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Overview
 The Theory of Magnetic Circular Dichroism

 The Stephens Equation The Stephens Equation
 MCD A, B, and C Terms
 General Equations for C Term Intensity by Neese and 

Solomon

 Case Studies: Applications to Metalloporphyrinspp p p y
 The Optical Spectra of Metalloporphyrins
 MCD of Five-Coordinate High-Spin Ferrous Hemes

Ch T f T iti i [F (TPP)(Cl)] Fi Charge-Transfer Transitions in [Fe(TPP)(Cl)] – a Five-
Coordinate High-Spin Ferric Heme

 Cytochrome P450cam and Cys-Pocket Mutantsy y



Faraday Effect
 In 1845 Michael Faraday discovered the magneto-optical 

effect: the plane of linearly polarized light is rotated when p y p g
light passes through a medium in the presence of a 
magnetic field!

(from Wikipedia) M. Faraday



Faraday Effect
 A wave of linearly polarized light is composed of a 

superposition of two equal-amplitude circularly polarized p p q p y p
(CP) waves of opposite handedness and different phase

 Magnetic field causes the left and right circularly polarized 
waves to propagate through the medium at slightly 

(left CP wave)

p p g g g y
different speeds

 This causes a phase shift of the circular polarized beams, 
which rotates the plane of the linearly polarized lightwhich rotates the plane of the linearly polarized light



Faraday Effect and Circular Dichroism
 The Faraday effect is caused by the difference in the real

parts of the refractive indices of the medium for left and p
right circular polarized light

 Assumes that light is not absorbed by the medium

 What if there is a difference in absorption of left and right 
circular polarized light in the medium?

 The linearly polarized light becomes elliptically polarized, 
due to the fact that the left and right circular polarized 
planes now differ in amplitude!p p

 Magnetic Circular Dichroism is caused by the difference in 
the imaginary parts of the refractive indices (absorption) 
f th di f l ft d i ht i l l i d li htof the medium for left and right circular polarized light



CD and MCD
 Both CD and MCD measure the difference, , between 

the extinction (coefficients) of left and right circular ( ) g
polarized light:

 11-
RLRL M  

cl
AAAA 

 cm
cl 

A = extinction, absorbance
l = path length [cm]
c = concentration [M]  Lambert-Beer Lawc  concentration [M]

 MCD: CD spectroscopy in a longitudinal magnetic field, 
usually at low temperature (lq helium)

P. J. Stephens

usually at low temperature (lq. helium)
 Theoretical framework of MCD spectroscopy was first 

described by Philip J. Stephens (USC) around 1970



Experimental Setup

Lehnert Laboratory, University of MichiganLehnert Laboratory, University of Michigan



The Master Equation of MCD
 Fundamental Equation of MCD Spectroscopy:
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E = h· (energy of light)
f(E) = absorption band shape

= derivative band shape

A1 B0 C0MCD A B C Terms

E
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A1, B0, C0MCD A, B, C Terms
 = Bohr magneton (9.27402·10-24 J/T)
B = magnetic flux density [T]

Stephens, J. Chem. Phys. 1970, 52, 3489-3516



The Master Equation of MCD
 Fundamental Equation of MCD Spectroscopy:
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• MCD intensity is linear with the magnetic field
• C term intensity is temperature-dependent: 

C
B

kT
C

I 0~  Curie Law T
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Stephens, J. Chem. Phys. 1970, 52, 3489-3516



The Curie Law
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The Master Equation of MCD
 Fundamental Equation of MCD Spectroscopy:
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MCD i t it i li ith th ti fi ld• MCD intensity is linear with the magnetic field
• C term intensity is temperature dependent: 

B
C

I 0  C rie La
C

B
kT

I ~  Curie Law T
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MCD S l ti R l
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• MCD Selection Rule:
Left Circular Polarized Light (LCP):   m = +1
Right Circular Polarized Light (RCP): m = -1 |A>

-1/2

-1/2

+1/2

m = -1m = +1

Stephens, J. Chem. Phys. 1970, 52, 3489-3516
B

1/2



The A Term Mechanism
 Requirement: degenerate excited states
 Here: transition from |A> |J> magnetic field along Here: transition from |A>  |J>, magnetic field along 

the z direction:
Zeeman part Electric dipole part
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Lz + 2Sz = Zeeman operator
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Stephens, J. Chem. Phys. 1970, 52, 3489-3516



The A Term Mechanism
E

|J> | >±1

E

|J>
|+ >1

2g B|J>

m = -1m = +1

| >±1 |J>
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|A> |0> |A> |0>
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Works for diamagnetic compounds!

- B - B



The B Term Mechanism
 Requirement: magnetic-field induced mixing 

between energetically close statesg y
 Here: transition from |A>  |J>, magnetic field along 

the z direction:
Zeeman part Electric dipole part
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• Two possibilities: either field-induced mixing of the excited state, |J>, or 
the ground state, |A>, with the auxiliary state |K> ( two parts of the Eqn.)
• B terms scale with E, are usually weak! 

Stephens, J. Chem. Phys. 1970, 52, 3489-3516



The B Term Mechanism
E

|J>
|K>

Lz + 2Sz|J>

m = -1m = +1

z z

• Since the transitions |A>  |J> and 
|A>  |K> generally have different 

B = 0

|A>
| | g y
transition dipole moments, the two 
contributions do not cancel, leading to 
an absorption band shape, f(E), for the 
B term
• Both A- and B-term intensity is linear 
with field: I ~ const··B

 + B

0

B- B

Works for diamagnetic compounds!



The C Term Mechanism
 Requirement: non-degenerate ground state
 Here: transition from |A> |J> magnetic field along Here: transition from |A>  |J>, magnetic field along 

the z direction:



The C Term Mechanism
 Requirement: non-degenerate ground state
 Jahn-Teller Effect quenches angular momentum Jahn Teller Effect quenches angular momentum 

(degeneracy) of the ground state:

E dxy

Example: low-spin Fe(III)

t2g
Distortion

T2
2g ground state:

Jahn Teller active

dxz dyz,

B2
2g ground state:

no angular momentum!



The C Term Mechanism
 Requirement: non-degenerate ground state
 Due to Jahn-Teller Effect this is (usually) spin- Due to Jahn Teller Effect, this is (usually) spin

degeneracy  paramagnetic complexes!
 Here: transition from |A>  |J>, magnetic field along 

the z direction:

  221)(zC

Zeeman part Electric dipole part
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Stephens, J. Chem. Phys. 1970, 52, 3489-3516



The C Term Mechanism
E

|J>
|-½>

|+½>
E

|J>
|-½>

|+½>

|A>
|+½>

m = -1m = +1

|A>
|+½>

m = -1m = +1

B

|-½>

Small B and/or high T:
Both spin sublevels of the ground

B

|-½>

Large B and/or low T:
The |+1/2> spin sublevel of theBoth spin sublevels of the ground 

state are equally populated

 + B

The | 1/2  spin sublevel of the 
ground state is becoming depopulated

 + B

0

 A term signal, 
k

0

 absorption 
band shape

- B
very weak - B

band shape

Lehnert, DeBeer George & Solomon, Curr. Op. Chem. Biol. 2001, 5, 173-184
Solomon, Pavel, Loeb & Campochiaro, Coord. Chem. Rev. 1995, 144, 369-460



The C Term Mechanism
 C terms are temperature- and field-dependent
 C terms saturate at low T and high B when the C terms saturate at low T and high B when the 

higher spin sublevels of the ground state become 
completely depopulated (see later)

 At lq. helium temperature: C terms are 2 – 3 orders 
of magnitude more intense than A and B terms

 For systems with orbitally non-degenerate ground For systems with orbitally non degenerate ground 
and excited states, |A> and |J>, spin-orbit coupling 
(SOC) must exist in order for MCD intensity to arise

 Since SOC is large for metals, but small for light 
elements (C, N, O, etc.), C term intensity scales with 
metal contribution: I(d-d) > I(CT) >> I( *, ligand)metal contribution: I(d d)  I(CT)  I(  , ligand)

Neese & Solomon, Inorg. Chem. 1999, 38, 1847-1865



The S = ½ System
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( ) ( )  3 di i l h li(u,v,w) = (x,y,z); uvw 3-dimensional orthogonality

= transition dipole moment for the transition |A>  |K> in direction u:
<K|u|A>

KA
uM



= reduced SOC matrix element between states |K> 
and |J> in direction w, and

JK
KJ IM  w

SOCw HL
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w
SOC AlrH )()(

(sum over all atoms, A, of the system)
 SOC required for MCD C term intensity!


A

AASOC )()(

Neese & Solomon, Inorg. Chem. 1999, 38, 1847-1865



The S = ½ System
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requires two states with orthogonal transition dipole 
moments that are spin-orbit coupled in the remaining     
third direction in space!

  0 wvu LMM


third direction in space!
 Very strict selection rule!
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Neese & Solomon, Inorg. Chem. 1999, 38, 1847-1865



The S = ½ System
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Mechanism 1 Mechanism 2
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Two mechanisms for MCD C term intensity:y
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Neese & Solomon, Inorg. Chem. 1999, 38, 1847-1865



MCD Spectrum of the S = ½ System
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MCD Spectrum of the S = ½ System
 C term saturation magnetization curve, optically detected!

S=1/2

saturation behavior:


(Brillouin curves)







 


kT

BgII
2

tanh)sat.limit(

linear region
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linear region
(Stephens eqn.)
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Lehnert, DeBeer George & Solomon, Curr. Op. Chem. Biol. 2001, 5, 173-184



Brillouin Curves: The Rise…
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Saturation Magnetization Curves (usually measured by SQUID)





  SSSSg 2222 kT2

How to determine the total spin S ofHow to determine the total spin S of 
your compound?

Susceptibility:
“Height” (Magnetization) ~ total spin S

MCD:
“Height” (MCD intensity) arbitrary, but 
Slope ~ total spin S



Brillouin Curves: … and Fall
 Problem: Brillouin equation assumes that all 2S + 1 spin 

sublevels of the ground state are degenerate!g g
 This is generally not the case due to zero-field splitting 

(ZFS)  data show ‘nested’ magnetization curves for 
different T that do not s perimposedifferent T that do not superimpose:
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MCD Spectrum of the S > ½ System
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i = sum over all the spin sublevels i of the ground state (from a Spin 
Hamiltonian calculation); these might not be pure |MS> functions:
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F. Neese

 Polarizations of electronic transitions can be obtained from a fit of the   
saturation magentization curves!
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 S = ½ equation is a special case of this general equation

Neese & Solomon, Inorg. Chem. 1999, 38, 1847-1865



Case Studies: Application toCase Studies: Application to 
Metalloporphyrins

Lehnert, J. Inorg. Biochem. 2012, 110, 83-93



The Heme Cofactor

 The aromatic core of the porphyrin ligand



The Heme Cofactor
 Different versions of biological hemes

Heme a Heme b (protoporphyrin IX) Heme c
(electron transfer) (globins, Cyt. P450s, etc.) (Cyt. c, electron transfer)



Gouterman’s Four Orbital Model

LUMO Eg< 82/83>LUMO

A1u< 79>
HOMO

A2u< 81>

M. Gouterman, in The Porphyrins, Vol. III, Part A (Ed.: D. H. Dolphin), Academic Press, 
New York, 1979, pp. 1-156



Gouterman’s Four Orbital Model

E 1
 SoretE

1

2 CI
E

Qv

212
E

212
1

Q

g g

2

 both excited states 1 and 
2 that result from the 

 d 

 strong CI leads to large splitting:
Soret and Q band

Qv: results from vibronic 
coupling between Soret and Q 
excited states

a1u  eg and a2u  eg

excitation have Eu-symmetry: 
(a1u x eg = a2u x eg = Eu) excited statesg g

M. Gouterman, in The Porphyrins, Vol. III, Part A (Ed.: D. H. Dolphin), Academic Press, 
New York, 1979, pp. 1-156



Absorption Spectra of Metalloporphyrins
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MCD Spectra of Metalloporphyrins

small molecule
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[Fe(TPP)(2-MeIm)]N

Hu, Sulok, Paulat, Lehnert, Zatsman, Hendrich, Schulz & Scheidt, J. Am. Chem. Soc. 2010, 
132, 3737-3750



MCD of High-Spin Ferrous Hemes
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Here, |J> and |K> are the two50
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MCD of High-Spin Ferrous Hemes
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 [Fe(TPP)(MeHIm)] and 
[Fe(TPP)(Cl)]: MCD spectra 
are overall similar in shape
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MCD of High-Spin Ferrous Hemes

 MCD intensities:
I t it gyIntensity 
[M-1cm-1T-1]

[Fe(TPP)(2-MeHIm)] 5000

E
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[Fe(TPP)(Cl)] 800
t2g

Hu, Sulok, Paulat, Lehnert, Zatsman, Hendrich, Schulz & Scheidt, J. Am. Chem. Soc. 2010, 
132, 3737-3750



MCD of High-Spin Ferrous Hemes

 MCD intensities:
I t it
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Mechanism 2
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 Mechanism 2 results in two possible cases:
  Case 1   Case 2

KA 

dxy

ddyzd

dxz
dyz

dxz
yzdxy

Hu, Sulok, Paulat, Lehnert, Zatsman, Hendrich, Schulz & Scheidt, J. Am. Chem. Soc. 2010, 
132, 3737-3750



Origin of Intensity Difference?

d

 Case 1   Case 2

dxy

dxz
dyzdxy

dxz
dyz

 Case 1
 The ground state is dxy in character , when SOC is applied y

<dxy|lz|dxz> and <dxy|lz|dyz> are zero resulting in no additional C-
term intensity

 Case 2
 The ground state is dxz in character, resulting in a nonzero SOC 

term <dxz|lz|dyz> and an increase of the C-term intensity

Diff i d t t !Difference in ground state!

