyde-3-phosphate
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1,3-Diphosphoglyceric acid :

AP !

ATP «— :
. !

i

]

1
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|

i

1

|

'

4

3-Phosphoglyceric acid

l

2-Phosphoglyceric ocid

H;0

Phosphoenolpyruvic 0Cid & o o c e = == == =

Mf—;..-_%lu?
ATP

Pyruvic acid
Overall reaction:

CaHi2Op + 2 ADP + 2 HyPO, —— 2 CHCOCOOH + 5 s1p+ 2 HO + 2 (21

Glucose Pyruwic acid

n3@ pyrivic MAATWITNVUINNNT glycolysis awc‘]né"aﬂ%“lwﬁsiﬂ'lﬂ FIMHUR
d' © [ oS .:1 1 ¥ s Jd o Py
Tuzih 10-4 mmumaaﬂgnsarmQnLN@’;mau‘lsnu’qmuwamlmn@ acetyl-coenzyme A
& L7 1 o _— i . . .
(acetyl-CoA) 53873t ﬂgawiﬂgmmﬁﬁun tricaboxylic acid (TCA) cycle (Krebs cyele)

o o a a dad « o @ 4 ; Y
ludnduvaanlfnsmniliiidnaseungeee nundanadrggnlaniswslale
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TRICABOXYLIC ACID CYCLE (KREBS CYCLE): Acetyl-CaA813gndand lad
[ o 4 a o P | v & P - A o
'lﬂmmaasmﬂuﬂgnmwgmammau‘lmu dalugufl 10-4 BlinaTeuRgasgndy

P | | 2
BENUNINNNN 9 Iumqamm acetyl-CoA mﬁ"ng'm‘s 'é'l,gnmawqﬂaanmmmﬁmm

luganTe [EY 1
dggnlominwlela
Pyruvic acid
Ta phospno-
4 T~ CO, fructokinase in
‘lJTI’lO'4 The tricarboxy- giycolytic cycle
e acid cycle (Krebs cycle). !
The five pairs of electrons !
liberated ¢an entar the res- (=)
piratory chain. The main L
mechanisms of its regula- M 1
tion are also shown by '
dashed colored arrows The }
glyoxylata bypass is also |
superimposed. LA

Acetyl=coenzyme A |, MADH W |

’ 1 !

VL i

(-’ } ]

: )

i !

, i

. |

. . 1

Oxaloccenc acid Cosntyme A Citric acid |

|

|

|

Acetyl-coenzyme A \
(-)

Isocitric acid !

Malic acid D 4('+)*F.
NaDR ™

Onxalosuccinic acid

Fumaric acid #, <Oy

Ketoglutaric acid
M k’
/ o,
ADP K‘” .
7 "

Succinic acid

H,O Glyoxylate

Succinyl=coenzyme A

Coantyme A

Alp

Overall reaction:
CHyCOCOCH + ADP + HyPO, + 2H,0 —» 3 CO, + ATP + 5 (2 H)
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A Glucose

‘IJVI 10-5 The first few

reactions of the penlose cy-

¢cle. The pairs of electrons ADP

liberatad can entgr the res- ’
piratory chain.

ATP

Glucose-6-phosphote
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o

6-Phospho-gluconic acid

H
CO¢

Ribulose-5-phosphate
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CHEMOAUTOTROPHIC BACTERIA

LLUﬂﬁL%‘Uluﬂ&i'ﬁUNﬂ ‘?\1 M3onitwan chemolithotrophic bacteria 1.11'67801’]’178'1“'17
mﬂum'sauﬂmmm‘sn'lmmsuau‘lﬂaan‘l'u@nJuLmawaaﬁ’mmtuammmummamm
& afuanledanlada: nn‘smsmlu glyceraldhyde-3-phosphate (wangfismIdudaans-
vouladonTad) ungnlfldlusrnumamenlufdusenesd 20esufnfenilldluns

o o & . o L3 =i 1 . ) v ] = Pl
auumm‘suau‘lﬂaan"lcnmgmmmq Calvin-Bassham cycle @3azlanaidoluuni 11

]
ar

UMM TA i auildeam andanuinwun nuandsnuld g feannmsgendiaty

maamms:nauﬁuﬂ%’ﬁtﬁuﬁwmanglﬂmwi‘lé‘mnmié'an%mﬁ’ummmsm:nauaﬁuﬂ?ﬁ
! o .. . & ¥ A Av v

nmimaqamm'la'[mwu, uanlanfle, nitrite URe thiosulfate \{ue BiEnasauilaenms

5an°‘fﬂm‘i’uvﬁuﬁmminnﬁ’ﬂggnIsﬁmﬁmu'lmﬁa'lﬂumsﬁ’om'ﬂ:ﬁ ATP 'l fotnaru

a o A e AW e a o A &
Hydrogenomonas Luafi S luddaflaTundsnulonmssandtadunslalasiou

