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TABLE 18-1. Characteristics of Electron Transport Systems in E. coli

Electron 8GOa Terminal Respiratory Chromosomal
Acceptor (kJ/mol) Enzyme Operon Location (min)
0)) —233 Cytochrome o oxidase cVOABCDE 10
0} —233 Cytochrome d oxidase cVdAB 17
NO;~ —144 Nitrate reductase narGHJI 27
NO; - —144 Nitrate reductase narZYWv 33
DMSO -92 DMSO/TMAO reductase dmsABC 20
TMAO —87 TMAO reductase forA 28
Fumarate —67 Fumarate reductase frdABCD 94

“Free energy calculated by using NADH as an electron donor to the indicated electron acceptor.
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(Citric Acid Cycle) In the Q-cycle 2 QH, are oxidized
at the Q, site, and 4 H* are
Electrons can enter the exchanged across the membrane,
:T:claéao(rino?\c?rnar?ae?clher for every Q reduced at the Q; site.
Complex | or Complex Il

NADH + H* H,O

Electrons exit the chain
by reducing the terminal
electron acceptor (O,).

Free energy released/2 e-
AGY = -nFAE,’ = -2(96.5)(1.14) = —220 kJ

(it B R EK TH Paracoccus denitrificans)
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(1) bo-type (IEH FHH)
® a heme copper protein
® an integral membrane protein
® subunit that contains oxygen binding site has twelve membrane
spanning domains
® a redox driven proton pump.

(2) bd-type (FaEH. 1KF)
®Not structurally related to the bo-type or mitochondrial type
oxidases
® unique to bacteria
® a very high affinity for O,
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4 H* 2 HE 2iH: 4 H* 2

Periplasm
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NADH + H* NAD* Fumarate Succinate 2H"+ %02 H,O NADH + H* NAD* Fumarate Succinate o H* 4
(Citric Acid Cycle) (Citric Acid Cycle) NO;~ NO, +H,0
Complex | Complex Il Cytochrome boj Complex | Complex Il Nitrate reductase

(a) Aerobic respiration (b) Nitrate reduction
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Protein Components of the Mitochondrial Electron-Transfer Chain

Mass Number of Prosthetic
Enzyme complex (kDa) subunits* group(s)
| NADH 850 42 (14) FMN, Fe-S
dehydrogenase
Il Succinate 140 5 FAD, Fe-S
dehydrogenase
Il Ubiquinone: 250 11 Hemes, Fe-S
cytochrome ¢
oxidoreductase
Cytochrome ¢! 13 1 Heme
IV Cytochrome 160 13 (3-4) Hemes; Cu,, Cug
oxidase

*Numbers of subunits in the bacterial equivalents in parentheses.

‘Cytochrome c is not part of an enzyme complex; it moves between Complexes Ill and IV
as a freely soluble protein.
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Engineering yeast endosymbionts as a step toward the
evolution of mitochondria

Angad P. Mehta®", Lubica Supekova®’, Jian-Hua ChenP, Kersi Pestonjamasp®, Paul Webster, Yeonjin Ko?,

Scott C. Henderson®, Gerry McDermott®, Frantisek Supek®?, and Peter G. Schultz®?

aDepartment of Chemistry, The Scripps Research Institute, La Jolla, CA 92037; PDepartment of Anatomy, School of Medicine, University of California, San
Francisco, CA 94158; “Core Microscopy Facility, The Scripps Research Institute, La Jolla, CA 92037; dDepar‘tment of Advanced Imaging and Microscopy, Oak Crest
Institute of Science, Monrovia, CA 91016; and “Department of General Medical Biology, Genomics Institute of the Novartis Research Foundation, La Jolla, CA 92121

Contributed by Peter G. Schultz, September 14, 2018 (sent for review July 31, 2018; reviewed by Jay D. Keasling and David R. Liu)

PDNAS

A B
glucose —Aglycolysis—ATP glipse —4 glycolysis— AXP =~ ER
M o) M L)
glycerol 6/’)//7 ) — ATP glycerol

Fig. 1. Strategy to engineer S. cerevisiae—E. coli endosymbiont chimera. (A) Wild-type S. cerevisiae can
grow on medium with glucose or glycerol due to ATP production by glycolysis in the cytoplasm and
oxidative phosphorylation in mitochondria. (B) Yeast cells with a defect in oxidative phosphorylation
cannot utilize glycerol for ATP synthesis and cannot grow in the absence of glucose. Introduction of E.
coli-expressing ADP/ATP translocase and SNARE proteins into such mutant yeast can restore yeast
growth with glycerol as the sole carbon source. Growth of intracellular E. coli is dependent on thiamin
diphosphate (vitamin B1) provided by yeast. ER, endoplasmic reticulum; G, Golgi apparatus; M,
mitochondria; N, nucleus; V, vacuole.
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Useful conversions between electrochemical parameters and Gibbs free energy.