Hu, Sulok, Paulat, Lehnert, Zatsman, Hendrich, Schulz & Scheidt, J. Am. Chem. Soc. 2010, 
132, 3737-3750



Electronic Structure
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Biological Relevance

Case 2: Case 1:
Globins: weak H-bond Peroxidases: strong H-bond

Leu89

His170
2.8 Å

3 6 Å

His93
~3 Å

Leu89 

Myoglobin PDB: 2BLI

Asp247

Horseradish Peroxidase PDB: 1H58

3.6 Å

Ser92

3 Å

Myoglobin. PDB: 2BLI

Nienhaus, Ostermann, Nienhaus, Parak, 
Schmidt, Biochemistry 2005, 44, 5095 

Horseradish Peroxidase. PDB: 1H58

Berglund, Carlsson, Smith, Szoke, Henriksen, 
Hajdu, Nature 2002, 417, 463 

The Strength of the H-bond determines the ground state!



High-Spin Ferric Hemes (S = 5/2)
 Very rich electronic spectra!  Assignment?

[F (TPP)(Cl)]
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High-Spin Ferric Hemes (S = 5/2)
 Due to the half-filled d5 configuration that allows for a 

multitude of CT transitions  use MCD!
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The MCD C Term Spectrum
 Calculate from low- and high-temperature data

[F (TPP)(Cl)][Fe(TPP)(Cl)]

 Correction is small, 
often insignificant!

Paulat & Lehnert, Inorg. Chem. 2008, 47, 4963-4976



MCD of [Fe(TPP)(Cl)]
 Use VTVH saturation measurements to identify 

axial (Cl  Fe) CT transitions!( )
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Application to Cytochrome P450s

 Cytochrome P450cam

Active site structure of ferric form

L358

The ‘cys-pocket’

3.34 Å

2.47 Å

2.82 Å

C357 L358

G359

3.08 Å

Q360

Variation of Fe(III)-S(Cys) bond by mutation of cys-pocket?



The Cys Pocket and Mutants

3.79 Å

2.47 ÅC357 L358

3.10 Å

3 08 Å

G359

3.08 Å

Q360

Galinato, Spolitak, Ballou, & Lehnert, Biochemistry 2011, 50, 1053-1069



The Q360P Mutant
 Remains high-spin at lq. helium temperature (wt and most 

mutants form high/spin/low-spin mixtures)!
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Magnetic Saturation Curves
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The Q360P Mutant
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The Q360P Mutant
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The Q360P Mutant
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The Q360P Mutant
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The Y96W Mutant
 Completely low-spin at lq. helium temperature!

Intense S Fe CTIntense S Fe CT 
band is absent!

Galinato, Spolitak, Ballou, & Lehnert, Biochemistry 2011, 50, 1053-1069



The MCD Spectrum of wt P450cam
 High- and low-spin mixture at lq. helium temperature!
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The MCD Spectrum of wt P450cam

wt Cyt P450

 High- and low-spin mixture at lq. helium temperature!
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The Role of the Cys Pocket
 Mutation of the Cys pocket: Effect on S  Fe(III) CT ?
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The Role of the Cys Pocket
 Comparison to resonance Raman Spectroscopy 

(Yoshioka, Tosha, Takahashi, Ishimori, Hori & Morishima, J. Am. Chem. Soc. 2002, 
124 14571 14579)

Resonance Raman Magnetic Circular Dichroism (MCD)
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Implications for Cyt. P450 Catalysis

 The hydrogen bonds from L358 and Q360 are weak and only have 
a minor effect on the properties of the Fe-S bonda minor effect on the properties of the Fe S bond

 The hydrogen bonds are therefore important for a stabilization of 
the thiolate against protonation or reaction with diatomics 

d t fi t i f th F S b dcompared to a fine-tuning of the Fe-S bond

 Weak H-bonds are the best compromise between stabilization of 
the thiolate, and strong S  Fe(III) donation, advantageous for:, g ( ) , g
 Cleavage of the O-O bond (the “Push Effect”, John Dawson)

[Dawson, Holm, Trudell, Barth, Linder, Bunnenberg, Djerassi & Tang, J. Am. Chem.    
Soc.1976, 98, 3707-3709]

 Basicity of the oxyl ion of the Fe=O unit in Compound I (Mike Green) Basicity of the oxyl ion of the Fe=O unit in Compound I (Mike Green)
[Green, Curr. Opin. Chem. Biol., 2009, 13, 84-88]

 Future work: investigate G359 mutant!

Galinato, Spolitak, Ballou, & Lehnert, Biochemistry 2011, 50, 1053-1069
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Spectroscopic methods covering many energy regions
together provide complementary insight into metalloenzyme
active sites. These methods probe geometric and electronic
structure and define these contributions to reactivity. Two
recent advances — determination of the polarizations of
electronic transitions in solution using magnetic circular
dichroism, electron paramagnetic resonance and quantum
chemistry, and experimental estimation of covalency using
metal L-edges and ligand K-edges — are particularly important.
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Abbreviations
ABLM activated bleomycin
ABS electronic absorption spectroscopy
BLM bleomycin
CD circular dichroism
CT charge-transfer
ENDOR electron nuclear double-resonance
EPR electron paramagnetic resonance
ESEEM electron spin-echo envelope modulation
HOMO highest-occupied molecular orbital
LT MCD low-temperature MCD
LUMO lowest unoccupied molecular orbital
MCD magnetic CD
MOT molecular orbital theory
VTVH variable-temperature variable-field
XAS X-ray absorption spectroscopic
ZFS zero field splitting

Introduction
Figure 1 gives the complete energy level diagram of a tran-
sition metal site (using D4h- [CuCl4]2– as an example) [1].
Spectroscopic methods that probe different energy regions
in this diagram cover over 10 orders of magnitude in photon
energy [2]. The theme of this Current Opinion review is that
different methods give different types of information and
the appropriate combination of methods provides maximum
insight into the geometric and the electronic structure of an
active site and defines these contributions to reactivity.

At lowest energy is the ground state. The ligand field envi-
ronment of the metal site splits its d orbitals in energy. The
highest energy orbitals are partially occupied and these con-
tribute to the magnetic properties of the active site. Covalency
further extends these magnetic orbitals onto the ligands
involved in specific bonding interactions with the metal ion.
To probe the ground state, complexes with unpaired electrons
are placed in an external magnetic field and studied at low res-
olution by magnetic susceptibility and at high resolution by
magnetic Mössbauer (for iron) and electron paramagnetic res-
onance (EPR)-based methods. The dominant information

available from these methods is the anisotropy of the gg tensor
(formally a matrix), which is governed by the nature of d
orbitals containing the unpaired electrons. From a single-crys-
tal study, the orientation dependence of the gg matrix defines
the orientation of the half-occupied orbitals of the metal site.
Magnetic Mössbauer and EPR also exhibit hyperfine cou-
plings of the unpaired electrons to the nuclear spins on the
metal and the ligands (the latter called superhyperfine cou-
pling). These provide direct probes of the covalency (i.e. the
metal and ligand contributions to the valence orbitals). The
superhyperfine coupling is a very direct probe of the ligand
character in a metal d-derived molecular orbital; however, this
coupling is often too small to resolve in a continuous wave sin-
gle-resonance EPR study. Superhyperfine coupling can
alternatively be measured using double resonance (i.e. in elec-
tron nuclear double-resonance [ENDOR]) and pulsed (i.e.
electron spin-echo envelope modulation [ESEEM]) methods.
For ground states with S > ½, the spin degeneracy can be split
even in the absence of a magnetic field. This is known as zero
field splitting (ZFS) and is described below.

To higher photon energy (i.e. the near infra red and visible
spectral regions), the electrons are excited from the filled d to
the half-occupied or unoccupied metal valence orbitals. These
are called ligand field or d–d transitions. The energy splitting of
the metal-based d orbitals is accurately given by ligand-field
theory as long as the site is not overly covalent. These transi-
tions provide a very sensitive probe of the geometric and
electronic structure of an active site. The ligand-field transi-
tions are studied in small molecule inorganic complexes with
electronic absorption spectroscopy (ABS). These transitions are
Laporté forbidden and often cannot be observed in the absorp-
tion spectrum of metalloproteins. However, different
spectroscopic methods are governed by different selection
rules. Absorption intensity is governed by the square of the
electric dipole transition moment. Alternatively, circular dichro-
ism (CD) is dependent on the product of the electric and
magnetic dipole transition moments. Because ligand-field tran-
sitions are often magnetic dipole allowed, these can be intense
in the CD spectrum relative to the absorption spectrum.
Magnetic circular dichroism (MCD) requires contributions
from two perpendicular electric dipole transition moments. In
low-symmetry sites, electronic transitions can only be uni-
directional. Therefore, paramagnetic active sites derive
low-temperature MCD (LT MCD; called CC term) intensity by
spin-orbit coupling between excited states. (A second mecha-
nism for MCD intensity involves spin-orbit coupling between
the ground state and an excited state.) Because the metal has a
much larger spin-orbit coupling constant than the ligand,
metal-centered d–d transitions will generally also be more
intense in the LT MCD relative to the absorption spectrum.

Overlapping the ligand field transitions in the visible/UV
spectral regions are the charge-transfer (CT) transitions,

Recent advances in bioinorganic spectroscopy
Nicolai Lehnert, Serena DeBeer George and Edward I Solomon*
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which involve excitation of electrons from filled valence
orbitals on the ligand to the half occupied or unoccupied
valence orbitals on the metal center. Because the intensity
of a CT transition reflects the overlap of the donor and
acceptor orbitals involved, these are very sensitive probes of
specific ligand–metal bonding interactions. From the above
discussion, CT transitions can be distinguished from the lig-
and-field transitions by the different selection rules
involved in ABS/CD/MCD spectroscopies. CT transitions
are generally intense in absorption (because they are elec-
tric-dipole allowed) and weak in the CD and LT MCD
spectra. The specific assignment of these transitions
requires additional spectral insight. In single crystals, the
polarizations of the electronic transitions allow their assign-
ments to specific ligand–metal bonds. This, however, is a
very difficult experiment and new methodologies have been
developed that allow these polarizations to be obtained for
metalloproteins in solution (see below). A complementary
probe is resonance Raman spectroscopy. The high intensity
of the CT transitions (ε ≥ 1000 M–1cm–1) allows resonance
enhancement of Raman vibrations, and the vibrations that
are resonance enhanced reflect the change in bonding that
occurs in the electronic transition. 

At still higher energy (X-ray region) are transitions from
the filled core orbitals on the metal and ligand into the par-
tially occupied or unoccupied valence orbitals on the metal
ion and into the continuum. The most well known X-ray
absorption spectroscopic (XAS) method is metal K-edge
spectroscopy, in which the ionized metal 1s electron
reflects off the ligand atoms leading to interference effects
on the metal K-edge (i.e. extended X-ray absorption fine
structure [EXAFS]). On the low-energy side of the metal
K-edge are bound-state transitions of the metal 1s elec-
trons into the metal 3d and 4p orbitals. These can provide
insight into the oxidation state, spin state and coordination
number of the metal center. Whereas the metal K-edge is
a low-resolution probe of the active site (this is because of
its high energy and the fact that the 1s→3d transition is not
electric-dipole allowed), the metal L-edge and ligand
K-edge can provide higher resolution probes of a metal
center and, in particular, their intensities provide a very
direct method to quantitate covalency of the metal d-based
molecular orbitals. This is described in a later section.

While spectroscopy provides experimental probes of the
energy level diagram in Figure 1, major advances have also

Figure 1

Complete molecular orbital diagram of
[CuCl4]2– with an overview of different
spectroscopic methods to probe the ground
state and various excited states. 
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recently been made in calculating the electronic structures
of metalloenzyme active sites. The traditional methods of
ligand-field theory, and extended Hückel, semi-empirical
and ab initio (with correlation) molecular orbital theories
(MOTs) have been strongly complemented by density
functional theory (DFT). These theoretical methods (Xα,
local density approximation [LDA], generalized gradient
approximation [GGA] and hybrid [for example, B3LYP]),
for the first time, routinely allow high-level calculations on
large transition metal systems, as is required for metallo-
protein active sites. Here it should be emphasized that it is
critically important to evaluate DFT methods with spectro-
scopic data. There is a tendency in DFT calculations, for at
least some metal ions, to overemphasize the covalency (the
amount of ligand character in a metal d orbital), which will
strongly affect total energies. Methods that adjust these cal-
culations on the basis of experimental data are now being
developed. Calculations supported by data can be used to
define new bonding interactions, and extend our under-
standing from known species (reactants, products and
intermediates) to obtain total reaction energies and evalu-
ate reaction coordinates and transition states in catalysis.

