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Chem 1140, Bioinorganic Chemistry

e Introduction
e HSAB

* Porphyrins

e Zn-Enzymes

Introduction

>30% of proteins in PDB contain a metal
Metals are essential enzymatic cofactors and structural
elements in
Hydrolyses, redox chemistry, signaling
Photosynthesis, aerobic respiration, N-fixation, global chemical turnover
Evolution of life is governed by interactions between organic
life forms and essential inorganic resources
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Table 19.2 The classificaton of some biomolecules containing metal ions

2

Metallobiomolecules

Chem 1140

Proteins

Ernzymes
(see below)

Transport and
storage proteins

I
Electron
carriers

. Cytochromes

Iron—sulfur

Cu: Blue copper
Ma:

Ca, Si:

Zn, Ha:

Fe:

Fe, Mo:

Fe, Mo, Cu:
Mo, Cu, Zn:
Co:

Zn:

Zn, Cu, Mg:
Mg, WIn:

Metal
storage
and
structural

Ferritin
Transferrin

Ceruloplasmin

Metallothionein

Signal
transduction
1
O, binding Metal
sensors
and switching
Myoglobin IRE-BFP
Hemoglobin Fur
Hemerythnn
Hemocyanin Cup 2

Calmodulin
MerRR

Enzymes

MNonproteins

Metal Photoredox
transport
and
structural

Siderophores

Chlorophyll
Skeletal

I

Hydrolases

Carboxypeptidase
Phosphatases
Aminopeptidases

Oxido-reductases

Oxygenases
Hydrogenases
MNitrogenases

Oxidases

Reductases
Hydroxylases
Superoxide dismutases

Augmented version of J A lbers and R.H. Halm, Scgence 209, 223 (19280)

Isomerases and
synthases

Aconitase
Endo 1l

Vitamin B, ]
coenzymes

~« Use: Define which biological ligands readily interact

AS Rule of thumb: hard acid/base binds hard base/acid,

Hard & soft acids and bases 1

with metals

- Metals are Lewis acids; ligands are basic

* Definitions:

— “soft”: large (atomic radius) and electronically

polarizable

—“hard”: small and non-polarizable

and vice-versa
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Hard & soft acids and bases

Hard-soft acid/base classification of metal ions and ligands important
to bioinorganic chemistry:

Metals: Ligands

Hard: H*, Na*, K+, Mg*, Mn?*, H,0, OH-, MeCO,", PO,*,

RS Gt Cat, Crat Cod’t, CO,*, NO;, ROH, R,0, NH;,
Fe3+, TI3+ RNH,, N,H,, RO~, CI
Borderline: Fe2+, Co?*, Ni%t, NO,, N,, SO;%, Br,, N;, aniline,
Cu?t, Zn?t imidazole

Soft: Cut, Au*, Cd?t, Pt?t, Tl*, R,S, RS-, RSH, SCH, H//RT
Pb2*, Pit+, He?* CN- RNC, CO. RN

General Trends for Transition Metals

Early Transition Metals Late Transition Metals
— Low electronegativities — Higher electronegativities
— Higher oxidation states — Lower oxidation states

— “Harder” metal center — “Softer” metal centers

21 22 23 24 25 26 27 28 29

Sc [Ti V [Cr Mn |[Fe |[Co |[Ni Cu

Scandium | Titanium Vanadium | Chromium | Manganese |[Iron Cobalt Nickel Copper

39 40 41 42 43 44 45 46 47

Y |Zr [Nb Mo Tc |Ru |Rh |Pd |Ag

Yttrium Zirconium | Niobium Molybdenum | Technetium | Ruthenum | Rhodium | Palladium | Silver

57 72 73 74 75 76 77 78 79

La Hf Ta W Re |Os |Ir [Pt |Au

Lanthanum | Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold /

e ]

\_~__/':
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Expected ligand-metal pairs

Ligands hard hard hard
Hard: HZO, OH-, MeCOZ-, PO43—’ ¥ s e anti syn
CO;>, NO;, ROH, R,0, NH;, ™ H;:/N’M /L\(_:)?M oJ\o'M ‘/<0
RNH2, N2H4, RO-, CI- amino imidazoy! carbonyl O-M

o]
<"—>M carboxylate
o}

Borderline: NO,", N,, SO,>, Br,
N, aniline, imidazole

hard hard soft soft
5 O-M S—M ]
Soft: R,S, RS-, RSH, SCH-, H,, N e {3 rome s M |
i . O-M 3
R.P,CN-, RNC, CO, R o T ) 2y

