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Preliminary Note: 

All slides displayed in this presentation contain reproductions of drawings 
or schemes obtained from various sources. 

The following presentation is provided on a non-commercial base 
and should be considered as a help-only tool for students. 
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A multi-disciplinary area
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A lively scientific area: main international meetings:

International Conference on Biological Inorganic Chemistry
ICBIC

International meeting. Odd years. # 1000 - 1200 participants

Euro-conference on Biological Inorganic Chemistry
EUROBIC

European meeting. Even years. # 600 - 800 participants
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Bioinorganic Chemistry: Inorganic Elements in the Chemistry of Life
W. Kaim, B. Schwederski.
Wiley, 1994
ISBN: 0471 94368 1

Biological Chemistry of the Elements: The inorganic Chemistry of Life
J. J. R. Frausto de Silva, R. J. P. Williams.
Clarendon Press, Oxford, 1991
ISBN: 0-19-855598-9

Principles of Bioinorganic Chemistry
S. J. Lippard, J. M. Berg.
University Science Books, 1994
ISBN: 0-935702-72-5

Bioinorganic Chemistry: A Short Course
R. M. Moat-Malone
Wiley, 2002
ISBN: 0-471-15976-X

(availabale from UdS)

(available from UdS)

Useful references from which this course was setup
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NMR of Paramagnetic Molecules in Biological Systems
I. Bertini, C. Luchinat.
Physical Bioinorganic Series – Current Methods in Inorganic Chemsitry Vol. 2
Benjamin Cummings Publishing Company 2001
ISBN: 0-8053-0780-X

Inorganic Chemistry, 2nd edition
D. Shriver, P. Atkins, C. H. Langford.
Freeman and Co. 1994
ISBN: O-7167-2398-0

Physical Methods for Chemists, 2nd edition
R. S. Drago
Saunders College Publishing, 1992
ISBN: 0-03-075176-4

Biochemistry
L. Stryer
Freeman and Co. 1988
ISBN: 0-7167-1843-X

(available from UdS)

(available from UdS)

(available from UdS)
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Metals and biology: 

From the point of view of simple curiosity…
(no life without metals!)

… to major economical outcomes!
(important chemical reactions)
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A matter of 
curiosity: 

No life without 
Tansition Metals!
Only small amounts are required

Well-known 
Essential functions: 

Oxygen transport and storage, 
protection of organisms, 
metabolization…
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Major economical outcomes
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Industrial synthesis of Methanol
Lurgi and ICI process from natural gas (CH4).

CH4 + H2O CO + 3 H2

CO + H2O CO2 + H2

CO + 2 H2 CH3OH ∆rH°= - 108 kJ/mol

CO2 + 3 H2 CH3OH + H2O ∆rH°= - 68 kJ/mol

830°C, 18 bars

250°C, 15 to 100 bars

Copper-based catalyst

Exothermic reaction, cooling required;

Side products: ethanol, dimethylether, methyl formate

= Reforming: syngas

H3C H 105 kcal/mol

Bond dissociation energy

Two steps
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Biosynthesis of Methanol

from methanotrophic bacteries, and biogas (CH4).

H3C H 105 kcal/mol

Bond Dissociation Energy

CH4 + O2 + 4H+ + 2e- CH3OH + H2O

Iron- or copper-containing enzymes

Iron-containing enzymes:

One step at ambiant temperature and pressure !

Hydroxylase: 
Where the reaction takes place ! 

Reductase: 
Electron transfer 
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Hydroxylase component in Iron-containing Methane MonoOxygenases:

Dinuclear iron-containing active site:
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Fundamental notions on protein chemistry:

The basics of coordination chemistry of transition metals

Peptides and amino acids
Structure of proteins

Nature of a transition metal
Geometrical and structural aspects

Useful techniques in bioinorganic chemistry

Coordination of proteins to transition metals

Coordination modes
Direct Coordination of amino acids
Coordination via cofactors

Part 1: Part 1: PrinciplesPrinciples ofof Bioinorganic ChemistryBioinorganic Chemistry

UV-visible spectroscopy
Vibrational spectroscopy (I.R., Raman)
EXAFS
EPR
Paramagnetic NMR
Mössbauer
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Elemental components: amino acids - 1 -

Aliphatic lateral 
chains

Aromatic lateral chains

Proline contains a 
Secondary amine function
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Sulfur-containing lateral chains

Hydroxylated aliphatic lateral chains

Elemental components: amino acids - 2 -
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Lateral chains with basic character

Elemental components: amino acids - 3 -

Lateral chains with acidic character.
Presence of amides
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Structure of proteins 