This brings us to the goals of spectroscopy in bioinorganic
chemistry. Generally, these are to define active site geo-
metric and electronic structure and to use these to develop
structure/function correlations in biology. Combined with
perturbations (i.e. substrate, co-factor and small-molecule
binding, etc.), spectroscopy will provide insight into a reac-
tion mechanism on a molecular level. Rapid freeze quench
and related kinetic methods allow one to identify and trap
the intermediates in a reaction, the nature of which can be
determined through detailed spectroscopic study. 

In a number of important areas of bioinorganic chem-
istry, new spectroscopic methods have been required to
study metal centers. One example is the area of non-
heme iron active sites, which are found in a wide range
of mononuclear and binuclear enzymes. They do not
exhibit the intense spectral features of heme sites. Many
non-heme iron sites are catalytically active from their
high-spin ferrous states, which do not exhibit the intense
ligand-to-metal CT absorption bands associated with fer-
ric sites and are integer spin non-Kramers systems,
which generally do not exhibit an EPR signal. Variable-
temperature variable-field (VTVH) MCD in the near IR
spectral region has now been developed and provides
detailed insight into these active sites. This methodolo-
gy has recently been reviewed [3]. Finally, many
metalloenzymes exhibit unique spectroscopic features as
compared to small-molecule complexes of the same
metal ion. As these unique features are becoming under-
stood through a combination of different spectroscopic
methods, they are found to reflect new geometric and
electronic structures that activate the metal site for catal-
ysis. The unique spectral features include intense
absorption bands that are low-energy ligand-to-metal CT
transitions. Because CT intensity derives from orbital

overlap, these transitions reflect highly covalent bonds.
Definitive spectroscopic data are required to assign
these transitions and, below, an MCD/EPR/MOT
methodology is presented that allows their polarizations
to be obtained in solution. Because covalency plays a key
role in reactivity, a spectroscopic methodology combin-
ing metal L-edge and ligand K-edge XAS has been
developed, and is presented in a later section, which
allows covalency to be experimentally quantitated for
metalloenzyme active sites. In both cases, the functional
significance of the spectroscopic data is emphasized.

Recent advances
Polarizations of electronic transitions in solution (VTVH
MCD/EPR/MOT) 
Polarizations of absorption bands [4] and resonance Raman
profiles [2] provide important spectroscopic insight into
the assignment of electronic transitions. Rigorously
assigned electronic absorption bands combined with vibra-
tional force constants are experimental tests of the
accuracy of quantum-chemical calculations. Determining
the polarizations of electronic transitions requires polarized
single-crystal absorption spectroscopy. In many cases, how-
ever, suitable single crystals are not experimentally
accessible. In recent years, a methodology has been devel-
oped that allows the determination of absolute
polarizations from samples of randomly oriented molecules
in frozen solutions or powders. The polarizations gained
from fitting MCD saturation curves ([5••–7••]; see below)
are relative with respect to the gg matrix or DD tensor of the
molecule. With the help of quantum-chemical calcula-
tions, their orientations in the molecular framework can be
determined and this way the absolute orientation of the
polarization tensor is obtained [8••]. In this section, we will
introduce this methodology and apply it to activated
bleomycin (ABLM) [3], the oxygen intermediate involved
in the cleavage of DNA by this anticancer drug. 

Magnetic circular dichroism spectroscopy 
CD spectroscopy that is performed in a longitudinal mag-
netic field (relative to the light beam) is known as MCD
spectroscopy. Both CD and MCD measure the difference
in the extinction, ∆ε, between left and right circular
polarized light; ∆ε = ε1 − εr. Three different types of tran-
sitions are observed in the MCD experiment, which are
designated as AA, BB and CC terms [9–13]. CC terms are
indicative of a paramagnetic ground state and their inten-
sity is inversely proportional to temperature and, hence,
they usually dominate the MCD spectra of paramagnetic
species at low temperature. Below, we deal with the prop-
erties of CC term signals. Figure 2a schematically shows
the field dependence of an MCD CC term band simulated
for an S = ½ system. At low fields, the intensity of the
band is directly proportional to the applied field at a
given temperature. At higher fields, the signal levels off
and saturates. The dependence of the MCD intensity on
temperature and field is explored by the VTVH experi-
ment, in which the intensity at a given wavelength is
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plotted against βH/2kT (β is the Bohr magneton and k the
Boltzman constant). Figure 2b shows the resulting VTVH
curve for the MCD signal in Figure 2a (at 2K), illustrat-
ing the saturation of the signal at higher fields. The insert
in Figure 2b shows the origin of this saturation behaviour.
The S = ½ ground state, |A> (orbitally non-degenerate),
is linearly split into its two components with ms = –½ at
lower energy than ms = +½ in a magnetic field. In the
case of a spin-allowed transition, a similar splitting occurs
for the S = ½ excited state, |J>. For left circular polarized
light, the MCD selection rule is ∆m = +1, which corre-
sponds to the transition from ms = –½ (ground state) to
ms = +½ (excited state). The second transition indicated
in Figure 2b corresponds to right circular polarized light
with the selection rule ∆m = –1. Because the splitting of
the ms = ±½ sublevels is small compared with the thermal
energy at high temperature, both components with
ms = –½ and ms = +½ of the ground state are equally pop-
ulated and the intensity difference between the ∆m = +1
and ∆m = –1 transition (the MCD intensity) is zero.
(A very weak derivative shaped MCD signal will be
observed at high temperatures because of the difference
in energy between the ∆m = +1 and ∆m = –1 transition.)
At lower temperatures, the ms = –½ component at lower
energy will become preferably Boltzmann populated, cre-
ating an MCD signal that is then dependent on the
temperature and field corresponding to changes of the
relative populations of the ms = ±½ sublevels of |A>. At
very low temperatures and high magnetic fields, only the
ms = –½ component will be populated and the MCD 

signal reaches its intensity maximum; this is known as
saturation. For an S = ½ system, this behaviour is
described by the equation [5••]:

(1)

with E = hv being the energy of the incident light; ccoonnsstt is
a collection of constants; θ and φ are the angles between
the incident light and the molecular z axis and xy plane,
respectively; lx, ly and lz describe the orientation of the
magnetic field relative to the molecular coordinate system;
gx, gy and gz are the g-values of the molecule; are
products of the relative polarizations of two electronic tran-
sitions (see below) and γ is defined: 

and Gp = lpgp with p = x,y,z. As can be seen from
Equation 1, all the VTVH isotherms of a single transition
recorded at different temperatures will overlay when plot-
ted against βH/2kT. This means that the curve shown in
Figure 2b not only represents the isotherm at 2K of the CC
term signal in Figure 2a, but also all isotherms recorded at
other temperatures. The shape of the isotherm is related to
the g-values of the system and the products of the relative
polarizations (cf. Equation 1). Two perpendicular transition
dipole moments are needed for non-zero MCD intensity.
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VTVH MCD data for S = 1/2 and S = 5/2 systems. (a) Simulated
MCD spectra using Gaussian band shapes at T = 2K with isotropic
g values (g = 2.00) and polarizations (Mxy = Mxz = Myz). (b) Resulting
VTVH saturation curve. Note that for S = 1/2 all the VTVH isotherms
overlay. The insert shows a schematic representation of the transitions
for left (∆m = +1) and right (∆m = –1) circular polarized light from the

ground state (|A>) to the excited state (|J>) sublevels. In a magnetic
field, the mS = ±1/2 sublevels split by gβH (cf. Equation 3), giving rise
to a C term signal at low temperature. (c) Axial S = 5/2 system with
negative ZFS (see insert). This leads to the nesting behaviour of the
VTVH curves with the isotherms at lower temperature saturating at
higher intensity. 



180 Bio-inorganic chemistry

In a low-symmetry protein active site in which all transi-
tions are unidirectional, this is achieved by spin-orbit
coupling of the excited state |J> to another intermediate
excited state |K>. (There is a second mechanism for MCD
intensity, which is based on spin-orbit coupling between
the ground state |A> and an intermediate excited state |K>;
see [5••].) This way, the transition moment of the excita-
tion from the ground state |A> to |K> (my

KJ; in this example
y polarized) is mixed into for the transition from |A>
to |J> (for this example x polarized). Importantly, the spin-
orbit coupling between |J> and |K> (corresponding to the
matrix element ) has to be effective in the direction
orthogonal to the plane formed by the two transition dipole
moments. In this example, the corresponding effective
polarization product is defined as: 

with ∆KJ = EK – EJ. As presented above, the products of
the relative polarizations are extracted from the
shapes of the VTVH saturation curves (see below). A com-
plementary methodology has also been developed to
determine relative polarizations from Raman-detected
EPR spectroscopy for S = ½ systems [14•,15], which is par-
ticularly useful for systems with small g anisotropies. 

In the case of a system with S > ½, there is an important
additional property of the VTVH saturation magnetization
data of CC term signals, as shown in Figure 2c: the isotherms
recorded at different temperatures do not necessarily over-
lay; the set of saturation curves is ‘nested’. This is caused
by ZFS of the ground state, as indicated in the insert in
Figure 2c for a S = 5/2 system. ZFS is described by the
Spin-Hamiltonian [16]:

(2)

with D being the axial and E the rhombic ZFS parameter
(0 ≤ E ≤ 1/3D) and the SS are spin operators. D and E are cal-
culated from the elements Dii of the diagonalized DD tensor
with the equations:

The isotherms in Figure 2c have been simulated for the
simple case of negative axial ZFS (E = 0) and an xy-
polarized ( ) CC term. Because of the axial ZFS,
the ground state is split into three doublets correspond-
ing to the three Ms = ±5/2, ±3/2 and ±1/2 pairs with the
Ms = ±5/2 doublet at lowest energy, as shown in Figure
2c. The nesting of the saturation isotherms is then
caused by changes in the populations of the six  SMs〉
sublevels of the ground state with temperature and field.
To simulate the VTVH curves, the energy changes of the
 SMs〉 functions with field and their field-induced mix-
ing has to be taken into account. This is achieved by
adding the Zeeman term to the Spin-Hamiltonian in
Equation 2 [16]:

(3)

By solving this Spin-Hamiltonian at a given field, the
energies of the six resulting sublevels and the correspond-
ing spin functions can be calculated; these have the
general form:

(i = 1–6) (4)

With these functions and their energies, the saturation
isotherms can be simulated using the general 
equation [5••]: 

(5)

with the sum over i running over the sublevels of the
ground state (for S = 5/2 the sum runs over the six functions
in Equation 4); the Ni are the Boltzmann populations of
the spin states i and the 〈SSk〉 i = 〈Θi SSkΘ i〉 are spin
expectation values. (Note that Equation 1 is a special case
of Equation 5. In the case of an S = 1/2 system, the spin
expectation values are related to the g-values of the sys-
tem: with γ being a function of the
g-values (see above). The Boltzmann populations Ni are
directly included in the form of the tanh expression in
Equation 1.)

Equation 5 explains why the isotherms at lower tempera-
ture in Figure 2c saturate at higher intensity. Because the
ZFS is axial and the transition is xy-polarized, only the
third term in Equation 5 contributes . The
spin expectation value of the Ms = ±5/2 doublet at lowest
energy, for example: 

is larger than the corresponding value of the two other dou-
blets, and because lower temperature leads to higher
population of the Ms = ±5/2 doublet, this will lead to an
increase of the MCD intensity. Because the doublets split
in a magnetic field, this effect is also field-dependent and,
overall, this leads to the nesting of the VTVH data in
Figure 2c.

Determination of relative polarizations from VTVH MCD
As shown by Equation 1 for an S = ½ center, the curva-
ture of the VTVH isotherms is related to the g-values of
the electronic groundstate and products of relative
polarizations. In the case of S > ½, the Spin-
Hamiltonian parameters D and E are needed to describe
the electronic groundstate sublevels in Equation 5, and
the ZFS can lead to a nesting of the saturation curves.
Using Equation 1 and 5, respectively, the ground state
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parameters (g-values and Spin-Hamiltonian parameters
D and E) and the products of the relative polarizations
can be derived by fitting the VTVH data. However, it is
better to determine the g-values and Spin-Hamiltonian
parameters from temperature-dependent EPR spec-
troscopy and then use these as input to fit the VTVH
curves. This way, the number of parameters can be 
significantly reduced and the polarizations calculated
from the fitting procedure are more reliable. The 
procedure to get the relative polarizations from VTVH
data is as follows:

1. The g-values and/or Spin-Hamiltonian parameters D
and E are determined from temperature-dependent
EPR spectroscopy.

2. In the case of S > ½ systems, diagonalization of the Spin-
Hamiltonian (Equation 3) to determine the spin functions
(Equation 4) and their energies and the spin expectation
values 〈SSk〉 i.

3. Fitting the VTVH isotherms with Equation 1 (S = ½)
and Equation 5 (S > ½) then leads to the relative polariza-
tion products .

The percentage of i-polarization for the transition from |A>
to |J> can then be calculated from the Meff

ij using Equation 6
(for i = x) [5••]. Cyclic permutation of the indices gives the
other polarizations.