7N

o ——— - AT gy

Sulfur Donors

:

. Thiolates: poyverful bridging R- : i:: grritlz-ir':'srmunal Easily oxidizedj
ligands, specially for low oxid. 5 6e- Triply bridging to R-S-S-R
state metal center. Thiolates

Mercaptides
* Lower electroneg. relative to “O” 5 ey =
IO e e- Terminal ——» M="  Relatively
means they are better donors :S: 4e- Bridging BB
F 6e- Triply bridging

» Sulfides: also powerful bridging Sulfide  8e-Quad bridging
ligands

Fe/S Cubanes

* Bridging plays crucial role in
Bioinorganic Chemistry!!!

* Neutral donor dialkylsulfides:
“Softer” ligands, more polarizable

\ V4
/\ kS 2Fe(+2) &3
2Fe(+3)

o 5
S S
S \\/ \://: LIy
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Neutral Nitrogen Donors :

In general, alkylated are not @ '}
particularly good ligands. Mainly owing to /)\1\ !
relatively short N-C bond and the R R

stereoelectronic problems generated from it. R

Chelating amines have less steric problems :z 2 H 2+

and are better ligands for transition metal [ \M i E \M + 4l
centers. i N/ M=Ru \N/

however, are susceptible to oxidations: H, H

Di-imine Complex

stable and not easily oxidized. Chelate effect Mevis., wMe

, on the other hand, are quite
Me"N N“Me }

helps coordinate metals more strongly

TMEDA = tetramethylethylenediamine

Perhaps most famous neutral “N” donor ligand

is or , abbreviated ] o g
Phenanthroline is a more rigid version that \ // \ / /i
N N N

forms even stronger metal chelates.
P g I ————

!

=
NS RSN
Bipy = Bipyridine \“‘/M)en = phenanthroline

Common metal geometries

Coordination
number 3

-VSEPR: maximize
space between ligands

Coordination
number 4

-ligand field theory:
maximize ligand field
stabilization energy |
(i.e., maintain lowest |
energy d-orbital
configuration)

Coordination
number 5

Trigonal bipyramidal

Coordination
number 6

P

e
e

|
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Nucleic acid bases
{ {
Dinucleotide: £t NH, (0] (0]
so H
0 SN ] HNE)“E/ CHa HNS)“H
NH 238 el 2 6 2 6
. e R e
01 o hard . ’ .
NH, Cytosine Thymine Uracil
Ho wH </N N
ofo W L - |
10 ﬁ“ Y |
HNY O 57 SN
H H 1 AN\ 1 5| e\
H 8
5 | i e j ?q> g sﬂl>
0=pP-0 } H } H
o
Ila hard Guanine Adenine /_r\

Irving-Williams series

Ca?* < Mg?* < Mn?* < Fe?* < Co?* < Ni2* < Cu?* > Zn?*

* Use: Define which bio-ligands will be found bound to which metals

- Definition: Binding preference, for a given ligand, of divalent first row
transition metals

- Related to decrease in ionic radii across the series, leading to stronger metal-

ligand bonds

* Rule of thumb: smaller ionic radius, more focused + charge, stronger bonds

- Second, third row TMs:

Z+

\ n2 Hz (Z-1)+ “2 (Z-1)+

7/ H— (4 4

M ;@) — >M\ erH - >M\ :\L + ROH
o o o~ ¥ o\
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Lewis acidity follows series

- Ca?* < Mg?* < Mn?* < Fe2* < Co?* < Ni2* < Cu?* > Zn?*

Table 2.2
pK, values for selected ligands with and without metal ions
Log K
Ligand and reaction Metal ion (25°C, 0.1 M)
o None 14.0
€l 13.4
H,0 + M2* o M—cm+ Mn2* 111
@udi: 10.7
+H :
Znid 10.0
- H* None 35.0
NH, + M?* tdfeck M—NH, | Co* 329
\ Cu?* 30.7
+ H Ni2* 322 }
- H & None 4.7 !
H I
C"’ st o (") —l Mg?* 42
+ M C Gali 42
HO” CH + b M—07 TcH, Niz* 40
Cu?* 3.0 ‘
— H‘ 24 i
None 7.0
T S
HN/ﬁ + M** M—Nﬁ _‘ Co?* 46 |
\_-NH i Hﬁ W \_-NH Ni2* Al y
Cu* 38 /—r\
* 7 ‘
How strong is the effect? N &
45 “s ig e e, i