Effective electrochemical potential E;, at pH 7 of a redox compound:
(1) En7=En7+59 mV/nx+log ([ox]/[red])

with E;, 7 denoting the redox midpoint potential at pH 7

and n, number of transferred electrons

Electrochemical driving force for redox equilibrations

between a donor (D) and an acceptor (A) molecule:

(2) AE,=Ey (A) —E; (D)

Gibbs free energy of redox reaction:

(3) AG= —nFAE;

with n, number of transferred electrons and F, Faraday constant
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ATENTESET, AGC ZUUTEESMN. *
1. HTFHES5EF24Z BIRREL R BHZE (AE,, )

2. HFHES PR IRE
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Methanobacteriales

Biosynthesis

Methanococcales ) CO,
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Pyrococcus furiosus
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Glucose-6-phosphate (EREREE)
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2 x 3-Phosphogliycerate Ech

i*z e * Mz/‘_-9 ® N oo vy AV BSEChA—F
2 Pyruva

2 €O, .—l-_e Fd? P

+ - 2 Acetyl-CoA

}

l+2 ATP
2 Acetate + 2 H*

Glucose + 2 H,0 = 2 Acetate + 2 H* + 2 CO, + 4 H, AG'=-240 kJ/mol (90°C)
3 ATP/glucose
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Eh pH7 vs. SHE (mV)
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M. barkeri
(with cytochromes)

4 H, + CO,=»ICH, + 2 H,0
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Thauer et al. 2008 Nature Reviews Microbiology
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Methanophenazine-
reducing [NiFe]
hydrogenase (VhoACG)
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Electron transfer
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(membrane-bound nitrate reductase; NAR)

NO, + 2H* NarG Cytoplas

NOZ‘+ HZO
NarH
PN
QH,
St Membrane
Q
Periplasm

H+

FERFENNE . ATP
SEERATP, K
SFXHTHERIEK.

Proton translocation

\/

Bueno et al. 2012 Antioxidants & Redox Signaling
Rothery et al. 2008 Biochim Biophys Acta
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Bertero et al. 2003 Nature structural biology
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Eh pH7 vs. SHE (mV)
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S NAD*+H*

NADH A
N)
1
.FM.N

0o

NADH-quinone oxidoreductase (complex I)

Complex IEF N RFRIER

Q: ubiquinone
QH,: ubiquinol
N2: fixJ7 —fFe-Sik

2H? 2H*

\ Matrix

ND2 ND4 ND

Ly
Py Intermembrane

Space

\

Brandt 2011 Biochimica et Biophysica Acta



Sl NAD™+HY  ZRi{kRY) Complex IBER R FRIER i

Q: ubiquinone ﬂ

QH,: ubiquinol _.(

N2: %)ﬁ—’l\Fe-Sﬁ . L

13.5(12.3), (¢ FMN
o"\‘ ~

. 2H* 2H* 0 ~~~~~ ~7@0.9 (7.6)
Nia  ~S~,
g H H : 22‘3(19-4)@14.2 (11.0)
~___ Matrix NS N1b
13.9 (10.7)
ND2 ND4 ND5 N4 -_24.2 (20.5)
—\Pr Pgwm J12285) -""®
u U N5
s S
[2Fe-2S]y1p o @16.9 (14.0)
4Fe-4S Nf
NADH—| FMN [2Fe-2S] [ hs [4Fe-4S] — Q-pooll
N'a [4Fe-4S]y, N2 hiea 12.2 (9.4)
o [4Fe-4S] s QNs/ N6b
[4Fe-4S]\sun 14.2 (10.5)
2 o
[E.7o (mV) =320 -340 -370 -250 —-150~0 +90 Nf
' -50

- {EHN: NADHE L %

e FeSik: Fe,S, 5 Fe,S,(FeSHEHEER T EZEPEXT); EENADHE X
i ;2. 5 ubiquinoneit R i 5,

« {HIRQ: ubiquinoneil[H
o IRBRP: [RF&E



S NAD*+H" 2Bl ik i) Complex IEFEN R FRIEHR

Q: ubiquinone
QH,: ubiquinol
N2: & J5 — 1 Fe-Si%k

= 2H* 2H*
%
&
B
ND2 ND4 ND5
P P
R P D
V V

BERN: NADHS L

Matrix

Intermembrane
Space

Q, ubiquinone;

Q-~, ubisemiquinone anion;
QH-, protonated semiquinone;
QH", ubiquinol anion;

QH,, ubiquinol.

FeS#%: Fe,S, 5 Fe,S,; FENADHE LS Subiquinonei® & i =

##RQ: ubiquinoneit /&
BRP: FRFHR



PR Complex IRIE/PIRTS

E-state P-state
Stabilization of anionic quinone No Yes
Electron transfer cluster N2 — quinone Yes No
Proton access to quinone No Yes
Mode of pump sites Input Output

(electron transfer) (protonation)

B EiE BRFit

+e Q

Brandt 2011 Biochimica et Biophysica Acta