& Av AI ° ¥ o A a
(telaviauluians) vstidosaniliawled hydrogenase lAaufngen

H2 ——=2Ht + 2~

duanavauuazlalasianladoug: nnm"hmm NAD nmmﬂu NADH + H+

u,mnnmma"lﬁwaansmau“[ﬂamua nlogminela

Nitrobacter LuafilSuluddsilasundsmuanmssendladluleselagouliiiu

v o LY -} [l s a -;’ a &
Inaraledou TanfiowlodAawie cytochrome C reductase 5 lumsissufnsenit disn-
asougnautnggnlenmimulaf cytochrome ¢ Fudovin e ATP Soadadiinason
angwuludsfandiou votiilosvindr E L UBIIZUL nitrate-nitrite O/R system HUAOUTN
§9 Aoy 0.42 19a@ 39108719389 cytochrome b, FAD, FMN #3g NAD* &9 E,

UYBITZUY O/R system d1n e a93UN 106
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NIGLEAFN (Lactic fermentation)
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COOH ' COOH
2 C=0O + 2NADH + 2H' — = 2H-C-OH + NAD?T
CH ‘ CH .

L 3
Pyruvic : Lactic
acid acid

Tumindaadnatanlasd T i luiwdsrnwisswodemIFuaTen ATP waathals
[ Addvl [ € ae A e A & o [7]
fanunadtngwlwioasd NAD+ naufwelSlaTudiEnaTen vnldwuawms ely-
colysis anfudatylfineananglaa'lddn (vap+ il’nQn’lﬁi’uﬁtﬁﬂmawﬁadalﬁ’uﬁmmu
mM3ans 9) Faiu streptococcus WInHASlEWFINUIINILINMT elycolysis UAAEBEAAL T
a & W - oA ¥ A e u¥ P
JUR 10-3 ugasfismsls ATP spaluians Luamaunmmwamlﬂmmang}'[ﬂﬁv\m
T,maqaé%ﬁumsamuﬁqlmmums glycolysis wadanuilalenanaaluruiumaiu
d
1, 3- diphosphoglyceric acid aaa‘[maqaua:aaﬂmaqamm phosphopyruvic acid @aTu
[ | 3 4 A W, d' Qe 2’,
msmuwaamugmmm‘mmswaammﬁamimmifl:ﬁ ATP latsfluans dadu
¥ A . . ¥ .
Lmaﬂmaqammmmangiﬂmumﬁwgmmums glycolysis 39 1aWAINUTIRNATUIUIN

2 ATP Eﬂﬁ 10-7 WRAIDINIIRANNIALEAAN

o

Eﬂ'ﬂ 10-7 The lactic fer- Glucose
mantation. In gtycolysis.
giycaraldahyde-3-phosphate
is oxidized, with the release ATP b ' '
of two electrons. These
alectrons reduce NAD " to
NADH + H* Subsequently,

NADH + H* reduces pyruvic ‘
acid to lactic acid, regener- AN —"
ating NAD* for oxidation of
more glyceratdehyde-3-

AT ey

phosphate. There is a net b 2 ATF
gain of 2 ATP per molecule
of glucose used.

s N £ ATP

1
2 Pyruvic acid

4

2 Lactic ocid

MI 211 201



Iumwﬁmmuﬁu%dﬁwﬁuﬁmm5ammﬁmaaﬁwman@IﬂﬁﬁnLﬂuvLUmmmuﬂﬁ

.

YBIVVINMT glycolysis douaasluz i 10-3 usldiasalulunnnsdl douandraluns
wﬁn‘[amﬁ'ﬂﬂﬁmﬁﬁﬂ@ﬁﬁmamﬂ%’nmiwg%ﬂ ﬁoﬁﬂwgnm%oawﬁaﬂﬁﬁmﬂu

€ A ar 6 a o = a |
guonasmianuarasmIwinailulaesn dusaslugun 10-8 uaaadamanioeng g

o |

ﬁ"lﬁ%’mmﬂmﬂﬂa%mﬂﬂmaﬂwgnm
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a3 10-3 Bt atunuaf S owanANaanTeLana N3 awIninaansalnswsaaiia