(6)

This formula is strictly valid only in the case that the
excited state dominantly spin-orbit couples to one inter-
mediate state |K>. Otherwise, quantum-mechanical
interference between different contributions has to be
taken into account. It is important to point out that the
polarization products and therefore also the polarizations
determined from Equation 6 are relative because they are
given in a coordinate system defined by the electronic
ground state wavefunction. This means that for S = ½
systems (Equation 1) they are given in the coordinate sys-
tem of the gg matrix and in S > ½ species they are related
to the coordinate system of the DD tensor (Equation 5)
[5••]. In order to get absolute polarizations, the orienta-
tion of the gg matrix or DD tensor must be determined in
the molecular frame. 

Determination of absolute polarizations
The absolute orientation of the gg matrix and the DD tensor
can be measured with single-crystal EPR spectroscopy.
But, as already mentioned, this depends on the availabili-
ty of single crystals. Alternatively, it is possible to calculate
the orientation of the gg matrix and the DD tensor in the mol-
ecule by quantum chemical methods. 

In general, the elements of the DD tensor are defined
as [8••]:

(7)

with  ASAMS,A� being the ground state function of total
spin SA and corresponding MS,A value; the  BSBMS,B� are
the excited states that appear in the sum over B; the
indices (p,q) = x,y,z refer to the Cartesian components of
the DD tensor; Hp

SOC is the spin-orbit coupling operator and
∆B = EB–EA. The elements of the ∆gg matrix that define
the shifts of the g-values relative to the free electron value
(2.00) are obtained from the equation [8••]:

(8)

with LLp being the orbital angular momentum operator.
The elements of the DD tensor in Equation 7 arise from
products of spin-orbit coupling matrix elements, whereas
the g shifts in Equation 8 emerge from products of spin-
orbit coupling and Zeeman matrix elements. This is the
reason why only excited states of the same total spin as the
ground state (SB = SA) contribute to the ∆gg matrix, where-
as the DD tensor has additional contributions from states
with SB = SA±1. 
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Relationship between the electronic structure of a high-spin ferric
center (energy splittings of the d orbitals and of the 4T1 ligand-field
excited states) and the sign of D within the pure ligand-field model of
Griffith [17]. (a) Weak axial-ligand case. (b) Strong axial-ligand case.
Reprinted from [3] with permission. Copyright 2000 American
Chemical Society.
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In the case of six-coordinate high-spin Fe(III) with an
S = 5/2 ground state, a pure ligand-field model was devel-
oped [17] that interprets the observed ZFS in terms of
second-order spin orbit coupling of the 6A1 ground state
with 4T1 excited states in accordance with Equation 7
(with B = 4T1). As can be seen in Figure 3, the splitting
of the lowest excited 4T1 state, which arises from distor-
tions from octahedral symmetry leads, by spin-orbit
coupling, to a ZFS of the 6A1 ground state. In this simple
ligand-field model, the sign of the Spin-Hamiltonian
parameter D is directly related to the splittings of the d
orbitals due to the geometry of the complex (cf. Figure 3).
Importantly, experimental data have shown that this pure
ligand-field model can lead to wrong predictions even of
the sign of the ZFS [18–20]. This derives from the fact that
the spin-orbit coupling to the excited states can be

anisotropic ( ) because of differences in the
covalencies of the different d functions of the metal.
Orbitals that are ‘diluted’ by large covalent admixtures 
of ligand orbitals will have significantly lower contribu-
tions to spin-orbit coupling. This leads to the
expressions for the Spin-Hamiltionian parameters D and
E in Equation 9 [20,21]: 

(9)

with the orbital reduction factors κp being defined as: 
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Here, β2, ξ2, η2, ε2 and θ2 represent the ligand character in
the iron orbitals, respectively.
Note that Equation 9 becomes equivalent to Griffith’s
pure ligand field model [17] when . This
equation has been derived from Equation 7 in terms of
molecular orbitals [8,19]. In a more general picture, the
orbital reduction factors contain several effects in a real
complex that are not included in the ligand field model
[8••]. The differential d orbital covalencies lead to
anisotropic spin-orbit coupling (see above) and a reduction
of the spin-orbit coupling constant ζ compared with that of
the free ion (up to 10%). This latter effect is caused by the
charge donation by the ligands, which leads to a reduction
of the effective nuclear charge on the metal and, hence, to
an expansion of the metal radial wavefunctions. Finally,
spin-orbit coupling on ligands with high atomic numbers
(e.g. Br–) needs to be taken into account.

In addition to the model given in Equation 9, high-spin
Fe(III) has a low lying sextet of excited CT states that may
also play an important role by spin-orbit coupling with the
ground state. Molecular orbital calculations based on
Equation 7 and 8 include all these contributions and can be
used to calculate the gg matrix and the DD tensor of a metal
complex [8]. Diagonalization of these gives the orientation
of their principal axes in the molecular structure. This infor-
mation allows the conversion of the relative polarizations
derived from MCD spectroscopy to absolute polarizations:

1. In the case of S = ½ systems, the relative polarizations
according to Equation 1 are given in terms of the principal
axes of the gg matrix. For S > ½ systems fit with Equation 5,
the polarizations are defined relative to the principal axes
of the DD tensor.

2. From the diagonalized DD tensor, the Spin-Hamiltonian
parameters D and E are obtained (see above), which can be
directly related to the experimental values from EPR spec-
troscopy. If the data support the theoretical description,
the gg matrix and DD tensor orientations in the molecular
structure can be used to get absolute polarizations. 

An example: activated bleomycin 
ABLM [22•] is, at present, the only well characterized
non-heme iron oxygen intermediate [3]. It has been
shown to be kinetically competent to cleave DNA by
H-atom abstraction. Its absorption spectrum is shown in
Figure 4a. It is very similar to Fe(III)(BLM) (bleomycin;
data not shown), but has a new weak absorption feature

around 16,800 cm–1 (band 2). The differences between
ABLM and Fe(III)(BLM) are more pronounced in the
MCD spectrum, in which band 2 corresponds to a 
relatively intense CC term feature as shown in Figure 4b.
The Raman spectrum recorded in the region of band 2
does not show resonance enhancement because of the
low extinction coefficient of this absorption band
(ε ~ 100 M–1 cm–1). Using the above VTVH MCD
methodology, polarizations at six energies over the range
of band 2 have been determined. The insert in Figure 4a
shows the orientation of the gg matrix in the ABLM mole-
cule calculated from INDO/S-CI using Equation 8. The
derived absolute polarizations in the range of band 2 are
given in the insert of Figure 4b, showing that band 2 has
different overlapping contributions but is mainly z
polarized. Because the z axis is oriented along the 
Fe-hydroperoxo bond, this feature is assigned as a
hydroperoxo-to-Fe(III) CT transition. Therefore, this
absorption band provides a direct probe of the
Fe(III)–OOH bond in ABLM. Electronic structure calcu-
lations based on these spectroscopic data show that
hydroperoxo bonding in the non-heme iron intermediate
ABLM is very different compared with in heme systems.
This directly relates to the reactivity of these intermedi-
ates. Heterolytic cleavage of the O–O bond is known to
occur for heme systems; however, this is a high-energy
process in the non-heme environment. Alternatively,
ABLM appears to be activated for the direct H-atom
abstraction from substrate by the hydroperoxo ligand.

Covalency of ligand–metal bonds (metal L-edge/ligand
K-edge XAS)
XAS spectroscopy involves the photoexcitation of core
electrons to partially occupied or unoccupied valence
orbitals and to the continuum. Perhaps the most well
known XAS method is metal K-edge XAS, which can pro-
vide information about the oxidation state, spin-state, and
coordination number of the metal center. However, metal
K-edge XAS is a relatively low resolution probe of the
electronic structure because of both the high energy of the
technique and the fact that the 1s→3d pre-edge transition
is not electric dipole allowed. A more detailed under-
standing of electronic structure is provided by ligand
K-edge (1s→3p + continuum) and metal L-edge
(2p→3d + continuum) XAS spectroscopies, two comple-
mentary methods that provide quantitative electronic
structural insight because of both the improved resolution
of experiments at lower energies and the electric-dipole-
allowed nature of the transitions involved. The intensity
of the ligand K-edge pre-edge feature is a direct experi-
mental measure of the ligand covalency, [23••,24],
whereas the intensity of metal L-edge features reflects
the metal d character in the highest-occupied molecular
orbital (HOMO) [25]. Hence, together these two methods
can provide a quantitative description of the ground state
wave function of a complex [26••,27••]. These methods
are first discussed using [CuCl4]2– as a well-defined refer-
ence and then applied to the CuA center. 
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Ligand K-edge XAS
A comparison of the Cl K-edge spectra of D2d-[ZnIICl4]
and D2d-[CuIICl4] is shown in Figure 5a [24]. Both com-
plexes exhibit an edge jump at ~2823 eV with a maximum
at ~2827 eV. However, only the copper(II) complex
exhibits a low-energy feature at ~2820 eV. Because ZnII

has a d10 electron configuration, the lowest unoccupied
energy levels are the 4s and 4p orbitals. Hence, the intense
edge jump observed in both complexes is attributed to the
electric-dipole-allowed Cl 1s→Cl 4p transition. The addi-
tional low-energy pre-edge peak present in the copper
complex, but not the zinc complex, results from the d9

electron configuration of CuII, which allows for a transition
into the hole in the d-manifold. Hence, the pre-edge tran-
sition can be considered a Cl 1s→Cu dx2–y2 transition.
However, because the Cl 1s orbital is highly localized, this
transition can only have intensity if the Cu dx2–y2 orbital
contains a significant contribution of Cl 3p character
because of covalency. As shown in Figure 5b, the bonding
interaction between the Cu dx2–y2 and the Cl 3p orbital
gives rise to a half-occupied antibonding wave function:

(10)

(11a)

(11b)

where α2 represents the Cl 3p character in the normalized
symmetry-adapted molecular orbital encompassing the
four Cl ligands. Hence the pre-edge transition is more
appropriately described as a 1s→Ψ* transition, which gains

intensity from Cl 3p mixing into the Ψ* wavefunction. The
electric dipole intensity for this transition is given by
Equation 11a. Substituting Ψ* from Equation 10 and
accounting for the localized nature of the transition gives
Equation 11b, where ccoonnsstt〈 Cl 1s rr Cl 3p 2 is the inten-
sity of the pure Cl-centered 1s→3p transition. The
intensity of the pre-edge peak is then the intensity of the
pure Cl 1s to 3p transition weighted by α2, the covalent
character contained in the antibonding molecular orbital.
Thus, ligand K-edge XAS spectroscopy provides a direct
probe of the covalency of a metal–ligand bond, which can
be quantified using D2d-[CuIICl4] as a well-defined refer-
ence. The covalency of D2d-[CuIICl4] has been probed by
a number of spectroscopic techniques [28,29] including
EPR, absorption and photoelectron spectroscopy. Using
these techniques, an experimental value for the Cl 3p
character (30%) has been obtained, and has been used to
quantify the Cl covalency of other Cl-containing transi-
tion-metal sites by Cl K-edge XAS. Similar references
have been developed for thiolate-containing [30] and sul-
fide-containing [31•] compounds. For the CuA center
discussed later, plastocyanin is used as a thiolate reference
compound with 38% S 3p character [30].

It should also be noted that the energy of a ligand
K-edge transition provides important electronic 
structural information [23••,32]. The pre-edge energy is
affected by the energy of the HOMO (which has contri-
butions from the ligand field and Zeff) and the energy of
the ligand 1s core. In addition, the ligand K-edge rising
edge energy reflects the chemical shifts in the ligand 1s
core. Thus, by evaluating changes in edge and pre-edge
energies, changes in the HOMO energy can be 
directly obtained.
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Ligand K-edge and metal L-edge XAS. (a) A comparison of the Cl K-
edge spectra of [ZnCl4]2– and D2d–[CuIICl4]2–. (b) Molecular orbital
diagram showing the ligand K- and metal L- pre-edge transitions.

(c) A comparison of the Cu K-edge spectra of D4h–[CuIICl4]2– and CuI

plastocyanin. Features marked with an asterisk reflect the presence of
a small amount of CuII. 
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Metal L-edge XAS
Figure 5c shows the L-edge spectrum of D4h-[CuIICl4].
The intense pre-edge features at ~930 and ~950 eV arise
from the electric-dipole-allowed Cu 2p→Cu 3dx2–y2 transi-
tion. These features, corresponding to the L3 and L2
edges, are split by ~20 eV because of the spin orbit cou-
pling of the 2p hole (i.e. the L3 and L2 edges arise from
transitions producing 2p3/2 and 2p1/2 hole final states,
respectively). For comparison, Figure 5c also shows the
L-edge spectrum of a CuI complex (reduced plastocyanin)
[25]. Because CuI has a d10 electron configuration, the d
subshell is filled and no intense 2p→3d transitions are
observed (though weak 2p→4s transitions are observed)
verifying that, in the CuII case, the intense transitions are
to the half-occupied HOMO in Figure 5b. The intensity of
the CuII L3 and L2 pre-edge peaks can be interpreted in a
manner analogous to the ligand K-edge data. The electric
dipole allowed intensity for this transition is given by
Equation 12a: 

(12a)

(12b)

Substituting Ψ* from Equation 10 and accounting for the
localized nature of the transition gives equation 12b, where

is the intensity of the pure Cu-centered 2p→3dx2-y2 transi-
tion. The intensity of the L3 and L2 pre-edge peaks is then
the intensity of the pure Cu 2p to 3dx2-y2 transition weight-
ed by 1-α2, the metal d character contained in the
antibonding molecular orbital. Using D4h–[CuIICl4] as a
well-defined reference with ~61% Cu dx2–y2 character, this
method has been used to determine the metal d character

in D2d–[CuIICl4] [25], plastocyanin [25], and most recent-
ly CuA [33•]. The application of this methodology to CuA
is discussed in the next section.