Primary structure: sequence of amino acids and identification of disulfide bridges

Secondary structure: through-space arrangement of near amino acid residues

Tertiary structure: through-space arrangement and tridimensional
structure of pre-organized motives

Quaternary structure: through-space organization of subunits
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Structure of proteins: secondary structure

The peptide group:
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The through-space organization leads to two particular conformations

α helixes β sheets

Structure of proteins: secondary structure
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Structure of proteins: secondary structure: α helix

The number of residues by helix step is # 3.6. 
Helixes can be left- or right-handed (most of the cases)

α helixes

Internal stabilisation
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Structure of proteins: secondary structure: α helix
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Structure of proteins: secondary structure: β sheet
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Proteins can be globular: 
Occurrence of hairpin turns stabilized by H-bond

Structure of proteins: secondary structure: β sheet



26

1. Ionic interactions:
salt bridges

>0 charges <0 charges

2. H- bonds
3. Van der Waals interactions

4. Others: disulfide bridges

These bridges can be reduced leading to chain unfolding S S + 2e-   + 2H+ 2 SH

Structure of proteins: tertiary structure
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Assembly of subunits: the case of  Methane Mono Oxygenase

Structure of proteins: quaternary structure
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Fundamental notions on protein chemistry:

The basics of coordination chemistry of transition metals

Peptides and amino acids
Structure of proteins

Nature of a transition metal
Geometrical and structural aspects

Useful techniques in bioinorganic chemistry

Coordination of proteins to transition metals

Coordination modes
Direct Coordination of amino acids
Coordination via cofactors

Part 1: Part 1: PrinciplesPrinciples ofof Bioinorganic ChemistryBioinorganic Chemistry

UV-visible spectroscopy
Vibrational spectroscopy (I.R., Raman)
EXAFS
EPR
Paramagnetic NMR
Mössbauer
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Transition metals

Representation of the five d orbitals along the x, y and z axis
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Symmetry and Transition Metals

29
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Magnetism and Transition Metals

30
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Most frequently found geometry at active sites of metal-containing
biomolecules

31
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Flexibility – Role of exogenous ligands
The properties differ from a given geometry to an other one

L L

L: H2O, OH-, Substrate…
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Various oxidation states !
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Oxidation states and stability
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Building-up a Frost Diagram

Fe                  Fe2+ + 2e- E° = -0.44 V      

Fe2+ Fe3+ + e- E° = +0.77 V     

Fe3+ + 4 H2O            [FeO4]2- + 3 e- + 8 H+ E° = +2.03 V     

For iron in acidic conditions
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Fe                  Fe2+ + 2e- E° = -0.44 V      [-0.88 V-eq]

36
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Fe                  Fe2+ + 2e- E° = -0.44 V      [-0.88 V-eq]

Fe2+ Fe3+ + e- E° = +0.77 V     [-0.11 V-eq]

37



39

Fe                  Fe2+ + 2e- E° = -0.44 V      [-0.88 V-eq]

Fe2+ Fe3+ + e- E° = +0.77 V     [-0.11 V-eq]

Fe3+ + 4 H2O            [FeO4]2- + 3 e- + 8 H+ E° = +2.03 V     [+5.98 V-eq]

38
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For dioxygen in acidic conditions

H2O                  ½ O2 + 2H+ + 2e- E° = +1.22 V      [-2.44 V-eq]

H2O

O2

Building-up a Frost Diagram



41

Fe

Fe2+

Fe3+

[FeO4]2-

H2O

O2

H2/H
+

Acidic Fe(II) does not reduce water
Acidic Fe(II) is oxidized by O2

The Fe(VI) state does oxidize water

40



42

Redox potentials can be tuned by geometry

In electron transport systems, the conformational changes must be minor 
to minimize the energy differences involved

The case of plastocyanin: a tetrahedral geometry is imposed to Cu(II): 
=> the Cu(II)/Cu(I) potential is shifted to # 375 mV

If two oxidation states are presents, one of them being in a non-preferred geometry, 
the redox potential can be dramatically shifted

His

Cu

His
Cys

Met
Cu(I) Cu(II) + e-
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Fundamental notions on protein chemistry:

The basics of coordination chemistry of transition metals

Peptides and amino acids
Structure of proteins

Nature of a transition metal
Geometrical and structural aspects

Useful techniques in bioinorganic chemistry

Coordination of proteins to transition metals

Coordination modes
Direct Coordination of amino acids
Coordination via cofactors

Part 1: Part 1: PrinciplesPrinciples ofof Bioinorganic ChemistryBioinorganic Chemistry

UV-visible spectroscopy
Vibrational spectroscopy (I.R., Raman)
EXAFS
EPR
Paramagnetic NMR
Mössbauer
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Amino acids bind transition metals - 1 -
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Amino acids bind transition metals - 2 -
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Direct coordination to metals – Active site 1 

Using amino acid residues:

Histidins bind two copper atoms in deoxyhemocynanin

Protein
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Indirect coordination: cofactors – Active site 2 

Presence of a cofactor: HEME as example
(heme-containing proteins) 

The heme can be bound to the protein by metal coordination via an amino acid residue (heme a, heme b), 
alternatively by covalent bond (disulfide bridges in heme c). 

