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I. Introduction 

Paramagnetic compounds are characterized by the 
presence of unpaired electrons. Compounds with 
unpaired electrons usually contain one or more tran- 
sition metal ions. Radicals are also paramagnetic but 
they are not suitable for high-resolution NMR exper- 
imenta (as i t  happens also with some metal ions) for 
reasons which will be discussed later. Here we deal 
with NMR spectroscopy applied to metalloprokina 
containing one or more transition metal ions bearing 
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unpaired electrons. We limit the interest to the high- 
resolution experiments, i.e., to studies aimed at the 
assignment of the protein signals, sometimes in the 
presence of cofactors, substrates, and inhibitors. We 
will not discuss here the NMR investigation of nuclei 
belongingtosubstratesand inhibitors in rapidexchange 
between free and protein-bound forms, which is aimed 
at obtaining exchange parameters or at the mapping of 
such molecules within the enzymatic cavities. Anal- 
ogously, we will not discuss the investigation of water 
molecules interacting with the metal ion in rapid 
exchange with the bulk water. Reviews dealing with 
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water and other exogenous ligands interacting with 
paramagnetic proteins are available.14 

The choice of discussing only the protein as a whole 
is due to a flourish of results in this area since the 
progress in NMR technology is forever yielding more 
refined methods for investigation. Nowadays a few 
research groups interested in this field attempt to do 
with paramagnetic macromolecules what has been done 
with the diamagnetic ones, i.e. solving the three- 
dimensional (3D) structure in solution. 

One of the most relevant effects of the presence of 
unpaired electrons is a considerable line broadening of 
the NMR signals corresponding to nuclei in the 
neighborhood of the paramagnetic This is a 
very severe limitation for high-resolution NMR. How- 
ever, other effects of the paramagnetism may be 
exploited in order to overcome this problem. Since the 
broadened signals are often outside the diamagnetic 
region of the spectrum and well spread among them, 
with especially adapted pulse sequences it is possible 
to detect their connectivities with other signals. If a 
broadened signal is under the diamagnetic envelope, it 
can still be located because its cross peaks in 2D 
experiments can be observed under particular exper- 
imental conditions.%l2 Under these conditions the cross 
peaks between the signals of slow relaxing nuclei have 
not developed to a level to be detected. With regard 
to the 1D NOE experiments, as they are carried out as 
difference s p e ~ t r a , ~ ~ J ~  only signals which give NOES 
with the irradiated one are detected. This is another 
way to locate a broad signal under a complex envelope 
if it responds through NOE. 

The fast relaxing nature of nuclei sensing a para- 
magnetic center prevents us from performing all the 
experiments designed for slow relaxing nuclei but they 
are a challenge for NMR investigations in order to 
develop strategies aimed at the detection of either 
dipolar or scalar connectivities. 

A final point to be discussed here is related to the 
magnitude of the external magnetic field. At  high 
magnetic fields, the separation between the electron 
Zeeman levels increases, and this induces a large 
electron magnetic moment. Upon molecular tumbling 
nuclear relaxation occurs. This effect is dramatic on 
the line width for large S and large magnetic fields (i.e. 
large electron magnetic moment) and for macromol- 
ecules with molecular weight larger than 30 000 (which 
experience large rotational correlation times). There- 
fore, whereas in general larger and larger magnetic fields 
are needed to increase resolution and sensitivity, in 
paramagnetic systems, eventually the intensity of the 
magnetic field can be a negative factor. The magnetic 
field that falls between 100 and 600 MHz can be the 
best compromise. 

Bertini et al. 

IZ. NMR of Paramagnetic Compounds 

A. The Hyperfine Coupling: The Pseudocontact 
and Contact Shifts 

The chemical shifts in diamagnetic compounds are 
given by the shielding and deshielding effects caused 
by the motion of the electrons in the molecule in the 
presence of an external magnetic field. 

In the case of paramagnetic compounds, one should 
be reminded that unpaired electrons have a magnetic 
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Figure 1. Schematic representation of the dipolar interaction 
between the electron and nuclear magnetic dipoles in an 
external magnetic field Bo. r is the electron-nucleus vector 
and B is the angle between r and the external magnetic field. 

moment ps given by 

Ps = g c c * l / l s r o  (1) 
where g is a proportionality parameter between the 
angular and magnetic moments (in the free-electron 
case it is indicated as g,, which is 2.0023), S is half the 
number of unpaired electrons (Le., the electron spin 
quantum number), and pg is the electron Bohr mag- 
neton. Such a magnetic moment may be the main 
contributor to the screening constant of nuclei sensing 
the paramagnetic center. Then it will be a dominant 
factor in determining the chemical shift value in a 
paramagnetic substance. Such contribution is called 
hyperfine shift because it is due to the hyperfine 
coupling between the unpaired electrons and the 
resonating nucleus. We can describe such an effect 
either as a magnetic field generated by the unpaired 
electrons or as an energy contribution to the nuclear 
Zeeman energy levels. If we choose to describe the 
effects in energy units then we can use the usual 
Hamiltonians. The hyperfine coupling is described as 

where I is the nuclear spin operator (or vector), S the 
electron spin operator (or vector), and A the coupling 
tensor. Thus, the coupling depends on the orientation 
of I and S. If, as in accordance with the so called spin 
Hamiltonian formalism, we take I and S to be aligned 
along the external magnetic field anchored at their 
positions in the molecular frame (Figure l), the inter- 
action energy depends on the angle 0 according to the 
following equation: 

(3) 

where ps and p~ are the electron and the nuclear 
magnetic moments, respectively and 0 and r are as 
indicated in Figure 1. 

If the interaction energy as expressed in eq 3 is 
averaged for an isotropic molecular tumbling, it becomes 
zero since the angular term cancels out when integrated 
over all space. However, if g (eq 1) changes upon 
molecular rotation, the magnetic moment associated 
with S ( p s )  changes with the orientation of the molecule 
and it can now be shown that the average interaction 
energy is different from zero. The shift due to this 
interaction, which is dipolar in origin is given by15J6 
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This spin density, even if small, is precisely located 
on the nucleus and its effects can be quite large. In 
terms of Hamiltonians, it is indicated as 

7f = AI*S (5 )  
where A is now a constant which does not depend on 
the molecular orientation and is related to the spin 
density p at the nucleus by 

A = K(p/2S)  (6) 
where K is the experimental hyperfine splitting, and 
p/2S is the unpaired electron spin density, normalized 
to one electron. The constant A is called contact or 
Fermi contact hyperfine coupling constant. This 
denomination comes from certain features of the 
spectrum of the hydrogen atom: the hyperfine splitting 
of some lines were explained by Fermi by assuming 
that the 1s electron has a finite density at the nucleus.25 

The magnetic field generated by such spin density 
on the nucleus itself depends on another feature. The 
unpaired electron has more than one orientation in a 
magnetic field, according to the allowed MS values. The 
transitions among the various orientations or energy 
levels depend on the electron relaxation times which 
are always fast with respect to the nuclear relaxation 
times. The nucleus therefore senses an average of the 
various orientations of the electron. This average 
provides a magnetic moment different from zero 
because some spin orientations have more probability 
or smaller energy. The residual magnetic moment due 
to an average of the various orientations having different 
probabilities according to Boltzmann's statistics is 

( p )  = g / lB(s z )  (7) 
where ( S,) is the so called expectation value of S,, which 
is given by 

(4) 
1 1  sin' e cos 2(a 
- 4~ -(xxx 2NA - XYY)  r3 

where Au is the averaged hyperfine shift, uo is the 
resonance frequency of a reference nucleus at the 
magnetic field of the experiment, N A  is Avogadro's 
constant, and xxx,  xry, and x,, are the three principal 
components of the magnetic susceptibility tensor. The 
existence of an anisotropic magnetic susceptibility 
tensor is somewhat related to the existence of anisotropy 
in the g values (the relationship between g and x will 
be discussed in detail in section V.B). The polar 
coordinates r, 8, and (a are related to the position of the 
resonating nucleus within the axis frame determined 
by the main directions.of the x tensor. 

Equation 4 is of fundamental importance because it 
relates a structural property defined by the polar 
coordinates with an observable, Au/u,. This shift is often 
called dipolar shift because it is the result of a through- 
space coupling between I and S. However, since it is 
an averaged value and as such is isotropic, it is more 
properly called pseudocontact shift for the reasons 
which will be discussed later. 

The derivation of eq 4 is based on the assumption 
that the unpaired electron is anchored in a single 
position within the molecular framework. In a metal- 
loprotein such a position is identified with the metal 
ion. Equation 4 is correct within the metal-centered 
point-dipole approximation. We know, however, that 
the unpaired electron is not simply localized on the 
metal ion. It is, in principle, delocalized all over the 
molecule through the molecular orbitals (MO) which 
contain the unpaired electrons. Furthermore, an un- 
paired electron in a given MO (Mol) polarizes the paired 
electrons in another MO (MOz). This means that 
although the two electrons in the MOZ will have total 
S = 0, they may have S f 0 in each point where MOz 
extends. This is because where the unpaired electron 
density is larger in Mol, there one electron of MOz 
with the same spin will have a larger probability. This 
effect is called spin polarization. It is obvious that the 
1.S interaction should be evaluated as an integral over 
all space provided the distribution of S is known. This 
is seldom possible and it is sometimes taken into account 
parametrically.7J7-24 

We know therefore that eq 4 is approximated and 
that this approximation may be severe in the presence 
of unpaired spin delocalization. We should also con- 
sider the possibility that a small fraction of the unpaired 
electron may be associated with the resonating nucleus 
itself. We should remember though that s-type orbitals 
have a finite, different from zero, electron density at  
the nucleus. Therefore, if s-type orbitals participate 
in the MO containing the unpaired electrons, the latter 
have some probability of being located on the resonating 
nucleus. If this is not the case, unpaired electrons in 
given MO's can spin polarize the two electrons of an s 
orbital, thus introducing some unpaired spin at the 
nucleus. The algebraic s u m  of the various contributions 
define the amount of unpaired spin at  the resonating 
nucleus. This amount of unpaired spin is called spin 
density, although in principle spin density can be 
defined in any point of the space. 

gFBBO (S,) = -S(S + 1)- 3kT 
with Bo being the external magnetic field, k Boltzmann's 
constant, and T is the absolute temperature.'s 

The different orientations of the electron magnetic 
moment have also been taken into consideration when 
dealing with the dipolar coupling because the magnetic 
susceptibility is also the result of the different prob- 
abilities of the various orientations of an electron spin 
in a magnetic field. 

The resulting shift is then27J8 

This is the contact shift. A more general expression 
which takes into account the g anisotropy and zero field 
splitting of an orbitally nondegenerated spin multiplet 
may be formulated as 

where gii are the principal components of the g tensor. 
When recording a spectrum we measure a chemical 

shift which includes a diamagnetic contribution and 
the paramagnetic ones outlined here. The diamagnetic 
chemical shift for a certain nucleus in a particular 
compound can be predicted or even measured in an 
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analogous diamagnetic derivative. The difference in 
chemical shift between the paramagnetic and the 
diamagnetic species is called hyperfine shift. It con- 
tains two contributions: one contact in origin and the 
other dipolar in 0rigin.~6J6~27?~8 If the spectrum is 
recorded in solution, the latter contribution should be 
indicated as pseudocontact shift, since under these 
conditions it is isotropic, like the contact contribution. 

It is difficult to factorize out the two contributions 
to the hyperfine shift. Several procedures, some 
extremely effective, some less so, are available in the 
literature.29-34 Some of them will be discussed here. In 
any case, when it can be reasonably assumed that the 
magnetic anisotropy is small, the pseudocontact con- 
tribution may be neglected. 

Bertinl et el. 

B. The Nuclear Relaxation Due to the Hyperfine 
Coupling 

Unpaired electrons provide fluctuating magnetic 
fields which allow nuclei to relax through nonradiative 
pathways. Such fluctuating magnetic fields arise 
essentially from three contributions. 

1. Electron Relaxation 

Electrons relax in metal ions with time constants of 
the order of 10-8 to ~4.8135~36 In radicals they can 
increase up to lo3 ~ 3 . ~ ~ 3 ~  These are random and 
unpredictable magnetic field variations efficient for 
nuclear relaxation. Note that all the electron magnetic 
moment is efficient for the nuclear relaxation. It is not 
considered that there is a small preference among the 
various orientations of the electron in the magnetic field. 
Consideration of this effect introduces a negligible 
correction. 

2. Molecular Tumbling in Solution 

The molecular tumbling causes the t9 value of Figure 
1 to change. As a result, the nucleus senses a fluctuating 
magnetic field caused by the rotation of the electron 
magnetic moment. This random motion may be quite 
effective in providing pathways for nuclear relaxation. 
Again, the full electron magnetic moment must be 
considered. There is another relaxation mechanism 
modulated by the molecular tumbling. The Boltzmann 
distribution on the different Zeeman levels gives a 
resultant nonzero (Elz), as defined by eq 8 and an 
induced magnetic moment. Upon molecular rotation, 
this magnetic moment causes relaxation. This mech- 
anism is called Curie relaxation, since the well-known 
Curie law depends also on the averaged (S,) value.39@ 

3. Chemical Exchange 

When a nucleus approaches an electron and then goes 
away as in the case of a ligand bound to a metal in 
chemical exchange with excess ligand, the nucleus senses 
a fluctuating magnetic field. 

Nuclear relaxation depends on the square of the 
hyperfine coupling energy and on the availability of 
the right frequency for the nuclear transition. The 
latter is expressed by the so-called spectral density 
function. It represents the intensity of the frequencies 
available in the environment of the nucleus or in the 
lattice. The general equation for nuclear relaxation 
is8341 

where f(u,rc) is a function containing the frequency of 
the nuclear transition which of course depends on Bo. 
7, is the correlation time. The latter is a time constant 
of an exponential process according to which the 
electron spin and the nuclear spin change their inter- 
action energy due for example to changes in their 
reciprocal orientation. It is expected that for times 
shorter than 7, the two particles will keep their original 
energy (or orientation as an example), whereas for times 
longer than 7, the energy (or orientation) of the two 
spins will be varied and will not have any memory of 
the starting situation. 

As in the case of the shift, a dipolar and a contact 
contribution are operative for relaxation. For a simpler 
description, the dipolar coupling will be treated by using 
the metal-centered approximation. When it is appro- 
priate, the effect of the spin density in any generic 
position far from the metal center will be mentioned. 

For the dipolar relaxation, the equations are30p40942-47 

37c ] (14) 
1 + +,2 

67c ] (15) 
1 + W&,2 

It is clear that the term before the parentheses is 
proportional to the square of the dipolar interaction 
energy. In eqs 12, 13, and 15 the term contains the 
square of the electron magnetic moment, a factor 
proportional to the square of the nuclear magnetic 
moment, and the sixth power of the electron-nucleus 
distance. In general (see later for eq 141, the correlation 
time is given by 
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where 7g is the electron relaxation time, 7r is the rotation 
correlation time and 7 M  is the exchange time. Usually, 
one of these contributions, i.e. the faster process, will 
be dominant. 

The necessary frequencies for nuclear relaxation are 
ws + WI (double quantum), ws - WI (zero quantum), and 
01, where W I  is the nuclear Larmor frequency and US is 
the electron Larmor frequency. The terms US + WI and 
ws- W I  are usually approximated to US. The coefficients 
inside the f(u,7J function express the probability of 
the US or WI transitions. In eq 13 and 14 there is a 
frequency-independent term, known as a nondispersive 
term. It is related to near zero frequencies which affect 
TZ and not TI. 

Equation 14 describes the effects of the so called Curie 
spin relaxation, which introduce the external magnetic 
field contribution to line ~ i d t h s . ~ ~ ~ ~ ~  Here the inter- 
action energy is given by the dipolar coupling between 
the induced magnetic moment (eq 7) and the nuclear 
magnetic moment. The correlation time can only be 
7r or 7 M  since the induced electron magnetic moment 
is already an average of the population of the Zeeman 
levels and hence does not depend on 7g. Curie relaxation 
does not appreciably affect nuclear TI. 

We have reported also the equation for Tip, i.e. the 
relaxation time in the xy plane under spin-locking 
conditions, and along the spin-locked Here w1 
is the nuclear Larmor frequency in the oscillating B1 
field, and w1 has been neglected with respect to US. 

Since W17c << 1, TIp is equal to T2. 
In the case of contact relaxation, the square of the 

coupling energy is A2. The equations are47148 
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+ T1i1  = I( 3 %  A)2s(s + I)( 1 + (q 7e - 0s)  2 2  7, 

Note that 7c cannot include 7, for the nature of the 
contact coupling, which is independent of the molecular 
tumbling. Hence, 

As will be discussed later, T1 and TZ values may 
provide valuable information in performing signal 
assignments or in evaluating the electronic properties 
of the paramagnetic center. It is difficult to quantify 
the different contributions to the observed relaxation 
times. However, relaxation times are often dominated 
by one of the possible contributions. In the case of 
metal-bound residues, for nuclei belonging to atoms 
directly bound to the metal ion the contact contribution 
may be dominant. For nuclei of the other atoms in the 
bound residues the dipolar contribution is dominant, 
although ligand-centered effects may break the rule 
that states that the broader the line the closer the 

nucleus to the metal ion. For atoms belonging to 
nonbound residues it is obvious that the relaxation is 
due only to dipolar mechanisms. This is a common 
case for metalloproteins since the density of nuclei is 
rather high in a sphere centered at the metal ion in 
which dipolar relaxation mechanisms are operative. The 
contact relaxation has little effect in the cases which 
will be discussed here since they are limited to situations 
in which 7s is very short and small contact hyperfine 
coupling occurs. In the case of large proteins, the Curie 
relaxation mechanism could be dominant on deter- 
mining Tz. 

C. The Systems Suitable for High-Resolution 
NMR 

In Table I a list of transition metal ions in the most 
common oxidation states is reported together with their 
estimated 7s and with the line broadening effect on a 
proton at a 5-A distance and at 100 MHz.~  For our 
purposes the correlation time 78 is the crucial parameter 
which determines the line width of an NMR signaL7p8 
In proteins 7r is always very large (for example, a protein 
of molecular weight 30 000 has a 7r of 1.5 X 10-8 s). If 
7r is shorter than 78, it is not possible to observe enough 
narrow NMR signals of nuclei sensing the paramagnetic 
center. The exchange time can in principle approach 
the diffusion limit but in general is too long to determine 
the correlation time. Therefore 78 has to be short in 
order to attempt a fruitful NMR analysis. 

The metal ions which are most suitable for performing 
NMR spectra are high-spin tetrahedral nickel(II), 
penta- or hexacoordinate high-spin cobalt(II), low-spin 
iron(III), the lanthanides(II1) except gadolinium(III), 
and high-spin iron(I1). All these yield proton NMR 
spectra with relatively narrow signals. Copper(II), 
manganese(II), and gadolinium(II1) are on the other 
extreme: the line broadening is so severe that generally 
the hyperfine-coupled nuclei escape detection. Hexa- 
coordinate nickel(II), tetrahedral cobalt(II), and high- 
spin iron(II1) are borderline cases. There are some 
instances in which 78 is a little shorter than usual and 
the systems can be investigated with success. In the 
less favorable cases, 2D spectra involving hyperfine- 
coupled systems cannot be attempted. One-dimen- 
sional spectra may be obtained on small molecules if 
they are deuterated and the resonating nuclei is 2H.49@ 
This is because the magnetic moment of 2H is 6.51 times 
smaller than that of lH and Tz-l is consequently reduced. 
However, 2H nuclei have a quadrupole moment, and if 
the rotation is slow as in the case of macromolecules, 
the lines may again be too broad.51@ 

Another severe limitation is the size of the protein. 
For a proton 5 A away from an S = 5/2 in a protein of 
molecular weight 100 000 the line width due to Curie 
relaxation (eq 14)39p40 is 700 Hz at 200 MHz and 6400 
Hz at 600 MHz. It follows that there is an intrinsic 
limit in the size of the proteins which may be studied 
and that for large proteins smaller magnetic fields may 
be more appropriate. In diamagnetic proteins the size 
determines overcrowding of the signals and a slight line 
broadening. In paramagnetic proteins, the hyperfine- 
shifted signals are far away but the size of the protein 
may make them undetectable. 
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Table I. Electron-Relaxation Times of Some Metal 
Ions' and Nuclear Line Broadenings Induced on a 
Proton at 5 A from the Metal at 100 MHz Due to 
Metal-Centered Dipolar Relaxation 

Ti3+ 10-9-10-10 1 OOO-100 
V2+ 5 x 10-10 2 500 
v3+ 5 x 10-12 5 
vo2+ 104-10-9 10 000-1 OOO 
Cr3+ 5 x 10-10 2 500 
Cr2+ 10-11 80 
Mn3+ 10-'0-10-" 800-80 
Mn2+ 10-9-10-10 12 000-1 200 
Fe3+ (HS) 10-'0-10-" 1200-120 
Fe3+ (LS) 10-"-10-'2 10-1 
Fez+ (HS) 10-"-10-'2 80-10 
Co2+ (HS) 10-"-10-'2 50-5 
co2+ (LS) 10-9-10-10 1000-100 
Ni2+ 10-10-1@12 300-3 
cu2+ (1-3) x 10-9 3 000-1 OOO 
Ru3+ 10-"-10-'2 10-1 
Re3+ 10-11 30 
Gd3+ 104-10-9 400 OOO-f50 OOO 
Dy3+ 8 X 100 
Host 8 X 100 
Tb3+ 8 X 100 
Tm3+ 8 X 70 
Y b3+ 1 x 10-12 30 

a These values are generally referred to low magnetic fields, 
i.e. before any magnetic field effect on T~ becomes 0perative.b An 
calculated from eq 13. 

Inspection of Table I would restrict the applicability 
of NMR to low-spin iron(II1) proteins, cobalt(I1) 
proteins where cobalt substitutes a native metal like 
zinc, nickel(I1) which substitutes zinc, iron, or copper 
in tetrahedral sites, and lanthanides(II1) as probes for 
calcium. 

As will be discussed soon, when two or more metal 
ions are magnetically coupled, new electron energy levels 
are available which may cause a shortening of the 
electron relaxation times. In other words, polymetallic 
systems in which magnetic coupling occurs are generally 
suitable for NMR investigation. These systems include 
all Fe-S protein~~95~1" and, in principle, the Fe-S-Mo 
systems. 

In dimetallic systems where magnetic coupling is 
operative we may have interesting features.55 If the 
metal ions are different and one of them has short 
electron relaxation times, the other can take advantage 
of the electron relaxation mechanism of the former 
through the magnetic coupling. The TS of the slow 
relaxing metal ion decreases as a function of the extent 
and nature of the magnetic coupling constant. For 
example, when copper(I1) is magnetically coupled to 
cobalt(I1) or nickel(II), its electron relaxation time 
shortens until well-resolved proton NMR spectra can 
be obtained. This is the case for the enzyme copper- 
zinc superoxide dismutase (SOD) in which zinc(I1) is 
substituted by cobalt(II)56 or ni~kel(II).~' Something 
similar happens in the alkaline phosphatase where 
copper(I1) and cobalt(I1) interact in the polymetallic 
system.58 Other interesting dimers are hemerythrin, 
acid phosphatase, and ribonucleotide red~ctase.~Q@' 
When dimers are formed by the same metal ions, 
nonappreciable variations in the electron relaxation 
times are expected.61 This limitation does not hold for 
polymetallic systems. In these cases the new energy 

levels arising from magnetic coupling may allow electron 
transitions responsible for electron relaxation. It is 
therefore quite common to observe short electron 
correlation time and therefore sharp NMR signals. 

D. The Contact Shift In Magnetically Coupled 
Polymetalllc Systems 

For the title compounds a theoretical treatment is 
available which relates the hyperfine coupling of a 
nucleus with a paramagnetic center and the hyperfine 
coupling with a metal ion in a polymetallic s y ~ t e m . ~ ~ ? ~ ~  
This treatment is straightforward for the contact 
contribution but the concepts hold also for the pseudo- 
contact term. 

We are going to consider a dimetallic system. The 
magnetic coupling is described in a simple way by the 
Hamiltonian 

7$ = JSl .S2 (21) 

where J is the isotropic magnetic coupling constant 
and S1 and S2 are the spin vectors of the two metal ions. 
The limits of validity of the above expression are 
discussed elsewhere.m*a As a result of this Hamiltonian, 
new energy levels arise characterized by spin vectors S' 
which vary from SI- SZ to SI + SZ (SI being larger than 
Sz). The energy separation between two adjacent levels 
S' and S' + 1 is JS'. If the coupling is antiferromagnetic, 
J is positive and the ground state is SI - S2, otherwise 
the coupling is ferromagnetic and the ground state is 
SI + sz. 

Since excited states are available for the paramagnetic 
ion, the contact shift should be evaluated over all the 
S' states. For the case of a nucleus sensing one of the 
two metal ions (M1) the contact shift is given by53p54+32 

1 (2S', + 1) exp(-Ei/kT) 
hTNBO 'Z i (2S ' i  + 1) exp(-EJkT) 

(22) 

($) = -ZiAi(S'  ).  

where Ai is the hyperfine coupling constant of each S'i 
multiplet with the resonating nucleus, and (S'z)i is the 
expectation value of the S'i level. The exponential part 
is the Boltzmann partition function which averages the 
expectation values over the populated S'i states. If the 
nucleus senses also the other metal ion (Mz), the sum 
should be repeated also for the other metal ion with a 
different hyperfine coupling constant. The latter 
contribution will be neglected for the sake of simplicity. 
Under these circumstances, it is intuitive thats3 

(23) 

where  AM^ is the hyperfine coupling with the metal M1 
when J = 0 and (S1,)i is the contribution of metal M1 
to the total expectation value in each ith level. Equation 
23 can be rearranged as 

where the C ~ M  coefficients may be calculated once only, 
for each ilevel of the most common dimetallic spin 
~ y s t e m . ~ ~ ~ ~ ~ . ~  Equation 22 takes then the general form 
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approach could only be used in the cases where it was 
possible to perform some chemical modifications on 
residues near the paramagnetic center. This is the case 
with some hemeproteins containing a noncovalently 
bound heme prosthetic gro~p.84-8~ 

Since 1970, the advent of FT instruments having 
capabilities of performing multipulse sequences has 
made routinely available the measurement of TI 
values.8B Nuclei in paramagnetic compounds often relax 
by direct coupling with unpaired electrons making cross 
relaxation to other nuclei small and sometimes negli- 
gible.89 Therefore, in paramagnetic compounds 2’1 
values become as close as possible to the ideal case of 
an exponential process. This allows in principle the 
use of 2’1 values as a means of obtaining structural 
information. In fact, since the spin nuclear relaxation 
depends on the square of the interaction energy which 
causes the relaxation, it will finally depend on the sixth 
power of the electron-nucleus di~tance.~s A drawback 
in this strategy is that the unpaired electron is often 
delocalized onto the ligand. In such cases the fractional 
amount of unpaired spin present on nuclei different 
from the metal provides a new dipolar relaxation 
mechanism for the nucleus (ligand-centered contribu- 
tion), which is difficult to account for. This has been 
proved to be the case for some low-spin ferric porphy- 
rinsgO and for cobalt(I1)-substituted S0D.91*92 This fact 
means that the equations derived in the frame of a 
point-dipolar model become approximations. The 
analysis of TI and TZ values (including the Curie 
relaxation contribution to the line width) is quite 
informative, although the results are not conclusive. 
Even a small amount of electron delocalization can 
produce a sizable enhancement of nuclear relaxation 
rates, simulating shorter metal-nucleus distances. 

In the late 1980s the nuclear Overhauser effect 
allowed the determination of distances between nuclei. 
Later, 2D NOESY have become a routine investigation 
and finally the possibility of detecting scalar coupling 
in fast relaxing systems is being investigated. These 
techniques, coupled with the use of the theory of 
pseudocontact shifts and with the analysis of nuclear 
relaxation times, represent powerful tools for the 
assignment and for providing structural information 
around the metal ion. 

AM1~CilS’,(S’, + 1)(2S’i + 1) exp(-Ei/kT) 
i 

(25) 
x(2S’, + 1) exp(-E,/kT) 

i 

In this way, by knowing (or assuming) the hyperfine 
coupling constants for mononuclear isolated systems, 
the contact shifts for the coupled situation may be 
predicted. Equation 25 allows also the prediction of 
the temperature dependence of the shifts which, as will 
be discussed later, is of great importance in the 
characterization of exchange coupled systems. 

The TI and 2’2 equations should also have coefficients 
of the type C ~ M ~  for each S’i level but here the largest 
effect is the change in 78 upon establishment of the 
magnetic coupling when the ions are different.8@~~~ 

Equations analogous to eqs 22 and 25 are available 
for polymetallic Fe-S  protein^.^^^@^^^ In principle, 
one should solve for any polymetallic system the 
Hamiltonian: 

where i and j refer to pair of metal ions. The S’k wave 
functions can be obtained as linear combinations of Si 
and Si. Equation 24 provides the Cik coefficients, eqs 
25 can then be used to predict the contact shift. 
Equation 26 may be solved only numerically, but 
Hamiltonians which provide analytical solutions may 
be obtained when symmetry is present in the cluster.m9 

I I I .  Spectral Assignment in Paramagnetic 
Metailoproteins 

Until 1970 researchers used to record NMR spectra 
(both for diamagnetic and for paramagnetic com- 
pounds) in the continuous wave mode. The classical 
assignment procedure for NMR spectra of diamagnetic 
systems essentially relied on chemical shift and J 
coupling i n f ~ r m a t i o n . ~ ~  In the presence of unpaired 
electrons, a different approach is needed. First, chem- 
ical shift values are mainly due to the contact and 
pseudocontact shifts, as outlined in section 11. Hence, 
it is not easy to assess the diamagnetic contribution, 
which can be directly correlated to structurally defined 
functional groups. On the other hand, the line widths 
present in NMR spectra of paramagnetic substances 
often wipe out the scalar couplings. Due to these 
limitations, the signal assignment of paramagnetic 
substances was initially based on signal intensity and 
line ~ i d t h s . ~ g ~ ~ ~ - ~ ~  The former criterion could distin- 
guish between a methyl and a methine group, while the 
latter could allow the establishment of which proton is 
closer to the paramagnetic center. The most powerful 
technique, however, was the comparison of spectra of 
related compounds in which the different chemical 
groups were selectively modified or s u b s t i t ~ t e d . ~ ~ J 1 * ~ ~  
With regard to paramagnetic metalloproteins, this 

A. Nuclear Overhauser Effect 

Before the availability of instruments operating at  
high magnetic fields and at  the same time providing 
adequate acquisition conditions (i.e. field and temper- 
ature stabilities for long periods of time), it was not 
possible to measure nuclear Overhauser effect (NOES) 
in fast relaxing systems. The first reported NOE 
experiment on a paramagnetic metalloprotein is dated 
1983.93 Of course we deal only with proton-proton 
NOES. 
’ The NOE q j  is the fractional variation of the intensity 

lof signal i upon saturation of another signalj dipolarly 
coupled to it and is given byl3-14 

lfij = ( l - P ) / P  (27) 

where Io is the equilibrium intensity of i. It may be 
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The NOE becomes time independent. This is the so- 
called steady-state NOE experiment.13J4 

On the other hand, if saturation times t << pi-' (but 
long enough to saturate I) are applied, eq 30 adopts the 
form 

vij = aijt (32) 
which represents the truncated NOE experiment 
(TOE).98 Equation 32 shows that the observed NOE 
in this case is independent of the relaxation rate of 
nucleus i. On the other hand, it is clear that by using 
different irradiation times it is possible to measure the 
cross relaxation rate aij from the NOE buildup. In any 
case, the acquisition of the complete buildup curve 
allows the estimation of the selective Tl value by fitting 
the experimental data with eq 30.% 

In principle, the TOE experiment is superior for 
diamagnetic proteins since it avoids spin diffusion 
problems.98 In the case of paramagnetic compounds, 
pi-l values are short and hence the steady-state condition 
is reached using short irradiation times during which 
secondary NOES cannot build up to an observable 
extent. 