The energies of the L3 and L2 pre-edge peaks also vary
with the environment of the metal site. A change in Zeff,
because of a change in oxidation state or in coordination
number, will affect the energy of both the 2p and the
HOMO, whereas a change in the ligand field (which
results in a change in the spitting of the d-manifold) will
only effect the HOMO energy. Combining an analysis of
metal L-edge and ligand K-edge energies allows the spe-
cific contributions to the HOMO energy to be elucidated.

Application to the CuA center 
CuA centers [34–36] serve as the electron uptake site in
cytochrome c oxidase and also as a redox center in nitrous
oxide reductase. The CuA site is a completely delocalized
binuclear center [37] (Figure 6a) in its oxidized state with
two Cu1.5+ separated by ~2.4 Å and bridged by two S(Cys).
Our studies have focused on understanding the electronic
structure of CuA and its contribution to function [33•,38,39].
Combined S K-edge and Cu L-edge studies [33•] provide
the opportunity to obtain an experimental description of the
ground-state wavefunction of CuA. Figure 6b and c show the
renormalized S K-edge and Cu L-edge spectra of CuA and
the relevant standards. (The S K-edge data are renormalized
to account for the fact that a different number of sulfur
atoms contribute to the pre-edge and edge features. In addi-
tion, both the S K- and Cu L-edge data are renormalized to
one d-hole.) Analysis of the S K-edge data shows a total of
46% S character in the half-occupied HOMO, which is dis-
tributed over the two sulfur atoms. Using the L-edge
methodology, it is found that there is 44% Cu d character in
the HOMO, which is delocalized over the two coppers. This
delocalization lowers both the inner- and outer-sphere reor-
ganization energy and contributes to the ET function of

2
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Theoretical and experimental electronic structure of the CuA center. (a) Half-occupied HOMO of the CuA site. (b) A comparison of the
renormalized S K-edge spectra of CuA and plastocyanin. (c) Renormalized Cu L-edge spectra of D4h-[CuCl4]2– and CuA.
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CuA. Further evidence for the delocalization in CuA comes
from analysis of the Cu L- and S K- pre-edge energies (com-
bined with MCD data), which indicate an ~0.4 eV
contribution to the HOMO because of metal–metal bond-
ing (σ* interaction in Figure 6a). 

In addition, the nature of the ground-state wavefunction of
CuA has important implications for both intra- and inter-
molecular electron transfer in cytochrome c oxidase.
Comparison of the S K-edge results with N ENDOR
results [40] (which show ~4% total N covalency), indicate
a redox active orbital with highly anisotropic covalency.
This anisotropy must be included in the analysis of elec-
tron transfer pathways by weighting the electron transfer
rates by the appropriate ligand character. By allowing for
this effect, a path through the Cys200 (using the residue
numbering from bovine cytochrome c oxidase [41]) can
become competitive with the shorter His161 path in the
intramolecular electron transfer path in cytochrome c oxi-
dase (CuA→heme a). Further, the highly covalent Cu–S
bond is particularly important for activating the intermole-
cular electron transfer path from heme c→CuA

Conclusions
Different energy regions in Figure 1 provide complemen-
tary information on a transition metal complex. Thus, an
appropriate combination of spectroscopic methods are
required for maximum insight into active-site geometric
and electronic structure. Electronic structure calculations
provide an important complement to spectroscopy and,
when supported by data, provide total energy comparisons
and insight into reaction coordinates. Often metalloen-
zymes exhibit unique spectroscopic features that reflect
highly covalent sites, which activate the metal center for
catalysis. New spectroscopic methodologies have been
presented that enable one to assign these unique features
(VTVH MCD/EPR/MOT) and to experimentally define
the covalency of ligand–metal bonds (metal L-edge/ligand
K-edge XAS). 
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This paper reviews recent findings on how the second coordination sphere of heme proteins fine-tunes the
properties of the heme active site via hydrogen bonding. This insight is obtained from low-temperature mag-
netic circular dichroism (MCD) spectroscopy. In the case of high-spin ferric hemes, MCD spectroscopy allows
for the identification of a multitude of charge-transfer (CT) transitions. Using optically-detected magnetic
saturation curves, out-of-plane polarized CT transitions between the heme and its axial ligand(s) can be iden-
tified. In the case of ferric Cytochrome P450cam, the corresponding S(σ)→Fe(III) CT transition can be used as
a probe for the {Fe(III)–axial ligand} interaction, indicating that the hydrogen bonding network of the prox-
imal Cys only plays a limited role for fine-tuning the Fe(III)–S(Cys) interaction. In the case of high-spin fer-
rous hemes with axial His/imidazole coordination, our MCD-spectroscopic investigations have uncovered a
direct correlation between the strength of the hydrogen bond to the proximal imidazole ligand and the
ground state of the complexes. With neutral imidazole coordination, the doubly occupied d-orbital of high-
spin iron(II) is of dπ character, located orthogonal to the heme plane. As the strength of the hydrogen bond
increases, this orbital rotates into the heme plane, changing the ground state of the complex.

© 2012 Elsevier Inc. All rights reserved.
1. Introduction

Second coordination sphere (SCS) effects in proteins and transition
metal complexes correspond to interactions of the metal center and
its primary ligands with groups that are not part of the intimate coor-
dination environment of the metal. In proteins, SCS effects are usually
mediated by amino acid side chains in the substrate (active site)
pocket of the protein. The most important types of interactions are
hydrogen bonding, electrostatic (between charged groups) and di-
pole interactions, steric interactions, and π-stacking of aromatic side
chains. These interactions are used by proteins for substrate recogni-
tion (binding and precise orientation in the active site), for fine-
tuning of ligand donor strengths and redox potentials of transition
metal centers, to enforce unnatural coordination geometries on tran-
sition metal complexes (the ‘entatic’ state), for proton and electron
transfer, etc. [1]. The most important SCS interaction is hydrogen
bonding. A famous example in this respect is the distal His in hemo-
globin (Hb) and myoglobin (Mb), which forms a hydrogen bond to
dioxygen bound to the heme center, and in this way, stabilizes the
oxy-Hb/Mb complex [2].

SCS effects, in particular hydrogen bonding, are generally thought to
be used in nature to fine-tune the properties of all heme protein active
sites. This pertains particularly to hydrogen bonds to either the axial
ligand(s) of heme, heme side chains, or substrates bound to the heme
rights reserved.
center. In this way, SCS effects allow principally similar active sites, like
the {heme-thiolate(Cys)} active site in all members of the Cyt. P450 fam-
ily or the {heme-imidazole(His)} active site in globins, (per)oxidases and
heme sensor proteins, to perform a surprisingly diverse range of func-
tions. This requires adjustments in the electronic structures, redox poten-
tials, and reactivities of the {heme–axial ligand} (catalytic) units in these
different proteins. Despite this central importance of hydrogen bonding
for hemeprotein function, however, it has been found very difficult to ob-
tain direct insight into how exactly hydrogen bonding affects the elec-
tronic structures and properties of heme protein active sites. For
example, it has been observed frequently that changes in the hydrogen
bonding network of axial ligands to heme can have a distinctive effect
on redox potential [3–5], but it is not clearwhether this relates to changes
in heme–axial ligand bond strength, changes in ground state of the heme,
changes in heme conformation, etc., and whether the ferrous or ferric
oxidation state is primarily affected by the change (or both).

Magnetic Circular Dichroism (MCD) spectroscopy has long been used
to elucidate the geometric and electronic structures of heme proteins
[6–10]. In particular, MCD spectroscopy has been frequently applied
as a ‘finger-printing’ technique to identify (a) the number and types
of axial ligands bound to heme, (b) the oxidation and spin states of
the heme, and (c) the heme conformation, in particular out-of-plane
distortions of the heme. For example, in the low-spin ferric oxidation
state of heme, low-energy (NIR) transitions are observed around
5000–10000 cm−1 that are characteristic for the axial ligands of
heme [6,11–13]. In addition, axial thiolate coordination is easily
identified from the MCD spectra [14].

http://dx.doi.org/10.1016/j.jinorgbio.2012.02.033
mailto:lehnertn@umich.edu
http://dx.doi.org/10.1016/j.jinorgbio.2012.02.033
http://www.sciencedirect.com/science/journal/01620134
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In order to utilize the full power of MCD spectroscopy, low-
temperature (liquid helium) measurements of the temperature
and field dependence of the paramagnetic MCD intensity, called
C-term intensity, are necessary. In this way, magnetic saturation
curves can be detected optically [15,16], and, as detailed below, the
fitting of these magnetization data allows for the determination of
the polarizations of the observed transitions, in samples of randomly
oriented molecules (i.e. not requiring single-crystal measurements)
[17–21]. As demonstrated in this review, this information, combined
with TD-DFT calculations, can be used to assign the optical spectra of
metalloporphyrins, and in particular, identify charge-transfer transi-
tions between the iron center of heme and the axial ligand(s) [21]. In
addition, the total MCD intensity is very sensitive to the exact nature
of the ground state, and can be correlated with changes in electron
distribution of the iron center [22,23]. In comparison to UV–visible
(UV–vis) spectroscopy, MCD has the additional advantage that MCD
intensity is a signed quantity, and hence, a much better resolution of
the optical transitions of metalloporphyrins is usually achieved with
this technique. Compared to EPR spectroscopy, MCD is not restricted
to non-integer spin systems.

In the following, these strengths of low-temperature MCD spec-
troscopy are used to investigate how the electronic properties of
hemes can be fine-tuned via SCS effects in proteins. Useful comple-
mentary techniques to further support the conclusions drawn from
MCD in terms of spectral assignments and ground state properties
are EPR [24,25] and resonance Raman (rR) spectroscopy [26,27],
and DFT calculations. Here we focus on high-spin ferrous and ferric
hemes, since these are the (catalytically) active states of many
heme proteins involved in O2 and small molecule binding and
activation.

2. Low-temperature MCD spectroscopy

The theoretical background of MCD spectroscopy was developed
by P. J. Stephens in the 1970s and has been summarized in a number
of reviews and articles [8,13,16,17,20,28,29]. MCD spectroscopy mea-
sures the difference in absorption of left (lcp) and right (rcp) circular
polarized light in an applied, longitudinal magnetic field, usually
generated by a superconducting magnet. MCD intensity arises from
three different mechanisms, designated as MCD A-, B- and C-terms,
as shown in Eq. (1).

Ie A1
−∂f Eð Þ

∂E

� �
þ B0 þ

C0

kT

� �
f Eð Þ

� �
⋅B ð1Þ

Here, I is the MCD intensity, T the temperature, B the magnetic
field and the function f(E) represents the band shape of an absorption
band. Importantly, the A- and B-terms are temperature independent,
whereas MCD C-term intensity is temperature dependent. Due to the
1/T dependence, the dominant mechanism at low temperature is in
fact the C-term. From Eq. (1), MCD intensity increases linearly with
the strength of the magnetic field (B). This strictly applies to the A-
Scheme 1. MCD C-term transition between the magnetically split sublev
and B-terms. On the other hand, C-term intensity arises from a degen-
erate ground state, which is split in the applied magnetic field due to
the Zeeman effect as shown in Scheme 1. Since the Jahn–Teller effect
generally lifts orbital degeneracy of ground states, degenerate ground
states usually originate from spin degeneracy, and hence, only para-
magnetic compounds exhibit C-term signals.

At low temperatures, when kT is in the order of the Zeeman split-
ting in the presence of a strong magnetic field, a larger population of
the lower energy compared to the higher energy Zeeman sublevels of
the ground state results, according to the Boltzmann distribution.
Hence, the intensities of the rcp and lcp transitions do not cancel any-
more leading to an absorption band shape for the C-term. A further
decrease of the temperature or an increase of the magnetic field
results in an increase in the population of the lowest-energy sublevel
and therefore, the C-term MCD intensity also increases. If the higher
energy sublevels are completely depopulated, the C-term intensity
reaches its maximum value, it saturates. Importantly, the temperature-
and magnetic field-dependent C-term intensity (variable-temperature
variable-field (VTVH) data) contains the complete information about
the ground state properties including g values and zero-field splitting
(ZFS) parameters, as well as the polarization of the respective electronic
transition. All this information can be extracted by fitting these C-term
saturation magnetization curves.