Protein
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Fundamental notions on protein chemistry:

The basics of coordination chemistry of transition metals

Peptides and amino acids
Structure of proteins

Nature of a transition metal
Geometrical and structural aspects

Useful techniques in bioinorganic chemistry

Coordination of proteins to transition metals

Coordination modes
Direct Coordination of amino acids
Coordination via cofactors

Part 1: Part 1: PrinciplesPrinciples ofof Bioinorganic ChemistryBioinorganic Chemistry

UV-visible spectroscopy
Vibrational spectroscopy (I.R., Raman)
EXAFS
EPR
Paramagnetic NMR
Mössbauer
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Identification at the molecular level of a (metal-containing)protein

Single crystals are required !

The structure must be refined to acceptable resolution ( # one Ångström)

This is a SOLID STATE technique

That must be completed by molecular dynamics studies. 
Does not necessarily match the situation in solution

Best technique:             X-ray diffraction 
(X-ray generator or synchrotron beam)

This is not restricted to metal-containing proteins
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Evidence of the presence (detection) of metals

Very small amounts of metals in biological systems.

i.e. human hemoglobin uses 0.35 % only of available iron in body

Use of SPECTROSCOPIC TECHNIQUES
These techniques may be « time resolved » 
(access to structural and reaction dynamics)

UV-visible

Vibrational: 
IR and Raman

EPR

EXAFS

Mössbauer

Paramagnetic NMR
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Use of SPECTROSCOPIC TECHNIQUES
These techniques may be « time resolved » 
(access to structural and reaction dynamics)

UV-visible

Vibrational: 
IR and Raman

EPR

EXAFS

Mössbauer

Paramagnetic NMR
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UV-visible spectroscopy

Chromophore needed: d-d transitions : very weak intensity

LMCT – MLCT: useful

π -> π* high intensity (authorized by Laporte’s selection rule)

Iron/sulfur proteins (Fe/S)
Discovery in the 60’s only

Weak exctinction coefficients

Oxidized state: Red color

Iron: Heme-containing proteins
Discovery in the end of 19th century

Physiological function established in the 30’s

Extremely intense absorptions
Purple-red (porphyrins)
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Heme-containing porphyrins exhibit typical spectra: π -> π* transitions from the porphyrin macrocycle

Horse deoxyhemoglobin
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350 < λ< 450 nm,  
ε # 20 – 30.103 mmol.cm2

500 < λ< 700 nm

Fingerprint of an heme-containing protein
Very intense « Soret» band

Weaker (less intense) π -> π* contributions
Charge transfer spectroscopic zone

Heme-containing porphyrins exhibit typical spectra: 
π -> π* transitions from the porphyrin macrocycle
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Apoprotein

[4Fe-4S]2+

Reconstituted protein

Iron / sulfur proteins are more difficult to detect by UV-visible

Chloroplasmic protein At-GcpE
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Use of SPECTROSCOPIC TECHNIQUES
These techniques may be « time resolved » 
(access to structural and reaction dynamics)

UV-visible

Vibrational: 
IR and Raman

EPR

EXAFS

Mössbauer

Paramagnetic NMR
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A vibrational spectroscopic technique: Raman Resonance
Allows measurements in water – possibility to use polarized light – IR/RR => involvement of symmetry

Infra-Red Raman Resonance

Irradiation of an already existing transition: need for a chromophore:

hν

Incident Radiation ν
= absorbed energy

Energy

h(ν0 − ν)
Incident Radiation ν0

Transmitted Radiation ν
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Identification of oxygen - iron bonds, Fe=O