With the demanding need of NMR applications, the 
transient NOE technique was developed in order to 
reduce spin diffusion effects.99 In this case, a selective 
180' pulse is applied on j and the system is allowed to 
return to equilibrium during a certain delay, and then 
an observation pulse is applied. Transient NOE is 
hardly ever superior to steady state NOE in paramag- 
netic proteins, since in order to achieve inversion of the 
magnetization of a broad signal, some selectivity must 
be sacrificed.lO~~J~ Steady-state NOE experiments are 
then quite adequate in paramagnetic systems. 

The cross relaxation rate aij is given by 

'lij 
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Figure 2. Calculated NOE values as a function of the 
irradiation time according to eq 30 at 300 MHz, for a rr value 
of 10 ne, for two protons 1.8 8, apart. pi was set to values of 
(A) 20, (B) 50, and (C) 200 s-1. 

demonstrated that the rate of change of I upon 
saturation of signal j in a multispin system is14 

where aij is the cross relaxation rate between the 
saturated 0') and the observed (i) signals, uik is the cross 
relaxation rate between i and the other nuclei k to which 
i is dipolarly coupled, q k j  is the NOE on signal K upon 
irradiation of signal j and pi is the reciprocal of the 
selective T1 value of nucleus i. In paramagnetic systems, 
selective and nonselective Tl values are often equaL8gg4 

In fast relaxing systems, some approximations which 
simplify the treatment of NOE data may be made. If 
nucleus i relaxes quickly by coupling with the unpaired 
electrons, cross relaxation rates between i and other 
nuclei (i.e., aij and uik) are small respect to pi. Due to 
the factor v k j  which multiplies the cross relaxation q k ,  
the third term of eq 28 may be neglected. This means 
that spin diffusion effects are negligible under certain 
experimental conditions in paramagnetic systems. 1099b97 

This allows one to use the two-spin approximation for 
describing the evolution of I with time: 

dl/dt = -pi(I- I") - a,(J - 2) (29) 

Integration of eq 29 shows that the response, as 
defined in eq 27, is time dependent: 

U.. 
qij(t) = J(1 - (30) 

The plot of qi,(t) according to eq 30 is reported in 
Figure 2. Fast relaxation rates make NOE detection 
difficult. By inspecting both eq 30 and Figure 2 it is 
obvious that large pi values will be reflected in small 
measured vi,. In addition, broad signals are difficult to 
detect in difference spectra. 

If the irradiation time t is long with respect to pi-' eq 
30 becomes 

pi 

) (33) 
7, 

2 2  1 + (Wi - Wj) 7, 

It depends on the square of the dipolar coupling between 
nuclei i and j ,  on the Larmor frequency of nuclei i and 
j and on the reorientation correlation time T ~ .  The 
relaxation rate pi in eq 31 is the sum of the dipolar 
proton-proton contribution and a paramagnetic con- 
tribution ppm: 

In diamagnetic proteins, the main relaxation pathway 
is the proton-proton dipolar interaction (ppm = 0) and 
the distance dependence of the NOE cancels out in eq 
31. This is not the case for paramagnetic systems, since 
pi is given almost exclusively by the term pper which 
does not depend on rij4. In fact, if pi is dominated by 
pp,, the NOE amount for a signal sensing the influence 
of the paramagnetic center in the slow-motion limit 
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difference ~ p e c t r u m . ~ ~ J ~  Off-resonance effects may 
become considerably large in transient NOE experi- 
m e n t ~ . ~ ~  

With regard to dynamic range problems, several 
methods for suppressing more intense signals may be 
appr0priate.~O&l07 

Detection of NOEs has provided a very important 
tool for the assignment of paramagnetic NMR signals. 
Nuclear relaxation measurements yield information 
regarding the nucleus-metal distance, while NOE 
experiments provide nucleus-nucleus distances. The 
development of NOE in paramagnetic proteins con- 
stituted the first step aimed at  the determination of 
the three-dimensional structure around the paramag- 
netic ion. 

1.0 I I I I I I I I 

-1.0 

-1.5 I I 1 1 I I I I I 
13 12 11 10 9 8 7 6 5 

log TC 
Figure 3. Motional dependence of the NOE values for a pair 
of protons 1.8 A apart as calculated from eq 31 for a magnetic 
field of 500 MHz. uij and pk are calculated from eqs 33 and 
34, respectively. pw was set to values of (A) 0, (B) 2, (C) 20, 
and (D) lo00 5-1. 

(0i7c >> 1) may be expressed by the following equation: 

(35) 

which shows that the measurement of NOE between 
paramagnetic signals allows the direct determination 
of interproton distances provided pi is known. 

The NOE dependence of 7c for different ppar values 
as calculated from the full form of eq 31 is shown in 
Figure 3. In very large diamagnetic proteins, in the 
slow motion limit, T ,  is long and qij = -1 since 67J [ 1 + 
(ai + 0j)%,2] in eqs 33 and 34 as well as 3 ~ J ( 1 +  wi27c2) 
in eq 34 vanish. It is then not possible to distinguish 
between different protons since most of them yield NOE 
values of -1 (line A, Figure 3).95J01 As shown in Figure 
3, paramagnetically induced relaxation modulates the 
7, dependence in the sense that a much longer 7, is 
required for the spins to yield sizable NOEs (lines B-D, 
Figure 3).95 Paramagnetic metalloproteins are therefore 
particularly suitable for NOE studies as 7c is large. 

In the fast-motion limit, qij approaches the maximum 
value of 0.5 in diamagnetic compounds. Again, the 
electron-nucleus relaxation diminishes the observable 
NOEs, which may be unobservably small (lines C and 
D, Figure 3). Hence, in the cases where the protein is 
not large enough, the use of viscous solvents (like 
ethylene glycol/water mixtures) may help in increasing 
the expected NOEs.102J03 

When pi-’ becomes long, then all the problems 
encountered in NOE of diamagnetic molecules become 
increasingly more relevant and cross relaxation with 
other nuclei (i.e., spin-diffusion effects) cannot be 
neglected with respect to pPar.lo1 

When performing NOE experiments on paramagnetic 
macromolecules, strong rf fields should be used in order 
to saturate signals displaying short 2’1 and Tz values. 
Hence, it is highly probable that off-resonance satu- 
ration effects will be produced on nearby signals. This 
problem may be avoided by selecting appropriate off- 
resonance frequencies which, upon FID subtraction, 
provide cancellation of the off-resonance signals in the 

B. Two-Dimensional Techniques 
Once researchers had become more and more con- 

fident of the capability of measuring NOEs, efforts were 
channeled into the detection of cross peaks in 2D 
NOESY spectra between nuclei sensing the paramag- 
netic center. The first attempts to use NOESY were 
made on cytochrome b5lM and metcyanomyoglobin,lW 
which are both highly soluble and whose signals have 
relatively long 2’1 values (i.e. 150 ms for proton-metal 
distances of about 6 A). 2D spectra11G115 allow the 
detection of all the connectivities in a single experiment, 
thus considerably reducing the total experimental time. 
Moreover, off-resonance and selectivity problems aris- 
ing from the use of saturation pulses in 1D NOE 
experiments are no longer an issue. 

On passing from one-dimensional to two-dimensional 
experiments, there is a loss in sensitivity of a factor 
2-3.116 Besides, in paramagnetic compounds the system 
returns to equilibrium before sizable magnetization or 
coherence transfer occurs.8J1J2 Therefore, a careful 
adaptation of the classical 2D NMR experiments to 
fast relaxing systems is necessary. Due to their short 
TI and TZ values, substantial relaxation is operative 
during the evolution time tl, the mixing time 7m and 
the detection time t z .  Long acquisition times are never 
necessary as the x and y components of the magneti- 
zation disappear with time constant Tz. Also during tl 
transverse magnetization decays with time constant Tz. 
That means that for tl values longer than Tz, the 
interferogram in the F1 dimension contains no useful 
information and only noise is acquired. Therefore, too 
many data points in both dimensions results in longer 
experimental time without any signal-to-noise im- 
provement. On the other hand, as far as connectivities 
between hyperfine shifted resonances are concerned, 
the large shift spreading makes unnecessary high 
resolution as in the diamagnetic cases. 

It is important to take into account the time evolution 
of the magnetization or the coherence in each 2D 
experiment. Thus, the application prior to Fourier 
transform of a window function with the same time 
dependence magnifies the FID components responsible 
for the cross peak. 

The “mixing” part of the 2D experiment is different 
for each 2D pulse sequence (see Figure 4).110-116 In the 
NOESY case (Figure 4A),117 it consists of a time period 
(7,) during which magnetization transfer between the 
z components of the dipolarly coupled nuclei occurs. 
A t  the same time (during 7m) longitudinal relaxation is 
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protons close to the saturated one and coupled to it 
directly or through spin-diffusion effect. 

The unique ability to resolve signals due to nuclei in 
different chemical environments makes NMR especially 
powerful for the study of dynamic processes. Whenever 
the interconversion rate between two species is shorter 
than the chemical shift difference (in hertz) of the 
corresponding NMR resonances, two distinct sets of 
signals are detectable. The use of 2D NMR for chemical 
kinetics was first proposed by Jeener, Meier, Bachmann, 
and Ernst.lZ0 2D saturation transfer experiments 
(Exchange SpectroscopY or EXSY) are based on the 
NOESY pulse sequence.lZ1 They have been extensively 
employed for the assignment of the NMR spectra of 
systems obtainable in the diamagnetic form. The 
extensive assignments on the latter species could then 
be transferred to the paramagnetic homologue by 
saturation transfer modulated by facile electron 
exchange.122-124 On this subject, it should be mentioned 
that the first 2D NMR experiment on a paramagnetic 
protein was an EXSY spectrum, performed by Xavier's 
group.lZ2 More recently other EXSY experiments 
between two or more paramagnetic species have been 
successfully performed.12"l27 In this case the optimum 
rm should be longer than the exchange time of the two 
species and shorter than the 2'1 values of the corre- 
sponding signals. When the exchange time is longer 
than TI, best results are obtained with mixing times of 
the order of TI. Whenever it is necessary to quanti- 
tatively measure the extent of the saturation transfer 
effect, 1D saturation transfer experiments are more 
readily useful than the 2D EXSY maps. Indeed, they 
have been applied to evaluate the electron self-exchange 
rate constants in samples containing a mixture of 
oxidized and reduced proteins.12G130 As the difference 
in shift between the oxidized and the reduced forms of 
a protein usually do not exceed 100 ppm, at  600 MHz 
an upper limit of about 2 X lo5 s-l for the self exchange 
rates measurable by NMR can be predicted. The lower 
limit results from the observation that a too low self- 
exchange rate will not allow significant magnetization 
transfer before relaxation occurs. That means that self- 
exchange rates higher than 0.01 times the T1-' value of 
the resonance on which the saturation transfer effect 
is observed are needed. 

In the COSY experiment (Figure 4B) the "mixing" 
is represented by the second 90' p ~ l s e . l ~ l J ~ ~  The scalar 
connectivities build up during the tl and t2 times. During 
both these times relaxation is operative with time 
constant 2'2, leading to a drastic decrease of cross-peak 
intensities in paramagnetic compounds. Therefore, in 
COSY experiments, optimum coherence transfer from 
one nucleus A to another nucleus X occurs when sin- 
( ~ J u t l )  exp(-tl/TzA) ismaxim~m.'3~ On the other hand 
optimum detection of the transferred magnetization 
occurs when sin(aJut2) exp(-t~/ T~x)  is maximum.132 
In fast relaxing systems the decay of these functions is 
faster than the coherence transfer build up, and the 
position of the maxima corresponds to tl and t2 values 
of the order of the T2 of the signals between which 
scalar connectivity is expected. Therefore, an appro- 
priate choice of the t 2  value, of the number of tl 
increments, and of the shape of the weighting functions 
is required. Moreover, in COSY experiments the J-split 
components of the cross peaks are in antiphase. In 

~ 
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Figure 4. Schematic drawings of pulse sequences for (A) 

(E) ROESY experiments. 
NOESY, (3) COSY, (C) ISECR-COSY, (D) HOHAHA, and 

operative. The time dependence of the intensity of the 
cross peak between two dipolarly coupled nuclei i and 
j is as f0llows:1~ 

where 

(37) 

and 

It can be demonstrated that the best results are obtained 
for rm values of the order of the Tlsel values of the two 
dipolarly coupled signals. When TIBB~ is short, the 
magnetization transfer is small and the cross-peak 
intensities are reduced accordingly. However, if suit- 
able signal-to-noise ratios are achieved, cross peaks may 
still be observed and used to obtain structural infor- 
mation. Interproton distances of about 3 A or less can 
be sampled by this approach. With the mixing times 
used, spin-diffusion effects are usually negligible.10i95 
When the Tlsel are different, appropriate values of 7m 
intermediate between them should be used.lla 

If the NOESY pulse sequence follows the selective 
saturation of a hyperfine-shifted signal we have the 
so-called NOE-NOESY experiment: 119 upon saturation 
of a resonance the intensity of all the other proton 
signals dipolarly coupled with it, as well as that of the 
dipolar connectivities involving these signals, results 
reduced by the relative NOE. Analogously to the 1D 
NOE case, difference spectra are obtained alternating 
off- and on-resonance experiments: the resulting 
NOESY-difference map contains only the dipolar 
connectivities involving the signals that experience 
NOE from the irradiated resonance. The NOE- 
NOESY method thus allows the clear detection of 
NOESY cross peaks among all the resonances due to 
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paramagnetic compounds, where the line widths are 
usually much broader than the J values, this leads to 
partial or total cancellation of the cross peaks them- 
selves. It has been found that this problem is less 
dramatic if acquisition and Fourier transform in the 
so-called magnitude mode are employed.133JM However, 
magnitude-type COSY experiments (MCOSY) are 
characterized by an intrinsically lower resolution when 
compared with the phase-sensitive ones. Recently, 
Xavier et al. illustrated the advantages to phase cross 
peaks in a pure dispersive mode.135 However, as far as 
scalar connectivities between well-resolved hyperfine- 
shifted signals are concerned, the best results have been 
reported by employing MCOSY experiments with tl 
and t2 values of the order of 2Tz of the signals between 
which cross peaks are expected. If sine bell or sine- 
squared bell window functions are used prior to Fourier 
transform, the maximum of the window function 
corresponds to the T2 value. When higher resolution 
is necessary, the problem of the low quality of the simple 
phase-sensitive COSY spectrum can be overcome by 
employing the ISECR COSY pulse sequence (Figure 
4C),'% which provides in-phase cross peaks. In this 
sequence the time td  can be adjusted in such a way that 
the coherence transfer is maximum at the beginning of 
the tl and t2 times, i.e. a t d  time of the order of T2 should 
be used.lM Analogous to the NOESY sequence, in this 
kind of experiment cosine bell or cosine-squared bell 
window functions are employed before Fourier trans- 
form. Indeed, the maximum information is contained 
at  the beginning of the FID and of the interferogram 
along the tl axis. 

A warning regarding COSY experiments on para- 
magnetic metalloproteins should be made. Recent 
theoretical calculations137 have demonstrated that cross 
peaks due to relaxation-allowed coherence transfer may 
be detected in COSY maps and mistaken as scalar 
connectivities. They are due to cross correlation 
between dipolar coupling and Curie relaxation. There- 
fore, the more T2 is affected by Curie relaxation (i.e. in 
large macromolecules and with large S values), the more 
dramatic this effect becomes (see also section V). For 
this reason, the development of pulse sequences allowing 
spectroscopists to separate true scalar connectivities 
from dipolar relaxation-allowed cross peaks is an issue. 
It should be noted that the ISECR COSY pulse 
sequence allows the selection of the true scalar con- 
nectivities (Luchinat, personal communication). 

2D correlated spectroscopy has been used also in the 
heteronuclear case. The lower giromagnetic constant 
and the lower natural abundance of 13C and 15N, which 
are the two heteronuclei found in proteins, cause a loss 
in sensitivity. However, when considering I5N NMR 
experiments in paramagnetic proteins, it is important 
to remember that y(15N)/y(lH) = -0.101. Hence, the 
relaxation rate enhancement for nonbound residues 
(experiencing pseudocontact contribution) according 
to eqs 12 and 13 in a I5N nucleus will be one-hundredth 
of that experienced by a proton at  the same distance 
from the paramagnetic center. In this way, hyperfine- 
shifted 15N signals will be much sharper that hyperfine- 
shifted proton signals. This effect is also important 
for the 13C nucleus, even if less markedly so [y(I3C)/ 
y('H) = 0.251. The recording of 1D experiments on I3C 
and I5N nuclei are thus favored by their slower relaxing 
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Figure 5. Schematic drawings of pulse sequences for (A) 
heteronuclear 1H-X COSY and (B) inverse detection 'H-X 
HMQC experiments. 
nature. Figure 5 shows the two most common pulse 
sequences to record 2D heteronuclear spectra. In the 
normal HETCOR experiment (Figure 5A), the X 
nucleus is detected, so that the sensitivity problem 
found in 1D experiments is also present. The A delay 
is usually set equal to 1/(2J), and it is necessary when 
proton-decoupled spectra are desired. Inverse detection 
experiments allow the acquisition of heteronuclear 
correlation spectra taking advantage of the higher 
sensitivity of proton nuclei. The spectrum of the X 
heteronucleus is indirectly measured as the F1 dimen- 
sion of a 2D spectrum, either in multiple or single 
quantum coherence experiments. The X chemical shift 
information can be encoded by allowing the 'H-X 
multiple quantum coherence5 to evolve during the 
evolution time t1138J39 in the heteronuclear multiple 
quantum coherence experiments (HMQC) (Figure 5B). 
HSQC (heteronuclear single quantum coherence) ex- 
periments transfer magnetization from the proton to 
the low y nucleus and back to the protons by means of 
two INEPT-like sequences.140 One should be reminded 
that in the latter case the detected nucleus is the proton, 
so that in paramagnetic substances the same fast 
relaxing features already discussed in homonuclear 2D 
experiments will be met here. Since the coherence 
transfer during A is proportional to sin(dA), it will 
reach its maximum for A = 1/(2J). There is, however, 
one important advantage: heteronuclear one-bond 
coupling constants are much larger ('JcH = 120-160 
Hz, 'JNH = 90 Hz) than homonuclear proton-proton 
coupling constants. Thus, the magnetization coherence 
transfer occurs in a shorter period of time and it is 
unnecessary to use long delays. Nevertheless, the 
proton line widths may be larger than the heteronuclear 
~ J X H  couplings. In this case, the A delay should be 
adjusted according to the T2 values, as in the case of 
the ISECR-COSY spectrum.134 

The HOHAHA pulse sequence, widely used to reveal 
scalar connectivities in diamagnetic systems, is reported 
in Figure 4D.141J42 One of the advantages of this 
experiment with respect to COSY is that it has in-phase 
coherence transfer. The mixing part consists of a spin- 
lock pulse sequence. TlP is the time constant for the 
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exponential decay of the transverse magnetization when 
this is kept locked by a radiofrequency field in the x y  
plane along the direction of the radio frequency itself. 
TI, is very close to Tz. Therefore, for paramagnetic 
compounds, it is appropriate to use mixing times of the 
order of Tz. Additional problems arise from the 
difficulties of obtaining a regular spin-lock field profile 
over a large chemical-shift range. At  the high magnetic 
field required for studying macromolecular systems the 
problem becomes more serious due to the larger 
chemical shift spreading (in hertz) and to the length- 
ening of the 90' and 180' pulse durations.134 

When considering rotating-frame 2D experiments, 
the ROESY experiment should be mentioned. The 
pulse sequence is reported in Figure 4E.143 As in 
NOESY experiments, magnetization transfer occurs 
through dipolar coupling. Besides the common spin- 
locking problems, the interest of ROESY experiments 
arises from the possibility of distinguishing NOE-type 
connectivities from saturation transfer-type ones. As 
the sequence for EXSY and NOESY experiments is 
exactly the same, and in macromolecules also the sign 
of the two different type of connectivities is the same,lZ1 
NOESY and EXSY cross peaks cannot be distinguished. 
In ROESY experiments the former are negative and 
the latter are positive. An experiment which distin- 
guishes between dipolar coupling and chemical ex- 
change in a paramagnetic protein has been performed.lu 

C. Genetlcs and NMR 
A great aid to NMR spectroscopy comes from isotopic 

labeling. The simplest idea is that of investigating a 
system in which one or all the protons in a residue have 
been selectively substituted by deuterium. Selective 
deuteration in proteins has been used since the late 
1960s with the aim of simplifying the lH NMR 
~pectra .~~5J& This procedure has been also used in 
paramagnetic p r o t e i n ~ . ~ ~ ~ J ~ ~  With the advent of 2D 
NMR techniques, selective deuteration has been useful 
in obtaining residuetype and stereoselective assign- 
ments. Selectively deuterated amino acids can be 
chemically synthesized in the laboratory, or even 
purchased. 

Nowadays the overproduction of wild-type, mutated, 
or labeled proteins in quantities as required for NMR 
experiments can be achieved. For this a bacterial host 
is often chosen for which the metabolic pathways for 
amino acid synthesis and degradation are known. Then 
a controlled, high-level expression system for the 
synthesis of the desired protein should be developed in 
the bacterial host. The selective labeling is performed 
by growing the bacteria on defined media supplemented 
with the deuterated amino acid. The use of bacteria 
with amino acid auxothropies and aminotransferase 
deficiencies ensures an efficient and controlled incor- 
poration of the labeled amino acid@) in the protein. 

The spectrum of the deuterated protein will be 
simplified, and the missing signals can be identified as 
those belonging to the deuterated amino acid. Unfor- 
tunately, in general it is not possible to record the zH 
spectrum because the slow rotation of the protein 
induces a severe line broadening of the deuterium 
resonances. However, if the deuterated moiety is a 
methyl group, which may display an internal rotation 
rate larger than that of the protein, the signals may be 
observed.51 

Another possibility is to produce 13C- or 15N-enriched 
proteins.1e1m In these cases the protein should be 
grown in a media supplemented with the desired isotope. 
13C enrichment generally is performed up to an extent 
of 20-25 % , since I3C is a 1/2 nucleus and direct 13C-13C 
scalar couplings could complicate the spectra. Isotope 
enrichment may be performed by supplying 13C02 as 
carbon source diluted with natural abundance C02 to 
20-25 % isotopic purity. For the 15N case, since there 
are no direct nitrogen-nitrogen bonds in proteins, this 
problem is not encountered and large enrichment levels 
may be attempted. 

The general advantages and the utility of obtaining 
13C- and I5N-enriched proteins, as well as the application 
to paramagnetic metalloproteins, will be discussed in 
section IX. 

I V. Iron-Sulfur Proteins 

Iron-sulfur proteins are a wide group of non-heme 
iron proteins containing polymetallic centers in which 
the iron ions are tetrahedrally coordinated, generally 
with bridging sulfide ions and cysteinyl residues as 
ligands (see Figure 6, parts B-D).151-1M In addition, 
proteins containing a single ion coordinated to four 
cysteines (Figure 6A) are included in this class because 
they represent a reference point for the polymetallic 
center. They have always been considered electron- 
transfer proteins, but some iron-sulfur proteins display 
catalytic properties, like aconitases (aconitate hy- 
dra tase~) . '~~  Much effort has been devoted to the 
synthesis and analysis of model complexes in order to 
understand the properties of these polymetallic 
centers.156161 

Being in a tetrahedral or pseudotetrahedral envi- 
ronment, both iron(I1) and iron(II1) ions are always 
high spin (5' = 2 and 5/z, respectively). Figure 6 displays 
the structurally characterized iron-sulfur centers present 
in proteins, and Table I1 describes the oxidation states 
in naturally occurring polymetallic systems. The 
existence of these clusters has been established by X-ray 
crystallography.16z-1m In some proteins more than one 
iron-sulfur cluster may be found, as well as other 
structurally different redox centers. Recently, the 
existence of a Fe,& cluster in a six-iron protein isolated 
from Desulfovibrio vulgaris has been suggested on the 
basis of its Mossbauer and EPR spectra.1s1J8z 

Although the most common ligands in iron-sulfur 
clusters in proteins are cysteine sulfurs, some exceptions 
have been reported. For example, ENDOR spectros- 
copy has indicated the existence of histidine nitrogen 
ligands in Rieske-type proteinsl=JM or oxygen ligands 
in a c o n i t a ~ e , ' ~ ~ J ~  in ferredoxin I11 from Desulfovibrio 
africanus1E6 and in a ferredoxin from Pyrococcus 
furiosus.lg7 

Iron-sulfur proteins have attracted the interest of 
NMR investigators from the very beginning of NMR 
studies of paramagnetic systems1w191 and since then 
many biochemists have used NMR in an attempt to 
characterize them.19Z196 As outlined in section 1I.C of 
this review, polymetallic systems have short electronic 
relaxation times, especially if they are constituted by 
different ions.55 This accounts for the numerous spectra 
reported in the early literature which were used as 
fingerprints to recognize the different types of clusters 
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Figure 6. Schematic representation of the structurally 
characterized iron-sulfur centers in proteins: (A) monoiron 
center, as present in rubredoxin, (B) FezSz cluster, (C) Fe& 
cluster, and (D) Fe& cluster. 

Table 11. Oxidation States of the Most Typical 
Iron-Sulfur Clusters in Proteins 

cluster oxidized reduced 
(Fez&) Fdsa 2 Fe(I1I) Fe(III), Fe(I1) 
(FeaS,) Fds 3 Fe(II1) 2 Fe(III), Fe(I1) 
(FerS4)Fds 2 Fe(III), 2 Fe(I1) 1 Fe(III), 3 Fe(I1) 
(Fe&)HiPIPs" 3 Fe(III), 1 Fe(1I) 2 Fe(III), 2 Fe(I1) 

0 Abbreviations: Fd, ferredoxin; HiPIP, high potential iron- 
sulfur Drotein. 

upon the temperature dependence of the paramagnetic 

All the iron-sulfur proteins studied up to date by 
means of NMR spectroscopy possess cysteine residues 
as iron ligands. The P-CH2 and the a-CH protons of 
these Cys experience hyperfine shifts which are mainly 
contact in origin, as was shown for model com- 
pounds.160J61 

We would like to review here the systems represented 
in Figure 6 by mentioning first rubredoxin, which has 
only one iron ion, and by discussing then Fe2S2 and 
Fe3S4 ferredoxins, high-potential iron-sulfur proteins, 
and Fe4S4 ferredoxins. Finally, some systems of greater 
complexity will be considered. 

shifts.19237 

A. Single Iron Containing Proteins 

R u b r e d o ~ i n , ~ ~ ~ ~ ~  desulforedoxin,m desulfoferrodox- 
in,201 and rubrerythrin202 are examples of iron-sulfur 
proteins containing a mononuclear iron center tetra- 
hedrically coordinated to four cysteines (see Figure 
6A).lg8 Rubredoxin (MW 6 000) was the first non-heme 
iron protein studied by 'H NMR spectroscopy.lW In 
the case of oxidized rubredoxin (Rd), the long 7, of the 
iron(II1) ion ( N 10-9 s) induces such a large broadening 
of the @CH2 cysteine proton signal that they are 
rendered ~ndetectable.~O~9~0~ 

In reduced Rd, the shorter 7, of iron(I1) allows the 
detection of four very broad signals in the 260-150- 
ppm range (cf. signals A-D in Figure 7A), and four 
broad signals in the 17-11-ppm region (signals E-H, 
Figure 7B).204 The four more shifted resonances have 
roughly the same area, being double that of signals E-H. 
Signals A-D have been assigned to the P-CHz protons 
of the bound cysteines by comparison with the shifts 
observed in model iron(II)-alkylthiolate complexes.20Pm 
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Figure 7. 1H NMR spectrum (300 MHz) of reduced 
Desulfovibrio gigas rubredoxin at 328 K: (A) 260-100 ppm 
region, (B) 20 to -10 ppm region. (Reprinted from ref 204. 
Copyright 1987 American Chemical Society.) 

The possible origin of the four resonances E-H from 
the cysteine a-CH protons was also mentioned.204 

One would expect to observe eight resonances for the 
cysteine P-CH2 protons. The fact that four signals are 
observed instead of eight has been attributed2M to the 
quasi-& symmetry of the metal center observed in 
crystallographic studies.lss The observation of two 
signals (C,D) broader than the other two (A,B) is 
consistent with a ligand conformation placing one /3 
proton closer to the iron ion for each geminal pair. Each 
signal would then correspond to two protons of different 
cysteine residues symmetrical to one another. 