2.1. Fitting of variable-temperature variable-field (VTVH) MCD data

VTVH data obtained from the temperature- and field-dependent
MCD C-term intensity can befitted using the generalmethod developed
by Neese and Solomon [18]. The analysis is based on the following
Eq. (2):

Δε
E

¼ γ
4⋅π⋅S∫

π
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2π
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� �
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where the sum over i runs over the sublevels of the ground state, Δε/E
is the MCD intensity, Meff are the effective transition dipole moment
products, l are the angles between the magnetic field axes and the mo-
lecular coordinate system, Ni are the Boltzmann populations, bS>i are
the spin-expectation values, γ is a constant, and S is the total spin. The
individual polarizations of MCD bands can then be calculated using
the Meff values obtained from the fit of the VTVH saturation curves,
using Eq. (3):

%x ¼ 100⋅
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� �2
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The calculation of the %y- and %z-polarization is performed corre-
spondingly. This methodology is applied in the following to analyze
the low-temperature MCD data of metalloporphyrins. In order to
els of ground state |A> and excited state |J> for an S=1/2 system.
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determine the polarizations accurately, it is advantageous to obtain
the g values and zero-field splitting parameters of the system inde-
pendently, for example via SQUID and EPR measurements.
Fig. 2. MCD spectrum of [Fe(TPP)(Cl)]: The black line represents the MCD spectrum
measured at 5.8 K, and the red (dashed) line shows the spectrum measured at 290 K
(weak signal). The C-term spectrum in blue (dashed line) results from subtraction of
the 290 K from the low-temperature data. Reprinted with permission from Ref. [21].
Copyright 2008 American Chemical Society.
3. MCD spectroscopy of five-coordinate high-spin ferric hemes:
identification of charge-transfer transitions between the axial
ligand and iron(III)

3.1. Model complex studies on [Fe(TPP)(Cl)] (Ref. [21])

In order to test whether VTVH saturation curves for in-plane ver-
sus out-of-plane (with respect to the heme) polarized transitions
are distinct enough to allow for clear and unambiguous assignments
of the corresponding charge-transfer (CT) transitions, we first in-
vestigated the five-coordinate high-spin ferric model complex
[Fe(TPP)(Cl)] (TPP2− = tetraphenylporphyrinato dianion). Fig. 1,
top shows the UV–vis absorption spectrum of this complex. As evi-
dent from this figure, and explicitly noted in the preceding literature
[6,15,30], the optical spectra of high-spin ferric hemes are particu-
larly complicated due to the half-filled d5 shell of high-spin Fe(III),
which allows for a multitude of ligand to metal CT transitions. Cor-
respondingly, prior to our work, detailed assignments of the optical
spectra of high-spin ferric hemes were lacking. In the case of
[Fe(TPP)(Cl)], the most striking features are the intense, broad transi-
tion(s) around 379 nm to higher energy of the Soret band (which is at
417 nm), and the low-energy features around 650 nm, the nature of
which was unknown prior to our work. In addition, the exact location
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Fig. 1. Electronic spectra of [Fe(TPP)(Cl)]. Top: UV–vis absorption spectrum measured
in CHCl3 at room temperature. Bottom: MCD C-term spectrum measured in polysty-
rene at 5.8 K (lower concentration for 36000–21000 cm−1 region) and 5.6 K (higher
concentration for 21000–9000 cm−1), respectively. The colored lines represent a cor-
related Gaussian fit of these data, where the polarizations are color-coded (in-plane
in red, out-of-plane in blue, mixed in green and not determined in gray). Reprinted
with permission from Ref. [21]. Copyright 2008 American Chemical Society.
of the Q and Qv bands of the heme1 [31] in the optical spectra of
[Fe(TPP)(Cl)] was only ill defined [27]. To analyze and assign the elec-
tronic spectra of [Fe(TPP)(Cl)], the low-temperature MCD C-term spec-
tra of this complex were recorded as shown in Fig. 1, bottom. A
correlated fit of the UV–vis absorption and C-term data of this complex
allowed for the identification of at least 20 electronic transitions as
shown in Fig. 1. Here, theMCD C-term spectrum is calculated as the dif-
ference between the low-temperature and room temperature data, the
latter being dominated by the temperature-independentA- and B-term
signals as shown in Fig. 2.

In order to gain insight into the nature of the different transitions,
VTVH MCD measurements were then performed on all features
shown in Fig. 1. As described above, a detailed simulation of these
data then provides insight into the polarizations of the different tran-
sitions, which greatly assists in the assignments. Fig. 3 shows that the
polarizations of the bands, either in-plane (x,y) or out-of-plane (z)
with respect to the heme plane, lead to distinct changes in the behav-
ior of the magnetic saturation curves. In this way, out-of-plane polar-
ized transitions between the iron(III) center and axial ligands can
easily be identified. Based on this analysis, bands 3, 6–8, and 14 are
shown to have major out-of-plane polarized contributions. With
this information in hand, TD-DFT calculations can then be used to as-
sign all experimentally observed features. These calculations by
themselves are not accurate enough to assign the spectra, but they
are insightful as they provide a list of important transitions and
their relative energies and intensities, and in this way, define the “ac-
tive space” of electronic transitions that are relevant. Taking these re-
sults into consideration, the lower-energy band 6 is assigned to the
chloride(π)-to-iron(III) CT transition, whereas the higher energy
transition (band 14) is assigned to a mixed chloride(σ/π)-to-iron(III)
(Cl(σ/π)→Fe) CT band. Further important features in the optical
1 The optical spectra of all metalloporphyrins contain three strong signals that are of
porphyrin character and that originate from the aromatic system of this macrocyclic li-
gand.[30] These are due to transitions between the occupied a1u and a2u π- and the un-
occupied eg π*-orbitals of the heme. Here, the individual transitions couple via CI
mixing to create the intense Soret band at higher, and the weak Q band at lower ener-
gy. In addition, vibronic coupling between the Soret and Q state create the Qv band,
which occurs about 1300 cm−1 to higher energy from Q.
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Fig. 3. MCD saturation magnetization curves (VTVH) of [Fe(TPP)(Cl)] for (a) band 12 (Soret) at 23266 cm−1 (left), (b) band 4 (CT(1)) at 15000 cm−1 (middle), and (c) band 6
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spectra of [Fe(TPP)(Cl)] that are clarified based on our spectral
analysis are as follows:

(a) Based on Gouterman's Four-Orbital model, it would be
expected that the Soret band corresponds to a derivative-
shaped pseudo A-term signal (see Chapter 4 below) [31]. How-
ever, Fig. 1 shows that this is not the case: for [Fe(TPP)(Cl)]
several x,y-polarized MCD bands are observed in the Soret re-
gion. Our results show that the negative feature of the pseudo
A-term signal of the Soret transition is in fact split into two
components (bands 12 and 15) in [Fe(TPP)(Cl)] by selective
mixing with an additional porphyrin a2u→eg(LUMO)
(π→π*) transition. The Soret band therefore corresponds to
MCD bands 12, 13 and 15 in Fig. 1.

(b) Our results clarify the nature of the mysterious, broad absorp-
tion band at 379 nm in the UV–vis spectrum of [Fe(TPP)(Cl)]:
Scheme 2. Proximal hydrogen bonding network of Cytochrome P450cam. The orange, yellow
trogen atoms of Leu358, Gly359, and Gln360, respectively. The dashed lines represent the N
PDB code 2CPP [52]. Reprinted with permission from Ref. [33]. Copyright 2011 American C
this band originates from an additional porphyrin π→π* tran-
sition, mixed with the Soret transition, and, importantly, the
chloride(σ/π)-to-iron(III) CT transition.

(c) The Q band is very weak in [Fe(TPP)(Cl)], and cannot be ob-
served as a distinct absorption or MCD feature. In comparison
to rR spectroscopy [27], this feature likely occurs in the
18000–19000 cm−1 region. The vibronic band Qv is identified
at ~20200 cm−1.

(d) Laser excitation into the low-energy absorption band at
654 nm leads to unusual Raman enhancement of low-energy
anomalously polarized bands (where the depolarization ratio
is >3/4) [32], which correspond to in-plane and out-of-plane
porphyrin deformation modes [27]. This absorption feature
corresponds to MCD bands 3–5. Based on our analysis, bands
4 and 5 can be assigned to the two components of a
porphyrin(π)→dπ CT transition (dπ=dxz, dyz) where electron
and blue balls represent the heme iron, the sulfur atom and the main chain amide ni-
H⋅⋅⋅S hydrogen bonds in the Cys pocket. The image was generated using PyMOL from
hemical Society.
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density is shifted out of the heme plane, presumably inducing
out-of-plane distortions of the heme in the excited states.
This explains the resonance enhancement of out-of-plane
heme vibrations in the Raman spectra of [Fe(TPP)(Cl)] upon
excitation in this energy region.

In summary, we were able to develop an accurate theoretical de-
scription of the ground and excited states of [Fe(TPP)(Cl)] for the
first time, and in particular, we demonstrated that VTVH magnetiza-
tion curves can be used to identify iron→axial ligand CT transitions
in heme active sites. We then applied this methodology to high-spin
ferric Cytochrome P450cam to investigate SCS effects in this protein.

3.2. Second coordination sphere effects in Cytochrome P450cam
(Ref.[33])

Scheme 2 shows the active site of Cytochrome P450cam. In this
case, a thiolate (Cys) group serves as the axial ligand to heme that is
stabilized by four hydrogen bonds from protein backbone amide hy-
drogen atoms (the so-called ‘Cys’ pocket), provided by amino acids
L358, G359, and Q360. Previous studies have shown that mutations
of amino acids in this Cys pocket lead to distinct shifts in Fe(II)/
Fe(III) redox potential [3], but the underlying causes for these shifts
are not clear. We applied our MCD methodology described above to
determine whether the heme–thiolate bond in the high-spin ferric
case is in fact affected by these changes in the hydrogen bonding net-
work. In order to do this, we first needed to identify the
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Fig. 4. Simulation of VTVH curves using S=5/2, E/D=0.087; D=3.8 cm−1; and gx, gy, gz=2.0
thiolate→ iron(III) CT transitions, and then compare their energies
in wild-type (wt) protein and the Cys pocket mutants. Note that Cyt.
P450cam is in the ferric low-spin state in the resting form, but be-
comes high-spin upon substrate binding. This is the catalytically active
state of the protein that is ready to accept an electron from an external
source to start the catalytic cycle of the enzyme [34].

There are two potential problems in applying our MCD methodol-
ogy to high-spin ferric Cyt. P450cam. First, the model complex
[Fe(TPP)(Cl)] studied previously shows approximate 4-fold symme-
try, and correspondingly, axial zero-field splitting (ZFS) where E/
D~0. Hence, in this case there is a clear distinction in magnetic re-
sponse between in-plane and out-of-plane polarized transitions. In
contrast, the Fe–S(Cys) bond in Cyt. P450cam is anisotropic in x and
y direction (with z being the heme normal), leading to approximate
2-fold symmetry, and hence, rhombic ZFS with E /D=0.087 [35]. It
is therefore not clear a priori whether distinct changes in magnetic
saturation curves between different types of electronic transitions
can also be expected here. Fig. 4 shows theoretical magnetization
curves calculated for different polarizations of electronic transitions.
Based on these predictions, one would expect that z-polarization of
electronic transitions should lead to VTVH curves that only show a
small amount of nesting, and hence, that corresponding transitions
can in fact be identified via VTVH measurements.

In addition, wt Cyt. P450cam with bound camphor is 100% high-
spin at room temperature, but shows a fraction of the low-spin
form at cryogenic temperatures due to the coordination of a water
molecule to the heme, as evident from EPR spectroscopy [3]. In
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023. Reprintedwith permission from Ref. [33]. Copyright 2011 American Chemical Society.
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order to deconvolute the MCD spectra of wt Cyt. P450cam, we there-
fore investigated the variants Q360P and Y96W first, which had pre-
viously been shown to correspond to pure high-spin and low-spin
complexes even at lq. helium temperatures. In this way, the signals
of the high-spin and low-spin ferric heme center of Cyt. P450cam
could be identified, and the MCD data of wt protein and other mu-
tants that generate high-spin/low-spin mixtures at cryogenic temper-
atures could be deconvoluted.

Fig. 5 shows the UV–vis absorption and MCD spectra of high-spin
ferric Q360P Cyt. P450cam, along with Gaussian fits of the obtained
data. In total, 14 different electronic transitions are identified from
these data. In order to gain further insight into the nature of these fea-
tures, we then recorded VTVH saturation curves for the different MCD
bands observed in Fig. 5. Fig. 6 shows that the predictions for the
Fig. 6. Ferric high-spin Q360P Cyt. P450cam MCD C-term VTVH saturation magnetizatio
18604 cm−1 (middle, 87% x,y-polarization), and (c) band 13 at 28570 cm−1 (right, 41%
were the same as in Fig. 5. Reprinted with permission from Ref. [33]. Copyright 2011 Amer
saturation behavior shown in Fig. 4 are very well reproduced by the
experimental data. Compared to [Fe(TPP)(Cl)], the electronic transi-
tions appear generally more mixed with respect to their polarizations.
Importantly, the VTVH data show that the intense MCD band 13 to
higher energy of the Soret band is about 40% z polarized, as reflected
by the very small nesting of the VTVH curves (see Fig. 6). TD-DFT cal-
culations indicate that in the high-spin ferric Cyt. P450cam active site,
the thiolate(π)-to-iron(III) CT transitions occur in the area of band 4,
which shows some z-polarization, but that these transitions are dis-
tributed over a number of bands, and hence, are not as well defined
as the chloride(π)-to-iron(III) CT transitions in [Fe(TPP)(Cl)]. Band
13 in the MCD spectra of high-spin ferric Cyt. P450cam is surprisingly
intense, which strongly indicates that this feature is of CT character
with a large amount of metal contribution. The distinct amount of
z-polarization further points towards a strong contribution of thiolate
to iron(III) CT character. The TD-DFT calculations predict a number
of different CT transitions under the broad envelop of band 13, and,
importantly, the presence of the thiolate(σ)-to-iron(III) CT transition.
Based on the experimentally observed, strong z-polarization of this
feature, we therefore assign band 13 at 28570 cm−1 to the S(σ)→
Fe CT transition, similar to [Fe(TPP)(Cl)] where the corresponding
Cl(σ/π)→Fe CT transition is observed at ~26200 cm−1 as described
above.