Compound II of horseradish  peroxidase
HRP II

?
IV
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Identification of Fe=O bonds by Resonance Raman

pH = 5.0

pH = 6.0

pH = 5.9

pH = 7.5

pH = 8.4

νFe=O =   779 cm-1 νFe=18O =  745 cm-1 ∆νFe=16O/Fe=18O =  34 cm-1

Correct agreement with the predicted value: 
(ma= 56, mb1 = 16, mb2 = 18), 

∆E = h
2π

k
µ

1/2

µ =
mamb

ma+mb

ν1/ν2 = (µ2/µ1)
1/2, = (56 x 18 x 72 / 74 x 16 x 56)1/2

⇒ν1 = 1.04 ν2

Compound II of horseradish  peroxidase
HRP II
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Use of SPECTROSCOPIC TECHNIQUES
These techniques may be « time resolved » 
(access to structural and reaction dynamics)

UV-visible

Vibrational: 
IR and Raman

EPR

EXAFS

Mössbauer

Paramagnetic NMR
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X-rays absorption technique: EXAFS
Extended X-ray Absorption Fine Structure

K

L

M

hν e-

I0 I

x

pr
é-

se
ui

l

se
ui

l E
XA

FS

λ

I0

I
log

It is a local method: the energy depends on the nucleus to be studied. 
Need for an intense electronic beam: synchrotron

This technique is dedicated to structural studies in case no single crystals (for X-rays diffraction) can be
obtained: no crystallization, or study of unstable transient. Samples in frozen solution, and detection in 

transmission or fluorescence. 
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EXAFS

Irradiation yields so-called constructive and destructive oscillations, which patterns depend on 
the oxidation state (pre-edge energy), as well as the environment of the sudied nucleus. 

Zinc and copper Metallothionein
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EXAFS

These oscillations yield an interferogram which can be simulated in order to get insight 
into the structural parameters corresponding to the first coordination sphere. 

It is strongly recommended that these simulations use structural parameters obtained 
from perfectly characterized analogous compounds (or synthetic model analogues). 

Number of ligands around the metal

Nucleus – ligand distance

Note: the oscillations parameters depend on the atomic number of the bound atom of the 
ligand, and the technique is not accurate enough to unequivocally distinguish nearby lying 

elements with similar distances, such as for instance, « N-metal» and « O-metal ». 
Also, the angular data suffer from low accuracy. 
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IV
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Use of SPECTROSCOPIC TECHNIQUES
These techniques may be « time resolved » 
(access to structural and reaction dynamics)

UV-visible

Vibrational: 
IR and Raman

EPR

EXAFS

Mössbauer

Paramagnetic NMR
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EPR: Electron Paramagnetic Resonance
or Electron Spin Resonance (ESR)

Detection of  paramagnetic metal centres

In most of the cases, an odd number of unpaired electrons is required

A sensitive technique: 10-6 à 10-7 molar solutions

Gas, powders, solutions, (single)crystals…

This technique is sensitive to the local symmetry around the metal
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Principle of EPR

electronic spin  / magnetic field interaction

Ĥ= gµBHŜz

g = 2.0023193 (free electron)
ββββ = µB = eħ/2mec = 9.274096 10-21 erg/G (Bohr magneton)
H = applied field
Ŝz = spin operator

Ĥ operates the electronic spin functions α and β
corresponding to ms = + ½ et - ½

∆E= gµBH
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Electronic Zeeman effect: 
degeneracy splitting of the α and β electronic spin states induced by a magnetic field

ν0 =
gβH

h

H =
gβ

hν0

For a given frequency ν, the field H is measured, yielding a g value different from that of the free electron, 
being in that case characteristic of the studied system. 

g =
Hβ
hν0

Selection rules:
∆ms = +/- 1



69g =
Hβ
hν

The spectrum is generally obtained as 
the derivated form of the absorbtion data

For a given frequency ν, the field H is measured, yielding a g value different from that of the free electron, 
being in that case characteristic of the studied system. 
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First subtility: there may be an interaction between the electronic spin and a nuclear spin I:
for 1H, I = ½; for 14N, I = 1; for 63, 65Cu, I = 3/2. 

The nuclear spin I can adopt 2I + 1 different orientations => 2I + 1 different contributions

Hyperfine Structure, A = hyperfine coupling constant

H3C
.
radical: 4 lines,  N-R-N

.
: 5 lines, Cu(II): 4 lines A 
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Second subtility: anisotropy. Affects both g values and the hyperfine coupling



72

Second subtility: anisotropy. Affects both g values and the hyperfine coupling

x = z ≠ y axial

x ≠ z ≠ y rhombic
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A suitable technique for copper-containing proteins

His

Cu

His
Cys

Met

His

Cu

His

His

CH

CH2

N N
His

Zn

Asp
His

Plastocyanin

Superoxide
dismutase
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Use of SPECTROSCOPIC TECHNIQUES
These techniques may be « time resolved » 
(access to structural and reaction dynamics)