—_

Chelate effect i

- definition of chelation: coordination of two or more donor atoms from a
single ligand to a central metal ion

- chelation lowers binding energy and increases binding affinity of ML

- reason for: favorable entropic factor accompanying release of nonchelating
ligands, e.g. water

- examples: EDTA, corrin, porphyrin

- catechol + Fe3*, versus hexadentate siderophore K, = 10-35

HO_ o 5 |
H,C HZCAOH L
4 /—r\
N OH
o o TN, 3 |
P oy
—_ 0 el gt et 4
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Proteins as ligands

- enhanced chelate effect
- exquisite redox tuning from second sphere ligands
- channels, pockets, binding pockets to bind or exclude ligands, water

r——

-

Porphyrins

g-e

— Oxygen Transport

- Hemoglobin
— 4 Fe containing globin units (2-alpha and 2-beta)
— Kincreases with each O, added
— Fe(Il) does not oxidize to Fe(lll)

» Non-aqueous or simultaneous oxygen binding to two
hemes.

— Oxygen Storage
+ Myoglobin
— 1 heme group //




P. Wipf 9 Chem 1140

Biologically Important e @RI
N-Ligands @ NQ" Q/iﬂ

pyrimidi purine

X

7 6

Porphine
(metalloporphyrin when bound to a metal)

Protein\
S
g—Protein = S/Protein
o |
Hooc FoH Hooc  HooC
I g m— Cytochrome-C }@pratﬁ;r'phyrinrl)l(

e ]
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Oxygen Carrier in Sea Worms |

_ »— NH

{

— Fe(ll Fe(l
1& It ,.
/(e(ll) > Nj .\

M
“ /s
N <.C ‘ Fe(lll) :
/ 11_:'_-».{::: - NH !
[ {
|
T g I £ - -{'::;_/-{:W" r"fj

NH |

A b N

Ir=

Oxygen hemocyanin
mollusks and arthropods

=
I
ZT
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Iron Environment in ¢
Myoglobin

T —T e —— T A et

Cytochromes, Peroxidases, and

Catalases |

_+ Cytochrome P-450 |
— Oxidation catalyst

- Peroxidases/Catalases
— Decomposition of organic peroxides.

T —T e —— T A et
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Cytochrome P-450

ROH OH,

‘ RH
S

2]
~<
7]

[P S

7
/\
s o
/
N

(

CYP3A is responsible for metabolism of >60% of all drugs {

CYP3A
enzyme

e — A A

Liver, intestine

S S

Erythromycin ~ Cyclosporin Tamoxifen
Atorvastatin Carbamazepine Doxorubicin Drug B Drug B '
Willson, T. M.; Kliewer, S. A. Nat. Rev. Drug Disc. 2002, 1, -266. P

—_ e ‘#
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Zinc and Copper

~*» Zinc is found in more than 80 different enzymes.
— Carboxypeptidase
+ Catalyzes hydrolysis of peptide bonds
— Carbonic anhydrase
- CO, > HCO;
- Copper
— Ceruloplasmin — blue-glycoprotein
+ Iron storage and oxidation/reduction
— Superoxide dismutase 1
+ Conversion of superoxide to peroxide to water. .
— Also laccase, ascorbate oxidase and plastocyanin

Zinc proteases (metalloproteases) include:

- digestive enzymes, carboxypeptidases
- matrix metalloproteases (MMPs), secreted by cells
+ one lysosomal protease.

Some MMPs (e.g., collagenase) are involved in
degradation of extracellular matrix during tissue
remodeling.

Some MMPs have roles in cell signaling relating to their
ability to release cytokines or growth factors from the cell
~ surface by cleavage of membrane-bound pre-proteins./,_r\
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TR A TR
P, 5= oot
ab

A zinc-binding motif at

- metalloprotease

- Colorsin

' right: Zn, N, O. Carboxypeptidase
- the carbonyl carbon by the oxygen atom of a water

- An active site base (Glu in Carboxypeptidase) facilitates

PDB 1Y
N o

the active site of a

- includes two His
residues whose
imidazole side-chains
are ligands to the Zn++.

water oxye
Carboxypeptidase image at

During catalysis, the Zn** promotes nucleophilic attack on

molecule at the active site.

this reaction by extracting H* from the attacking H,O.,
-