Fig. 7 shows the UV–vis absorption and low-temperature MCD
data of the ferric low-spin Y96W Cyt. P450cam variant. The most
striking differences between the MCD spectra of high-spin and low-
spin Cyt. P450cam are (a) the absence of the intense S(σ)→Fe CT
transition to higher energy of the Soret band in the low-spin form,
and (b) the fact that the MCD C-term intensity of the Soret band is
about 10 times larger for the low-spin (−1696 M−1 cm−1 T−1)
compared to the high-spin form (+141 M−1 cm−1 T−1). The latter
effect is due to differences in spin-orbit coupling (SOC), and, as we
have shown in Ref. [21], constitutes a general distinction between
the high-spin and low-spin forms of ferric hemes. This is further ex-
emplified in Table 1, using other heme proteins as
examples. Scheme 3 shows the two different mechanisms for C-
term intensity [18], either based on SOC between two excited states
(mechanism 1), or the ground state and a low-lying excited state
(mechanism 2). Whereas mechanism 1 is valid for all iron(III) por-
phyrins, the low-spin state also has contributions from mechanism
2, because of the low-lying excited states generated from the [t2(g)]5

electron configuration that do not exist in the high-spin state. For
low-spin ferric hemes with the “normal” ground state, [dxy]2 [dxz,dyz]3

as indicated in Scheme 3, very strong SOC exists between the ground
state and the first ligand-field excited state (dxz→dyz transition) corre-
sponding to the reduced SOC matrix element 〈dxz|lz|dyz〉. This leads to a
n curves for (a) band 2 at 15909 cm−1 (left, 88% x,y-polarization), (b) band 5 at
z-polarization). Red lines: fit; black dots: experimental data points. Buffer conditions
ican Chemical Society.



Fig. 7. Electronic spectra of ferric low-spin Y96W Cyt. P450cam taken under the same
conditions as those in Fig. 5. Top: UV–vis absorption spectrum measured at room tem-
perature. Bottom: MCD C-term spectrum measured at 5 K in phosphate buffer with 50%
(v/v) glycerol added. Reprinted with permission from Ref. [33]. Copyright 2011 American
Chemical Society.

Table 1
Peak-to-trough (maximum-to-minimum) saturation limits for the Soret bands of
[Fe(TPP)(Cl)] and different (ferric) enzymes.

Compound Spin-
state

Peak-to-trough
saturation limit a

Ref.

[Fe(TPP)(Cl)] 5/2 3.4⁎103 [21]
Horse heart cytochrome c 1/2 40.5⁎103 [53]
Metmyoglobin CN- 1/2 60.5⁎103 [53]
Cytochrome c oxidase 1/2 25⁎103 [54]
Cytochrome c oxidase CN- 1/2 54⁎103 [54]
Ferryl horseradish peroxidase (HRP)
compound I

3/2 1.9⁎103 [55]

a Peak-to-trough saturation limits are given in M−1 cm−1.
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dramatic increase inMCD intensity compared to the high-spin state. The
fact that mechanism 2 is in fact responsible for this increase in MCD in-
tensity of x,y polarized transitions is evident fromMCD data of low-spin
ferric hemes with the alternative “dxy” ground state ([dxz,dyz]4 [dxy]1)
[25]. In this case, no SOC effective in z direction is present, and hence,
mechanism 2 cannot contribute. Correspondingly, the MCD spectra
obtained by Cheesman et al. for a complex with “dxy” ground state
show a dramatic decrease in MCD intensity compared to “normal”
low-spin ferric hemes [22]. This difference in SOC is also indirectly
reflected by the fact that low-spin Fe(III) shows large g shifts, whereas
high-spin Fe(III) has practically no g shifts at all [24].

As mentioned above, the MCD spectrum of wt Cyt. P450cam at
low-temperature shows signals from both the majority high-spin
form and a minority low-spin component, which can now be decon-
voluted based on the known spectra of the corresponding, pure spin
states, shown in Figs. 5 and 7. In a typical MCD experiment, the esti-
mated low-spin contribution for wt protein is about 15%. Importantly,
the prominent S(σ)→Fe CT transition can easily be identified in the
spectra of wt Cyt. P450cam and the additional Cys pocket mutant
L358P as shown in Fig. 8. The energies of the S(σ)→Fe CT bands ob-
served at 28724, 28620, and 28570 cm−1 for wt, L358P, and Q360P
Cyt P450cam, respectively (Fig. 8), have implications for the effect
of H-bonding on the Fe–S bond. In going from wt to L358P and
Scheme 3. Different mechanisms for MCD C-term
Q360P, one hydrogen bond to sulfur is removed. In addition, Q360P
is also lacking an additional hydrogen bond to the cysteine backbone.
The removal of hydrogen bond(s) from the thiolate group of cysteine
increases the electron density on sulfur, and thus, the sulfur donor
strength. This, in turn, affects the strength of the Fe–S bond. DFT cal-
culations on six-coordinate ferric nitrosyl model complexes
[Fe(P)(SR)(NO)] (P2−=porphine2−; the simplest porphyrin ligand)
support this idea, and show a correlated increase in the Fe–S force
constant and a decrease in Fe–S bond distance upon stepwise removal
of strong NH-S(thiolate) hydrogen bonds in model complexes [36].
DFT calculations indicate that the reason for this is an increase of
S(pz) in energy as H-bonds are removed, leading to an increase of
the Fe–S covalency, and hence, bond strength. There is little doubt
that L358, G359, and Q360 form amide hydrogen bonds to the sulfur
donor atom of C357 in Cyt P450cam; the real question is how strong
these interactions are, and how strongly they influence the Fe–S bond
strength. One way to detect this change is by probing the energy of
the S→Fe CT transition: as the S(pz) orbital increases in energy, the
energetic separation between the corresponding bonding and anti-
bonding combinations of S(pz) and dz2 of iron(III) decreases and this
shifts the corresponding S(σ)→Fe CT transition to lower energy.
This notion is consistent with the trend observed in going from wt
to L358P and to Q360P. However, this effect is quite small. This is in
agreement with the small changes in Fe–S vibrational frequencies ob-
served between wt, L358P and Q360P from Raman spectroscopy [3].
One could argue that the small changes are due to (a) rearrangement
of the Cys pocket to strengthen the remaining H-bonds, or (b) incor-
poration of water in the Cys pocket in the mutants. However, the
crystal structure of ferrous L358P indicates that this is likely not the
case [37].

Based on the small changes in the S(σ)→Fe CT transition energy
between wt, L358P, and Q360P, and corresponding small changes in
ν(Fe–S) along this series, our work therefore implies that the hydro-
gen bonds between the axial thiolate (C357) ligand and L358 and
Q360 are weak. The remaining H-bond from G359 could be stronger,
and could be most significant for fine-tuning the Fe–S bond strength.
This is in accordance with X-ray crystallography, which shows that
intensity. Right: example for mechanism 2.
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the C357–G359 contact is in fact the shortest. This point requires fur-
ther study. Based on these findings, we propose that the roles of the
hydrogen bonds from L358 and Q360 are not primarily for fine-
tuning the sulfur donor strength of the proximal Cys, but for the pro-
tection of the thiolate ligand against protonation or reaction with di-
atomics, all of which would lead to Cyt. P420 formation. In addition,
these hydrogen bonds position the cysteinate for proper coordination
to the iron center. Importantly, the idea that the L358 and Q360 hy-
drogen bonds to the axial cysteinate ligand are weak correlates with
function in Cyt. P450 enzymes: weak H-bonds, leading to a strong
Fe–S bond, are in fact of key importance for efficient O–O bond cleav-
age and compound I formation, according to the push effect [38]. This
finding disagrees with several hypotheses that the NH–S hydrogen
bonds generally control the Fe–S bond strength/interaction, and in
this way, the redox potential of the heme [39,40]. Based on these re-
sults, the observed changes in redox potential between wt and the
Cys pocket mutants then likely relate to a stabilization of the ferrous
form of the protein or a change in its ground state (see below) as a
major source for the observed changes, and/or to structural changes
in the heme conformation in the mutants. These aspects are currently
under investigation.

4. MCDspectroscopyofhigh-spin ferroushemes: secondcoordination
sphere effects control the ground state of heme (Ref. [23])

A common feature in many heme proteins is the presence of hy-
drogen bonds from the proximal histidine ligand to nearby protein
side chains. The strength of these hydrogen bonds is thought to
vary from very weak {(His)N–H···Acceptor} proton donation to
complete donation to form the corresponding imidazolate ligand
[41–47]. The idea that a strong hydrogen bond has a strong influence
on heme protein behavior is longstanding but has been difficult to in-
vestigate in a systematic manner. Clearly, there are significant differ-
ences in the strengths of the hydrogen bonds formed to the proximal
histidine ligand in different heme proteins. Three distinctly different
scenarios can be identified from the literature: (a) the globins and a
number of other proteins form weak hydrogen bonds between histi-
dine and a nearby carbonyl or alcohol group (weak), (b) the peroxi-
dases where the proximal histidine is hydrogen-bonded to
conserved aspartate residues (medium/strong), and (c) the oxidases
where hydrogen bonding involves conserved glutamates (medium/
strong). In particular, the idea continues to appeal that the proximal
histidine in the peroxidases has imidazolate-like character. This
strong hydrogen bond is thought to stabilize higher oxidation states
Fig. 8.MCD C-term spectra of wt Cyt P450cam, L358P, and Q360P taken under the same
conditions as those in Fig. 5. These spectra focus on the S→Fe CT transition for each
enzyme.
of iron and to distinctly alter the chemical behavior of the peroxidases
relative to the globins. Nevertheless, the role of this hydrogen bond is
still one of the unresolved issues concerning these enzymes. In order
to shed light on this question, we used MCD spectroscopy coupled to
DFT calculations to elucidate the electronic structures of five-
coordinate high-spin ferrous hemes with either axial imidazole or
imidazolate coordination, corresponding to the extremes with either
no hydrogen bonding, or complete abstraction of the imidazole pro-
ton (strongest possible hydrogen bond leading to deprotonation). In
order to achieve an exact comparison of these two borderline
cases, we chose to study the corresponding model complexes
[Fe(TPP)(2-MeHIm)] and [K(222)][Fe(TPP)(2-MeIm−)], where
(222)=Kryptofix 222 (4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo
[8.8.8]-hexacosane), and 2-MeHIm=2-methylimidazole. Finally,
we also included the model complex [Na(222)][Fe(TPP)(Cl)] in the
study where the bound Cl− ligand is a crude model for the proximal
thiolate in Cyt. P450s [23].

The low-temperature MCD spectra obtained for [Fe(TPP)(2-
MeHIm)], [K(222)][Fe(TPP)(2-MeIm−)], and [Na(222)][Fe(TPP)(Cl)]
are overall very similar and are dominated by the π→π* transitions
of the porphyrin ligand. Fig. 9 shows the data for [Fe(TPP)(2-
MeIm−)]− as a representative example. The spectra show four rela-
tively intense MCD features in the region of the Q and Qv bands,
with alternating negative and positive intensities, and a correspond-
ing pair of bands for the Soret transition. As shown by us previously
(see also above), the Soret, Q, and Qv bands of simple metallopor-
phyrins should give rise to a derivative-shaped C-term signal at
Fig. 9. Electronic spectra of [Fe(TPP)(2-MeIm)]−. Top: UV–vis absorption spectrum
(bold line) measured in CH2Cl2 at room temperature. Bottom: MCD C-Term spectrum
(bold line) measured in toluene/CH2Cl2 (1:1) at 2 K. The red (thin) lines represent a
correlated fit of these data.
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Scheme 4. Differences in the electronic ground state of high-spin ferrous hemes relate
to the exact location of the ‘extra’ (spin-down) electron, shown in red (in oval).
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low-temperature in MCD, due to a low-symmetry splitting of the por-
phyrin eg(π*) LUMO in the complexes [31,48]. This causes the Soret,
Q, and Qv excited states, which have Eu symmetry in D4h, to split
into two components, and correspondingly, two bands are observed
for the Soret, Q, and Qv transitions in MCD. Importantly, due to excit-
ed state spin-orbit coupling, the two components of these features
show opposite signs, and hence, the Soret, Q, and Qv transitions
each give rise to a derivative-shaped ‘pseudo-A’ C-term signal in
MCD at low (lq. helium) temperature. Additionally, since Qv is the
vibronic band of Q, it should appear about 1250 cm−1 to higher ener-
gy of Q as determined by Gouterman [30]. With this in mind, the elec-
tronic spectra of the ferrous heme-imidazole/ate complexes can be
readily understood. For [Fe(TPP)(2-MeIm−)]−, bands 2 and 3 (see
Fig. 9) at 16206 and 16432 cm−1, respectively, belong to the Q tran-
sition, followed by Qv at 17308 and 17640 cm−1, respectively (bands
4 and 5). The energy differences between the corresponding negative
features 2 and 4 and positive features 3 and 5 are 1102 and
1208 cm−1, which is in good agreement with the predicted value of
~1250 cm−1 mentioned above. To higher energy, bands 7 and 8 at
21950 and 22650 cm−1, respectively, constitute the two components
of the Soret transition. Note that bands 9 and 10 likely belong to a ferric
impurity due to the great sensitivity of [Fe(TPP)(2-MeIm−)]− towards
trace amounts of O2, as evidenced by the comparison of the MCD spec-
tra of different preparations of this complex.