Owing to the large line widths of these signals (up to 
4500 Hz) it is very difficult to carry out NOE or 2D 
experiments on them in order to perform a sequence 
specific assignment of the ligands. A recent work207 
reports the inability to detect 2D connectivities near 
the paramagnetic center both in the oxidized and 
reduced forms of the Rd from P. furiosus. Interesting 
perspectives arise upon metal substitution by intro- 
ducing metal ions more suitable for NMR investigations, 
such as nickel(I1) or cobalt(I1) (see sections VI1 and 
VIII) .208 

B. Fe2S2 Proteins 
Fez& ferredoxins (Fds) are found in chloroplasts, 

bacteria, vertebrate mitochondria, and oxygenase sys- 
t e m ~ . ~ ' ~  FezSz Fds contain two iron ions, each coor- 
dinated to two cysteines and bridged by two inorganic 
sulfur atoms (see Figure BB). They have molecular 
weights around 11 X-ray structures are available 
for several p r o t e i n ~ . ~ ~ " ~ ~ J ~ ~  The oxidized protein 
contains two iron(II1) ions and the reduced protein an 
iron(II1) and an iron(I1). 

In the case of oxidized Fe& Fds, the two iron(II1) 
ions display a strong antiferromagnetic coupling.62~210~211 
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Figure 8. lH NMR spectra of Fez& ferredoxins: (A) oxidized 
ferredoxin from P. umbilicalis, recorded at 303 K and 200 
MHz (B) 300-MHz lH NMR spectrum of reduced Fez& 
spinach ferredoxin (signals L, M, N, 0, A and E follow a 
Curie behavior, whereas signals B, C, D and F display an 
anti-Curie behavior), and (C) 600-MHz lH NMR spectra of 
bovine reduced FezS2 ferredoxins at 300 K. (Part A, reprinted 
from ref 53. Copyright 1990 Springer-Verlag. Part B, 
reprinted from ref 223. Copyright 1984 American Chemical 
Society. Part C, reprinted from ref 220. Copyright 1991 
American Chemical Society.) 

However, the magnetic coupling between two identical 
metal ions is not so effective on reducing their electronic 
relaxation times212 so that a broad resonance (ca. 2000 
Hz at  200 MHz) is seen in the NMR spectrum at about 
34-37 ppm corresponding to eight protons, (see Figure 
8A) displaying a strong anti-Curie dependence. Nev- 
ertheless, the large magnetic coupling renders the 
system less paramagnetic and therefore the proton 
signals display line widths and chemical shifts smaller 
than the corresponding values that would be observed 
in absence of magnetic co~pling.63llg0~2~3-2~6 Similar 
spectra have been found for algae,s3+216 plant,1g072179218 
ba~terial,216*~19 and vertebrate Fds.WJ2l A study reports 
the spectra of the oxidized Anabaena 7120 Fd at  
different fields showing that at 600 MHz a better 
resolution is obtained.216 Nevertheless, it is difficult to 
resolve these signals and even to determine their TI 
values. 

With regard to the reduced Fez& Fds, it is interesting 
to note that a set of sharp signals was found in the 
45-15-ppm region1w1210 (see Figure 8B) in early exper- 
iments. Four of these signals were tentatively assigned 
to the B-CH2 protons of cysteines bound to iron(I1). 
The theoretical approach proposed by Dunham et aLs2 
accounted for the anti-Curie temperature dependence 
of these signals, and predicted a Curie behavior and 
considerably larger shifts for the proton signals of the 
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Figure 9. Schematic picture of a Fez& cluster indicating 
the alignment of the individual spins with the external 
magnetic field Bo. 

cysteines bound to iron(II1). The latter were not 
detected for over a decade192Jg4~217~222 until 1984, when 
Bertini et aLz23 reported an experiment using a larger 
spectral window, which allowed the observation of a 
group of broad and very far-shifted signals (over 100 
ppm) corresponding to four protons with a Curie 
temperature dependence (note signals L, M, and N in 
Figure 8B). In this way, the initial predictions of 
Dunham et al.e2 were confirmed, providing a useful 
method for identifying protons sensing iron(I1) and 
those sensing iron(II1). 

This former theoretical treatments2 has been recently 
general i~ed.~~ Its predictions may be summarized as 
follows: iron(II1) has S = 6/2 and it is antiferromag- 
netically coupled with iron(I1) (possessing S = 2). In 
the ground state the S = 612 spin will be oriented along 
the external magnetic field because it is the larger spin, 
while the S = 2 spin (the smaller one) will be oriented 
the other way around because of the antiferromagnetic 
coupling (see Figure 9). If this were the only populated 
state, the nuclei sensing iron(II1) would feel a negative 
(S,) (in the same direction of the external magnetic 
field), and the contact hyperfine shift would be down- 
field, whereas the opposite situation would hold for the 
nuclei sensing iron(II), which should show upfield shifts. 
In the infinite temperature limit (J<< kT), all the levels 
are populated, and the (S,) values for each metal ion 
would be as in the uncoupled systems. Therefore, the 
nuclei would experience downfield hyperfine shifts from 
both metal sites. 

The actual case in iron-sulfur proteins is intermediate 
(J  kT): several excited levels are occupied, and 
therefore protons sensing the iron(I1) ion are slightly 
downfield. At  higher temperatures, the population of 
the excited levels increases and the shifts of the latter 
protons increase. Figure 10 shows the calculated 
temperature dependence of the shifts of the P-CH2 
cysteine protons bound to the iron(I1) and the iron(II1) 
centers compared with the expected ones in the absence 
of magnetic coupling.63 

The theory applied to magnetically coupled systems 
is based on the perturbational Hamiltonian as described 
in eq 21 as a simplified treatment. It is important to 
note that this theoretical approach does not take into 
account the zero-field splitting in the iron ions nor the 
fact that iron(I1) has two spin systems orbitally de- 
generate in tetrahedral symmetry. The two spins 
belonging to different orbitals split by low symmetry 
components will then present different J coupling 
constants. This fact was already considered in the 
original treatment by Dunham et aLS2 MO calculations 
could in principle provide relative J values. However, 
the introduction of a new parameter in the description, 
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Figure 10. Temperature dependence of the hyperfine-shifted 
signals calculated for an iron(II1)-iron(I1) system antiferro- 
magnetically coupled (solid lines) and for the noncoupled 
ions (dashed lines). (Reprinted from ref 55.) 
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Figure 11. 1H NMR spectrum (360 MHz) at 303 K of reduced 
FezS2 ferredoxin from P. umbilicalis in H2O. The shaded 
signals correspond to exchangeable protons in D2O solution. 
The 140-80 ppm region is expanded 5 times vertically. The 
solid lines indicate NOE connectivities. Signals a-e and j 
follow a Curie behavior, whereas signals f-i display an anti- 
Curie behavior (from ref 216). 

while providing a more correct approach to the un- 
derstanding of the experimental data, makes the 
obtained parameters less reliable. 

The NMR investigation of these systems at  this point 
shows that there is one iron(II1) and one iron(I1) ion in 
the active site with the electron localized on a single 
iron i 0 n . ~ 1 ~ ~  If there were two species with two different 
localizations of the electron in slow exchange, two sets 
of signals would be detected. In the case of a fast 
exchange, only an average set would be observed, but 
the Curie and anti-Curie characteristics would be lost. 

The following question which was answered by NMR 
is: whichare the cysteines bound to iron(II1) and which 
are those bound to iron(II)? NOE investigations on 
algae Fds allowed the pairwise assignment of the P-CH2 
protons bound to iron(II), i.e., NOE experiments were 
successful on the sharp proton signals of the protons 
sensing iron(II).216 Figure 11 shows the spectra of the 
Fd from P. umbilicalis, indicating the dipolar connec- 
tivities found through NOE experiments. Signals f,g 
and h,i were assigned pairwise to ,B-CH2 geminal protons 
of Cys residues coordinated to iron(II), and signals e 
and j to a-CH protons of the iron(II1)-bound cysteines. 
Besides, an interresidue NOE between signals g and i 
was also observed, as well as a NOE between resonances 
f and m (the latter attributable to a methyl group).216 
These interresidue connectivities allowed the authors 
to recognize that iron(I1) was bound to Cys 41 and to 
Cys 46, which have a very close intercysteine distance. 
The methyl signal, according to the X-ray structure of 
the protein,le3 has been ascribed to Thr 48. In this 
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Figure 12. lH NMR NOESY spectrum (600 MHz) of reduced 
Anabaena 7120 ferredoxin at 300 K performed with a 

mixing time of 10 ms. (Reprinted from ref 214. Copyright 
1991 American Chemical Society.) The signal labeling is the 
same as in Figure 11. Cross-peak assignments are as follows: 
(1) HB1 Cys 41,B-CHs Ala 43; (2) HB2-HBl Cys 41, Ha Cys 
41; (3) HB2 Cys 41, HB2 Cys 46; (4) Hj31, Ha Cys 46; (5) Hol, 
HB2 Cys 46; (6) Ha Cys 79, 81-CH3 Leu 27; (7) Ha Cys 79, 
62-CH3 Leu 27; (8) Ha Cys 79, HB1 Leu 27; (9) Ha Cys 79, 
HB2 Leu 27; (10) HB2, Ha Cys 46; (11) Ha Arg 42, HB1 Arg 
42; (12) Ha Arg 42, HB2 Arg 42; (13) Ha Arg 42, Hyl  Arg 42; 
(14) Ha Arg 42, Hy2 Arg 42. A cross peak between signals 
f and j was detected at a temperature in which these signals 
do not overlap. 

way, the reduced iron has been identified as the one 
closer to the protein surface. 

The Fez& ferredoxin from Anabaena 7120 yields 
similar spectra both in the oxidized and in the reduced 
forms, with the same Curie and anti-Curie 
This protein, whose X-ray structure is available,162 has 
been studied thoroughly by Markley. In the first 
studies, aimed at the assignment of the diamagnetic 
signals of the oxidized protein, it was noted that the 
nuclear spin patterns of several residues were not 
complete: only 78 out of 98 residues were then assigned 
by the combined use of lH, 13C, and I5N 2D NMR 
spectra.150-224*225 The finding of incomplete nuclear spin 
patterns was attributed to the broadening effect of the 
paramagnetic center. It is interesting to note that the 
2D spectra of the diamagnetic region are similar in both 
oxidation states. From this it can be inferred that no 
significant conformational changes arise upon reduction 
of the iron ion, and hence only the analysis of the 
hyperfine-shifted signals is of help for the understanding 
of the properties of the metal site. NOESY spectra 
performed on the reduced protein using shorter mixing 
times214 (Figure 12) enabled the authors to detect cross 
peaks accounting for the same dipolar connectivities 
found by means of 1D NOE experiments in the algae 
Fds.216 In addition, the a-CH resonances of the ferrous- 
bound Cys were located in the diamagnetic envelope 
(cf. signals x arid y in Figure 12). Further connectivities 
were detected with some signals whose cross peaks were 
missing in the diamagnetic 2D maps. From this 
information, and by comparison with the X-ray struc- 
ture, a definite assignment for the ferrous-bound 
cysteines has been proposed. The results for algae and 
Anabaena Fds are quite similar. EXSY cross peaks 



2848 Chemical Reviews, 1993, Vol. 93, No. 8 

were also found for the a-CH protons of the cysteines 
which remain bound to iron(II1) upon reduction in a 
sample containing both the oxidized and reduced 
protein. 

It now remains to explain why that particular iron 
has a higher reduction potential. By observing the 
structure both of the Spirulina p l ~ t e n s i s ' ~ ~  and of the 
Anabaena Fds,162 it is seen that the reducible iron is 
bound to three sulfur atoms which, in turn, are hydrogen 
bonded to three peptidic NH groups. This is a 
contribution to a higher reduction potential. At this 
point, it should be noted that two broad exchangeable 
signals found at  -15 ppm (see signals q and r in Figure 
11) were tentatively attributed to amino acids which 
may establish hydrogen bonds with the sulfur atoms.2l6 
Recently, Carloni and Corongiu226 have attempted to 
account for a higher reduction potential of this iron ion 
on the basis of the electrostatic field caused by the 
charges of each individual atom in the protein. 

Reduced vertebrate Fe2S2 Fds (which have a more 
positive redox potential than plant Fds) show spectra 
with different features:220r221 signals in the upfield as 
well as in the downfield region are observed, all of them 
displaying a Curie behavior (see Figure 8C). By 
inspecting Figure 10 it may be noted that for large values 
of J ,  the shifts induced by the iron(I1) ion become 
upfield and the signals are expected to shift even more 
upfield with decreasing temperature. This behavior 
has been termed "pseudo-Curie" behavior.227 The 
extrapolation at infinite temperatures provides enor- 
mously large diamagnetic shift values. Therefore, the 
four upfield signals could correspond to the P-CHz 
protons of the cysteines bound to the ferrous ion.220 
The P-CH2 protons of the ferric-bound cysteines, which 
are expected to be found beyond 100 ppm, have not 
been detected, probably due to their large line widths. 
This shows that also in vertebrate Fds localized 
oxidation states occur in the reduced protein. Two 
broad signals at  40 and 13 ppm were detected in the 
downfield region, probably arising from the a-CH 
protons of the cysteines bound to the ferric ion. The 
signals are considerably broader than in reduced plant 
or bacterial Fds. This may be attributed to the larger 
J measured for these proteins with respect those 
observed in plant and bacterial Fds. 

C. FesS4 Proteins 
These clusters possess a voided-cubane structure 

(Figure 6C) and have been found in bacterial ferre- 
doxins,1~~228~229 aconitase,155,230 Escherichia coli fuma- 
rate reductase, and succinate dehydr0gena~e.l~~ The 
X-ray structure of Fd I1 from Desulfouibrio gigas, one 
of the most studied Fe& systems, is a~ailable.~~8,~69,~7~ 

In the oxidized case, the iron(II1) ions are antifer- 
romagnetically coupled, providing a S = l / 2  ground 
state.231-233 Figure 13A shows the spectrum of native 
Fd I1 from D. gigas, with four downfield hyperfine- 
shifted signals below 30 ppm.les Two signals (a and b) 
show a Curie temperature dependence. Mossbauer data 
on Fd I1 from D. gigasZ3l suggested that a J inequiv- 
alence could be present. By incorporating it in a 
Hamiltonian of the type of eq 25 applied to a three- 
center system, the P-CH2 Cys protons bound to the Fel 
and Fez ions are expected to display an anti-Curie 
behavior, while those sensing Fe3 are predicted to show 
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Figure 13. 1H NMR spectra (500 MHz) in D2O solution at 
303 K of (A) native D. gigas Fd I1 (the 35-14 ppm region 
expanded 6 times vertically), (B) T. litoralis Fd, and ( C )  P. 
furiosus Fd. The solid lines indicate the p-CH2 Cys pairs. 
(Part A, reprinted from ref 234. Copyright 1993 American 
Chemical Society. Parts B and C, reprinted from ref 235. 
Copyright 1992 American Chemical Society.) 

a Curie behavior.234 A similar situation has been found 
in the Fe3S4 Fds from archaebacteria Thermococcus 
litoralis and Pyrococcus furiosus (Figure 13, parts B 
and C).235 Recent NOE and 2D experiments on these 
proteins have shown that the signals displaying a Curie 
behavior (a and b) belong always to the same P-CH2 
pair, confirming the above h y p o t h e ~ i s . ~ ~ ~ ? ~ ~ ~  Variable- 
temperature experiments have revealed the existence 
of a conformational equilibrium in the environment of 
some cysteines in the P. furiosus Fd. 

The 'H NMR shift pattern of the T. litoralis and the 
D. gigas Fds are similar each other (cf. Figure 13), both 
being somewhat different to that of the P. furiosus Fd. 
In the former case, the two ,B-CH2 proton signals showing 
Curie behavior are well shifted downfield (over 20 ppm, 
cf. signals a and b in Figure 13, parts A and B), whereas 
in the latter only one of them is experiencing a sizeable 
downfield shift. Although the sequence-specific as- 
signment of the three bound cysteines is not available 
for these proteins, this suggests that cysteine bound to 
the Fe3 ion does not have the same sequence origin in 
the three cases. The situation found in the cases of the 
T. litoralis and D. gigas Fds is similar to that observed 
in the seven-iron Fds, which contain a similar Fe3S4 
cluster (see later). 

With regard to the reduced form, Mossbauer data 
have been accounted for by one iron(II1) and a pair of 
Fe2.6+,229,232,23'3 The latter is a mixed-valence pair which 
can be described as an iron(I1)-iron(II1) pair with the 
odd electron delocalized over the two metal ions. This 
electron delocalization stabilizes the highest spin state, 
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i.e., favors a ferromagnetic coupling in the pair.237*2S8 
The ground state of the subspin state is expected to be 
S = 9/2.= The antiferromagnetic coupling of it with 
the ferric ion yields a S = 2 ground state, as verified by 
EPR experiments.233 This system may be treated 
similarly to the reduced Fe& case, in the sense that 
we expect the proton sensing an iron ion in the mixed- 
valence pair to be downfield and to exhibit a Curie 
temperature behavior. On the other hand, protons 
sensing the iron(II1) ion would be upfield with a pseudo- 
Curie temperature dependence, or slightly downfield 
with an anti-Curie temperature dependence. The 'H 
NMR data on the reduced protein available in the 
literature are preliminary.'% 

A very interesting feature of the behavior of Fe3S4 
clusters is that the fourth vacant position in the cluster 
may be occupied by another metal ion, like cobalt(II),2% 
nickel(II),w or zinc(II).M1 The mixed-metal clusters 
constitute an interesting system to be studied by means 
of NMR. Some results on a model NiFesS4 system are 
availableeN2 
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D. Fe4S4 Proteins 
Four iron-four sulfur cubane-like clusters (see Figure 

6D) may be found in proteins in three oxidation states: 
(Fe&)+, and (Fe4Sd3+ (see Table 11). How- 
ever, for a given protein, only one redox pair is active 
in vivo. Ferredoxins employ the (Fe4S4)+/(Fe4S4)2+ 
couple and have redox potentials ranging from -250 to 
-650 mV. Those proteins in which the (Fe4S#+/ 
(Fe4S4)3+ couple is active possess redox potentials 
between +50 and +450 mV,1s1Js2 and they are called 
high potential iron sulfur proteins (HiPIPs). Owing to 
their low molecular weight (around 9 000) they have 
recently been the subject of a classical diamagnetic 
NMR study.24 On the other hand, the analysis of the 
hyperfine-shifted signals has been useful in under- 
standing the electronic structure of the metal clusters 
and in performing the sequence specific assignment of 
the cysteine ligands. It is appropriate to remember 
that X-ray structures are available for the Chromatium 
uinosun HiPIP1e51244 and HiPIP I from Ectothio- 
rhodopsira ha l~ph i l a . ' ~~  Even if the primary sequences 
of these HiPIPs present a low homology, the similarity 
in their tertiary structures allows a structural corre- 
spondence to be established between the coordinated 
cysteines which may be extended to the other HiPIPs. 

In the case of oxidized HiPIPs, MGsbauer studies at 
4 K are available for the S7Fe-enriched proteins from 
C. uinosum"5and fromE. halophila HiPIP II,24e which 
indicate the existence of absolutely similar clusters in 
both proteins. In both cases the data can be interpreted 
on the basis of two iron(II1) and one mixed-valence 
pair (see Figure 14). The latter has a subspin larger 
than the subspin of the ferric pair. This property is 
essential for the understanding of the NMR data. EPR 
experiments indicate a S = 1/2 ground state, which may 
be the result of the two subspin systems antiferromag- 
netically ~ o u p l e d . ~ ~ ~ ~  The values of Sa (S3 + S4) and 
S12 (SI + SZ) might be (9/2,4) or (7/2,3),  with Sa always 
larger than S12. 

The S = g/2 and 4 values for the subspin systems may 
be easily obtained by setting J12 and JM respectively 
larger and smaller than the average J value (assuming 
that J13 = 5 2 3  = J14 = J24 = J, numbering as in Figure 

J3a 4 ;  
j .__.____. -.: _.........._...... _ _  .._.......__....... .... : pair 

Figure 14. Exchange-coupling scheme in the (Fe4S4)3+ 
cluster present in oxidized HiPIPs. 

14). The assumption of a larger value for J12 is logical 
since it is the coupling between the iron(II1) ions. The 
electron delocalization in the Fe3-Fe4 pair introduces 
a ferromagnetic contribution which reduces the anti- 
ferromagnetic coupling, and the assumption of a smaller 
Ja is justified. An extension of the treatment outlined 
in section 1I.D to four centers allows a picture of the 
system to be obtained which reproduces nicely the NMR 
features. The Hamiltonian of eq 26 may be accordingly 
rewritten as 

7f = J(Sl*Sz + S1*S3 + S1*S4 + S2aS3 + S 2 8 4  + 
S3sS4) + AJ12 (Si*SJ + AJ34 (S3aS4) (39) 

where A J 1 2  and AJa are the deviations from J of the 
exchange coupling constants between the iron centers 
in the Fel-Fe2 and in the Fe3-Fe4 pairs. 

By solving eq 39 the energy levels for the different 
S'i values are 0btained.~~7~2~~ The hyperfine coupling 
for each level is calculated from eq 24 by assuming that 
the hyperfine coupling is equal to that of the noncoupled 
iron ions (as in the Fez& case). The same ground state 
and essentially the same distribution of excited levels 
are obtained using allJvalues equal but withJlz slightly 
larger and introducing in the treatment a parameter 
which describes the delocalization of one electron 
between the Fe3 and Fe4 ions. The corresponding 
Hamiltonian has the form: 

7f = [J(SlmS2 + S1-3S, + S,e3S4 + S2*'s3 + s2*3s4 + 
3S3*3S4) + AJ12(Sl.S2) + AJa(3S3*3S4)]03 + 

[J(S,.S2 + sls4s3 + s1*4s4 + Sf4s3 + sZo4s4 + 
4S3*4S4) + AJ12(Sl*S2) + AJ34(4S3-4S4)104 + 

where O3 and Or are the occupation operators for sites 
3 and 4, respectively, TN is the transfer operator between 
sites 3 and 4, V34 is an operator producing eigenvalues 
(Sa + '/2), and the 'Si ( i j  3,4) values represent the 
spin angular momentum operator Si when the extra 
electron is on site j .  The double exchange term B a  is 
a scalar factor proportional to the effectiveness of 
electron exchange in the mixed valence pair. Such an 
approach has similar consequences as lowering J94.237*250 

The lH NMR spectrum of the oxidized HiPIP I1 from 
E. halophila shows four hyperfine shifted downfield 
resonances and four upfield signals, the former set 
displaying a Curie and the latter a pseudo-Curie 
temperature dependence (see Figure 15A).261*z2 Chem- 
ical shifts spanning from 100 to -30 ppm and 2'1 values 
between 2 and 25 ms are observed for these ~ i g n a l s . ~ ~ ~ ~ ~  
The first study on this protein assigned the downfield 
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Figure 15. 1H NMR spectra (600 MHz) recorded at 300 K 
of the oxidized HiPIPs from (A) E. halophila HiPIP 11, (B) 
R. globiformis, (C) E. vacuolata HiPIP 11, (D) C. uinosum, 
and (E) R. gelatinosus. The Curie, anti-Curie, and pseudo- 
Curie characteristics are indicated. Signals labeled with X 
are residual signals from the reduced protein. The solid lines 
indicate dipolar connectivities. (Reprinted from ref 259. 
Copyright 1993 American Chemical Society.) 

signals to P-CH2 cysteine protons, and the upfield peaks 
to aromatic residues in the neighborhood of the cluster 
and to an a-CH proton.251 However, if the abovemen- 
tioned theoretical model is taken into a ~ c o u n t , ~ ~ ? ~ ~ ~  a 
completely different picture appears. Protons sensing 
the mixed valence pair (the substate with the higher 
spin) will be downfield with a Curie behavior, while 
protons sensing the ferric pair will be shifted upfield 
and will have a pseudo-Curie temperature dependence. 
These predictions have found further support in the 
light of NOE experiments, which allowed the authors 
to assign these eight signals pairwise to the cysteines' 
P-CH2 protons.252 NOESY and COSY experiments 
reveal the same connectivities as well as those between 
P-CH2 and a-CH protons. 

A series of difference NOE experiments performed 
upon saturation of the hyperfine shifted signals in the 
E.  halophila oxidized HiPIP I1 have provided the 
dipolar connectivities between these signals and other 
resonances in the diamagnetic region. For example, 
two signals at  6.30 and 5.58 ppm experience NOE with 
signal H (lettering according to Figure 15A). They are 

shown to be the H P  and He3 proton of a Trp residue, 
respectively (identifiable by its spin system, cf. Figure 
16). The X-ray structure of the HiPIP I isoenzyme 
indicates that the H P  and He3 protons of Trp 45 
(conserved in the HiPIP 11) are close to the j32 proton 
of Cys 39. This has allowed the authors to assign signal 
H (and its geminal proton I) to Cys 39, and according 
to the precedent analysis to establish that this cysteine 
is bound to an iron(II1) ion. By using this strategy for 
all the j3-CH2 cysteine signals, the sequence specific 
assignment of the bound cysteines has been per- 
formed.2M This approach has allowed Bertini et al. to 
establish that Cys 39 and 71 are bound to the ferric 
ions, while Cys 42 and 55 are coordinated to the mixed 
valence as shown in Figure 17A. 

Spectra are available also for other HiPIPs, namely 
those from Chromatium Rhodocyclus 
g e l a t i n o s ~ s , ~ ~ * ~ ~  Ectothiorhodospira vacuolata HiPIP 
1251 and 11,2519259 Rhodopseudomonas globiformis,260 
Ectothiorhodospira halophila HiPIP,26l Rhodospir- 
illum tenue,lg5 and Chromatium gracile.261 Figure 15 
shows the spectra of the oxidized form of those HiPIs 
whose assignments are available and Table I11 sum- 
marizes the shifts and their assignments. An interesting 
feature is that the lH NMR spectra of all other HiPIPs 
are different from that of the E. halophila HiPIP I1 
(see Figure 15). While in the E.  halophila HiPIP I1 
two sets of four signals each are clearly observed (one 
downfield and the other upfield) allowing the identi- 
fication of the cysteine residues bound to the different 
iron pairs, in the other cases only two signals corre- 
sponding to one cysteine bound to one ferric ion are 
found upfield, whereas two signals of the other cysteine 
bound to iron(II1) are slightly downfield. The latter 
signals experience an anti-Curie behavior. 

There are several explanations to this difference based 
on the inequivalence of the two ferric ions. One iron- 
(III), for example Fel (see Figure 14) could experience 
a smaller J value with the mixed-valence pair than the 
other iron(II1). This may be due either to an extension 
of the electron delocalization on Fel or to a smaller 
involvement of Fel in the antiferromagnetic couplings 
within the cluster.259 Therefore, the signals of the j3-CH2 
protons of the cysteines bound to Fel move from an 
upfield position toward the downfield region.263 

Another possibility recently proposed260 is the pres- 
ence of an equilibrium between two species differing in 
the valence distribution of the iron ions as pictured in 
Figure 18, i.e. with one iron(II1) and one Fe2.5+ being 
interchanged. This equilibrium would be fast on the 
NMR time scale. The two most downfield signals would 
belong to a cysteine bound to Fe2.5+, and the two most 
upfield resonances would be due to the cysteines bound 
to iron(II1). The position of the other two pairsof j3-CH2 
protons would be dependent on the position of the 
equilibrium. This hypothesis finds further support in 
the fact that the sequence specific assignment of the 
HiPIP from Chromatium uinosum would indicate a 
different orientation of the cluster that in the E.  
halophila HiPIP I1 protein if the equilibrium were not 
considered.2M 

Reduced HiPIPs, formally with two iron(I1) and two 
iron(III), actually possess four Fe2.5+ ions, for which 
the ground state is a S = 0.245*247p262 In this case, the 
hyperfine shifts come from excited levels (with S # 0) 
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Figure 16. 1H NMR TOCSY spectrum (600 MHz) of the oxidized HiPIP I1 from E.  halophila in the aromatic region. The 
cross-peak patterns of the following residues are indicated: Trp 45 (cross peaks 3-7), Phe 60 (cross peaks 20-22), and Trp 70 
(cross peaks 76-81). Cross peak 64 is between a He and a H6 proton of Tyr 74. (Reprinted from ref 254. Copyright 1993 
American Chemical Society.) 

which are populated at room temperature and are 
always downfield and anti-Curie in character.227 Due 
to the fact that this protein possesses a diamagnetic 
ground state, it displays a lower paramagnetism with 
respect to the oxidized case: in the case of the C. 
uinosum HiPIP, the reduced protein possesses a peff of 
0.84 p~ per iron versus 1.84 pg per iron in the oxidized 

As shown in Figure 19, the chemical shifts in 
these reduced HiPIPs are below 20 ppm and the lines 
are sharper than in oxidized HiPIPs. A correspondence 
between the spectra of the reduced and the oxidized 
protein may be achieved by means of EXSY or 1D 
saturation-transfer  experiment^,^^^^^^^ as seen in Figure 
19. 

As already mentioned, the geminal P-CHz pairs have 
been initially identified by means of 1D NOE, COSY, 
or NOESY experiments both in reduced and oxidized 
HiPIPs.227~262~253~265 In almost all these cases, these 
assignments were checked by EXSY or saturation- 
transfer experiments in samples containing both the 
oxidized and the reduced  protein^.^^^^^^^ The above 
experiments have sometimes been successful in iden- 
tifying the a-CH resonances both in oxidized2M and 
reduced HiPIPs.2M*268 The detection of connectivities 

is obviously easier in the less paramagnetic reduced 
protein. Figure 20 reports a COSY and a NOESY 
spectra of the reduced HiPIP from C. uinosum.2m 

The oxidation state of each iron in the oxidized 
protein may be recognized by means of the temperature 
dependence of the shifts of the P-CH2 proton signals. 
In order to perform the sequence specific assignment 
the dipolar connectivities between any of the bound 
cysteines and protons in the diamagnetic region should 
be looked for. Finally, the identification of the type of 
residue to which these diamagnetic signals belong is 
achieved by recognition of their TOCSY cross-peak 
patterns. It should be kept in mind that the Mossbauer 
information is needed to establish whether the mixed- 
valence subspin system is larger than that of the iron- 
(111) pair. This strategy has led to the sequence specific 
assignment of the bound cysteine residues of the HiPIP 
from Chromatium uinosum,2M R. gelatinosus,2% E.  
uacuolata HiPIP 11,259 R. globiformis,2@J in addition to 
the HiPIP I1 from E. halophila2@ already discussed. 
The framing of the oxidation states of the iron ions 
within the protein permits one to study the valence 
distribution of the clusters within these 
proteins. By considering the primary sequences it is 



2852 Chemical Reviews, 1993, Vol. 93, No. 8 Bettinl et al. 

\ 

Figure 17. Positioning of the iron oxidation states in the 
oxidized HiPIPs from (A) E.  halophila and (B) C. uinosum. 
Open circles indicate iron(II1) ions while solid circles indicate 
Fe2.5+ ions. 