UV-visible

Vibrational: 
IR and Raman

EPR

EXAFS

Mössbauer

Paramagnetic NMR
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Paramagnetic NMR: nuclear spin / electronic spin interaction

Electronic relaxation times must be short: 1010<τs
-1<1012 s-1

Depends on the metal ion

Technique perfectly suited to iron sites. 
Well established for 1H. Current development for 13C and 15N 

Access to the close environment of the paramagnetic centre
Paramagnetic active sites
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Paramagnetic NMR

These differences are function of the « paramagnetism » of the molecule (HS / LS). 
The magnetic susceptibililty in solution can be measured by 1H NMR (Evans method)

=> Acces to the spin state of a paramagnetic metal ion. 

By comparison with conventional NMR, main differences in chemical shifts
and line width

Once the magnetic properties of the metal centre are known, the measurement of 
the chemical shifts and relaxation times allows insights into the structural 

parameters of the active site, in particular the distance between the paramagnetic
centre and the nucleus which signal is measured. 

Contact interaction Dipolar interaction  
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Paramagnetic 1H NMR
Cytochrome c’, Fe(III) S = 5/2. Five-coordinate, His. Broad lines

III
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Paramagnetic 1H NMR
Cytochrome c, Fe(III) S = ½. Six-coordinate, His + Met. Narrow lines

III
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Use of SPECTROSCOPIC TECHNIQUES
These techniques may be « time resolved » 
(access to structural and reaction dynamics)

UV-visible

Vibrational: 
IR and Raman

EPR

EXAFS

Mössbauer

Paramagnetic NMR
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Mössbauer Spectroscopy

Recoiless absorption of γ rays by 57Fe (also valid for 43 other elements of the periodic table)

Need for γ rays source, and enrichment with 57Fe isotope
(Natural abundance of  57Fe: 2.19%)

Reconstitution of a 57Fe-containing protein from apoprotein and 57Fe salts.
Isolation of microorganisms from a 57Fe-enriched growing medium

Access to the oxidation sate of the metal, electronic environment and magnetic properties

Isomer Shift

Quadrupole splitting
Magnetic properties 
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Iradiation of metal iron by γγγγ rays => excited state. 
Upon return to fundamental state, 14.4 KeV are released.

When iron is complexed, this energy vary, and depends on the oxidation state 
and coordination environment of the iron site. 

=> Modulation of the γγγγ rays energy. This is accomplished by Doppler effect
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Current setup

Historical setup

δ, mm.s-1
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∆∆∆∆EQ: present only for lower symmetries than cubic. 
Electric Field Gradiant (EFG) at the nucleus site. 

∆∆∆∆EQ depends on the electronic asymmetry around the nucleus. 
=> Electrons involved between the ligands and the iron centre. 

δδδδ: electronic density at the nucleus site. 

δδδδ depends on the nucleus radius changes between fundamental and excites states. 

ψ(0)  < 0
∆R

R

Zero coordinate: s electrons For Iron 

∆R

R
∆ψ(0)

2

Modification of d orbitals: induces modification of s orbitals
δ depends on the oxidation state, and spin state

1

r 3

δδδδ ∝∝∝∝

EFG ∝∝∝∝
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Isomer shift
δ

Quadrupole splitting
∆Eq

Hyperfine Magnetic 
Interaction

Electric Field Gradiant
Metal- ligand interaction

Energy released by Exc. => Fund.
Oxidation State

Internal or external magnetic 
interaction

δδδδ δ, ∆Eq H applied
(ou B)

Ie = 3/2

Ig = 1/2

Ie = 3/2

Ig = 1/2
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S = 1/2

S = 2

S = 0

S = 5/2

0 1 2 3

0

0.5

1.0

∆EQ [mms-1]

δ 
[m

m
s-1

]

Fe(III)

Fe(II)

Fe(II)

Fe(III)

Tentative prediction of the oxidation and spin states of iron-containing centres
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Oxidation state of iron:  Fe – oxygen, Fe=O

Compound II of Horseradish peroxidase
HRP II

Fe(IV): [Ar], 3d4δ = 0.03 mm.s-1, ∆eq = 1.36 mm.s-1

IV
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Evidence of the presence (detection) of metals

Very small amounts of metals in biological systems.

i.e. human hemoglobin uses 0.35 % only of available iron in body

Use of SPECTROSCOPIC TECHNIQUES
These techniques may be « time resolved » 
(access to structural and reaction dynamics)

UV-visible

Vibrational: 
IR and Raman

EPR

EXAFS

Mössbauer

Paramagnetic NMR
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