H, 5 2H* + 2e-
[NiFe] Hydrogenase [FeFe] Hydrogenase

2H* H,

2e’
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[4Fe-4S] [dFe=15] [4Fe-5]
s @) s
center ere ‘
[3Fe-4S] center

large subunit [4Fe-43]
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H, 2H*

Turnover up to 104 cycles/second
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[FeFe] hydrogenase

Met376V Cys178

Only one connection to
the enzyme

Dithiomethylamine,
NH(CH,S"),

Pro203

Ala109

%9032
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The CO ligand favors the heterolytic cleavage of H,

heterolytic T complex oxidative addition
cleavage *

L]
TOH H
[M—H]|  +H* =— M= X’ 1
H H

electrophilic M nucleophilic M



Fe—Fe hydrogenase

Ne 8 cN * Active site attached at only one point
hrotein OCQ"FG/ p_s\Fe-'f_.co * CO and CN ligands on low-spin Fe"
Cys—s/ \:/\ \(;Hz\ = Metal-metal bonds
/ NH
/l/'-'e W \ \ Intramolecular heterolysis of H,
g \ ostensibly at this site
Y O, nitrogen?
_Fe i: e/\ / CO can displace H,0; can H,?
e \/~Fe-sR H, is slightly stronger ligand than
H,0 on W(CO)4(PR3),

Fe-S cubane cluster
for electron transfer

Trans CO ligand favors H, coordination and heterolysis

High ligand-field strength of CN may be needed to help maintain a low-spin state
for Fe that is critical for strong CO binding. High-spin Fe'-CO complexes are rare



mechanism hypothesis
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+H2
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’\\ Heterolytic
T cleavage
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The acidic Fe(ll) atom and the basic NH group of the bridging
dithiomethylamine behave as a frustrated Lewis pair, FLP, leading
to the heterolytic cleavage of the H-H bond.

FLP (frustrated Lewis pair)



mechanism hypothesis

b 4

Small subunit

Cys-S O .
y \Niﬁ-/ \F{CN

H CN )

7~ i Sco
ys-S S_CyS"S-Cys

KC
Oxidized state
|
| Activation l
17
é CN ) _
Cys-Sa_ ~cn|  diamagnetic
Large sabunit /N\I e, * \“CO
 Cys-S S_Cysﬁ'S-Cys )
H, e, H*
Iron always Fe(ll) |.s., Ni-SI,
Nichel NI(“)/NI(“') | Catalytic cycle l
- T on )
C}'S-S J\\CN
\Ni{ Fe_
i CO
 Cys-S Cys”S-Cys . -
: : Y Ni-C :
diamagnetic o Ht paramagnetic



Fe—NIi hydrogenase

Ultra-high resolution X-ray structure allowed to position also the H atoms.
Nature, 2015
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Nickel

~ 58.693

a

Nickel enzymes play crucial roles in bacteria, archaea, fungi,
algae and plants. There are currently no known Ni-enzymes in
mammals, and nickel is classified as a “possibly essential
element” for animals and humans (estimated need: 25 — 35

ng/day).



Redox Ni-enzymes Non-redox Ni-enzymes

Anionic sulfur ligands (Cys e « O/N ligands
S%) « Always as Ni(ll), Lewis acid
Redox pair Ni(Il)/Ni(lT) behavior

Coordinatively unsaturated Six-coordinate
Low spin « High spin



Urease (non-redox enzyme)

O HO NH; O H.0 NH; o
N SN |
HzN’ﬂ M&“NHE Urease HEN”HJ ~ O - ~o°

O HO

urease Iis the most efficient of the
known hydrolases, inducing a 3 x
10% fold increase in speed over
the uncatalyzed reaction (from
hundreds of years to
microseconds)

Trimer of trimers of the type (apy),



Dinuclear active site in urease

'3 piOH/"

five-cooordinate

N>
&
\)

.

g

[

carbamylated lysine
CO, insertion as in
Rubisco



NH(Lys) NH(Lys)
OQC,NHZ B
7N | 07" o
(SN, [ _wN(His) ”U“2° HioN.., T ow N(His)
Ni2
(HIS)N/ "0/ N(Hi > H N/ ~0"
carbamate 2% / \O(Ai & ="\ ~0 \) e
o p) W\ (Asp)
(U: /C——NHZ
0" “NH HoN <
2
%
4H,0 i
NH(Lys) Urea is a modest chelator C )Tws)
o ah BN
R HSN., | 4 NCHis)
“Nil i2 “Ni1 Ni2
(His)N™" “«') '\) i (HisN™" I\‘O/ I “NN(His)
W ONH __.,AO—(‘;—N‘!TZ (Asp) PNNH o\\(C’N‘!:IZ (Asp)
_ @ __ |
HaN - 0 HoN oo o
His 222 3 ) Alac366 His 222 ’ 7/ 366
[-;N' a o N Alav
HN "oto Nucleophili HN

Lowered pK,



methyl-coenzyme M reductase
redox enzyme in methanogenic archel

- /\/S“u
055 CH; + HS
H 0oPO,>
Methyl-coenzyme M Coenzyme B
All biological methane (est. 10° t/y) Methyl-CoM
IS produced by these archea Reductase
Y AG°~-30kJ/mol
HCH,
H Coz
HH opo,2

Heterodisulfide
Methanogenic archea utilize H, and CO, as unique sources for
energy and carbon



Ni(l), d®, in coenzyme F-430

tetrapyrrole macrocycle

with only 5 double bonds

proximal

S-CoB

CoM-S-

Hg2

(6]
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o
=

O
o
o
I

COOH

distal

glutamine



CoB- SQ

H3C—S -CoM

fi] =

CoB-S
N H

&

S2 mechanism, Ni()/Ni(I/Ni(l11)

/ CoB-S
H
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OH
/‘\
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\ S-CoM

CHa
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fo] — [l == Jo7 — fip L pug

\ E°NignE-a30mi()F-a30 < 600 mV

Radical mechanism, Ni(l)/Ni(Il)