CYS )%g Lcys )%gJ cys 

cys cys 

Figure 18. Schematic representation of the proposed equi- 
librium in the (FedSr)3+ cluster present in oxidized HiPIPs. 
Open circles indicate iron(II1) ions while solid circles indicate 
Fe2.6+ ions. 

easy to see that for example cysteine 43 in the C. 
vinosum protein corresponds to cysteine 39 in the E. 
halophila HiPIP 11. It is proposed that HiPIP I1 from 
E.  halophila is 100% in the form of Figure 17A, whereas 

that from C. uinosum is 80% in the form of Figure 17B 
and 20% in the form of Figure 17A. 

The temperature dependence of the P-CH2 signals of 
the oxidized E. uacuolata HiPIP I1 follow a nonlinear 
temperature d e p e n d e n ~ e . ~ ~ ~ ~ ~ ~ ~  If the abovementioned 
hypothesis of the equilibrium depicted in Figure 18 is 
taken into account, the temperature dependence of the 
shifts should be calculated by summing the contribu- 
tions of the two species. It has been shown that a small 
energy gap between the two energy ladders is able to 
reproduce this nonlinear beha~ior .~~g 

The shift patterns of the P-CH2 protons in reduced 
HiPIPs are quite similar (cf. Table IV), since all the 
irons are Fe2.5+. The shift differences found for geminal 
protons have been ascribed to the dependence on the 
Fe-S-CrH dihedral angles.256*280 This has been initially 
proposed for some nickel(I1)-amino c o m p l e x e ~ . ~ ~ ~ ~ ~  A 
relationship of this type was found as follow: 

6 = a' cos2cp + b' coscp + c' (41) 
where b' and c' are small and often neglected. In the 
case of iron sulfur proteins cp is the Fe-S-CrH dihedral 
angle (see Figure 21). For the HIPIP case, it has been 
observed that the B-CH2 shift patterns are better 
reproduced by a sin2 cp [or cos2 (90' - cp)] function instead 
of a cos2 cp function?% 

6 = a'' sin2 (c + cff (42) 
this being valid for both oxidation states. In the reduced 
form the shift difference is sizable for the P-CH2 pairs 
of Cys 43 and 63 (C. vinosum numbering), whereas it 
is smaller for the Cys 46 and 77 pairs in all the cases 
for which the specific assignment is available (cf. Table 
IV). This has been interpreted as a sign of a similar 
geometrical arrangement of the P-CH2 moieties in all 
HiPIPs.260 A further investigation26s has lead to the 
proposal of the following equation for all the [Fe&12+ 
clusters: 

(43) 
where a = a'' - a', b = b', and c = a' + c' + c". The 
spin-transfer mechanism occurs through the overlap 
between the proton 1s orbital and either a pz orbital of 
sulfur or the Fe-S u bond. In the former case a is 
positive, and negative in the latter. For example, in 
the oxidized C. acidi urici ferredoxin values of a = 11.5, 
b = -2.9, c = 3.7 ppm have been estimated, which are 

6 = a sin2 cp + b cos cp + c 

Table 111. Chemical Shifts of the Hyperfine-Shifted Signals of Oxidized HiPIPs from Different Sources at 300 K 
proton (label)a E.  halophila IIb R. globiformisc E .  uacuolata IId C .  uinosume R. gelatinosusf 
Cys I (H,I)g cys 39 cys 21 cys 34 cys 43 Cys 36 

HB1 -22.66 -32.5 -13.9 -31.20 -30.88 
H82 -17.22 -37.7 -24.7 -33.01 -24.83 

HB1 -47.16 29.2 22.4 26.41 11.83 
HB2 56.72 32.6 23.1 25.91 12.94 

HB1 47.85 45.6 31.9 35.32 45.08 
92.52 108.2 101.5 105.82 95.78 
Cys 71 Cys 46 Cys 65 cys 77 Cys 67 

HB1 -14.24 22.9 37.57 31.93 
H82 -8.65 13.5 29.5 28.90 39.51 
Ha (E) 18.2 25.1 26.75 28.39 

Cys I1 (F,G) Cys 42 Cys 24 cys 37 Cys 46 cys 39 

Cys I11 (A,B) cys  55 cys 33 Cys 51 Cys 63 cys 53 

Cys IV (C,D) 
HB2 

a The signal label is that used in Figure 15. * Taken from ref 254. Taken from ref 260, at pH 6.0. d Taken from ref 259, at pH 6.3. 
e Taken from 256, at pH 5.4. f Taken from ref 258, at pH 5.1. The appropriate Cys numbering in each protein is specified in the 
columns. 
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Figure 19. *H NMR spectra (600 MHz) of the (A) reduced and (B) oxidized HiPIP from C. uinosum recorded at 300 K. 
Correspondence of signals between the two oxidation states obtained by saturation-transfer experiments and NOE connectivities 
are also reported. (Reprinted from ref 256. Copyright 1992 American Chemical Society.) 
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Figure 20. 1H NMR (A) COSY and (B) NOESY spectra of reduced HiPIPs from C. uinosum, recorded at 600 MHz and 300 
K. The NOESY experiment was performed with a mixing time of 10 ms. Cross peak assignments are as follows: (1) Hj32, Hj31 
Cys 43; (2) Hj32, Hj31 Cys 63; (3) Hj32, Ha Cys 63; (4) Hj31, Ha Cys 77; (5 )  Hj31, Hj32 Cys 77; (6) Hj32, Ha Cys 46; (7) Hj32, Hj31 
Cys 46. (Reprinted from ref 256. Copyright 1992 American Chemical Society.) 

indicative of dominant p~ mechanism, although the  cr 
mechanism is not neg1igible.2B5 

T h e  electron-transfer self-exchange in partially ox- 
idized HiPIPs  is slow on the  NMR time scale (at 
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Table IV. Chemical Shifts of the Hyperfine-Shifted 
Signals of Reduced HiPIPs from Different Sources at 
300 K 

Bertlnl et al. 

nrotan C. vinosume R. elobiformisb R.  RelatinosmC 
cys I* cys 43 cys 21 Cya 36 

HE1 7.57 7.1 8.63 
Hb2 16.7 17.9 17.33 

HBl 10.16 
C p  24 cys 39 
9.4 10.6 

11.13 11.4 11.5 

cys I1 C P  46 

4.3 
Cys 63 
5.52 
16.10 
3.75 
cvs 77 
li.77 
8.06 
8.52 

crs 33 
5.0 
15.0 
4.1 

10.8 
8.55 
8.40 

Cys 46 

cys 53 
6.12 
14.98 
3.69 
Cys 67 
9.35 
8.70 
7.80 

Taken from ref 256, at pH 7.2. *Taken from ref 260, at pH 
6.0. Taken from ref 258, at pH 7.2. The appropriate C p  
numberine in each nrotein is snecified in the columns. 

- 
Fe 

Figure 21. View of a bound cysteine residue along the C+A 
bond, showing the subtended dihedral anglea 'p and 0 with 
the j3-CHa protons. 

magnetic fields between 200 and 600 MHz). This 
allowed the extimation of the self-exchange rates in 
various HiPIPs by saturation-transfer experiments.130 
Indeed, the fractional variation of signal intensity, 7,  
is related to the pseudo-first-order exchange rate 
constant k' according to the following equation?@ 

7 = k'/(R + k') 144) 
where R is the longitudinal relaxation rate of the signal 
in the reduced form and k' is the reciprocal lifetime of 
the reduced form. If the electron exchange reaction 
takes place through a second-order kinetic process, k' 
is related to the second-order rate constant k through 
the relation 

k' = k[ox] (45) 
[ox] being the concentration of the oxidized species. 
Values of k ranging from 103 to 106 M-' s-I have been 
obtained for HiPIPs from various bacterial sources; the 
differences have been discussed in terms of the total 
charge on the protein and of the hydrophobic character 
of the solved exposedareainproximity of theiron sulfur 
cluster.'N 

The cluster present in reduced HiPIPs is equal to 
that of oxidized (Fed&) ferredoxins (cf. Table 11). In 
general, (Fed&) Fds have been the most thoroughly 
studied iron-sulfur proteins by means of NMR spec- 
troscopy in the 1970~.'"'~~ Some of them contain two 
Fe4Sdclusters, like theFd from C.pasteurianum, whose 
'H NMR spectrum is shown in Figure 22A.69 Packer 
et  al. reported in 1977 similar spectra for the Fds from 
C. acidi urici and P. asaccharolyticus (formerly P. 
aerogenes),267 these being highly homologous to the C. 
pasteurianum protein. As expected, the chemical shift 

I Ill I 

Chemical shifl (ppm) 
Figure 22. 'H NMR spectra (600 MHz) of the 2(Fe,S,) 
ferredoxin from C. pasteurianum (A) fully oxidized, (B) 
partidyreduced(ca. 5O%),and(C) fullyreduced. Thesignal 
labeling is as follows: fully reduced species, uppercase letters; 
fully oxidized species, lowercase letters; and partially reduced 
species, Greek letters. (Reprinted from ref 127. Copyright 
1992 Springer-Verlag.) 
range is similar to that observed for reduced HiPIPs. 
Eight isotropically shifted signals in the downfield 
region (a-h) are noted. These signals have been 
identified in early studies as &CHz Cys protons by 
means of deuterium labeling in the closely related 
Clostridium midi  urici Fd.=' The anti-Curie temper- 
ature dependence of these resonances may be repro- 
duced by assuming a J inequivalence for two of the 
coupling constanta in the Fed& system, or by intro- 
ducing a double-exchange term."2z7,268 

With regard to the use of modern NMR techniques 
on oxidized Fed& Fds, 1D NOE experimenta gave 
preliminary assignments of the P-CHz cysteine signals 
in the oxidized Later, NOESY and MCOSY 
experiments on the oxidized protein (see Figure 23) 
have allowed a complete assignment of the O-CHz 
protonsof the eight coordinatedcysteines, together with 
some a-CH  proton^.^^.^^^ 

The fully reduced Fd has a (Fed&)+ cluster. This 
cluster has been interpreted as two iron(I1) ions and a 
mixed-valence pair, with an S = '/z ground s t ~ t e . m l - ~ ~  
This value arises from the antiferromagnetic coupling 
between the S = 9/2 state from the mixed-valence pair 
and the S = 4 spin state of the ferrous couple. Its 'H 
NMR spectrum shows 19 paramagnetically shifted 
signals in the 65-10-ppm range (see Figure 22C) with 
short TI values and broad lines.12' This system is less 
suitable to be studied by means of 2D techniques than 
the oxidized protein. 
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Table V. Chemical Shifts of the Hyperfine-Shifted 
Signale on the 2(Fe,S,) Ferredoxin from C. 
Pasteurianum in the Different Oxidation States at 293 
K, pH 8.0 (from Ref 127) 

oxidized intermediate 
form form reduced form 

signal shift signal shift signal shift assignment 
a 17.2 @ 31.4 E 38.8 @-CHz(l)-cluster I1 
b 16.1 a 41.5 A 60.2 @-CHz(S)-cluster I1 
c 15.7 0 21.6 F 33.7 @-CH2(3)-cluster I 
d 14.8 K 18.9 J 25.8 @-CH2(4)-cluster I 
e 13.5 y 27.7 B 57.0 @-CH2(5)-cluster I 
f 12.3 q 22.4 J' 25.6 @-CH2(6)-cluster I1 
g 11.9 t 23.1 D 40.7 @-CH2(7)-cluster I 
h 11.1 X 18.3 K 22.0 @-CH2(8)-cluster I1 
i 10.0 ?r 11.8 N 15.8 a-CH(3)-cluster I 
j 9.7 14.4 M 17.2 a-CH(l)-cluster I1 
k 9.4 12.7 L 20.3 @'-CH2(3)-cluster I 
k' 9.3 e 24.5 G 33.3 @'-CH2(l)-cluster I1 
1 8.9 6 26.1 C 54.6 @'-CH2(7)-cluster I 
m 7.9 L 20.9 H 28.2 @'-CH2(8)-cluster I1 
w 6.9 v 13.4 I 26.9 @'-CH~(B)-cluster I 
x 6.1 @'-CH2(6)-cluster I1 
y 5.1 @'-CH2(2)-cluster I1 
z 4.9 @'-CH2(4)-cluster I 

a b e d  ' 
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Figure 23. 'H NMR COSY spectrum at 600 MHz and 300 
K of the oxidized 2(Fe4S4) ferredoxin from C. pasteurianum. 
Cross-peak labelings are as follows: (1) a,k'; (2) b, y; (3) c, k; 
(4) d, z; (5) e, w; (6) f, x; (7) g, 1; (8) h, m; assigned as reported 
in Table V. (Reprinted from ref 269. Copyright 1991 
Elsevier.) 

The partially reduced proteins both from Clostridium 
pasteurianum and C. acidi urici contain a (Fe4S4)+ 
cluster and a (FedS4)2+ cluster. The spectra of the 
proteins in this intermediate reduction state display a 
series of resonances in addition to those of the com- 
pletely reduced and oxidized proteins (note in Figure 
22B the signals labeled with Greek letters).lZ7 This is 
because the equilibrium between the oxidized, semire- 
duced, and reduced forms is slow in the hyperfine-shift 
scale. A series of EXSY experiments performed under 
different experimental conditions (temperature, mixing 
time, oxidized-to-reduced protein ratio) have allowed 
the authors to correlate the &CH2 proton signals for 13 
out of 16 cysteines (see Table V), providing the 
assignments for the reduced and semireduced species." 

The signals of the semireduced protein are not exactly 
the average of the shifts corresponding to the oxidized 
and the reduced forms. The resonances of one cluster 
are closer to the shift values of the oxidized species, 
and those of the other are more shifted toward the 
reduced species.127 This is consistent with the finding 
of different redox potentials for the two Fed& centers.ns 
This has allowed the j3-CH2 resonances originating from 
different clusters to be discriminated.lZ7 The next step 
was the assignment of each Cys group to a cluster. Early 
l3C NMR data276 has established that cluster I1 is that 
with higher reduction potential, due to its vicinity to 
a Tyr residue. This observation has enabled the 
assignment of the hyperfine-shifted resonances to 
defined clusters to be made (see Table V) and to 
estimate the difference in redox potential between the 
two ~1us ters . l~~  Recently the first stereospecific, se- 
quence-specific assignment of cysteine protons for the 
Clostridium pasteurianum and C. acidi urici ferre- 
doxins has been obtained.2s6 For C. pasteurianum the 
assignment is different from a previous tentative one 
based on the dihedral angles analysis of the P-CH2 
hyperfine shifts.270 As reported above (see eq 43) in 

the most recent paper26s a new functional form for the 
angular dependence of the hyperfine coupling has been 
also established. 

The temperature behavior of the B-CH2 signals in 
the reduced form is better analyzed in comparison with 
data from other monocluster Fe& Fds, (see Figure 24) 
even if no detailed assignment is available for the 
latter.192~196~2191276 All the hyperfine shifts are downfield 
and sizeable: half of them are of Curie and half of anti- 
Curie type. In order to rationalize this behavior, the 
proton hyperfine shifts for C. acidi urici have been 
corrected for the different cp angles by assuming that 
eq 43 holds for the (Fe&)+ cluster and that the cp angles 
are the same in both reduced and oxidized species.m 
The resulting "angle-independent" shifts show that for 
each cluster there are two signals of both Curie and 
anti-Curie type far shifted and two, again of Curie and 
anti-Curie type, less shifted. A t  the moment no detailed 
explanation is available; however, it has been proposed 
that the antiferromagnetic coupling constants J for each 
bimetallic center are smaller than in the case of oxidized 
HiPIPs and that electron delocalization makes the iron 
ions more similar to each other than in the HiPIPs.266 
Small differences among Jij values would cause a variety 
of temperature dependence~.1~~*~@ 

We should note at  this point that NMR investigations 
on mononucluster Fed& Fds consist only of 1D NMR 
spectra, with no detailed a s s i g n m e n t ~ . ~ ~ ~ ~ ~ ~ ~ ~ ~ 9 ~ ~ 7 6  

E. Seven-Iron Ferredoxins 
A series of Fds known as seven-iron Fds contain one 

(Fed&) and one (Fe3S4) cluster. The X-ray structure 
of the Azobacter uinelandii seven-iron Fd is avail- 
able.176J7s The Pseudomonas putida and Azobacter 
uinelandii Fds (with a 85 % of homology) give identical 
lH NMR spectra with seven hyperfine-shifted signals 
in the downfield region in the 30-10-ppm range (see 
Figure 25) .276,277 Selective deuteration experiments 
have demonstrated that signals A-E correspond to 
j3-CH2 cysteine protons.277 Upon dithionite reduction 
(which alters only the three-iron center) signals A-C 
disappear while D and E remain.276 This has allowed 
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Figure 25. IH NMR spectrum at 400 MHz and 300 K of the 
native seven-iron ferredoxin from P. putida in DzO. The 
solid line indicates a NOE connectivity. Signals A and B 
follow a Curie behavior, whereas signals C-F display an anti- 
Curie behavior, (Reprinted from ref 279. Copyright 1984 
Elsevier.) 

the assignment of the former resonances to cysteines 
bound to the Fe3S4 cluster, and the latter as corre- 
sponding to the Fe4S4 center. NOE277 and NOESY27s 
experiments showed that peaks A and B arise from a 
geminal pair, while C and E are nearby protons of 
different Cys residues. We may note that the behavior 
of signals A and B resembles that observed in the 
uunique" iron ion in the oxidized Fe& protein from D. 
gigas (cf. signals a and b in Figure 13).234 

The geminal protons of signals C-E and the corre- 
sponding a-CH protons have been found in the dia- 
magnetic envelope by means of NOESY spectra. Some 

of these assignments have been further confirmed by 
heterocorrelation experiments (see section IX).278 

When the seven-iron Fd from Pseudomonas ovalis 
is treated with a stoichiometric amount of ferricyanide, 
the signals corresponding to cysteines bound to the 
Fe4S4 decrease in intensity, and new resonances both 
in the downfield and in the upfield region ap~ear .~7Q 
The upfield signals in this "super-oxidized" protein were 
taken as indicative of a HiPIP-like Fe4S4 cluster. These 
results should be treated with caution, as the addition 
of excess ferricyanide may induce the conversion of the 
Fe4S4 cluster into a Fe& c1uster.2m1281 Up to now, the 
NMR characterization of this intermediate state of the 
cluster has remained uncertain. 

F. Se-Substltuted Iron-Sulfur Proteins 
Native Fe-S clusters have been replaced by Fe-Se 

clusters in several proteins without significantly altering 
the active site structure.282 The replacement of the 
sulfur atoms by selenium provides an interesting means 
to explore the dependence of electron-transfer mech- 
anism on the electronic structure in iron sulfur proteins. 
Only two reports of 'H NMR spectra of Se-substituted 
iron-sulfur proteins are available in the literature, both 
dealing with Fer& p ro te in~ .~831~~  

In the case of the HiPIP from C. uinosum, upon Se 
substitution the spectrum of the protein shows the same 
pattern of the native one, with slightly increased shifts 
and shorter TI values (see Figure 26). The temperature 
dependence of the shifts is qualitatively similar to that 
of the native enzyme.2s4 This situation is met both in 
the reduced and in the oxidized protein, and i t  parallels 
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Figure 26. lH NMR spectra at 500 MHz and 298 K of the HiPIP from C. uinosum: (A) oxidized native protein, (B) oxidized 
Se-substituted protein, (C) reduced native protein, and (D) reduced Se-substituted protein. (Reprinted from ref 284. Copyright 
1989 American Chemical Society.) 

the behavior found in synthetic complexes. Upon 
substitution in (Fe4X4)+ model systems (X = S, Se, Te) 
systematic trends have been observed.'38J60*285-2s7 The 
increase of the dimensions of the bridging chalcogenide 
results in larger Fe-Fe distances, weakening the 
antiferromagnetic coupling in the cluster.288 The 
paramagnetism increases accordingly, and larger keff 
values and hyperfine shifts are observed.2@ 

Upon selenium substitution, the oxidized Fds from 
C. pasteurianum and C. acidi urici yield spectra similar 
to those observed for the native proteins (see Figure 
27), but with larger downfield shifts.283 A quite different 
situation is encountered for the reduced (Fed&)+ case. 
Unusual features found in EPR and Mossbauer spectra 
at low temperatures have been attributed to the 
existence of three spin states, namely S = V2, 3/z, and 
7/z.271128s291 Ground states with S values larger than l / 2  
have been also found in synthetic (Fe4S4)+ clusters as 
well as in the iron protein of A. uinelandii nitrogenase. 
The lH NMR spectrum is markedly different from that 
of the native protein (cf. Figure 27). Nineteen hyper- 
fine-shifted signals spanning from 160 to -40 ppm are 
detected. In contrast with the (Fe4S4)+ protein, all the 
signals but one display Curie temperature dependencies 
(the shift of the 65 ppm resonance is temperature 
independent).283 These larger shifts have been inter- 
preted as an indication of the existence of higher spin 
states also at  room temperature. Magnetic suscepti- 
bility measurements indicating a beff value of 6.4 PB 
versus a value of 4.2 pg for the native reduced protein 
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Figure 27. lH NMR spectra (250 MHz) of reduced 2(Fe&) 
ferredoxin from C. pasteuriunum at 295 K: (A) Se-substituted 
protein and (B) native protein. (Reprinted from ref 283. 
Copyright 1987 American Chemical Society.) 

would support this hypothesis. However, it is difficult 
to establish which spin states occur at room temper- 
ature. A recent theoretical model developed by Noodle 
man is able to describe the EPR features of (Fer&)+ 
clusters.mt67 

The partially reduced FesSes protein displays a 
situation similar to that found in the native one, i.e. the 
appearance of new signals with shifts intermediate 
between those of the oxidized and of the reduced 
proteins. However, no assignment of the B-CHz Cys 
signals is available nor a correlation of the resonances 
in the different oxidation states of the protein. The 
analysis of the electronic structure of the reduced 
(Fe&)+ cluster warrants further studies. 
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the macrocycle where R is a vinyl group and represents 
the most common porphyrin found in heme proteins.293 
It constitutes the prosthetic group of most peroxidases, 
b-type cytochromes and globins. In systems containing 
C-type hemes the sulfur atom of two cysteine residues 
is bound to the inner carbon of the vinyl side chains of 
protoheme to make thioether bridges between the 
porphyrins and the polypeptide. A covalent linkage of 
the heme is not often found outside the C-type family, 
with the exception of lactoperoxidase and myeloper- 
oxidase (see later).294p295 The heme prosthetic groups 
of cytochrome c oxidase are commonly referred to as 
heme a (Figure 29B), the CO binding heme being 
referred to as a3 in the e n ~ y m e . ~ ~ ~ ~ ~ '  Chlorins are 
porphyrins in which one of the pyrrole rings has been 
saturated. An unusual octacarboxylic porphyrin with 
partial saturation at some pyrrole rings complexed with 
iron forms the prosthetic group of bacterial sulfite 
reductase.298 

The iron atom is coordinated to these relatively rigid 
tetradentate macrocycles and easily accessible to mon- 
odentate ligands in both axial coordination positions. 
At  least three oxidation states are available to heme 
iron (+2/+4), although the +2 and +3 are most 
commonly encountered. Each of this oxidation states 
can exist in several spin states, encompassing all 
possibilities between S = 0 and S = 5/2.7 

Heme iron is present in a large variety of biological 
systems: essentially all prokaryotic and eukaryotic cells 
contain and utilize heme proteins. The three general 
biological functions of heme proteins are the transport 
of electrons (cytochromes), the transport of oxygen 
(globins), and the catalysis of redox reactions (cyto- 
chromes P450, peroxidases, cytochrome c oxidase, 
nitrite reductases). Despite the differences in the 
chemistry they support, most of these proteins share 
the same prosthetic group. Their different functions 
therefore originate from differences in the axial ligation 
of the iron atom and in the interaction of the protein 
with potential  substrate^.^^^^^^ 

A A 
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Figure 28. Downfield region of the 250-MHz lH NMR 
spectra of (A) reduced nitrogenase iron protein from C. 
pasteurianum at 295 K and (B) 325 K; and (C) reduced Fe4S4 
ferredoxin fromB. stearothermophilus at 325 K. (Reprinted 
from ref 292. Copyright 1988 American Chemical Society.) 

0. Other Iron-Sulfur Protelns 
Nitrogenases also contain a (Fe4S4) cluster, which 

may be present in two oxidation states: (Fe&?d2+ or 
(Fe4S4)+, like in Fds. Figure 28 shows the 'H NMR 
spectrum of the nitrogenase iron protein from C. 
pasteurianum compared with that of the B. stearo- 
thermophilus Fd.292 Seven very broad downfield signals 
integrating for 9 to 10 protons were observed in the 
50-15-ppm range, displaying both Curie and anti-Curie 
behaviors. The features of this spectrum reproduce 
qualitatively those observed in reduced monocluster 
Fe4S4 Fds, indicating a similar cluster. 

The NMR investigation of iron-sulfur proteins of 
high molecular weight has been hitherto precluded. 
Unfortunately, many proteins of biological interest 
(hydrogenases, nitrogenases, beef heart aconitase, xan- 
thine oxidase) fall into this group. 

V, Heme Protelns 
Iron-porphyrin complexes (or hemes) have a general 

formula (Figure 29A). Protoheme, or heme b, refers to 

I 

f"' COOH COOH 
r2 i HZ CCQH rH2 

CCQH 

A B 

Figure 29. General formula for the heme ligand present in natural systems and (B) the heme prosthetic group of cytochrome 
c oxidase or heme a. 
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Fe(lll) High Spin 

S=5/2 
Figure 30. The electronic configuration of high-spin heme 
iron( 111). 

The power of the NMR technique in the study of 
these systems is well documented by an incredibly vast 
amount of literature.304-307 We will focus on reviewing 
the results obtained for different systems according to 
their oxidation and spin states. 

A. High-Spin Iron( I I I )  
High-spin iron(II1) represents the resting state form 

of many heme proteins. In this form the heme iron is 
pentacoordinated with His or Cys ligands, or hexaco- 
ordinated with H2O molecule in the sixth coordination 
site. High spin ferric heme proteins have 6A ground 
state. This means that the magnetic anisotropy is 
negligible and the observed hyperfine shifts are due 
primarily to the contact c o n t r i b ~ t i o n . ~ r ~ ~ ~  Therefore 
only protons belonging to groups directly bonded to 
the heme iron may experience substantial hyperfine 
shifts. However, the 6A ground state of iron(II1) in 
hemes is characterized by relatively large splittings of 
the zero-field Kramers’ doublets ( W 2 ;  f3/2; *5/2). The 
ZFS produces a pseudocontact contribution to the shift. 
An estimate of it is available for model c o m p l e x e ~ . ~ ~ * ~ ~ ~  
Electron relaxation rates also depend on the magnitude 
of the ZFS72 which in heme compounds is unusually 
large. 
A general problem with hemes is that the unpaired 

electrons cannot be considered as localized on the metal 
but unpaired spin density is largely spread on the heme 
ring.7v308 The electronic configuration of a high-spin d5 
system is reported in Figure 30. Unpaired electrons 
can delocalize on the ligand through either u or T 

orbitals, the former mechanism being dominant. It 
follows that the shifts of heme methyl groups and a-type 
protons of the other heme substituents are downfield. 
Larger T delocalization contribution in hexacoordinate 
compounds can be ascribed to the coplanarity of the 
metal ion with the heme ligand.30993lO 

Sometimes an excited state with S = 3/2 can be low 
enough in energy that substantial mixing with S = 5/2 

occurs through spin-orbit coupling.311 When evidences 
of such coupling are available through EPR or NMR 
spectroscopies, it is said that the ground state is a 
quantum mechanical spin admixture. It is claimed to 
occur when the axial ligands are weak312v313 or when 
there is only one ligand.314*315 The same mechanism 
mixes also S = 3/2 with S = l / 2  state. 