In summary, our data show that the MCD C-term spectra of
[Fe(TPP)(2-MeHIm)], [K(222)][Fe(TPP)(2-MeIm−)], and [Na(222)]
[Fe(TPP)(Cl)] are all very similar with respect to the observed elec-
tronic transitions. However, there is one striking difference between
these data: the absolute MCD intensities. As shown in Table 2, the ab-
solute MCD intensity of the complex with the neutral imidazole li-
gand (Class N) is about 1 order of magnitude larger compared to
the complexes with the anionic imidazolate and chloride ligands
(Class A). In addition, these two different classes also show distinctive
differences with respect to their Moessbauer- and EPR-spectroscopic
and structural properties as described in Ref. [23]. All these data indi-
cate that these complexes differ in their electronic ground states.

We further investigated this aspect using DFT calculations. In the
ground state of five-coordinate high-spin ferrous hemes, all five d-
orbitals of iron are singly occupied (five α (spin-up) electrons), and
therefore, differences in the ground states of these complexes relate
to the location of the additional, sixth β (spin-down) electron as
shown in red in Scheme 4. Importantly, our DFT calculations show
that in the imidazole complex, this orbital has 65% dxz character,
where z is the heme normal, and the xz plane contains the imidazole
ligand. An iso-density surface plot of this MO is shown in Fig. 10, left.
In contrast, in the imidazolate complex, the sixth (spin-down) elec-
tron occupies an orbital that has 50% dxy and only 15% dxz character,
as shown in Fig. 10, right. This orbital is therefore effectively located
in the heme plane. The chloride complex shows a similar ground
state. In summary, these results show that in the imidazolate and
chloride (Class A) complexes the doubly occupied d-orbital is located
in the porphyrin plane, whereas it is orthogonal to the heme plane in
the imidazole (Class N) complex. This difference in ground states is il-
lustrated in Scheme 5. Moreover, the MCD intensity directly reflects
this change in ground state, and, as we will show in the following, di-
rectly correlates with the amount of dπ character (dπ=dxz or dyz) in
the occupied β-spin d-orbital of iron (see Table 2).
Table 2
Absolute MCD intensities of the Soret bands in high-spin ferrous heme model
complexes (numbers are rounded). Data were obtained at ~2 K in all cases.

Intensity [M−1 cm−1 T−1]

[Fe(TPP)(2-MeHIm)] 5000
[Fe(TPP)(2-MeIm)]– 300
[Fe(TPP)(Cl)]– 800
In general, MCD C-term intensity has contributions from two dif-
ferent mechanisms as described above and illustrated in Scheme 3
for the low-spin ferric case, and relates to SOC between two energet-
ically close excited states (mechanism 1), or the ground state and a
low-lying excited state (mechanism 2) [18,21]. Whereas mechanism
1 applies to all metalloporphyrins due to the lifted degeneracy of
the eg(π*) LUMO of the heme macrocycle in actual complexes, mech-
anism 2 often originates from low-lying ligand-field excited states. In
the case of the five-coordinate high-spin ferrous heme complexes
considered here, these low-lying excited states would originate
from transitions of the single β-spin d-electron between different
t2g-type d-orbitals of iron (see Scheme 4). Since the Q, Qv and Soret
transitions are in-plane (xy) polarized, SOC has to be effective in z
direction in order to generate significant C-term intensity according
to mechanism 2. Using the mathematical expression for C-term inten-
sity from Ref. [18] (see Scheme 3, middle), we were able to show that
the reduced SOC matrix element between the ground state |A> and
the ligand-field excited state |K> becomes [23]:

�LKAz ¼ Im〈KjHz
SOC jA〉 ¼

Im
h
ζFe ∑

r;s
〈cdsφ

d
s jlzjcdrφd

r 〉
i

ΔKA
¼

Im
h
ζFe〈∑

s
cdsφ

d
s jlzjcβxzdβ

xz〉
i

ΔKA

ð4Þ

Here we use the coordinate system from our DFT results shown in
Fig. 10, where the dπ contribution to the occupied β-spin t2g-type d-
orbital in the ground state |A> is of dxz character (with the corre-
sponding MO coefficient cxzβ ). The sum ∑s cdsϕ

d
s corresponds to the

LCAO expansion of the β-spin t2g-type d-orbital in the relevant excited
Fig. 10. Occupied β-spin d-orbitals in the ground states of high-spin ferrous heme-
imidazole (Class N, left) and -imidazolate (Class A, right) complexes; see Scheme 5.
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Scheme 5. Differences in the electronic ground states of high-spin ferrous hemes of
Class A (anionic axial ligand) and Class N (neutral axial ligand) type; see text.
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state |K>. Importantly, the lz operator (representing SOC in z direction)
only connects the orbitals dxz and dyz, such that:

Imbdyz lzj jdxz >¼ 1;whereas

Imbdxz lzj jdxy >¼ 0 and Imbdyz lzj jdxy >¼ 0:

This means that dxy cannot contribute directly to MCD intensity
for x,y polarized transitions. Hence, in the imidazolate (Class A) com-
plex, only the dxz character mixed into the occupied β-spin dxy orbital
in the ground state is able to generate C-term intensity, as indicated
in Eq. (4). Because of this, mechanism 2 can only contribute significantly
to the MCD intensity of the Q, Qv, and Soret transitions for Class N sys-
tems, whereas this contribution will be much smaller for Class A. Based
on the coefficients of the occupied β-spin t2g-type d-orbitals of the
imidazole and imidazolate complexes (see Fig. 10), and the excitation
energies calculated from TD-DFT, we estimate that the MCD C-term
intensity for [Fe(TPP)(2-MeHIm)] is approximately 7 times larger
than that of [K(222)][Fe(TPP)(2-MeIm−)], which is in good agree-
ment with experiment (see Table 2) [23]. In this sense, the absolute
MCD C-term intensity of five-coordinate high-spin ferrous hemes di-
rectly reflects the amount of dπ character in the singly occupied β-
spin (minority spin) d-orbital in the ground state.

In summary, variation of the hydrogen bonding network of the prox-
imal His ligand can change the ground state of five-coordinate high-spin
ferrous heme active sites. We believe that this change in ground state
in fact contributes to function in heme proteins. This is seen in the
proteins that can definitely be assigned to one of the two classes.
Deoxyhemoglobin and -myoglobin, members of Class N, are revers-
ible dioxygen binders, where the formed O2 complex has partial su-
peroxide character. Here, the location of the single β d-electron in a
t2g orbital orthogonal to the heme plane that overlaps with the π* or-
bitals of the incoming O2 molecule is certainly advantageous for
dioxygen binding by lowering kinetic barriers for electron transfer.
In addition, imidazole is a weaker ligand than imidazolate, which con-
tributes to the stabilization of the iron-O2 complex by lowering the σ-
trans interaction between the bound imidazole and O2 ligands. In this
way, the hydrogen bond to imidazole could also be used to fine-tune
the strength of the Fe–O2 bond (cf. corresponding Fe(II)–NO com-
plexes [48–51]). On the other hand, horseradish peroxidase and Cyt.
P450s, members of Class A, are involved in peroxide/dioxygen activa-
tion. Here, the potential link to function is that a more strongly donat-
ing proximal ligand will promote heterolytic O–O bond cleavage, and
hence, compound I formation. This, on the other hand, has to be
avoided in hemoglobin and myoglobin, which is in agreement with
the weaker imidazole ligand in this case. Finally, by adjusting the hy-
drogen bond to histidine, and hence, the donor strength of this ligand
and the ground state of the high-spin ferrous heme, the Fe(II)/Fe(III)
redox potential of the heme could also potentially be fine-tuned.

5. Conclusions

In conclusion, this review demonstrates how low-temperature
MCD spectroscopy can be used to obtain detailed insight into the
spectral assignments and electronic structures of ferrous and ferric
heme complexes. In this way, the consequence of SCS effects, in
particular hydrogen bonding, on the electronic structures of hemes
can be probed. In the case of high-spin ferric hemes, a large number
of charge-transfer (CT) transitions are observed in the optical spectra
of the complexes, and in particular, low-temperature MCD spectros-
copy is a powerful method to resolve these transitions due to the
fact that MCD intensity is a signed quantity. In addition, we have dem-
onstrated that the magnetic saturation behavior of theMCD signals can
be used to identify out-of-plane polarized (relative to heme) CT transi-
tions; i.e. transitions between the axial ligand and the iron(III) center.
We applied this methodology to the model complex [Fe(TPP)(Cl)] and
Cytochrome P450cam, and in both cases, we identified the correspond-
ing Cl→Fe(III) and S→Fe(III) CT transitions, respectively. In particular,
the corresponding σ-type CT transitions are observed in both cases as
intense MCD signals to higher energy of the Soret band of heme.
These transitions can therefore be used as a sensitive marker of
the electronic structure of the axial Fe(III)-X unit. In comparison,
the S(σ)→Fe(III) CT transition is observed at 28724, 28620, and
28570 cm−1 for wt, L358P, and Q360P Cyt P450cam, respectively. In
the lattermutants, the hydrogen bonding network to the axial Cys ligand
has been altered. Importantly, the small shift of the S(σ)→Fe(III) CT
transitions in the mutants compared to wt indicates that the hydrogen
bonds only have a minor effect on the properties of the Fe–S bond, and
hence, are more important for a stabilization of the thiolate against
protonation or reaction with diatomics compared to a fine-tuning of
the Fe–S bond. This result is further supported by resonance Raman
spectroscopy.

In the case of five-coordinate high-spin ferrous heme-imidazole
protein active sites, it has been noticed that hydrogen bonding to
the proximal His varies within a wide range of hydrogen bond
strengths. In order to investigate the significance of this finding, we
performed low-temperature MCD measurements on corresponding
five-coordinate high-spin ferrous-imidazole (no hydrogen bond)
and -imidazolate (complete abstraction of the proton by strong ac-
ceptor) model complexes, and also compared these results to a corre-
sponding ferrous-chloride complex as a simple model for Cyt. P450s.
The obtained low-temperature MCD spectra of these high-spin fer-
rous complexes are rather simple, and are dominated by the Q, Qv,
and Soret (π→π*) transitions of the porphyrin macrocycle. However,
the obtained absolute MCD intensities show distinct differences be-
tween these compounds. For the imidazole complex (Class N), an ap-
proximately 10 times larger MCD intensity is observed compared to
the complexes with anionic ligands like imidazolate and chloride
(Class A). Further data analysis in correlation to DFT calculations
shows that this difference relates to a change in the ground state of
the complexes: in the case of Class N compounds, the single β-spin
electron of high-spin iron(II) occupies a dπ -type orbital, dxz in the co-
ordinate system used here, which is orthogonal to the heme plane
(see Scheme 5). This allows for efficient spin-orbit coupling of the
ground state to the low-lying dyz (ligand-field) excited state (β-
dxz→β-dyz excitation), which generates additional MCD C-term in-
tensity through mechanism 2 in Scheme 3. As the hydrogen bond to
the proximal imidazole increases in strength, the dxz orbital that
carries the single β-spin electron in the ground state rotates towards
the plane of the heme, which is achieved by an increasing admixture
of dxy character. However, this increasing admixture of dxy character
quenches the additional MCD C-term intensity generated through
mechanism 2. In the extreme of the imidazolate complex, i.e. the
case where the proton has been completely abstracted by a strong ac-
ceptor (deprotonation), the orbital that carries the single β-spin elec-
tron has essentially transformed in an almost pure dxy orbital (located
in the heme plane), leading to a drop in total C-termMCD intensity by
a factor of ~10 compared to the imidazole complex. In this way, the
variation of the hydrogen bonding network of the proximal His ligand
changes the ground state of the five-coordinate high-spin ferrous
heme active site, and this can directly be monitored via MCD spec-
troscopy (C-term intensity).
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Abbreviations
CT charge-transfer
DFT density functional theory
EPR electron paramagnetic resonance
Hb hemoglobin
HOMO highest occupied molecular orbital
LUMO lowest unoccupied molecular orbital
Mb myoglobin
MCD magnetic circular dichroism
P2− porphine2−, the simplest porphyrin ligand
rR resonance Raman
SCS second coordination sphere
SOC spin-orbit coupling
SQUID superconducting quantum interference device
TD time-dependent
VTVH variable-temperature variable-field
wt wild-type
ZFS zero-field splitting
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