[ @

Wuan
El

iﬂrﬂ 10-8 Pyruvic acia s Caurbohyorates
regarded as the key com- chsacchandes and nigher

pound in the dissimitation
ot glucose as shown in this |

schematic illustration. All l
reactions are anasrobic Givcose
{termentative) except far CH0,
B! 2
these cccurring in the Succing sy Acetic aaid Formic acid
Krebs (citric acid) cycle. HOC»CCH_,CHJ(“OOH~—I CH,COOH ~ HCOOH
Propomic acid | Loctic acid 1
TH,CHL,CO0H 1+ CO,— . //+CH3CHOHCOOH H, + CO,
e
Acerylmethylcarbino! Acetaldehyde
, CHaCOCHOHCH e —==—— Pyruvic ————CH,CHO + CO,
acd
2.3-Butylene glycol CHCOCO0OH Ethyl alcohel
CH,CHOHCHOHMCH  #—- . / I CH;CH,OH
Oxoloacetc acid r Acery Zoa + £, Achive ocerate
COCOOH {Acetyl CoA)
CHLCO0R 'ﬁ' Acetic acid
l “CHy O~ ———CH,{QOH
|
fu the Krebs Ling ond cycle Acetoacehc od
CH,COCH,.CO0H
Acetone | I Buryric acid
CH,COCH, o — CH3CH,CH,COOH
i /3 Hydroxybutyric oad !
opropyl olcohol CHLCHOHCH,.COOH . Butyl alcohol
L CHOHCH, CHyCH,CH,CH,OH

202 . ‘ MI 211



<
MAMINNN 10-3

Bacteria Grouped According to Major Products of Glucose Dissimilation

GROUPS WITH EXAMPLES
OF SOME GENERA

BFPRESFNTATIVE PRODUNCTS

Lactic acid bacteria
Streptococcus
Lactobecillus
Leuconaostoc

Propionic acid bacteris
Proplonibatterium
Yeaiilonella

Coli-asrogenes-typhoid becteria
Escherichia

Enterobacter
Saimonelia

Aceione, butyl aicohol bacterie
Clostridium
Eubacterium
Baciilus

Acetic acid bacteria
Acetobacter

Lactic acid only or lactic acid plus acetic acid, tor-
mic acid, end ethyl alcohol; species producing only
isctic aci¢t are homofermentative, and those pro-
ducing lactic acid plus other compounds are hetero-
lermeantative

Propionic acid plus acetic acid and carbon dioxida,

Formic acid, acetic acid, lactic acid, succinic acid,
ethyl aicoho!, carbon dioxide, hydrogen, 2,3-butyl-
ene glycol (produced In various combinations and
amounts depending on genus and species)

Butyric acid, butyl alcoho!, acetene, isopropyt alco-
ho!, acelic acid, formic acid, ethyl alcchol, hydro-
gen, and carbon dioxide (produced in various com-
binations and amounts depending on species)

Acetic acid, gluconic acid, kojic acid
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§ & H v a a 1 o e =
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éT’JE]EJI'Nﬁ’]i]_]‘i?:ﬂauméﬂﬁvlg{u,ﬁ glutamic acid, glycine, histidine, lysinc W8 purine WIN
clostridia U9wiiafltssuudsiawlmifewds 9 sawiuwinldaunsandnguainie

aziiluens 9 saniwle srumuilapialui3undn sickland reaction luggn3oiinse
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§iJTI 10-9 Giucose la ter- A Glucose fermentation by Escherichia cgli
mented by many different
bacteria and in mapy differ-
ent ways. (A) Escherichis
coli fermenlation of glucose
results in a mixture of prod-
ucts (acids, gases. and a Succinic acld —————Pyruvic acid————s Lactic acid
neutrai product), whereas '
{B) Streptacoccus lactis

produces practically ali tac- .
tic acid. Acetyl CoA Formic acid

Glucose

Ethyl alcohol + acetic acid Carbon dioxide + hydrogen

8 Glucose fermentation by Streprococcus lactis

Glucose

Pyruvic acid

i)
Lactie acid
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2|
21]'“ 10-10 Fume structure
of the photosynthetic bac-
terium Rhodospirilium
maolischianum. Note the po-
sition and the Jamellar stack
type ol the intracytoplas-
mic membrane system,
~ 60.000. (Courtesy of G
Drews and R. Ladwig and
the Williarms & Wilkins
Company. Baltimare.)
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31]‘" 10-11 cCyctic photo-

phosphorylaticn as it oc-
curs in photosynthetic bac-
teria. The electron returns.
at a lower energy state, to
the bacteriochtorophyil
which had becoma positive-
ly charged after the initial
ejection of the electron. No
NADP is reduced and no
external electron donor is
necessary for this process.
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=
‘IJ7I 10-12 Noncysiic photophospharylation as it coeyrs in
green plants and algae. In this process, electrons raised 1o a
high energy state ultimately reduce NADP* and are not racy-
N cled to the light-pigment systems. Tha protons necessary for

reduction come from the dissociation of water which resuits
in the evolution of oxygen.
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