1. Metmyoglobin 
The lH NMR spectrum of sperm whale (Physeter 

catodon) aquometmyoglobin (metMb-HpO, MW 16 OOO) 
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Figure 31. 1H NMR spectra (360 MHz) of (A) sperm whale 
metMb; (B) Aplysia metMb; (C) HisiE71Phe metMb; (D) 
His[E7]Val metMb; (E) His[E7lGly metMb; (F) HisCE71- 
Gln; (G) elephant metMb. All the spectra were recorded at 
298 K in DzO solution, 0.1 M potassium phosphate buffer pH 
6.2. The insets C’ and D’ show the NMR spectra obtained 
on samples reconstituted with meso-2H4 hemin, which allows 
the meso signal assignment. (Reprinted from ref 323. 
Copyright 1991 American Chemical Society.) 
in D2O at 360 MHz and 298 K is reported in Figure 31A 
together with the resonance assignments. Four three- 
proton intensity signals are observed between 92 and 
53 ppm. In the region 76-15 ppm many one-proton 
intensity signals are observed. In the upfield part of 
the spectrum two three-proton intensity and two one- 
proton intensity resonances are clearly resolved. The 
above assignments result from a combination of isotope 
labeling87 and N O E S . ~ ~ ~ J ~ ~  This low molecular weight 
heme protein is the first S = 5/2 protein studied by 
means of NOE te~hnique.3~~ Iron spin magnetization 
follows the Curie law fairly closely, since the four heme 
methyls yield straight lines with intercepts at P1 = 0 
very close to the diamagnetic methyl positions. The 
two vinyls and two of the a-CH2 proprionate shifts 
however deviate from Curie law so as to decrease slower 
with P1 than predicted. Similar deviations are at- 
tributed to the mobility of the vinyl and propionate 
side chaim87 The lH NMR characteristics of the high- 
spin metmyoglobin from mollusk Aplysia limacina have 
been also investigated and compared with those of 
sperm whale myoglobin.317 The absence of a distal 
histidine and of coordinated water318 differentiates 
Aplysia from the more commonly studied mammalian 
Mbs. The heme proton signals (Figure 31B) have been 
assigned by 1H NMR using samples reconstituted with 
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Table VI. Heme Resonance Assignments in Various 
Metmvoelobin 

Bertinl et ai. 

signals useful information can be obtained. Deviations 
from Curie behavior must have their origin either in an 
equilibrium or a quantum mechanical spin admixing 
between different spin states or, if detected only for 
selected pyrrole substituents, in the internal mobility 
of the side chains. The temperature dependence of the 
chemical shifts of the meso resonances displays a 
deviation from the Curie behavior that is consistent 
with a termally accessible Kramers doublet with 
significant S = 3/2 character. On the other hand, the 
temperature dependence of propionate and vinyl 
chemical shifts shows selective deviation which can be 
interpreted in terms of thermally induced side-chain 
reorientation.317 

The influence of solvent isotope composition on lH 
NMR resonance shift and line width of heme methyls 
has been investigated for a variety of high-spin ferric 
hemoproteins (metmyoglobin, metsulfmyoglobin, met- 
hemoglobin, cytochrome c' from Rhodopseudomonas 
palustris, horseradish peroxidase, and cytochrome c 
peroxidase) for the purpose of detecting hydrogen-bond 
interactions in the heme cavity.321 Larger hyperfine 
shifts and paramagnetic line widths in D2O than in 
H2O are observed for metMb and metHb possessing a 
coordinated water molecule, but not in Aplysia metMb. 
This suggested the existence of an influence of the distal 
hydrogen-bonding interactions on the heme electronic 
structure. A substantial isotope effect (when using H2O 
or D2O as solvent) on both shifts and line widths is 
observed in a variety of high-spin ferric hemeproteins 
when both a bound water molecule and a distal residue 
capable of acting as a hydrogen-bond acceptor are 
present. From these results the authors concluded that 
this isotope effect can be empirically used as a probe 
for the presence of such bound water. Therefore, 
empirical indicators for penta- or hexacoordinate ferric 
hemes, which were proposed to serve as probe for H2O 
coordination in high-spin hemeproteins are (i) char- 
acteristic differences in the signs of the heme meso-H 
shifts, which are found -30-40 ppm low-field in 
hexacoordinated and -20-70 ppm upfield in penta- 
coordinated systems; (ii) the detection of substantial 
solvent isotope effects on the heme CH3 chemicalshifts. 
The recent successful over-expression inE. coli of sperm 
whale Mb based on synthetic gene has permitted the 
construction of a variety of point mutants at  the key 
distal positions, E7 and Ell.322 The analysis of the 
shift pattern in the lH NMR spectra (Figure 31, parts 
C-F) of these distal mutants allowed the authors to 
rationalize point ii.323 All the following considerations 
are based on the fact that the essentially axial dipolar 
shift results from the substantial zero-field splitting, 
D, characteristic of the 6A state of ferric hemoproteins 
and is given byo8 

chemical shift 
heme proton sperm whale" Aplysia" G. japonicusb 

8-CHs 91.7 96.8 99.9 
5-CH3 84.9 90.0 87.6 
3-CHs 73.2 79.0 76.0 
1-CHs 53.2 55.8 55.8 
7-Ha 75.5 64.0 83.3 
6-Ha 59.2 54.4 62.4 
4-Ha 46.4 51.5 46.1 
6-Ha' 44.9 48.9 37.5 
7-Ha' 30.9 42.8 42.2 
2-Ha 31.4 39.7 37.2 
4-Hb -8.6 

-29.4 
meso-H C 
meso-H C 
meso-H C 

the hyperfine-shifted region. 

-34.4 -16'6 P O  
a Taken from ref 317. b Taken from ref 320. Not detected in 
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Figure 32. 1H NMR spectrum of Galeorhinus japonicus 
metMb recorded at 270 MHz and 308 K in DzO solution, pH 
9. The meso-H signal is indicated at -20 ppm. (Reprinted 
from ref 320. Copyright 1990 Springer-Verlag.) 

selectively deuterated hemins and NOE measure- 
ments.317 The shift values are reported in Table VI, 
together with those of sperm whale metMb for com- 
parison purposes. In spite of remarkable similarities 
in the downfield portions of the 'H NMR spectra of 
Aplysia and sperm whale metMbs involving the pyrrole 
substituents, the overall hyperfine shift patterns differ 
dramatically for the meso-H shifts. The exact electronic 
origin of the difference in meso-H shift is not yet clear, 
but there are no exceptions to the correlation among 
the characterized models and proteins. While pyrrole 
substituents show very similar hyperfine shifts for 
penta- and hexacoordinate high-spin ferric complexes, 
the meso H-shifts are characteristically downfield (-40 
ppm) for the hexacoordinate systems and upfield (-20 
to -70 ppm) for the pentacoordinate systems. Both 
the lH and 2H NMR spectra of Aplysia metMb clearly 
show the absence of downfield meso-H signals and locate 
three of the four meso-H peaks in the region -16 to -35 
ppm, consistently with the pentacoordination of the 
heme iron found from X-ray analysis. Also in the case 
of Galeorhinus japonicus and elephant metMbs, which 
possess a Gln residue at  the distal site instead of the 
usual His residue,a18 a broad feature of the lH NMR 
spectra has been observed at  around -20 ppm (Figure 
32 and 31G, re~pec t ive ly) .~~ This broad resonance has 
been attributed to the heme meso protons and taken 
as indicative of pentacoordination for the heme iron. 
Aplysia metMb has several peaks in the upfield region 
which exhibit large deviations from Curie behavi0r.3~7 
It must be considered that shifts alone do not determine 
the purity of the groundspin state, but from the analysis 
of the temperature dependence of the hyperfine-shifted 

(46) 
-282p2 (3 cos2 e - i lD ddip = - k2p r3 

where 8 is the angle between the iron-proton vector R 
and the z axis, which is generally close to the heme 
normal. Detailed studies of a number of high-spin ferric 
complexes, have already shown that they not only 
exhibit positive D values but the magnitude of D also 
increases significantly when the axial ligand field is 
weakened. Hence, the loss of water at  the sixth position 
in a ferric high-spin heme protein should manifest itself 
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in larger zero-field splitting and therefore larger dipolar 
shifts. Indeed, the difference in D values and the 
consequent 6dip completely account for the mean -5 
ppm low-field bias of the four heme methyls in Aplysia 
metMb relative to that of sperm whale metMb. The 
same -5 ppm low field bias is observed in the sperm 
whale mutant metMb His[H7lVal confirming that the 
His - Val substitution leads to loss of the coordinated 
water.322 The proximal His F8 HP hyperfine shift 
experiences both downfield contact and upfield dipolar 
shifts. Since the contact shifts depends critically on 
orientation of the HP relative to the imidazole plane, 
comparisons are useful only among the sperm whale 
derivatives, where the His F8 orientation is unaltered. 
Since the upfield 6dip is much larger in His[E7lVal than 
that in WT, the larger low-field shifts observed dictate 
an even larger His HP contact contribution for the 
mutant. This is consistent with the absence of a 
coordinated HzO: a decrease in ligand field strength is 
expected to increase the His-Fe covalency and hence 
the contact shift. However, the predicted change in 
the dipolar shift contribution for meso-H upon loss of 
HzO is a 10 ppm downfield bias; instead, a 50-80-ppm 
upfield bias is observed in proteins as well as in model 
compounds. Hence, the meso-H shifts are dominated 
by contact contribution changes that are not under- 
stood. In any case, in all the examples reported up to 
now, the characteristic change in low-field to upfield 
meso-H contact shifts upon loss of the sixth ligand is 
always accompanied by the more quantitatively un- 
derstood larger D values. 

An interesting paper on the effect of solvent viscosity 
on the NOE has recently appeared.lo3 Due to the linear 
dependence of cross relaxation values on the correlation 
time (see section 111) and to the independence of the 
intrinsic relaxation from this parameter, increased 
steady-state NOES are observed with increasing vis- 
cosity. For systems that exhibit Curie spin relaxation 
the advantage of increased NOES with molecular weight 
can still be realized if the applications are restricted to 
low magnetic fields, which minimize this relaxation 
mechanism. The relevance of these observations is 
obvious for the study of other larger molecular weight 
high spin heme proteins, where the S = 5 / 2  spin state 
represents the active state. 

2. Peroxidases Containing the Noncovalently Bound 
Heme 

Peroxidases are an ubiquitous class of heme proteins 
(MW N 40 000) with protoporphyrin prosthetic group 
and trivalent oxidation state of the iron ion in the resting 
state form.3001301 In the presence of HZOZ they oxidize 
a large amount of aromatic and biological substrates. 
The amino acid sequence of many peroxidases of 
different origin have been r e p 0 r t e d . 3 ~ ~ ~ ~ ~ ~  Despite the 
low overall homology, some key residues in the catalytic 
cavity are conserved among the different species. Most 
of these proteins are glycosilated and therefore difficult 
to crystallize. For this reason the X-ray structure has 
been reported since many years for cytochrome c 
peroxidase (CcP) only, which is a not glycosilated 
intracellular The crystallographic char- 
acterization of lignin peroxidase, LIP, has been very 
recently In Figure 33 the active-site 
structure of CcP is reported. The availability of the 
crystallographic structure of CcP could in principle, 
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Figure 33. Active-site structure of CcP. 
and has been indeed, of great help for a good NMR 
characterization of the solution structure. However, 
due to the easy availability of HRP, its higher solubility 
and stability with temperature, this protein has been 
more extensively characterized through NMR. Among 
large/medium-sized proteins, HRP represents the most 
extensively characterized system using the most ad- 
vanced NMR techniques. 

The lH NMR spectra at  200 MHz and 301 K for 
HRP and CcP are reported in Figure 34, parts A and 
B, together with those of Lip (Figure 34C) and 
manganese peroxidase (MnP, Figure 34D). In the NMR 
spectra in DzO of HRP and CcP four three-proton 
intensity signals are observed in the 80-50 and 80-60 
ppm range, respectively. Eight single-proton reso- 
nances are present between 65 and 25 ppm for HRP 
and between 55 and 35 ppm for CcP. In the upfield 
region some resonances are resolved in the range of -2 
to -12 ppm. Since the beginning, assignments of the 
heme protons signals of HRP and CcP have been 
achieved due to the possibility of reconstituting these 
proteins with selectively deuterated hemes. For HRP 
it was possible by deuteration to assign each heme 
methyl groups.85 For CcP the assignment of the four 
heme methyls, of 2- and 4-Ha, and of one of the P-CH2 
protons of each vinyl groups has been achieved.331 In 
recent years the spectra of some peroxidases of different 
origin (Coprinus, cucumber, Lip, MnP)332-337 and of 
some mutants of C C P ~ ~ ~ ~ ~ ~ ~  have been assigned, at least 
partially, by reconstitution with deuterated hemes and 
comparison with the previously reported spectra of HRP 
and CcP. An interesting feature of these spectra is the 
presence of an exchangeable signal at about 100 ppm 
(Table VII), assigned to the H61 of the proximal His. 
A corresponding signal has been observed also in the 
spectra of metMb and methemoglobin (metHb).3-2 
Its different exchange rate with the bulk water in the 
different proteins might well be related to the different 
accessibility of the proximal cavity to the solvent.336J40 
Spectral information on the sixth coordination site of 
the iron ion is only available for basic cucumber 
peroxidase isoenzyme and HRP. In the former case 
(Figure 35) broad features in the -15 to -30 ppm region 
of the 'H NMR spectrum have been observed and 
ascribed to the heme meso protons.333 They have also 
been observed in the 2H NMR spectrum of native 
HRP.51 This suggests that both the enzymes contain 
a pentacoordinate iron(II1) ion. 
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Figure 34. 1H NMR spectra (200 MHz) of (A) HRP (pH 7.0), (B) CcP (pH 6.9), (C) Lip (pH 5.0), and (D) MnP (pH 6.5). 
All the spectra were recorded at 298 K in D20 solution, 0.1 M phosphate buffer. 

Table VII. Shift Values for the Downfield 
Exchangeable Signal, Attributed to the Proximal HSl, 
in Various High-Spin Heme Proteins 

temperature chemical 
protein (K) shift (ppm) ref 

sperm whale Mb 308 100 
D. dentriticum Hb 298 96 
R. palustris cyt. c' 308 102 
HRP 308 96 
Lip 298 93 
MnP 298 92 
Coprinus peroxidase 294 81 
cucumber peroxidase 298 95-100 

340 
341 
394 
340 
336 
336 
332 
333 - 

Due to the low structural information content ob- 
tainable from the NMR spectra of these high-spin 
systems, where the hyperfine shift is almost completely 
dominated by contact contribution, for most of these 
proteins few efforts have been devoted to an extensive 
assignment. In any case the applicability of NOE 
techniques also to these fast relaxing signals (2'1 values 
around 2-3 ms) has been well documented by the results 
obtained on HRPN3lW (Figure 36) and on Lips6 (Figure 
37). Among high-spin peroxidases Lip represents the 
first example of an extensive assignment of the hy- 
perfine-shifted signals based on NOE measurements 
only. Indeed, the X-ray structure has appeared more 
than one year later than the NMR characterization. 
Furthermore, a 2D study on HRP has been reported 
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Figure 35. lH NMR spectra (600 MHz) of cucumber 
peroxidase: (A) acidic isoenzyme and (B) basic isoenzyme. 
Both the spectra were recorded at 298 K in DzO solution, pH 
8.0. The shaded signal has been attributed to the slowly 
exchanging NH proton of the proximal histidine. (Reprinted 
from ref 333. Copyright 1991 Elsevier.) 

where the authors show how by NOESY and COSY 
spectra (Figure 38) it is possible to obtain all the 
information needed for the assignment of the heme 
and of the proximal His @CH2 protons without em- 
ploying deuterated hemes.345 However, as outlined in 
section III.B, it has been demonstrated that the cross 
peaks observed between the very broad signals of a-CH2 
protons of the heme propionates are due to relaxation- 
allowed effects rather than to scalar  interaction^.'^^ The 
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Figure 36. lH NMR spectrum (360 MHz) (A) of 3 mM HRP 
in DzO at 328 K, pH 7.0, and NOE difference spectra obtained 
on the same sample by saturation of (B) 2-Ha, (C) 4-Ha, (D) 
3-CH3, and (E) 1-CH3. Difference peaks due to off-resonance 
saturation are marked with filled circles. (Reprinted from 
ref 344. Copyright 1986 American Chemical Society.) 

above consideration reduces the applicability of COSY 
experiments in heme proteins only to the low-spin 
species. Moreover, even in the cyanide adducts of 
peroxidases, cross-correlation effects may introduce 
dipolar contributions to cross peaks together with true 
scalar connectivities, e.g. between the j3-CH2 protons 
of the proximal histidine ligand and between the 
geminal protons of the heme vinyl substituents.118 

Many other systems have been characterized by NMR 
spectroscopy and important structural and functional 
information have been obtained from the analysis of 
their NMR spectra, although intrinsic difficulties (like 
low thermal stability and low solubility of the samples) 
prevent the application of the most advanced NMR 
techniques. In the last years useful information has 
been obtained on the mutants of CcP. The lH NMR 
characterization of the mutants obtained by substi- 
tuting the Asp235 residue with and Ala339 shows 
the key role of this residue for the overall stability of 
the catalytic cavity. Indeed the spectra of both N235338 
(Figure 39) and A235339 exhibit a smaller range of shifts 
in the downfield region (60-10 ppm). The signals 
observed are clearly due to at least two species, whose 
relative ratios strongly depend on pH conditions. One 
of these species shows resonances whose shifts do not 
exceed 40 ppm. Moreover, a t  variance with that 
reported for the other resting-state peroxidases, for the 
hyperfine-shifted signals of the latter species an anti- 
Curie behavior with temperature has been observed. 
These observations suggest that the mutants are 
characterized by a higher tendency to hexacoordination. 
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Figure 37. 1H NMR spectrum (200 MHz) (A) of Lip at 308 
K in D2O solution, 10 mM sodium acetate buffer pH 5.0 and 
NOE difference spectra in the same experimental conditions 
obtained by saturation of (B) signal A, (C) signal H, (D) signal 
I, and (E) signal J. In F and G the NOE difference spectrum 
obtained at 297 K by saturation of signal C and the 
corresponding reference spectrum are reported. From the 
above NOE patterns A and B have been assigned as the two 
heme methyls adjacent to propionate side chains (i.e. 5- and 
8-CH3) and the couple C,H and I,J as the Ha geminal protons 
of the 6- and 7-propionate substituents. No discrimination 
between 5- and 8-CHs and 6- and 7-propionate resonances 
was obtained. (Reprinted from ref 335. Copyright 1991 
National Academy of Sciences.) 

The 270-MHz 'H NMR spectra of CcP from 
Pseudomonas aeruginosa have also been rep0rted.w 
This protein contains two C-type hemes with widely 
different Fe3+/Fe2+ reduction potentials (+320 and -330 
mV, respectively). The quality of the spectra is very 
poor, possibly due to the high molecular weight and the 
limited amount of the protein available. However, the 
data are consistent with a low spin/high spin equilibrium 

Chemical shift (ppm) 
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heme is found to be in the low-spin ferric state in the 
resting enzyme. Reduction of this heme perturbs the 
environment of the low potential heme indicating h e m e  
heme interaction. These data are consistent with those 
previously reported for Pseudomonas stutzeri CcP.347 
3. pH Dependence 

By means of lH NMR spectroscopy different be- 
haviors for the various heme proteins with pH have 
been found. The spectrum of the native ferric high- 
spin HRP changes depending on the pH value of the 
enzyme solution in three steps with pKa around 4, 6, 
and 11.348>349 In particular, above pH 10.5 new signals 
appear in the 20-10-ppm range, this indicating that 
the spin state of HRP transits from high spin to low 
spin with a pKa of 11. The above behavior differs 
drastically from that observed for metMb. With 
increasing pH the heme methyl signals of horse heart 
metMb shift to higher field with a pKa of 9.1. That 
means that the exchange time between the acidic and 
alkaline forms is shorter than 1V s for metMb and 
longer for HRP. pH dependence studies reveal that 
the alkaline transition occurs at pH 9.3, 9.4, 9.8, and 
10.9 for HRP AI, Az, AB, and C isoenzymes, respec- 
t i ~ e l y . ~ ~ ~  The pH dependence of Asian elephant 
metmyoglobin, where the usual distal histidine is 
replaced by a glutamine residue, shows some particular 
features.=l At low pH the spectrum exhibits resonances 
in the same spectral window as sperm whale metMb, 
but there are many more signals suggestive of more 
than one species in solution (Figure 40, parts A and B). 
Raising the pH has no effect on the position, relative 
intensities, and line widths of elephant metMb peaks, 
although all resonances lose intensity while a new set 
of signals appears (Figure 40, parts C-D). This species, 
identified as metMb-OH- (Figure 40E), has a spectrum 
very similar to that of sperm whale metMb-OH- (Figure 
40F). The PKa is about 8.7. The two sets of resonances 
observed at low pH arise from two interconvertible 
forms of elephant metMb-HzO. One of the two species 
has average heme methyl shifts slightly larger than 
sperm whale metMb-HzO, while the average shift for 
the other species is quite a bit smaller. On this basis 
the authors suggested that the glutamine NH acts as 
a hydrogen-bond donor. The shift pattern can be 
justified assuming that its interaction with the water- 
bound molecule in the former species is slightly weaker 
than that between histidine and bound water in sperm 
whale metMb-HzO. Analogously, in the second species 
the coordinated water is interacting more strongly with 
the distal glutamine than with the distal histidine of 
sperm whale Mb. Aplysia and G .  japonicus metMbs 
exhibit an acid alkaline transition with PKa of 7B317 
and respectively. In both cases the transition 
time is longer than 1o"L s. The comparison of the pKe 
values for these two pentacoordinate Mbs with those 
found for the hexacoordinate ones shows that the 
affinity of the hydroxide anion does not appear to 
depend on its coordination state. The kinetics of the 
acid alkaline transition for the pentacoordinate metMbs 
from Dolabella auricularia and Mustelus j a p o n i ~ u s ~ ~ ~  
have been investigated by saturation transfer 'H NMR 
experiments. The former protein (pKe of 7.8) has high 
sequence homology with Aplysia limacina Mb and the 
latter (pKa of 10.0) with G .  japonicus Mb; in both cases 
the acid and the alkaline forms are in slow exchange on 
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Figure 38. (A) 'H NMR reference spectrum of HRP in DzO 
solution at  300 MHz and 328 K, pH 7.0, and magnitude COSY 
(B) and NOESY (C) maps obtained in the same experimental 
conditions. (Reprinted from ref 345. Copyright 1991 Amer- 
ican Chemical Society.) 
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Figure 39. 1H NMR spectra (261 MHz) of (A) wild-type 
yeast CcP, (B) recombinant MI-CcP, and (C) D235N mutant 
of MI-CcP. The spectra were recorded at  295 K in Dz0 
solution, 0.2 M potassium nitrate, and 0.05 M potassium 
phosphate, pH 6.8. (Reprinted from ref 338. Copyright 1990 
American Chemical Society.) 
of the low potential heme in both the resting and half- 
reduced states of the protein, whereas the high potential 
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Figure 40. 1H NMR spectra (360 MHz) of sperm whale 
metMb at pH 6.2 (A); elephant metMb at pH 6.5 (B), pH 8.6 
(C), pH 9.15 (D), and pH 10.5 (E); and sperm whale metMb 
at pH 10.5 (F). All the spectra were recorded at 298 K in DzO 
solution. The two different seta of signals labeled AI-& and 
Bl-Bd originate from two distinct species. (Reprinted from 
ref 351. Copyright 1984 Journal of Biological Chemistry.) 

the NMR time scale. The differences in the estimated 
transition rates and activation energies for the two 
proteins have been tentatively related to differences in 
the distal side residues. Upon pressurization decreased 
pK, values for metMb and metHb were It 
has been proposed that the decrease in PKa originates 
from a contraction of the protein such that the hydrogen 
bond between the iron-bound water molecule and the 
distal histidine is strengthened and deprotonation of 
H2O takes place more readily.353 

pH-dependence studies on CcP have shown that its 
NMR spectrum changes according to three pK,s of 
about 4.1,5.8, and above 8.= The second one correlates 
with an apparent pK, observed in the kinetic properties 
of the enzyme, whereas the third one reflects the OH- 
binding, which gives rise to a low-spin species.338 In 
the case of the CcP N235 mutant the value of the latter 
pK,decreaae to about 6,= whereas for the A235 mutant, 
where the possibility of a hydrogen bond with the 
proximal His is completely eliminated, a further de- 
creases to about 5 is 0bserved.~39 Therefore, this 
proximal site mutation affects the pK, for a distal-side 
heme ligand. The lH NMR spectrum of ferric Coprinus 
cinereus peroxidase shows only subtle changes when 
examined over the pH range 4.5-9. A t  very high pH 
broadening of all the signals is observed but no 
significant changes in the chemical shift values are 
~ e e n . 3 ~ ~  

4. Anion Adducts 
The 'H NMR spectra of some anion adducts of heme 

proteins have been reported. The spectra of metMb- 
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Figure 41. 1H NMR spectra (300 MHz) of (A) Coprinus 
peroxidase thiocyanate in DzO solution, pH 5.8, and (B) 
myoglobin thiocyanate in DzO solution, pH 7.0. Both the 
spectra were recorded in 0.1 M phosphate buffer. (Reprinted 
from ref 332. Copyright 1989 American Chemical Society.) 

NCS-, metMb-F-, and metMb-HCOO- are typical for 
ferric high-spin s t a t e ~ . w ~ ~ ~ ~  The pH dependence of the 
first complex is quite distinguishable from that of 
metMb-HzO, since no shift of the heme methyl peaks 
is observed on raising pH. Above pH 11 the spectra of 
this complex are almost the same as those of alkaline 
metMb at the corresponding pH value.w This suggests 
that the NCS- ligand is replaced by the OH- anion. In 
the case of fluoride and formate adducts the effect of 
pressurization on the lH NMR spectrum has been 
s t ~ d i e d . 3 ~ ~  Upon pressurization up to 2000 atm each 
methyl signal of the fluoride complex tends to shift 
downfield, while the methyl signals of the formate 
complex experience slight upfield shifts. With increas- 
ing pressure also the methyl resonances of metMb 
shifted upfield. Iodide and thiocyanate are reported 
to bind HRP.368~35~ Moreover, whereas CN-, P, and 
N3- anions inhibit the peroxidase activity, I- and NCS- 
are oxidizable substrates. For HRP, in the presence of 
iodide, both chemical shifts and line widths of the heme 
peripheral 1- and 8-CH3 resonances were markedly 
affected by the pH change from 7 to 4 and broadened 
at pH 4. These results suggested that an iodide ion 
binds to the enzyme (but not to the iron ion as in 
metMb) at almost equal distance from the heme 
peripheral 1- and 8-CH3 and that the interaction 
becomes stronger in acidic medium with protonation 
of an ionizable group with pK, value of 4. The 
broadening of 1- and 8-CH3 proton signals is reasoned 
in terms of strong quadrupole interaction of the iodide. 
In addition, it has been observed that the binding of 
iodide to the enzyme exerted no effect on the proximal 
histidine proton resonances.% Below pH 6 addition 
of NCS- to native HRP induces some changes in both 
chemical shift and line width of only 1- and 8-CH3.S67 
The NCS- complex of Coprinus cinereus peroxidase is 
predominantly high spin at room temperature (Figure 
41A).332 The spectrum closely resembles that of metMb 
(Figure 41B). At variance with HRP, noselective effects 
are observed on single heme substituent proton signals. 
The resonances display non-Curie law behavior. Slow 
exchange between bound and free enzyme has been 
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results obtained on the cyanide adduct, the two methyl 
signals can be attributed to the 1- and 8-CH3.370 (See 
also section V.B.) 
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F i g u r e  42. 1H NMR spectrum of CcP-F- recorded at 470 
MHz and 295 K in 0.1 M potassium nitrate pH 6.95. 
(Reprinted from ref 331. Copyright 1983 Elsevier.) 

observed. Above pH 7.6 the signals of the complex 
disappear. 

The lH NMR spectrum of CcP-F- (Figure 42) has 
been assigned reconstituting the protein with selectively 
deuterated hemes.331 Whereas in native CcP 5- and 
l-CH3, whichare on opposite pyrroles (111 and I), possess 
larger shifts than 8- and 3-CH3, the order of the heme 
methyl shift in CcP-F- is 5 > 8 > 1 > 3. The pH 
dependence of the spectrum of the complex is less 
pronounced than that of the native protein. The 5-CH3 
resonance is the most affected and from the pH 
dependence of its shift values a pK, of 5.5 has been 
estimated. The N235 mutant binds fluoride yielding 
a spectrum similar to that of the WT C C P - F - . ~ ~ ~  

5. The Interaction with Substrates 

1H NMR spectroscopy has also been used for studying 
the interaction of peroxidases with substrates. The 
interaction of CcP with several cytochromes has been 
extensively studied.3s960 However, the heme methyl 
resonance shifts of CcP are essentially unaffected by 
either covalent or noncovalent complexation with horse 
cytochrome c. On the other hand, meaningful infor- 
mation has been obtained from the analysis of the 
spectra of cytochromes bound to CcP (see later). A 
variety of aromatic molecules are known to interact 
with HRP. This binding produces some detectable 
changes in the chemical shifts of the hyperfine-shifted 
proton resonances on and near the heme g r o ~ p . ~ ~ s ~ ~ ~ * ~ ~ ~  
In particular, shift variations are observed for the 1- 
and 8-CH3 resonances. A binding site close to the heme 
8-CH3 has been proposed on the basis of relaxation and 
NOE data.3'3lp363 A close inspection of the aromatic 
region of spectrum of different HRP isoenzymes in the 
presence of different aromatic molecules suggests3s3@ 
that the binding site includes two Phe residues. The 
catalytic properties of HRP are regulated by the binding 
of 2 mol of endogenous ea2+ to the enzyme. The bound 
ea2+ can be removed from the enzyme. The 'H NMR 
spectra for native and Ca2+-free HRP show quite 
different features for the hyperfine-shifted proton 
signals: particularly, the heme methyl shift values pass 
from 78.0,70.4,67.7, and 50.7 for the native enzyme to 
71.3,62.0,62.0, and 46.0 for the Ca2+-free 
The equilibrium between the two different species is 
slow on the NMR time scale. The shift values of the 
above resonance for the Ca2+-free species are almost 
temperature insensitive within the range 9-39 "C, 
suggesting a different electronic state of the heme iron. 
The Mn2+ binding to MnP has been investigated. In 
the adduct obtained by addition of 1 equiv of Mn2+ 
drastic changes in the hyperfine-shifted resonances are 
observed. The two single-methyl resonances and some 
one-proton intensity signals become so broad that they 
cannot be observed. According to the Ortiz de Mon- 
tellano proposal369 and on the basis of the analogous 

6. Peroxidases Containing the Covalently Bound Heme 

Lactoperoxidase (LPO, MW 78 000), found abun- 
dantly in mammalian milk, but also in saliva and tears, 
catalyzes the oxidation of thiocyanate to a reactive 
species that then serves in an antimicrobial defense 
system. Recently, it has been shownB4 that the heme 
is covalently attached to the polypeptide via a disulfide 
bond to a cysteine residue. The 'H NMR spectrum of 
resting-state LPO is reported in Figure 43: poorly 
resolved broad resonances are observed in the 62-20- 
ppm regi0n.3~~9~'~ In particular one intense signal is 
observed at  61.5 ppm, which is probably due to the CH3 
substituents of the heme. The most striking analogy 
of this spectrum with those of the other high-spin iron- 
(111) hemeproteins is the presence of a broad single- 
proton exchangeable resonance at  104.1 ppm, assigned 
as H61 of the proximal histidine. No changes have been 
observed in the LPO spectrum between pH 7 and 12. 
The major signal experiences an upfield shift on adding 
iodide,373 suggesting the interaction of the anion with 
the periphery of the heme. This interaction is strength- 
ened by protonation of an amino acid residue with pK, 
6.0. Competitive binding studies indicate that cyanide 
exerts no effect on iodide binding, suggesting that I- 
may bind at a non-heme binding site. This is consistent 
with the findings on HRP reported ab~ve.~m The same 
changes in the NMR spectrum of LPO have been 
observed in the presence of NCS-.374 A PK, of 6.4 for 
thiocyanate binding has been found. The distance of 
7.2 A of the 15N atom of thiocyanate from the ferric 
center estimated in the same paper is consistent with 
a thiocyanate ion not in direct contact with the ring 
peripheral group, but sufficiently close to affect the 
chemical shifts of some peripheral substituents. It has 
been found that I- and NCS- compete for the binding 
with aromatic molecules. 

The spectrum of the spleen green heme protein (or 
myeloperoxidase), a tetramer of molecular weight 
150 000 with two heavy subunits (MW 60 000) and two 
light subunits (MW 15000) has been also reported 
(Figure 44).376 The spectrum closely resembles that of 
LPO. By changing the pH from 7 to 4, the lH NMR 
spectrum of the ferric enzyme alters slightly. The major 
change is the position of the largest peak it moves 
from 75 to 72 ppm. 

Chemical shifl (ppm) 

F i g u r e  43. 1H NMR spectrum of LPO recorded at 300 MHz 
and 296 K in HzO solution, pH 7. The shaded resonance 
represents an exchangeable proton signal. (Reprinted from 
ref 372. Copyright 1986 American Chemical Society.) 
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Figure 44. 1H NMR spectrum (360 MHz) of the ferric half- 
enzyme of spleen green hemeprotein, recorded at  278 K, pH 
6. (Reprinted from ref 375. Copyright 1987 Elsevier.) 
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7. Cytochrome P450 and Chloroperoxidase 

Cytochromes P450 are an ubiquitous class of b-type 
heme proteins that catalyze the hydroxylation of a wide 
variety of aliphatic and aromatic All P450 
enzymes share a common active-site structure and 
reaction cycle. Among these enzymes, cytochrome 
P450,, the enzyme obtained growing Pseudomonas 
putida on d-camphor, can be obtained in large quantity 
and studied at  high concentration. For these reasons 
it represents the best model system for understanding 
the detailed structure-function relationships in this 
class of compounds. P450, is a single polypeptide 
chain with molecular weight about 45 000 and a 
protoheme as prosthetic group. The crystal structures 
of the camphor-bound and camphor-free species of 
P450,,, have been determined.376-378 The Cys357 
residue provides the axial sulfur ligands in both forms 
of the enzyme. In high-spin camphor-bound state, the 
iron atom is pentacoordinate. The first ‘H NMR 
spectrum of high-spin ferric P450, was by Keller et 
a1.379 The spectrum, obtained at  220 MHz and 281 K, 
shows four very broad lines at  66.5,60.0,42.0, and 37.5 
ppm. More recently Lukat and GoffjsO reported a well- 
resolved 300-MHz 294 K lH NMR spectrum of the ferric 
form of P450,: four three-proton intensity signals 
are observed in the 65-35-ppm region, and some signals 
of intensity one are clearly apparent in the 55-30-ppm 
range (Figure 45A). Analogous to the other high-spin 
iron(II1) hemeproteins, the signals of intensity three 
can be attributed to the four heme methyl substituents, 
whereas the one-proton signals should originate from 
the other heme substituent protons or from the axial 
iron ligand. The authors ruled out the latter possibility 
by comparing the spectrum with that of high-spin iron- 
(11) form: they suggested that the signals of the axial 
cysteinate protons are not detectable due to the larger 
line width. The lH NMR spectrum is also available for 
cytochrome P45oR~1 from Rhodococcus rhodochorus 
in the presence of 2EP (2-ethoxyphenol), with char- 
acteristics similar to those of cytochrome P450,.381 
The line widths and Tls seem somewhat larger than in 
other S = 5/2 systems. This has been interpreted as 
due to a relatively small ZFS. Also the small shift range 
observed for the heme substituent resonance could be 
rationalized on the basis of a smaller ZFS. 

Chloroperoxidase (CPO) is a glycoheme protein of 
MW 42 000 isolated from the marine fungus Caldar- 
iomyces f u m a g ~ . ~ ~ ~  In addition to the usual peroxidase, 
catalase, and oxygenase a c t i v i t i e s . 3 ~ ~  this enzyme is 
able to catalyze the hydrogen peroxide dependent 
oxidation of I-, B r ,  or C1- and the resultant formation 
of carbon-halogen bonds with halogen acceptors.38s The 
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Figure 46. 1H NMR spectra (300 MHz) of (A) ferric P450, 
recorded at  294 K in HzO solution, 0.1 M phosphate buffer 
pH 7.1, and (B) ferric chloroperoxidase recorded a t  296 K in 
HzO, 0.1 M phosphate buffer pH 5.8 (from ref 380). 

catalytic cycle of these reactions involves the ferric 
(resting state) and higher oxidation states of the iron. 
Chloroperoxidase and cytochrome P450 share a number 
of spectral properties, suggesting that the prosthetic 
groups of the two enzymes are c ~ m p a r a b l e . ~ * ~ ~  The 
high-spin ferric chloroperoxidase lH NMR spectrum 
at 300 MHz and 296 K shows four three-proton intensity 
signals in the region 80-40 ppm and many one-proton 
resonances between 80 and 15 ppm; broad unresolved 
features are observed in the upfield region (Figure 
45B).3803879388 This spectrum has a close similarity with 
that of ferric camphor-bound P450, and with those 
of ferric peroxidases. 

8. Cytochromes c‘ 

Cytochromes c’ are hemeproteins found in photo- 
synthetic, denitrifying and nitrogen fixing bacteria, 
whose prosthetic group is a heme moiety covalently 
bound to two cysteinyl residues by means of thioether 
links.389 A t  variance with cytochromes c,  the iron atom 
is pentacoordinate: the axial ligand is a His residue 
exposed to the solvent. These proteins are usually found 
as dimers, although a monomeric cyt c’ has been also 
isolated and studied. Only the X-ray structure of the 
cyt c‘ from Rhodospirillum molischianum is available,m 
and a preliminary report for the crystallization of the 
Chromatium vinosum protein has appeared.sl Despite 
some spectroscopical anomalies that led Maltemp to 
propose that the iron atom was present in a quantum 
mechanical admixture of high ( S  = V 2 )  and intermediate 
(S = 3/2) spin state,313 NMR results seems to be 
indicative of the presence of an essentially high-spin 
iron at  room temperature.392s97 La Mar has proposed 
the presence of spin admixing for Chromatium vinosum 
cytochrome c’ on the basis of the different shift values 
observed for the meso protons in the various cyto- 
chromes c’.394 But, as stated for metMb, the position 
only cannot be a proof for the spin state. In Figure 46 
the ‘H NMR spectra of various cytochromes c’ are 
reported. The spectra consist of four strongly downfield 
shifted signals of intensity three, due to the four heme 
methyl groups, and eight downfield signals of intensity 
one, which are expected to be due to the two a-CH 
protons establishing the heme thioether bridge, to the 
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Figure 46. 1H NMR spectra (360 MHz) of (A) R .  molischianum, (B) C .  uinosum, ( C )  R .  palustris, and ( C )  R.  rubrum. All 
the spectra were recorded at 298 K in DzO solution, pH 5. The inset C' shows an exchangeable proton signal observed in HzO 
solution with Redfield sequence (from ref 394). 

four (r-CH2 protons of the propionate side chains, and 
to the two @CH2 of the proximal histidine. At 600 
MHz a sizable line broadening is induced by Curie 
r e l a x a t i ~ n . ~ ~  Among high-spin heme proteins, cyto- 
chrome c' has been extensively characterized by 2D 
NMR techniques: NOESY (Figure 47) cross peaks have 
been clearly detected, even between signals as broad as 
900 Hz and with TI values 4 10 ms.3989397 Connectivities 
between some of these signals have been also detected 
in a magnitude COSY experiment at 600 M H z , ~ ~  but 
they have been attributed to cross-correlation effects.137 
The analysis of the NOESY maps has allowed the 
assignment of most of the heme proton signals and 
P-CH2 protons of the proximal His ligand, and suggested 
possible residues responsible for the 2 or 3 pK,s observed 
in the various cytochromes c' in the pH range 4-11. 
The highest pK, is generally accepted to be due to the 
deprotonation of the histidine ligand.S9* The low pH 
value pK, has been reported only for certain cyto- 
c h r o m e ~ . ~ ~ * ~ ~ ~  The compared analysis of the pH 
dependencies of several cytochromes c' with different 
primary sequences has allowed the pinpointing of the 
residue responsible for this pKa, i.e. Glu 10.398*397 

0. Ferric Chlorin Containing Proteins 

Sulfmyoglobin (SMb) is a green heme derivative of 
Mb in which the native heme has reacted with a sulfur 
atom leading to saturation of the aromatic skeleton. In 
the IH NMR spectra of SMb at least three different 
species have been identified, depending on preparation 
 condition^.^^ The saturated pyrrole (pyrrole 11) has 

been identified by deuterium labeling; it exhibits a 
considerably reduced contact shift.- 

NMR spectroscopy has been successfully used to 
study the active site of the heme protein subunit of E. 
coli sulfite reductase,M1 where a high-spin ferric siro- 
heme coupled to a [Fe4S412+ cluster is present. In the 
'H NMR spectrum 21 hyperfine-shifted resonances are 
detected in the 130 to -70 ppm range, which correspond 
to 26 protons. Resonances arising from the /?-CH2 
protons of cluster cysteines have been assigned using 
deuterium substitution. One of these cysteines has 
NOES to the heme ring protons and has been tentatively 
assigned as the bridging histidine. The presence of a 
bridge between the siroheme and iron sulfur cluster, 
which cause magnetic coupling between the two, would 
explain the absence of the characteristic anti-Curie 
behavior for the resonances of the cysteine protons in 
[Fe4S4I2+ clusters (see section 1V.D). 

B. Low-Spin Iron( I I I )  

The low-spin ferric heme proteins represent an 
important subclass of paramagnetic metalloproteins 
whose 'H NMR spectral parameters contain a wealth 
of structural information. They comprise the much- 
studied ferricytochromes, metcyano-myoglobins, and 
hemoglobins, and the cyanide complexes of resting- 
state heme peroxidases and cytochrome P450. Also 
due to the low paramagnetism of these systems char- 
acterized by S = IJ2, they represent the material for the 
first applications of new NMR techniques to para- 
magnetic proteins. 
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Figure 47. 1H NMR reference spectrum (600 MHz) (A) and 
NOESY spectrum (B) of C. uinosum cytochrome c', recorded 
at 300 K, pH 4.5. Cross peaks 1 and 2 individuate the two 
propionate (r-CHz pairs and 5 and 4 the adjacent methyl 
groups. Cross peak 3 connects the proximal histidine @-CH2 
signals. 

In octahedral symmetry the ground state is orbitally 
triply degenerate. Low-symmetry components partic- 
ularly effective in heme-containing compounds split 
the three levels of about 500-1000 cm-l. If such splitting 
is below 6kT, it is believed that Orbach-type electron 
relaxation mechanisms are quite effective.8 This ac- 
counts for the short electron relaxation time of these 
systems which can be as short as 10-13 s. Indeed, the 
nuclear T1 values of protons of amino acid residues 
located around the paramagnetic center are of the order 
of 100-200 ms, whereas heme methyls have T1s around 
80 ms. For comparison purposes we may note that 
regular diamagnetic compounds have T1s of the order 
of several hundred milliseconds. Low-spin heme- 
containing proteins have therefore been the first 
challenge for NMR spectroscopists toward NOE and 
2D methods in paramagnetic systems. 

The metal orbitals d,, and dyz (Figure 48) can mix 
with porphyrin e(a)  orbital^.^^^^^ The resulting mo- 
lecular orbitals and the corresponding MO associated 
with d,, are mixed through spin-orbit coupling. Thus 
the three Kramers' doublets no longer correspond to 
pure d orbitals. The highest energy Kramers' doublet, 
which is the one occupied by the unpaired electron of 
low-spin iron(III), is best represented as predominantly 
a mixture of the molecular orbitals containing d,, and 
dyz. Therefore no u spin delocalization is predicted, 
since the unpaired electron resides in a ?r orbital. 
Moreover, a significant contribution to the hyperfine 
shift derives from the pseudocontact term. Different 
methods have been developed to estimate the pseudo- 

- 2-+ 
- 2 2  

Fe(ll1) LowSpin ' 

s=112 
Figure 48. The electronic configuration of low-spin heme 
iron(II1). 
contact shift contribution in low-spin heme pro- 
tein~.~O~~O5 These will be reviewed in this section. 

1. The Cyanide Adduct of Metmyoglobin 
Among the various systems, the NMR characteriza- 

tion of the CN- adduct of sperm whale metmyoglobin 
(MW 16 000) represents one of the best examples of a 
rigorous NMR investigation of paramagnetic metal- 
loproteins. The 'H NMR spectrum of metMb-CN- is 
reported in Figure 49. Three methyl signals are 
observed in the region 18-13 ppm, assigned to 5-, 1-, 
and 8-CH3 heme groups. Many one-proton signals are 
observed in the 23-9 ppm region, attributable to the 
a-type protons of the heme substituents and to the 
proximal histidine ligand protons. The resonances of 
some of the protons of other residues present in the 
active site could also be expected, due to the magnetic 
anisotropy of this low-spin system. In the upfield region 
signals are resolved in the -1 to -10 ppm range. NMR 
assignments for the hyperfine-shifted resonances in this 
system have relied primarily on comparisons with model 
 compound^,^^^^ analysis of paramagnetic relax- 

and by isotope labeling of heme prot0ns.~l1 
In 1983-1985 some papers appeared which represented 
the first application of 1D NOE to a paramagnetic 
metalloprotein (Figure 50).89*93>412*413 More recently, it 
has been demonstrated that 95 % of the protons within 
7.5 A of the ferric iron of metMb-CN- can be assigned 
on the basis of 2D NOESYlog by using the X-ray crystal 
coordinates414 to interpret the cross peaks. These 
assignments were then used to determine for the first 
time the orientation of the magnetic axes in solution 
(see later).404 In this way two different means for the 
investigation of such systems have been demonstrated 
to be valid: NOE or NOESY and pseudocontact shifts. 

From eq 4 it clearly appears that pseudocontact shifts 
depend on the magnetic susceptibility components xrx, 
xyy, and x,,. In the absence of the second-order Zeeman 
(soz) interaction the equation reduces to a function of 
the EPR g values:15 

where all the quantities are the same as defined in 
section 11. 

The measurements of g values are much more easily 
accomplished than those of x values. However, it has 
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Figure 49. lH NMR spectrum (500 MHz) of metMb-CN- 
at 303 K in HzO solution, pH 8.6. (Reprinted from ref 420. 
Copyright 1989 Elsevier.) 
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Figure 50. The 360-MHz upfield region of the lH NMR 
spectrum of metMb-CN- (A), and NOE difference spectra 
obtained by saturation of (B) 2-H&,, (C) 2-H&b, (D) peak 
f, showing an absence of NOE to other peaks. All the spectra 
were recorded at 298 K in DzO solution, 0.2 M NaCl pH 10.4. 
(Reprinted from ref 412. Copyright 1984 American Chemical 
Society.) 

been demonstrated that the use of g instead of x yields 
results affected by a 10-3096 error.7 Horrocks and 
Greenberg416 have proposed a theoretical approach to 
evaluate the main components of x on the basis of the 
low-temperature g values. These values, together with 
the setting of approximate directions of the principal 
axes have been the starting point for the best fitting 
procedure using the dipolar shift equation.- The lH 
NMR input data are the experimental dipolar shifts of 
41 signals of noncoordinated residues and the X-ray 
coordinates of the isostructural Mb-C0.414 The re- 
sulting solution magnetic axes (Table VIII) differ from 
those proposed earlier on the basis of single-crystal EPR 
~ p e c t r a . ~ l ~ . ~ l ~  Moreover, by using the pseudocontact 
shifts of the residues expected to be unperturbed by 
distal point mutations, the magnetic axes were deter- 
mined for the cyanide derivative of both the His[E71- 
Gly and the ArglCD31Gly m~tants .~l8 For the former 
mutant, the z magnetic axis tilt has been found to be 
minimally altered, but a projection of the tilt rotated 

of about 4 5 O  has been calculated. For the Arg[CD31- 
Gly mutant a magnetic axes orientation almost indis- 
tinguishable from that found for the wild type metMb- 
CN- has been obtained. The proximal histidine has 
been taken as unchanged upon mutation. It has been 
found that an increase in the /3 angle or a more positive 
a angle value leads to a strong upfield bias for the 
proximal histidine H62 and a strong lowfield bias for 
the Hd. Therefore, the pattern of the hyperfine shifts 
of the proximal histidine ring protons does not only 
serve as a unique probe for the z axis tilt, as originally 
proposed.404 However, it is a clear indication that the 
magnetic axes have been altered.4181419 

Resonance assignments derived from the interpre- 
tation of NOES on the basis of X-ray coordinate data 
have the severe limitation that the crystal structure 
must be available and it should be assumed to be 
identical to the solution structure. Analogous to the 
diamagnetic systems, the assignments of amino acid 
side chains should be independent of the crystal 
structure and, therefore, based on bond correlation 
spectroscopy (COSY or HOHAHA). For metMb-CN- 
preliminary COSY studies revealed cross peaks only 
between protons with large coupling constants (e.g. vinyl 
groups) and at  a distance from the iron higher than 4 
A.1093420 A subsequent paper133 clearly demonstrates 
that the amino acid side chains in the heme cavity of 
metMb-CN- can be assigned by means of scalar 
correlations. For eachof the residues in the heme cavity, 
whose protons experience significant hyperfine shifts 
( E  -11 to 15 ppm) and paramagnetic relaxation (TI 2 
20 ms and line widths I 100 Hz), a complete identi- 
fication of the spin system could be achieved by one or 
more bond correlation methods (double quantum 
filtered and magnitude COSY, HOHAHA). The only 
exception is the proximal His imidazole ring whose 
protons are as broad as -600 Hz and whose 2'1 values 
are about 4 ms: they can be identified only by 1D NOE 
experiments.lW The assignments based on scalar 
correlations completely confirm the assignments pre- 
viously proposed on the basis of dipolar correla- 
tion~412,413*~219~22 and crystal structure analysis, except 
for the residue Leu F4. This inconsistency has been 
explained by assuming a difference between the solution 
and crystal orientation of the side chain.l% 

The various methods employed in the detection of 
the above scalar connectivities display highly variable 
information. Among the MCOSY, double quantum 
filtered COSY (DQF-COSY) and HOHAHA experi- 
ments the highest information content in terms of total 
number of detected cross peaks comes from the MCOSY 
spectrum. The major difference for the detectability 
of cross peaks between the MCOSY and DQF-COSY 
maps depends on the residue of interest. For weakly 
relaxed and moderately hyperfine-shifted signals, the 
DQF-COSY experiment is superior to MCOSY because 
the former can reveal cross peaks very close to the 
diagonal. In the case of MCOSY they are difficult to 
resolve because obscured by the phase-twisted line 
shapes of the strong diagonal. However, for the rapidly 
relaxed and strongly hyperfine-shifted signals MCOSY 
is superior to DQF-COSY. The use of the filter in the 
latter sequence causes the uncoupled resonances to be 
removed from the diagonal, but also the reduction of 
the intensity of the scalar connectivities between broad 
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principal axes anisotropy factors (m3 mol-') orientation 
protein Bz gY gz X I  xu a B Y 

wild-type metMb-CN- 
EPR4I6 0.93 1.89 3.45 -57.5 -13 44.8 
a416 2198 -573 
NMR404.418 2018 -453 10 14.5* 25 

NMR418 2018 -409 -34 13.5 76 

NMR418 C C 11 16.0 25 

E7 Gly metMb-CN 

CD3 Gly metMb-CN- 

gzd BYd Bzd glud €hd a B Y 
horse cyt c 

EPR637 
NMR'OSse 

tuna cyt c 
NMRa2 
NMRm 

yeast iso-1-cyt c 
NMRm 

1.25 2.25 3.06 6.05 -3.5 -0 -0 -0 
2.25 2.59 3.32 5.15 -1.65 106 13 261 

1.95 2.59 3.24 5.24 
5.09 

-2.91 129 11 229 
-2.32 99 14 246 

4.58 -2.31 f 9 f 
a The evaluation of the magnetic susceptibilities is based on the g values and on the directions of the magnetic axes of ref 416. * Whereas on the basis of EPR data a z axis tilted toward the 2-vinyl position was proposed, in this case a tilt in the direction of the 

&meso position was found. c The xL and X I  values obtained for the wild type are used. The gi values resulting from the best fitting 
calculations based on NMR data would be better indicated as Bpff, as defined in the text. e The individual g values are estimated from 
the rotation-averaged magnetic susceptibility in solution and the g, and g parameters obtained from the fitting. f Only the sum of 
CY and y is reported a + y = 366O indicates that gx and gy remain alligne2 along the diagonal nitrogens of the heme. 

J coupled resonances. The disadvantage of HOHAHA 
relative to COSY variants for detecting cross peaks of 
strongly relaxed protons is that relaxation competes 
effectively with the development of coherence in the 
mixing time, thereby suppressing the development of 
significant coherence prior to de te~t i0n . I~~ 

Yamamoto et al. demonstrated that the hyperfine- 
shifted heme methyl 13C resonances of the ferric low- 
spin heme protiens are resolved upfield of the 13C 
diamagnetic e n ~ e l o p e ~ ~ 3 9 ~ ~ ~  and that the IH-13C COSY 
gives scalar connectivities between the heme methyl 
13C and the attached lH resonances, thus permitting 
the assignment of the latter even if resonating under 
the diamagnetic envelope. The lH and 13C shift values 
for the methyl groups of the cyanide adduct of 
Galeorhinus japonicus, sperm whale, and Aplysia 
Zimacina metmyoglobins, horse heart cytochrome c and 
HRP have been compared. The differences have been 
explained in terms of the angle between the projection 
of the proximal His imidazole plane onto the heme plane 
and the N-Fe-N vect0r.42~ Combined analysis of the 
resonances of the heme methyl carbons and of the 
attached protons allows the determination of the 
principal magnetic axes in hemin complexes possessing 
magnetic anisotropy. This method, developed by 
Yamamoto et al., is called MATDUHM (magnetic 
anisotropy tensor determination utilizing heme 
m e t h y l ~ ) . ~ ~ - ~ W ~ ~  It depends neither on the availability 
of the crystal structure nor on the magnetic properties 
of the studied heme protein. According to McConnell's 
e q ~ a t i o n , ~ ~ ~ ~ ~ ~  the contact shift (6,) values for the heme 
methyl carbons and the attached protons are directly 
proportional to the unpaired electron density in the pz 
orbital of the pyrrole carbon to which the methyl group 
is bonded. To a first approximation, also the ligand- 
centered pseudocontact contribution to the hyperfine 
shift 6; is dependent on this unpaired electron den- 
sity. Therefore, plots of the quantity (6, + aL ) for the 
heme methyl carbon resonances versus &e same 
quantity for the attached proton resonances should be 

linear and pass through the origin. The authors 
attribute deviations from a straight line to differences 
in metal-centered pseudocontact contribution (aM) 
between the methyl carbon and protons. A best& 
procedure is applied to minimize the deviations of the 
above plot from linearity, optimizing the a, j3, and y 
angles and the X I I  and xI values (Table VIII). Some 
hyperfine-shifted amino acid proton resonances in 
Galeorhinus japonicus Mb-CN- have been assigned 
by the combined use of various 2D NMR techniques: 
NOESY, COSY, and relayed COSY.4o6 The relayed 
COSY sequence has been designed to prove the 
connectivity between two remote nuclei A and X.4m*430 
The method employs many consecutive steps where 
transverse magnetization is relayed from nucleus to 
nucleus along a path defined by a sequence of resolved 
couplings. The second pulse of the COSY experiment 
is replaced by a 9O0-~-18Oo-r-9O0 sequence which may 
induce two consecutive coherence transfer processes. 
It can be shown for the AMX system with J m  = 0 Hz 
that the transfer efficiency from A to X is proportional 
to the product S~~(~TJ.~MT).S~~I(~?~J.~MT). For G. japoni- 
cus Mb-CN- this sequence has been successfully applied 
to detect connectivities of some amino acid side 
chains.a5 The assigned resonances were compared with 
the corresponding resonances in sperm whale Mb. The 
orientation of ThrElO and IleFG5 residues relative to 
the heme in G. japonicus Mb-CN- were semiquanti- 
tatively estimated from the analysis of their shifts using 
the magnetic susceptibility tensor axes determined by 
MATDUHM.405 The results were compared with the 
crystal structure of sperm whale Mb-CO. In spite of 
substantial differences in the shift values between the 
corresponding amino acid proton resonances for the 
two pr0teins,4~~ the spatial location and orientation of 
these amino acid residues relative to the heme of both 
Mbs were found to be substantially the same.4o6 

A 3D IH NOE-NOE spectrum of metMb-CN- has 
been obtained, which represents the first 3D experiment 
on a paramagnetic protein.431 
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The importance of the amino acid residues which are 
in van der Waals contact with the porphyrin ring was 
first pointed out in 1970,432 by comparing the lH NMR 
spectra of different mammalian Mb-CN-. The recon- 
stitution of sperm whale and horse Mb with a series of 
synthetic hemins allowed the acquisition of useful 
information on the heme peripheral contacts. The 
results indicate highly hydrophobic contacts in the 
interior of the heme pocket. It appears that the vinyl 
contacts are much more important than those of 
propionates in determining the orientational preference 
in the heme p o ~ k e t . ~ ~ ~ g ~ ~ ~  
2. Other Low-Spin Adducts of Metmyoglobin 

The 'H NMR spectra of the azide complex for horse, 
sperm whale and G. japonicus metMb have been 
reported.348t435p436 The four heme methyl resonances 
are resolved in the downfield region of the spectrum in 
the 35-12 ppm range (Figure 51A). The resonances do 
not follow the Curie behavior with temperature. This 
has been interpreted as due to a thermal spin equi- 
librium between high and low spin states, fast on the 
chemical shift scale. The larger average (27.1 versus 
24.0 ppm) and smaller spread (15.3 versus 18.7 ppm) 
of the heme methyl hyperfine shifts in G. japonicus 
with respect to sperm whale are consistent with a larger 
high-spin fraction for the former Mb. It is interesting 
to note that the T1 values measured for the a-CH 
protons of the propionate substituents in G. japonicus 
metMb-N3- are of the order of 10 ms, i.e. quite close 
to the values obtained for the high spin complex. NOE 
connectivities in G. japonicus metMb-N3- (Figure 51, 
parts B-G) provided the assignment of the heme 
propionate resonances.436 From a time-dependent NOE 
buildup experiment, the correlation times for the 6- 
and 7-propionate side chains have been estimated. 
These values indicate that the immobile 7-propionate 
group of native metMb437 becomes mobile upon N3- 
binding.436 With the same method, significant vinyl 
mobility relative to the heme has been also found in 
sperm whale metMb-CN-.412 The 'H NMR spectrum 
of the metMb complex with the bulky trimethylphos- 
phine ligand is typical for a low-spin species, with 
resonances in the 40-10 ppm range.438 The most 
characteristic feature of this spectrum is that the methyl 
signal shift pattern is 5 > 8 > 1 > 3, whereas in metMb- 
CN-, metMb-Ns-, and metMb-imidazole the order is 
5 > 1 > 8 > 3. The temperature dependence of the Mb 
adducts with trimethylphosphine, azide, and imidazole 
does not follow the Curie law. It could be consistent 
with a small contribution of high spin state (S = 5 / 2 )  
with increasing temperature. Some heme substituent 
proton resonances of metMb-N3-, and metMb-imida- 
zole for Dolabella auricularia and Mustelus japonicus 
myoglobins have been assigned by 1D and 2D saturation 
transfer experiments, in the presence of the corre- 
sponding metMb forms. From the analysis of the 
saturation transfer extent information on the kinetics 
of ligand exchange have been obtained.439 Upon 
pressurization the heme methyl signals of metMb-Ns-, 
metMb-imidazole, and metHb-N3- experience an up- 
field shift proportional to the applied pressure.355 It  
has been proposed that this shift may be due to the 
compression effect on the axial ligand-iron bond. This 
would influence the high-low-spin equilibrium in favor 
of the latter form. The spin state of metMb-CN-, which 
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Figure 51. The 500-MHz downfield hyperfine-shifted region 
of the 'H NMR spectrum of G. japonicus metMb-Ns- (A), 
and NOE difference spectra obtained by saturation of (B) 
5-CH3, (C) 6-Ha, (D) 6-Ha', (E) 8-CH3, (F) 7-Ha,  and (G) 
7-Ha'. All the spectra were recorded at 308 K. (Reprinted 
from ref 436. Copyright 1991 Springer-Verlag.) 

is in the purely low-spin state, does not change at  high 
pressure.440 Spectral changes are observed only for 
specific groups. They have been related to pressure- 
induced structural changes in the heme crevice localized 
in the distal side and to possible variations in the van 
der Waals contacts at the heme periphery with nearby 
amino acid residues. 

3. Anions Adducts of Peroxidases Containing the 
Noncovalently Bound Heme 

CcP readily binds small anionic ligands, with the 
resulting complexes yielding magnetic and spectro- 
scopic data characteristic of a range of intermediate to 
low-spin states. The first proton hyperfine assignments 
for CcP-CN- (Figure 52B) have been obtained by using 
deuterium-enriched hemins.@ The two large peaks that 
lie farthest downfield each have relative intensities of 
three protons. These originate from methyls in posi- 
tions 3 and 8. Between 10 and 20 ppm lie six resonances 
with relative intensities each corresponding to one 
proton. Upfield, between 0 and-6 ppm there are several 
resonances whose relative intensities correspond to one 
or two protons. Among these single-proton signals only 
the 4-Ha, 4-HPs, and one propionate proton have been 
identified through deuteration. A broad resonance is 
present a t  about -21 ppm. At variance with low-spin 
adducts of metMb but in analogy with all the other up 
to now assigned of peroxidases, 3- and 8-CH3 are the 
two methyl groups which experience the large hyperfine 
shift. In metMb, pyrroles I and I11 exhibit larger 
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Figure 52. 1H NMR spectra (200 MHz) of the cyanide adducts of (A) HRP, phosphate buffer pH 6.3, (B) CcP, phosphate 
buffer pH 6.3, (C) MnP, phosphate buffer pH 6.5, and (D) Lip, acetate buffer pH 5. All the spectra were recorded at 301 K. 
(Reprinted from ref 336. Copyright 1992 American Chemical Society.) 

delocalization of unpaired spin density than pyrroles 
I1 and IV. The order is precisely reversed in peroxi- 
dases. This has been explained by the fact that there 
is a different orientation of the proximal ligand in the 
two classes of compounds (Figure 53). The 180’ 
rotational isomerism about the a 7  axis observed in 
the CcP crystal structure, compared to metMb, accounts 
for the pairwise interchange of spin delocalization 
between trans-pyrroles. A more extensive assignment 
of the nonexchangeable protons of the heme substit- 
uents and of the proximal histidine for CcP-CN- has 
been performed through NOE measurementseM1 In the 
first spectrum reported in HzO solution only four 
hyperfine-shifted exchangeable signals were observed, 
and tentative assignments for some of these were 
proposed.331 More recently extensive characterization 
of HzO solution of yeast CcP and recombinant proteins 
(MI and MKT-IGCcP) expressed in E. coli has been 
reported.MZ*m The recombinant proteins indicated by 
MIMz and MKT-IGCcPm differ in the sequence from 
the wild-type CcP in that Thr 53 and Asp 152 are 
substituted by Ile and Gly residues, respectively. More 
exchangeable resonances with respect to the 1983 paper 
are observed. The assignments represent one of the 
f i s t  examples of the application of 2D NMR techniques 
to medium-sized paramagnetic proteins. The para- 
magnetically shifted exchangeable proton signals have 
been assigned through NOE and NOESY experiments. 
NOESY4z~M3 (Figure 54B) and COSY326>m (Figure 54D) 
experiments in DzO and HzO buffered solutions have 
allowed the extension of the assignments to heme 
substituents and other residues. They are summarized 
in Table IX. Discrepancies exist between these as- 
signments and those reported by Satterlee, concerning 
the origin of some resonances assigned to distal side 
residues. By comparing CcP-CN- and HRP-CN- it 
appears that the two systems are highly analogous. 
However, a more extensive exchangeable proton con- 
nectivity network is observed in CcP-CN-, and small 

A 

t“ COCH p“ 
COCH 

R 
I H 

B 

Figure 53. Relative orientations of the proximal histidine 
plane and heme moiety in peroxidases (A) and in globins (B). 
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Table IX. Chemical Shift Values for Paramagnetically Shifted Resonances for the Cyanide Derivatives of MnP (298 
K). Lip (301 K). CcP (301 K). and HRP (301 K)* 

shift (ppm) 
assignment MnP-CN- b LiP-CN- Ccp-CN- HRP-CN- e simal 

heme 
2-Ha 8.6 8.5 7.1 5.3 J 
2-HflCh -3.4 -3.6 -3.7 -1.6 X 
2-Hfltr- -3.2 -4.1 -3.0 -2.7 Y 
a-meso -1.1 1.1 1.9 a 
3-CH3 30.7 31.0 30.6 26.0 A 
4-Ha 12.7 14.2 16.0 20.1 E 
4-HBcim -2.8 -3.2 -3.8 -3.3 W 
4-HBtrm -1.8 -2.0 -2.1 -2.2 v 
7-Ha 12.5 13.0 18.3 19.6 D 
7-Ha' 8.0 9.2 6.4 9.7 I 
8-CH3 20.4 20.4 27.6 31.0 B 
b-meao 7.0 7.6 6.3 6 

12.4 11.6 12.9 12.9 d 
19.5 17.4 19.4 23.7 C 

NHP 
HB 
HB' 16.9 17.0 14.8 15.6 F 
H61 15.1 14.0 10.2 9.9 f 
He1 -11.8 -9.0 -20.6 -29.9 Z 
H62 20.3 13.3 15.8 23.1 H' 

H61 17.0 17.0 16.5 16.3 C 
Hcl 12.8 13.6 14.0 13.3 G 
H62 13.9 13.1 9.8 H 
He2 34.2 35.2 28.4 31.0 a 

proximal His 

distal His 

Lower case letter labeling corresponds to exchangeable protons. Taken from refs 336 and 447. Taken from refs 335 and 447. 
Taken from ref 443. e Taken from refs 96, 363, 444, and 445. 

but significant structural differences have been iden- 
tified in the orientation of the proximal histidine residue 
of HRP-CN- and CcP-CN- and in the interresidue 
distances in the distal heme pocket of CcP-CN- and 
MKT-IGCcP-CN- as a function of the residue present 
at  position 53.443 

The CcP mutant D235N (Figure 55) has been studied 
by lH NMR spectroscopy.B8 Mutations in this position 
are important because the hydrogen bond between 
Asp235 and the proximal histidine ligand plays a crucial 
role for the enzymatic activity of peroxidases. The 
spectrum shows hyperfine shifts typical for a low-spin 
iron(II1) system. At  variance with the corresponding 
noninhibited species, the hyperfine shifted resonances 
follow the normal Curie dependence with temperature. 
As in the case of WT and expressed CcP and in all the 
other reported peroxidases, in the spectrum of the 
cyanide derivative only two heme methyl resonances 
are involved outside the diamagnetic envelope. It is 
interesting to note that in both D235N338 and D235A 
mutants339 the Hcl signal of the proximal histidine 
appears at  about -16 and -10 ppm, respectively. 

Both WT CcP and D235N bind N3- with hyperfine 
shifts typical of low-spin species (Figure 56). For CcP- 
N3- the four methyl signals, the %-Ha, 4-Ha and 2-HBs 
protons have been assigned. The order of the methyl 
shifts is 3 > 8 > 5 > 1.841338 

Analogously to the high-spin case, an extensive NMR 
characterization has been performed on the CN- adduct 
of HRP (Figure 52A). Isotope labeling, lH NMR 
saturation transfer between resting-state HRP and 
HRP-CN- (Figure 57)% and NOE measuremenlxP@3$u 
have been utilized for a comprehensive assignment. The 
three methods permitted the identification of all the 
22 heme substituent resonances, including 12 reso- 
nances which are not resolved outside the intense 

diamagnetic envelope. Dipolar connectivities in con- 
junction with the available sequence homology with 
CcP and computer modeling of the heme pocket of HRP 
have led to the location and assignment of the reso- 
nances of important amino acid side chains. The 
application of NOESY (Figure 58A) and MCOSY 
(Figure 58B) techniques to HRP-CN- has confirmed 
the assignment of all the heme resonances, of that of 
the proximal and distal histidines and of the distal Arg 
residue, Arg 38.445 Further structural data have been 
obtained very recently.& The quantitative analysis of 
cross-peak intensity in NOESY spectra recorded at  
different mixing times has been used to obtain inter- 
proton distances. The active-site picture which sorts 
out from the above results is consistent with a heme 
moiety bearing immobile propionate side chains and 2- 
and 4-vinyl groups in trans and cis orientations, 
respectively, with a proximal histidine plane oriented 
along the pyrrole I and I11 nitrogen atoms direction, 
and with a distal Arg residue in almost the same 
positions predicted on the basis of the CcP crystal data. 
In Table IX analogous assignments obtained for the 
resonances of the heme substituents and active-site 
residues of LiP-CN- 334*3351447 (Figure 59) and MnP- 
CN- 336447 (Figure 60) are reported. These results clearly 
demonstrate not only that the heme assignments can 
be inferred solely from 2D NMR data for low-spin 
complexes of peroxidases, but also show that it is 
possible to identify key catalytic residues in the heme 
pocket of medium/large-sized proteins. The NOESY 
and COSY connectivity patterns involving the 3-CH3 
and the 2- and 4-vinyl protons in the various peroxidases 
have allowed the determination of the vinyl orientations 
in the various systems. For HRP and Lip the vinyl 
arrangement is as reported in Figure 61A, for CcP is as 
in Figure 61B, whereas for MnP a fast interconversion 
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Figure 55. 1H NMR spectra (361 MHz) of the cyanide 
adducts of (A) wild-type yeast CcP, (B) recombinant MI- 
CcP, and (C) D235N MI-CcP. All the spectra were recorded 
at 294 K in DzO solution, 0.15 M potassium nitrate, and 0.05 
M potassium phosphate. (Reprinted from ref 338. Copyright 
1990 American Chemical Society.) 
between the A and B conformation has been proposed.= 
From the comparison of the data reported in Table IX 
it appears that, besides minor shift differences for the 
resonances of the heme substituents, there are consis- 
tent variations in the hyperfine shift values for the 
proximal histidine ligand protons. In particular, the 
Hrl signal varies dramatically from the -30 ppm for 
HRP to about -10 ppm for Lip and MnP. The shift 
value of the H61 signal increases slightly from 9 to 15 
ppm and that of the H62 signal decreases from 23 to 

1 " ' 1 " ' 1 " ' 1  
40 20 0 -20 

Chemical shift (ppm) 

Figure 56. 'H NMR spectrum of yeast CcP-N3- recorded at 
297 K in 0.1 K N 4 ,  pH 7.4. (Reprinted from ref 84. Copyright 
1983 American Chemical Society.) 

Y 

I,, , , , , 
I " " I " " l " " i " " I " '  

80 70 80 54 Y O  So 20 10 

Chemical shift (ppm) 
Figure 57. lH NMR spectra (360 MHz) of a mixture of HRP/ 
HRP-CN- in the ratio 65:35 in D2O solution (A), and (B-F) 
saturation-transfer difference spectra. The downward arrow 
indicate the saturated peaks and the upward mows indicate 
saturation transfer. Difference peaks due to off-resonance 
saturation are marked with filled circles. All the spectra were 
recorded at 328 K in D20 solution, pH 7.0. (Reprinted from 
ref 96. Copyright 1987 American Chemical Society.) 

13 in the series HRP,  CcP, Lip and then increases again 
to 20 ppm in MnP (see Figure 62). These shifts have 
been empirically correlated with the redox potential of 
the Fe3+/Fe2+ couple (Figure 631, higher upfield shift 
values for He1 and higher downfield values for H62 
being associated with lower redox potentials. The shifts 
of the Hal ,  H62, and He1 protons in metMb-CN- are 
20, -5, and 10 ppm, respectively. In this case the 
proximal histidine has a much weaker hydrogen bond 
with a backbone carbonyl from Leu 89 and the Fe3+/ 
Fe2+ couple has a positive redox potential. Since it is 
generally accepted that the strength of the hydrogen 
bond involving the proximal His contributes to the iron 
ion potential, differences in the shift values for the 
protons of this residue may reflect different extent 
histidinato character in the proximal ligand. Magnetic 
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Figure 58. 'H NMR magnitude COSY (A) and NOESY (B) spectra (500 MHz) of HRP-CN- recorded at 323 K in D20 solution, 
pH 7.0. The corresponding cross peaks in both the 2D maps are indicated with the same number. (Reprinted from ref 445. 
Copyright 1991 ESCOM.) 
tensor susceptibility calculations analogous to those 
reported for metMb-CN- are hindered by the 
difficulties in extending the number of assigned protons 
experiencing only the pseudocontact contribution in 
these high molecular weight systems. However, a 
comparative analysis of the shift values for the IH NMR 
resonances of the active-site residues and for the I5N 
NMR signal of the bound cyanide in the series HRP, 
CcP, Lip, MnP and D235N and D235A mutants of CcP 
indicates that the differences in the shift of He1 and 
H62 of proximal His mainly reflects the different 
imidazolate character of this ligand.3391~7 

Wild-type recombinant HRP (isoenzyme C) and two 
proteins variants F41V and R38K have been charac- 
terized by IH NMR (Figure 64).366*3661448 The recom- 
binant proteins are expressed in non-glycosilated form 
and, therefore, have lower molecular weights. Whereas 
the spectra of the cyanide adducts of WT and recom- 
binant HRP are essentially identical, significant dif- 
ferences are observed for the two mutants. Some of 
the hyperfine-shifted resonances have been assigned 
through NOESY experimentsS3M The spectra contain 
the same characteristic set of heme and heme-linked 
resonances, but many of them experience significant 
shifts with respect to the WT case. These shift 
variations are too large to be accounted for by local 
perturbation arising from a single substitution. In 

particular, the shift differences observed for the P-CH2 
protons of the proximal histidine have been proposed 
to originate from the degree of imidazolate character 
of this residue arising from substitutions made on the 
distal side. The proximal histidine ring protons have 
not been detected. Their assignment would help in 
confirming the above proposal. 

The binding of N3- by HRP occurs only below pH 
6.5, the bound and free enzyme forms being in rapid 
chemical exchange on the NMR time scale.348 Raising 
the temperature causes a dissociation of the ligand from 
the iron-bound site of the enzyme. Also Lip is reported 
to bind N3-.335 The spectrum of the adduct is similar 
to that of HRP-Ns-. 

The IH NMR spectra of the cyanide adduct of 
Coprinus cinereus and Coprinus macrorhizus perox- 
idases have been reported (Figure 65).332 Analogously 
to the peroxidases, signals are observed in the 33 to 
-23-ppm region. Specific assignments for some heme 
protons have been obtained by NOE.3329337 These NMR 
data show strong similarities between these fungal 
peroxidases and HRP. Titration of native Coprinus 
cinereus peroxidase with N3-shows that azide is in slow 
exchange on the NMR time scale.332 The formation of 
the complex is highly pH dependent: at  pH values 
higher than 7.0 peaks due to the native protein are 
observed in the spectrum. The spectrum of the final 
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Figure 59. 'H NMR spectrum (600 MHz) of Lip-CN- (A), and NOESY (B) and magnitude COSY (C) maps. All the spectra 
were recorded at 301 K in D2O solution, 10 mM sodium acetate buffer pH 5. Cross-peaks assignment are as follows: (1) Hj3, 
HB' proximal histidine; (2) 4-Ha, 4-H&,; (3) 4-Ha, 4-HBch; (4) 4-HBcb, 4-HBb,; (5) 4-Ha, 3-CH3; (6) 4-H&,, 3-CH3; (7) 
4-HBcim 3-CH3; (8) 8-CH3, 7-Ha; (9) ~-HcY, 7-Ha'; (10) 3-CH3, 2-H&,; (11) 2-Hj3,h, 2-H&,; (12) 2-Ha, 2-Hj3,b; (13) 2-Ha, 
2-H&Bts. 

adduct obtained at  pH 6.6 shows signals in the 50-20 
ppm region. The temperature dependence does not 
follow a Curie behavior, perhaps due to a spin equi- 
librium between the S = 1/2 and S = 5/2 states. 

The 'H NMR spectra of the cyanide adducts of turnip 
peroxidase isoenzymes (PI, P2, P3, and P7) have been 
reported (Figure 66).4D They closely resemble those of 
the other peroxidases. The spectra of the cyanide 
adducts of the two cucumber peroxidase isoenzymes 
are also typical for low-spin peroxidases (Figure 67).333 
The limited availability of protein precludes the per- 
formance of an absolute assignment of the resonances. 
However, spectra acquired with faster repetition rates 
allow the location of two broad resonances attributable 
to the proximal histidine H62 and H d  protons. The 

downfield broad resonance is observed at  about 23 ppm 
for both isoenzymes, whereas that in the upfield region 
is found at -30 and -27 ppm for the acidic and the basic 
cucumber peroxidase, respectively. Hyperfine-shifted 
resonances attributable to low-spin iron heme species 
have been reported for Pseudomonas stutzeri (ATCC 
11607)347 and Pseudomonas aeruginosaM cytochrome 
c peroxidases. 

4. The Interaction with Substrates 
Also in the low-spin case, the interaction of HRP 

with aromatic substrates has been studied.SB1*3e3~~m~4s1 
It has been found that all these molecules bind within 
NOE distance of the 8-CH3.381,363,36113614s1 In the case 
of the complex formed between benzhydroxamic acid 
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Figure 61. Schematic drawing of the different orientations 
of the 2-vinyl group found in Lip and HRP (A) and in CcP 
(B). 

(BHA) and HRP-CN- NOES have been observed 
between the aromatic protons of the substrate and the 
8-CH3, 7-Ha, and distal histidine He1 signals.451 A 
detailed analysis of the spectra of HRP isoenzyme C in 
the presence of different ratios of CN- and BHA has 
shown that the binding of either BHA or CN- desta- 
bilizes the binding of the other. A direct steric 
interaction between the two molecules is ruled out since 
the CN- binds at  the iron and relaxation studies place 
the aromatic ring of BHA at a distance higher than 8 
A from the iron. A direct electronic origin of the 
interaction also seems improbable: the lH NMR 
spectral characteristics of both HRP and HRP-CN- 
are minimally perturbed upon BHA binding. There- 
fore, it has been proposed that the hydroxamic acid 
side chain is oriented such as to allow the hydrogen 
bond to the distal histidine Hc2. Also CN- in perox- 
idases forms a hydrogen bond with the same atom. This 
hypothesis not only explains the competitive binding 
of BHA and CN- to HRP, but also accounts for the 
weaker binding constant values of other substrates to 
resting-state HRP. Aromatic substrates with other side 
chains stabilize the aromatic moiety in the same 

MKT- ICCCP-CN- 4 

MnP- CN- 

LIP-CN- 

3 0 2 0  10 0 - I O  -20  -30 

Chemical shift (ppm) 

Figure 62. lH NMR spectra recorded at  200 MHz and 301 
K of different peroxidases obtained with a super WEFT pulse 
sequence with a recycle delay of 10 ms and a 7 value of 5 ms. 
The downfield signal is due to H62, and the upfield signal to 
Hcl of the proximal histidine. (Reprinted from ref 336. 
Copyright 1992 American Chemical Society.) 
hydrophobic pocket near the heme edge, but the side 
chains do not have the appropriate length and/or 
geometry to make the hydrogen bond to the distal 
histidine. This is also consistent with the binding 
constants for these substrates being essentially unaf- 
fected by cyanide ligation. Some influence on the lH 
NMR spectra of the F41V mutant has been observed 
upon binding of  substrate^.^^ 

It has been reported that the binding of ferricyto- 
chromes affects only slightly the spectrum of CcP-CN-. 
Small shift variations are observed for 8- and 3-CH3 
resonances, this being consistent with the buried nature 
of the CcP heme.452 

Mn2+ binds to MnP-CN-. The spectrum of the final 
adduct shows only a few hyperfine-shifted resonances, 
the others being too broad to be detected. The analysis 
of this spectrum indicates that the Mn2+ binding site 
is within 11 a from the heme 8-CH3.370 

5. The Low-Spin Adducts of Peroxidases Containing 
the Covalently Bound Heme 

The lH NMR spectrum of LPO-CN- 372p463 (Figure 
68A) shows only one three-proton intensity signal 
around 20 ppm, attributable to a heme methyl group. 
In addition, other one-proton intensity signals are 
observed in the downfield region. By analogy with other 
peroxidases, the presence of a broad signal at -32 ppm 
suggests that the fifth ligand is a His residue. The 
LPO-CN- spectrum changes in two steps depending 
on pH, with pK, values of 6.4 and ll.372 The azide 
binding to LPO has also been examinedY2 above pH 
9 the spectrum is indistinguishable from that of the 
native enzyme in a ferric high-spin state. However, at 
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Figure 63. Relationship of the redox potential E(Fe3+lFe2+) to chemical shift of some of the proximal histidine protons in 
the cyanide adducts of HRP, CcP, Lip, MnP, and Mb (in order of increasing redox potential): (A) Hel; (B) Hal; (C) H62; (D) 
mean shift of the 8-CH2. 

lower pH values, signals between 50 and 10 ppm appear 
and increase in intensity. Below pH 7 the enzyme is 
completely bound to azide: in particular protonation 
of an ionizable group with a pKa of 7.4 facilitates azide 
binding. On decreasing the pH, the signal shifts of this 
adduct change with a pKa of about 6, like for the CN- 
adduct. The temperature dependence of these reso- 
nances does not follow a Curie behavior, suggesting 
that the heme iron of LPO-Ns- exhibits a thermal spin 
equilibrium. In any case the resonance assignment was 
complicated by the inability to reconstitute the protein 
with isotope-labeled or modified hemins. La Mar's 

successfully applied the NOE techniques to 
LPO-CN-. The proposed assignments based on NOE 
connectivities and comparisons with HRP-CN- yield 
a contact shift pattern consistent with the hypothesis 
that the 8-CH3 in the hemin in LPO-CN- is replaced 
by a mercaptomethylene group and with an axial 
imidazole plane oriented primarily along the N-FeN 
axis of pyrroles I and 111. 

Myeloperoxidase (MPO) is a heme-containing gly- 
coprotein which catalyzes the formation of hypoclorous 
acid from chloride and hydrogen peroxide. It is a 
tetramer of molecular weight 120 000-160 OOO and 
contains two heme groups that are kinetically inequiv- 

dent in primary peroxide compound formation. Iden- 
tification of the chromophore present in MPO has been 
made difficult by the fact that it is covalently attached 
to the polypeptide.m6 The similarity in 'H NMR 
spectral parameters for LPO-CN- (Figure 68A) and 
MPO-CN- (Figure 68B) suggests that the prosthetic 
groups in the two proteins are very similar.& Not only 
do MPO-CN- and LPO-CN- exhibit the same number 
of peaks with comparable shifts and relative relaxation 
properties, but their dipolar connectivities, and hence 
their relative spatial dispositions, are essentially iden- 
tical. MPO is by far the largest protein to which the 
NOE technique has been applied (Figure 69). The 
reported NOE results454 clearly show that paramag- 
netism does not only undermine spin diffusion and 
renders NOE studies more useful for large paramagnetic 
systems than for large diamagnetic ones, but the 
magnitude of NOES actually improves with increasing 
molecular weight. As it appears from the spectra 
reported in Figure 68, at variance with the other 
peroxidases, in the spectra of LPO-CN-372*'69 and 
MPO-CN- 4s4 single-proton signals are present at 
unusually low-field values (35-70 ppm). In low-spin 
ferric heme proteins the strong perturbation of the heme 
electronic structure can be correlated primarily with 
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Figure 64. lH NMR spectra (500 MHz) of the cyanide adducts of (A) wild-type HRP, isoenzyme C, pH 7.6, (B) F41V mutant 
of recombinant HRP-C, pH 7.6, and (C) R38K mutant of recombinant HRP-C, pH 7.0. All the spectra were recorded at 303 
K in DzO solution, 20 mM potassium phosphate. The signal labeling follows the IUPAC convention for the numbering of the 
heme positions. (Reprinted from ref 366. Copyright 1992 Springer-Verlag.) 
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Figure 66. 1H NMR spectrum (300 MHz) of the cyanide 
adduct of Coprinus cinereus peroxidase in HzO solution, 0.1 
M phosphate buffer pH 7.2. (Reprinted from ref 332. 
Copyright 1989 American Chemical Society.) 
the orientation of the proximal His imidazole plane 
relative to heme pyrrole~.~~7@6-~@ This results in large 
contact shifts for the substituents on opposite pyrroles. 
An orientation such as reported in Figure 53A would 
provide large low-field contact shifts for 3-CH3 and 
8-CH3 as observed in heme b peroxidases, while the 
orientation reported in Figure 53B would provide large 
low-field contact shifts for 1- and 5-CH3 as observed in 
metMb-CN- and metHbA-CN-. The observation of 

only a single low-field methyl for LPO-CN- favors the 
hypothesis of the latter orientation with peak f due to 
3-CH3. On the basis of the analogy of the lH NMR 
spectra of LPO-CN- and MPO-CN-, the same should 
be valid also for the latter system. The large contact 
shifts observed for the methylene group giving rise to 
peaks a and c have been proposed to arise from the 
unusual 8-SCH2 group. The heme &-methylene protons 
experience contact shifts, 6,, related to the adjacent 
pyrrole carbon ?r spin density, pr, via 

6, = p$ cos2 cp (48) 
where (a is the dihedral angle between the C-C-H 
plane and the aromatic carbon pz axis and B is a 
constant. In a rotating methyl group, ( cos2 cp) = 0.50. 
In an usual methylene group, as found for hemin 
propionate, cp N 60°, leading to cos2 cp N 0.25, which 
accounts for the much smaller a-CHz relative to CH3 
contact shifts observed in low-spin ferric hemes. As- 
suming that the covalent link to the protein could lead 
to a 8-SCH2 orientation for which cp N 30' and cos2 cp 
= 0.75, the resulting contact shift is -50 % larger than 
for a CH3 group with the same a spin density and 
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Figure 66. 1H NMR spectra (270 MHz) of the cyanide 
adducts of turnip peroxidase: (A) isoenzyme P1, (B) isoen- 
zyme P2, (C) isoenzyme P3, and (C) isoenzyme P7. All the 
spectra were recorded at 308 K, pH 7. (Reprinted from ref 
449. Copyright 1975 Elsevier.) 
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Figure 67. 1H NMR spectra (600 MHz) of the cyanide 
adducts of (A) acidic cucumber peroxidase and (B) basic 
cucumber peroxidase. The spectra were recorded at 298 K 
in DsO solution, pH 8.0. (Reprinted from ref 333. Copyright 
1991 Elsevier.) 

3 times larger than that which would result from the 
unusual unconstrained orientation of an a-CH2 group.* 

6. Low-Spin AMucts of P450 and Chloroperoxidase 
The lH NMR spectrum at 220 MHz of the CN- adduct 

of camphor-bound P450 has been reported (Figure 
70).s79 It shows hyperfine-shifted resonances in the 
typical low-spin region. The 400-MHz 'H NMR spectra 
of ferric low-spin P450, complexes have been also 
published.467 However, no specific assignments for the 
hyperfine-shifted resonances are available. Recently 
NOE and NOESY experiments have been performed 
for the substrate-free P 4 5 0 ~ ~ 1  (Figure 71).381 The shift 
and Curie behavior of the signals indicate that the iron 
ion is in a low-spin state. The short nuclear relaxation 
rates of the hyperfine-shifted signals have been ac- 
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Figure 68. (A) lH NMR spectra (360 MHz) of LPO-CN- 
recorded at 298 K in DzO solution, pH 7.0, as a function of 
the pulse repetition rate: (All pulse repetition rate of 0.5 s-l, 
(A2) pulse repetition rate of 2 5-1; (A3) pulse repetition rate 
of 100 5-1. (B) 1H NMR spectra (360 MHz) of MPO-CN- 
recorded at 293 K in DzO solution, pH 7.2, as a function of 
the pulse repetition rate: (Bl) pulse repetition rate of 3 s-l; 
(B2) pulse repetition rate of 12 5-1; (B3) pulse repetition rate 
of 100 s-1. (Part A, reprinted from ref 453. Copyright 1989 
American Chemical Society. Part B, reprinted from ref 454. 
1990 Journal of Biological Chemistry.) 

counted for assuming a relatively larger energy sepa- 
ration between the three levels of the ground state for 
P450 with respect to peroxidases and globins.ml CN- 
binds P450m1 with a low affinity constant. The 
exchange rate is slow on the NMR time scale. The 
resonances here are broader with respect to the cyanide 
derivatives of peroxidases (Figure 72). 

The lH NMR spectrum of ferric low spin CPO-CN- 
(Figure 73A) has been reported.s7*- Depending on 
the procedure of the sample preparation different ratios 
of two different isoenzymes may be observed. The two 
isoenzymes show very similar or identical chemical shift 
values for many hyperfine-shifted resonances. Four 
peaks of three-proton intensity each are present be- 
tween 24 and 20 ppm, arising from two heme methyl 
protons of each isoenzyme. Four exchangeable protons 
are observed in the 17-12-ppm region. By recording 
the spectrum at fast repetition rates two fast relaxing 
peaks are observed at 39 and -20.7 ppm. In analogy 
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Figure 69. 'H NMR reference spectrum (360 MHz) of MPO-CN- (A) and (B-D) NOE difference spectra. The downward 
arrows indicate the saturated peaks. All the spectra were recorded at 293 K in DzO solution, pH 7.2. (Reprinted from ref 454. 
Copyright 1990 Journal of Biological Chemistry.) 
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Figure 70. lH NMR spectrum (220 MHz) of the cyanide 
adduct of cytochrome P450,, recorded at 288 K in DzO 
solution, 0.2 M phosphate buffer pH 7.0. (Reprinted from 
ref 379. Copyright 1972 National Academy of Sciences.) 

with the proximal histidine ring protons in peroxidases, 
they exhibit large shifts and very efficient relaxation 
and have been proposed to be due to the P-CHz protons 
of the coordinated ~ysteine.38~ It is interesting to note 
that the 2'1 values of the heme resonances in CPO-CN- 
are typically three times smaller than those of the 
cyanide adducts of peroxidases, as a consequence of 
axial ligation of cysteine versus histidine." NOE 
measurements- (Figure 73, parts B-G) have allowed 
the assignment of the two more shifted heme methyl 

resonances to either 5- or 8-CH8, the other two being 
assigned to either 1- or 3-CH3. On the same basis the 
a-CH2 resonances of the 7- or 6-propionate and the 
P-CH2 resonances of the 2- or 4-vinyl have also been 
tentatively located. A signal with chemical shift, T1, 
and line width values similar to those of the He1 proton 
of the distal histidine residue of peroxidases is present 
at 12.2 ppm. No definitive results are available to 
support this proposal. In any case, if a distal His residue 
is present it should be different from that of peroxidases 
in terms of hydrogen bonding with the ligated cyanide: 
no exchangeable signal attributable to the H62 reso- 
nance of protonated histidine is observed. This finding 
is in agreement with a previous suggestion for the 
presence of a distal histidine residue. The NOE pattern 
and 2'1 values of the resonances in the 0 to -5 ppm 
region are very similar to the distal arginine residue in 
the distal heme pocket of HRP-CN-. However, this 
residue in CPO-CN- is close to either 1- or 3-CHs, 
whereas the arginine residue in HRP-CN- is close to 
propionate-bearing pyrroles. The above results point 
to a structural similarity of the CPO pocket with that 
of peroxidases rather than with that of the monoox- 
ygenase cytochrome P450. The spectra obtained for 
CPO in the presence of various ligands (azide, thio- 
cyanate, cyanate, nitrite) suggest that the enzyme 
ligand complexes are predominantly low spin in char- 
acter.= However the signals do not follow the Curie 
behavior with temperature, indicating that mixtures 
of high- and low-spin species are present. The adducts 
with azide, cyanate, and nitrite form more readily under 
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Figure 72. lH NMR spectrum (600 MHz) of P45k1-CN-, 
recorded at 292 K in DzO solution, 50 mM KC1 and 0.01 M 
phosphate, pH 7.0. (Reprinted from ref 381.) 
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Figure 71. 1H NMR reference spectrum (600 MHz) of 
substrate-free P 4 5 k 1  (A) and NOE difference spectra 
obtained by saturation of signal a (B) and signal b (C), using 
a recycle time of 150 ms. NOE difference spectra obtained 
by saturation of signal a (D), b (E), and c (F), using a recycle 
time of 30 ms. All the spectra were recorded at 290 K in D20 
solution, 50 mM KC1 and 0.1 M phosphate pH 7.0. (Reprinted 
from ref 381.) 
acidic conditions. The loss of the hyperfine-shifted 
spectrum at higher pH is attributed to a slowing in the 
ligand exchange rate. In the case of thiocyanate, the 
complex forms only below pH 6.2. It is interesting to 
note that, at variance with the other heme proteins the 
lH NMR spectrum of the NCS- adduct of CPO is 
predominantly low spin. This is consistent with the 
cysteine residue being a stronger ligand than histi- 

7. Cytochromes 
Cytochromes are electron-transfer proteins. The 

axial ligands and the heme-type which characterize the 

dine.381ASS 

2 5  2 0  15 1 0  5 0 - 5  

Chemical shift (ppm) 
Figure 73. lH NMR reference spectrum (600 MHz) of CPO- 
CN- (A) and (B-G) NOE difference spectra. The downward 
arrows indicate the irradiated peaks. All the spectra were 
recorded at 298 K in DzO solution, 10 mM phosphate buffer, 
pH 6.0. (Reprinted from ref 458. Copyright 1992 American 
Chemical Society.) 

Table X. Structural Features of Some Prosthetic 
Groups in Low-Spin Cytochromes 

cytochrome heme tme axial ligands 
C Y t  c heme c histidine, methionine 
cyt cff heme c two histidines 
cyt c3 heme c two histidines 
cyt bs heme b two histidines 

various cytochromes are reported in Table X. High 
resolution crystal structures are available for cyto- 
chrome b5 and a number of variants of cytochrome 
c.459-462 
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Figure 74. (A) 1H NMR spectrum (500 MHz) of horse ferricytochrome c ,  recorded in DzO solution, 100 mM phosphate and 
150 mM NaC1, pH 5.7; (B) downfield region of a spectrum recorded under the same conditions in HzO solution; and (C) 
expanded plot of the region between -0.5 and -3.5 ppm of spectrum A. (Reprinted with permission from ref 123. Copyright 
1990 Rockefeller University Press.) 

a. Strategy of Assignment in Cytochromes c.  Due 
to their low molecular weights (around 12 000) which 
produce relatively narrow and well-resolved resonances, 
most of the cytochromes have been studied by NMR 
in their reduced diamagnetic forms. Using saturation 
transfer techniques the assignments have been subse- 
quently transferred to the corresponding paramagnetic 
low-spin iron(II1) ~pecies.~O7 Horse ferricytochrome c 
can be taken as an example of the above procedure: 
historically it has been the most studied member of 
this important class of electron-transfer proteins. The 
lH NMR spectrum of horse ferricytochrome c is 
reported in Figure 74. The four ring methyl resonances 
had been detected in ferricytochrome c in early works, 
and the corresponding chemical shifts in ferrocyto- 
chrome c were determined by saturation-transfer tech- 
n i q u e ~ . ~ ~ ? ~  In the reduced protein individual assign- 
ments for the proton signals of the heme substituents 
have been achieved on the basis of NOE experi- 
ments.mSM6 With saturation-transfer experiments on 
partially reduced cyt c, individual assignments were 
obtained for the heme ring and thioether bridge methyl 
resonances.466 As in all the other cytochromes reported 
thus far, the four heme ring methyl resonances are 
resolved from the diamagnetic envelope in the downfield 
part of the spectrum (between 7 and 34 ppm), whereas 
the two thioether bridge methyl signals resonate slightly 
upfield. Subsequent work has resulted in extensive 
heme and side-chain resonance assignments.w70 
More recently, almost complete assignments for this 
main-chain proton resonances in both oxidation states 
were obtained by 2D NMR methods.471477 The hy- 

perfine-shifted resonance assignments provided a basis 
for further analysis of the shift contributions. 

An analogous characterization has been made on the 
highly homologous tuna cytochrome c (82 % sequence 
homology).46614691476*478 Recently, many studies of struc- 
ture and function have utilized iso-1-cytochrome c from 
the yeast Sacchromyces cerevisiae, due to the ease with 
which yeast may be genetically altered and the sub- 
sequent possibility to express the mutated proteins. 
Resonance assignments for the main-chain, side-chain, 
and heme protons for this isoenzyme and for some of 
its mutants have been reported in both oxidation 

The NMR characterization of the 
mutants in which the Tyr 48 and the Tyr 48 + Trp 59 
have been replaced by Phe residues, suggested the 
structural basis for the reduction in redox potential 
accompanying the amino acid substitution.482 Tyr 48 
and Trp 59 form hydrogen bond with the heme 
7-propionate group. It has been found that upon 
mutation the shifts of the heme substituent protons 
are slightly affected, the most affected being the 
7-propionate resonances. However, the NOE patterns 
obtained by irradiation of the signals of the heme 
substituents indicate that the protein fold around the 
heme is unaltered. The redox potentials of the mutants 
are 22 mV (Y48F) and 70 mV (Y48F + W59F) lower 
than the redox potential of the wild-type protein. Since 
NOE data do not indicate conformational changes, the 
differences in the redox potential have been attributed 
to the breaking of the hydrogen bonds involving the 
7-propionate. This breaking will increase the electron 
density on the carboxylate, leading to an increased 
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NMR spectra of tuna, horse, and yeast iso-l-ferricy- 
tochromes c has been shown to give NOE connectivities 
to the phenyl ring protons and to the &CH2 protons of 
this residue.300 These measurements have allowed the 
identification of the spin system of Phe 82 in the three 
cytochromes. Four different noncovalent complexes 
using horse, tuna, yeast iso-1- and yeast iso-2-ferricy- 
tochromes c,  and two covalently cross-linked complexes 
with horse and yeast iso-1-ferricytochromes c with CcP 
have been recently ~tudied.~" In all the noncovalent 
complexes the binding of CcP induces shifts in the Phe 
82 ring resonances. It is interesting to note that the 
complex-induced shifts of the proton resonances are 
different for the physiological redox partners compared 
to the other cytochromes. The 3- and 8-CH3 in each 
complex of yeast iso-1 and iso-2-ferricytochrome c shift 
in the same direction, whereas for the horse and tuna 
complexes they shift closer together. The Phe 82 
resonance shifts toward higher frequencies but to 
different extents in each case. This type of shift is 
consistent with a reorientation of Phe 82 away from 
the paramagnetic center, with structural alterations in 
the heme environment that are comparatively small 
for CcP nonredox partners. A more detailed analysis 
of the NMR would be now possible on the basis of the 
recently reported crystal structure of the CcP-cyto- 
chrome c complex.49s 

lH NMR experiments on mixtures of reduced and 
oxidized proteins have been used to study the self- 
exchange electron-transfer processes.128JmpM Elec- 
tron self-exchange rates were determined either by 
saturation-transfer methods128Jm or by measuring elec- 
tron exchange induced line broadening. In the latter 
case the inverse state lifetime is proportional to the 
induced line broadening. The influence of ionic 
strength, pH, anion binding, and site-specific chemical 
modifications on the exchange rate have been ana- 
lyzed.128J29*497*4s lH NMR studies of the electron self- 
exchange rates in the hexametaphosphate-cytochrome 
c aggregates showed that anion-induced protein self- 
association lowers the overall kinetic barrier to electron 
exchange from heme to heme.498 Differences among 
cytochromes c of different origins have been interpreted 
in terms of an active role of the polypeptide chain in 
the electron-transfer process?% Meaningful differences 
have been also observed between cytochrome c and b6 
and cytochrome ~661.~97~499 

Salt-dependent structure changes have been detected 
for some residues in horse heart cytochrome c.m By 
2D NMR techniques a structural description of oxidized 
horse cytochrome c at acidic pH and high ionic strength 
have been obtained, measuring the extent of hydrogen 
exchange for 44 amide protons. The transition from 
the native to the acidic form result in the loss of some 
specific interactions, including some salt bridges and 
at  least one axial ligand (Met 80).610 The spectrum of 
the cyanide adduct has been also reported.a3 

Due to the incredibly vast amount of literature 
available for cytochromes, we will discuss here mostly 
the papers in which assignments are based only on the 
paramagnetic species. Indeed, the topic of this review 
is to illustrate what kind of information can be obtained 
from the NMR spectra of paramagnetic compounds 
and to discuss the technical details in optimizing NMR 
experiments for these particular systems. Moreover, 
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Figure 75. lH NMR spectra (361 MHz) of (A) horse 
ferricytochrome c and (B) 1:l CcP-cytochrome c covalently 
cross-linked complex. The spectra were recorded at 296 K 
in D2O solution, 10 mM KN03, pH 6.8. (Reprinted from ref 
358. Copyright 1987 American Chemical Society.) 

stabilization of the iron(II1) state and hence a reduced 
redox potential. 

The results obtained for cytochrome c from tuna and 
horse heart have been used to define the interaction 
sites of ferricytochromes c with small redox rea- 
gentswg1 and with biological redox partners of cy- 
tochrome c.3m609492-494 In the 'H NMR spectrum of 
the 1: 1 covalently cross-linked complex between horse 
cytochrome c and yeast CcP (Figure 75) the proton 
hyperfine-shifted resonances of ferricytochrome c are 
broadened as expected on the basis of the increased 
rotational correlation time due to an effective molecular 
weight of about 46 OO0.368 The 3- and 8-CH3 groups are 
shifted closer together in the complex. Also Met 80 
methyl and methylene resonances and heme 7-Ha 
resonances are reported to experience significant shifts 
upon complex formation.= Something similar happens 
in the case of the noncovalent complex,369 but the line 
broadening is less dramatic, probably due to the fact 
that in this case cytochrome c is rapidly exchanging 
between free and complexed states. In comparison to 
cytochrome c complexes with cytochrome b5493 and 
flavod~xin, '~~ the complex with CcP appears unique in 
that both the cytochrome c 8- and 3-CH3 resonances 
are significantly shifted in the complex, while in the 
two former cases only a shift for 8-CH3 signal has been 
reported. These observations suggested the idea that 
the interaction between cytochrome c and CcP involve 
the positively charged lysine 13 on the cytochrome 
surface.3sg The movement of the latter residue could 
cause small changes in the conformation of the axial 
heme ligand, Met 80, transmitted via Phe 82 residue. 
Because the chirality about the c heme-coordinated 
sulfur atom of Met 80 is known to be a primary factor 
in determining the hyperfine-shift pattern,307 this 
rearrangement of residues could justify the observed 
shift changes. The Phe 82 residue has been shown to 
be invariant in all mitochondrial cytochromes c and 
located near the exposed heme edge in proximity of the 
3-CH3. Irradiation of the 3-CH3 resonances in the 1H 
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Figure 76. Resolved portions ( A X )  of the 500-MHz 1H NMR 
spectrum of ferricytochrome b5 recorded at 293 K in D2O 
solution, pH 6.2. (Reprinted from ref 524. Copyright 1986 
American Chemical Society.) 

a general discussion on the shift patterns observed in 
the various low spin iron(II1) cytochromes (indepen- 
dently of the assignment procedure) will be included 
with the aim of elucidating which factors affect both 
the contact and the pseudocontact contributions. 

b. The Oxidized Cytochrome bs. Among the various 
cytochromes, the most extensive assignments based only 
on the iron(II1) species have been obtained for the 
ferricytochrome b5. Cytochrome b5 is found both as a 
membrane-bound protein in mammalian liver mi- 
crosomes as well as a soluble form in erythrocytes. The 
trypsin-solubilized fragment of cytochrome b5 from 
bovine liver microsomes contains the heme prosthetic 
group and consists of 84 amino acids. It retains the full 
reactivity.511 It has been reported to form 1:l solution 
complexes with cytochrome c,4937512v513 myoglobin,514 and 
hem0globin.5~~ In the former two complexes the binding 
is clearly detected by 'H NMR spectroscopy: highly 
selective perturbations only for a small number of 
resonances are observed.493t513t514 

The hyperfine-shifted portion of the lH NMR spec- 
trum of ferricytochrome b5 is reported in Figure 76. 
Assignments for all four heme methyl groups, the 2-vinyl 
protons, two of the four propionate 0-methylene protons 
and a few amino acid side chains in the vicinity of 
pyrroles I and I1 have been obtained by saturation 
transfer from the reduced forms and by reconstitution 
with isotope-labeled hemes.5l6+18 Analogously to 
HRP,519 CcP,620 and g l o b i n ~ , 5 ~ l - ~ ~ ~  the reconstitution of 
apocytochrome b5 with hemin has demonstrated that 
in solution exists an equilibrium involving two forms 
of the protein which differ in the orientation of the 
heme.517 Since the isomer with the X-ray-determined 
orientation dominates in solution (about 9:l ratio), only 
the signals of the major component have been assigned. 
NOE experiments allowed the assignment of the heme 
propionate protons.524 The pattern of the a-methylene 
proton hyperfine shifts for both propionates is incon- 
sistent with the orientation obtained from the X-ray 
crystal data, suggesting specific rotation for each side 
chain. The above assignments have been extended by 
NOESY experiments.lO8 

The shift of 6-propionate protons experiences a 
dramatic pH dependence, with a pK, of 5.9.524 The 
6-propionate side chain has been found by X-ray crystal 
analysis to be solvent exposed.525 By addition of 
increasing amounts of Gd3+, selective broadening of 
the @-methylene protons of 6-propionate has been 

detected and attributed to selective binding of the cation 
to the carboxyl groups of this side ~hain.52~ This is 
consistent with the exposed nature of this heme 
substituent. One- and two-dimensional lH NMR 
methods have defined cation-binding domains on the 
surface of the tryptic fragment of microsomal b6.526 The 
addition of Cr(en)33+ to solutions of ferricytochrome b5 
reveals at  least three distinct sites (indicated as I, 11, 
and 111) on the surface of the protein to which highly 
charged cations may bind. Site I contains the exposed 
6-propionate group and a series of carboxylate residues. 
Sites I1 and I11 are located away from the heme edge 
region. By DQF-COSY experiments the 6-propionate 
resonances have been found to be selectively perturbed 
upon complex binding. Selective effects on these 
resonances have been observed also in the case of 
complex formation between ferricytochrome b5 and 
cytochrome c493 or my0globin.5~~ The binding of 
cytochrome c to cytochrome b5 has been studied by 1D 
and 2D IH NMR spectroscopy.513 A line broadening is 
observed throughout the spectrum of ferricytochrome 
b5, as expected from the increased correlation time for 
the complex. The chemical shifts of the hyperfine- 
shifted resonances of cytochrome b5 are consistent with 
a single high-affinity cytochrome c binding site on the 
surface of cytochrome b5 and at least one secondary 
binding site of lower affinity. In the DQF-COSY 
experiments, the only cross peaks substantially altered 
by complex formation were those attributable to the 
heme propionates of cytochrome b5. In the binary 
complex between ferricytochrome b5 and ferricyto- 
chrome c ,  Cr(en)33+ broadens many cytochrome b5 
resonances.526 Cytochrome c shows significant line 
broadening of resonances in the presence of the complex. 
Although the pattern of line broadening of resonances 
at sites I1 and I11 is unaltered by complex formation, 
cytochrome c selectively shields some residues at site 
I, the heme edge site. This has been explained assuming 
that cytochrome c can bind to the residues at site I in 
many orientations each of approximately equal stability. 
Thus on average it shields Gly 42 and Glu 43 but leaves 
the heme propionate more accessible. 

The lH NMR spectra of the soluble fragment of 
bovine native and wild-type rat ferricytochrome b5 
reconstituted with a variety of chemically modified 
hemes have been a n a l y ~ e d . ~ ~ ~ ~ ~ ~ ~  The relative propor- 
tion of the two heme orientations obtained by 180' 
rotations about the a-y meso axis varied widely. The 
unpaired spin density distribution in the heme ?r system 
leads to substituent hyperfine-shift patterns diagnostic 
of the heme orientation in the protein matrix. The 
analysis is based on the assumption that the unpaired 
spin distribution in a heme is caused mainly by the 
rhombic perturbations due to the axial His bonding 
and, therefore, is indicative of the position of the 
substituent in the protein matrix and does not depend 
on the particular heme. The resulting range of chemical 
shifts for the methyl-, vinyl-, propionate-, and pyrrole 
hydrogen substituents as a function of individual 
positions in the protein matrix is diagramed in Figure 
77 and has been proposed as an useful guide to rapid 
determination of orientation of other chemically mod- 
ified hemins in cytochrome b5 or for native hemin in 
cytochrome b5 mutants. The slightly different shifts 
patterns for bovine versus rat cytochrome b5 with the 
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Figure 77. Empirical correlation of chemical shifts for 
methyls (MI, vinyls (Vi), and propionate a-CH2 (HI with 
positions in the protein matrix; a-h indicate the heme 
positions according to the reported scheme (from ref 528). 

same hemin in the same orientation must reflect small 
differences in the peripheral contacts due to the 
substitution near the heme-binding site. The major 
determinant of the heme orientation has been proposed 
to be a repulsive interaction between a vinyl and a 
hydrophobic cluster of amino acid residues.s27 More- 
over, it has been shown that for a stable holoprotein 
the axial iron-His bonds are essential and that the 
protein matrix cannot accommodate carboxylate side 
chains at interior positions in the heme binding 

Therefore, the heme pocket interior in 
cytochrome b5 appears much less polar and less sterically 
accommodating than that of myoglobin. 

c. Cytochrome c3. Cytochromes c3 from Desulfo- 
vibrio vulgaris, Miyazaki F and Hildenborough, have 
been widely characterized by lH  NMR spec- 
t rosc0py.6s~ They are tetraheme iron proteins of 
molecular weight around 13000. The iron ions are 
coordinated by C-type hemes and bisligated by his- 
tidines. The redox mechanism was shown to be a four 
consecutive one-electron process. It has been found 
that the intramolecular electron exchange rate is fast 
on the NMR time scale, but the intermolecular electron 
exchange is slow.531 Therefore, five seta of spectra 
corresponding to the five macroscopic oxidation states 
can be observed (Figure 78).532 In the intermediated 
oxidation states, each heme methyl group exhibits only 
one resonance in the NMR spectrum with a chemical 
shift depending on the ratio between the molar fraction 
of the oxidized and reduced states of that particular 
heme. By NOE, NOESY, COSY, and TOCSY exper- 
iments assignments of many hyperfine-shifted signals 
have been obtained for the fully oxidized form in both 
cytochromes ~3.5339534 One- and two-dimensional sat- 
uration-transfer experiments allowed the determination 
of the chemical shifts of the heme methyl groups in the 
five macroscopic oxidation states (Figures 79).531 

d.  Factorization of the Hyperfine-Shift Contribu- 
tions in Cytochromes. For cytochromes, the availability 
of the assignments of most of the residues in both the 
oxidized and reduced forms provides an opportunity 
to examine the origin of redox-related structural 
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Figure 78. 1H NMR spectra (500 MHz) of cytochrome c3 
from Desulfovibrio vulgaris, Miyazaki F, in a variety of redox 
stages: from fully oxidized (top) to fully reduced (bottom). 
The heme methyl signals are labeled on top. Si is the 
macroscopic oxidation state. All the spectra were recorded 
at 303 K. (Reprinted from ref 532. Copyright 1990 American 
Chemical Society.) 
differences in solution. Fermi contact shifts are re- 
stricted to nuclei of the heme group and its immediate 
ligands, i.e. the two axial ligand residues, and the two 
heme-bound cysteines for C-type cytochromes. The 
shift of these residues contains information on the 
distribution of the unpaired electron. The measured 
chemical shift differences for nonbound residues are 
largely dominated by the pseudocontact contribution 
operative in the low-spin iron(II1) systems. However, 
there may also be contributions due to conformational 
differences of some groups, which will affect the 
diamagnetic shift. The pseudocontact contribution can 
be estimated given the orientation, magnitude, and 
anisotropy of the magnetic susceptibility tensor. Keller 
and Wiithrich5= applied for the first time the method 
developed by Kurland and McGarveyle to determine 
the orientation of the g tensor in cytochrome b5, using 
liquid helium temperature g values. Subsequently, a 
most advanced procedure has been employed to analyze 
the structures of a variety of cytochromes c using 1H 
NMR. Methods analogous to that above described for 
sperm whale metMb-CN- have been commonly and 
satisfactorily used for various cytochromes, mainly by 
Williams et al. 

The first of these papers is dated 1985.a2 The 
difference in chemical shift between the two oxidation 
states in tuna cytochrome c has been estimated and 
analyzed on the basis of the previously reported g values 
of the oxidized form. The structures of both ferri- and 
ferrocytochrome c are available with high resolution 
and have been found to be ~ i m i l a r . ~ ~ ~ ~ ~  Only small 
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Figure 79. 1H NMR EXSY spectrum (300 MHz) of De- 
sulfouibriogigas cytochrome cg, recorded at 290 K. (Repinted 
from ref 531. Copyright 1984 Academic.) 

changes in the orientation of amino acid side chains at  
the protein-solvent interface and changes of internu- 
clear distances within the protein around the heme 
propionate groups were observed. Susceptibility tensor 
components are unavailable for tuna cytochrome c, 
whereas the magnitude and the orientation of the 
principal components of the g tensor in a single crystal 
at  4.2 K for horse cytochrome c have been reported.537 
In order to calculate pseudocontact shifts at room 
temperature, an effective g tensor was defined: 

where j is allowed to vary over all the occupied electronic 
states and & represents a g tensor component of the 
j th  electronic states. Approximate tetragonal and 
rhombic distortion values and spin-orbit coupling 
constant were obtained for cytochrome c by fitting the 
g values calculated for the lowest Kramers doublet to 
the experimental values obtained at  4.2 K, where only 
this energy level is occupied. This procedure allows 
the calculation of the orbital diagram for the iron(II1) 
in ferricytochrome c (Figure 80). By using these 
calculated levels, the g values for the first excited 
Kramers doublet were obtained. Substitution in eq 49 
then allowed the effective g:" values at higher tem- 
perature to be calculated. This procedure is equivalent 

(A) (B) (C) 

Figure 80. The orbital diagram for the electronic state of 
iron(II1) in ferricytochrome c: (A) the 2T state of the low- 
spin iron(II1) ion in octahedral crystal field; (B) the ion in a 
rhombic and tetragonally distorted crystal field; (C) as B with 
the inclusion of spin-orbit coupling. The energy levels were 
calculated with the following parameters: A = 900 cm-l 
(tetragonal distortion), V = 500 cm-1 (rhombic distortion), 
and X = -340 cm-* (spin-orbit coupling) (from ref 402). 

to calculating the first-order Zeeman (foz) contribution 
to the magnetic susceptibility tensor. Further refine- 
ment was possible by allowing these states to mix under 
the influence of the external magnetic field. This 
perturbation, the second-order Zeeman (802) effect, 
alters both the gPff values and the energies of each level. 
The foz- and soz-corrected gfff values have been used 
for the calculation of the pseudocontact term. In order 
to refine the orientation of geff tensor in solution and 
to evaluate the theoretical corrections made to the 
measured low-temperature g values, 21 methyl groups 
of 14 residues have been chosen. Separate shifts were 
calculated for each proton of a methyl group and 
subsequently averaged before comparison with the 
experimental data. It was found that the calculated 
pseudocontact shifts are relatively insensitive to the 
choice of the geff tensor magnitude. The starting 
orientation of the geff tensor was chosen with the z axis 
perpendicular to the plane defined by the four heme 
pyrrole nitrogen atoms, and the x and y axes in the 
direction of the I and 111, and I1 and IV pyrrole nitrogens, 
respectively. The geff tensor orientation under the 
solution conditions was determined with a systematic 
rotation of the principal axes through the three Euler 
angles during the best-fit procedure. The final result 
of this procedure yielded a z axis displaced from the 
pyrrole nitrogens normal approximately in the direction 
of the bond between the axial Met 80 sulfur and the 
heme iron. The orientation of the z axis has been 
proposed to arise from the donation effect of the 
n-electron density from the sulfur ligand to the partially 
occupied dyz orbital of iron(II1). The pseudocontact 
contributions have been calculated for all the nonbound 
residue protons assigned in the NMR spectra of both 
oxidation states and compared with the observed 
hyperfine shifts. The overall protein fold and the 
position of most of the heme-packing residues are shown 
to be invariant between the crystal and solution. 
However, three regions of the protein (at the C terminus, 
around the heme propionate, and at  the heme crevice 
near the thioether-2) are proposed to undergo confor- 
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mational changes upon the removal of crystal-packing 
constraints. 

On the basis of the nearly complete assignment 
obtained for both horse ferro- and ferricytochrome c, 
the above calculation has been recently repeated.403 
The newly available main-chain resonance assign- 
ments124*4731474 were used rather than the side-chain 
resonances utilized by Williams et al., since main-chain 
protons can often be more precisely placed in the 
structure. A different approach was used for the data 
analysis, and was extended to distinguish both crystal 
versus solution differences from oxidized versus reduced 
structural differences in solution. The much larger 
number of assigned proton resonances with respect to 
the above paper of Williams, allowed the authors to fit 
directlv all five indeDendent tensor parameters (gf = 
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(gzff)2-1/2[(g:ff)2+ ($ )2] ;gz= (g.f)2- (g;ff)2; and the 
three Euler angles a, p, and y). Again, the optimal fit 
resulted in a z axis for the gff tensor congruent with 
the Met 80 S-Fe bond and passing through the sulfur 
atom at 0.07 A from its apparent center of mass. The 
x and y axes closely match the natural heme axes defined 
by the pyrrole nitrogens. The gff tensor in tuna 
ferricytochrome, previously computed by Williams et 
aL402 using 21 assigned methyl groups as a reference 
set, was recalculated by the present method for the two 
crystallographically independent molecules (inner and 
outer) in the unit cell of the tuna ferricytochrome c 
crystal, using as reference the reported redox-dependent 
shifts of 12 assigned C,  proton^.^^^^* The parameters 
found are impressively similar to the horse protein gff 
tensor refined with many more protons (64 protons). 
The magnitudes of the three principal Beff values cannot 
be individually determined by the present calculation 
alone, but require a third constraint from an indepen- 
dent measurement. With the value of the reported 
rotation-averaged susceptibility of horse ferricyto- 
chrome c in solution at 20 "C these individual gff values 
have been obtained. The gff values are close to those 
calculated by Williams et al. using the foz and soz 
corrections, indicating the importance of the latter 
contribution.a2 The refined gff tensor was used to 
calculate pseudocontact shifts at over 400 positions (for 
a total of 600 assigned protons) in horse ferricytochrome 
c. The list of protons was then screened for redox- 
dependent chemical shift changes that could not be 
explained by the pseudocontact contribution. Only 
small structural adjustments due to redox-dependent 
strain rather than sizable structural displacements or 
rearrangements are proposed. 

The analysis of the pseudocontact shift contribution 
allowed the evaluation of the true contact shifts for the 
heme group and its covalently linked residues and 
ligands.43 The contact shifts around the heme reveal 
a highly asymmetric distribution of unpaired electron 
spin. Substituents on one diagonal (pyrroles I1 and 
IV) exhibit much larger downfield shifts than those on 
the other (pyrroles I and 111). Unpaired electron spin 
density appears not to extend significantly into the Cys 
14 and Cys 17 substituents or even their bridging groups. 
Among the iron ligands, the Hy and He of Met 80, which 
are two bonds away from the sulfur atom, show large 
upfield contact shifts, while the Cj3 experience very small 
contact contribution. Similarly, for the His ligand the 
most affected protons are the two nonexchangeable 

protons of the imidazole ring. 
Pseudocontact shifts for protons of yeast iso-1- 

cytochrome c have been also calculated- by using an 
optimized gff tensor and the X-ray crystallographic 
coordin&es of the reduced form of yeast iso-1-cyto- 
chrome. The optimization has been performed on the 
five parameters g=, g::, a, j3, and y. The optimized gff 
tensor components differ little from the values deter- 
mined by  other^.^^^^^ The j3 angle was tilted by 9' 
from the heme normal, i.e. it has been found again to 
be tilted in the direction of the Met 80-Fe axis. g:ff 
and g y  remain aligned along the pyrrole nitrogens of 
the heme. Although the agreement between experi- 
mental and calculated values is very good, there are 
places along the backbone where differences are very 
much greater than the experimental error in paramag- 
netic shift (*0.02 ppm). This has been explained by 
slight movement of the heme and small rearrangements 
of a few residues. Moreover, considerable changes in 
a few hydrogen bonds have been proposed.- 

The NMR characterization of the F82S and N52I 
variants of yeast iso-1-cytochrome c in both oxidation 
states has been also reported.483 Changes in the 
chemical shifts of heme and amino acid protons upon 
substitution of serine for phenylalanine at position 82 
are analyzed in terms of ring current, contact, and 
pseudocontact shifts. Changes in NOES are then 
discussed in terms of structural changes. Calculation 
of the pseudocontact shifts for the mutant were made 
by using the derived proton coordinates from the crystal 
structure of the reduced wild-type protein. The five 
calculated tensor parameters are essentially the same 
as for the wild-type protein. Changes in chemical shift 
between homologous protons of the two reduced 
variants have been explained by a direct and an indirect 
effect. The former results from the substitution of 
phenylalanine by serine at position 82, while the latter 
by reorganization of other diamagnetic fields. However, 
in the case of the oxidized protein there is a greater 
number of protons that exhibit significant differences. 
These protons are mainly located in a region charac- 
terized by a greater flexibility in the oxidized state also 
in the case of the wild type. The mutation at position 
82 appeared to increase the conformational differences 
between the oxidized and reduced proteins. From the 
results obtained on the F82S mutants the authors 
suggested that the shift probe has the highest sensitivity 
for changes in hydrogen bonding, the NOE approach 
being less sensitive or even misleading due to changes 
in relaxation properties. Also in the case of the N52I 
mutant4M the five best fit tensor parameters do not 
differ significantly from those reported for the other 
ferricytochromes c. From the comparison of the 
chemical shift data for the oxidized and reduced mutant 
with the corresponding forms of the wild-type protein, 
major regions of change can be located the mutant 
and the wild-type protein differ in many respects, 
independently of the oxidation state. There are a small 
number of discrepancies between the observed and the 
calculated shifts in the mutant with respect to the wild- 
type protein, suggesting a smaller redox state change 
in the N52I variant. It was previously proposed for the 
wild-type protein that the redox state change is coupled 
with a rearrangement of a proton network which runs 
through the cytochrome c molecule.480 The N52I 
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substitution breaks this hydrogen-bond network. In- 
deed, the smaller extent of variations observed between 
the reduced and oxidized form in the mutants seems 
to support the breaking of this coupling between the 
redox state of the iron center and the protein rear- 
rangemen t. 

The assignments for the ferricytochrome bg have been 
extended to provide approximately 260 proton reso- 
nance~ .~3~  With the same procedure employed for the 
cytochrome c case, geff tensor components and axes have 
been calculated and used to evaluate the pseudocontact 
shifts. At  variance with the cytochrome c case, the 
possible redox-linked conformational changes have been 
found to be minimal. Some local mobility has been 
detected for certain residues. 

It should be pointed out that all the above calculations 
assume no change in the position of the heme group 
with oxidation state. The geff tensor fitting procedure 
will obscure any change in the heme position. However, 
from the dipolar shift equation it is clear that for a 
given value of r there is extreme sensitivity of the shift 
at those angles where the shift changes sign. The 
inspection of the sign changes for the observed and 
calculated pseudocontact shift values along the amino 
acid sequence has been proposed as a method to 
determine heme position variation.& For cytochrome 
bg there is only one disagreement in the location of a 
sign change along the amino acid sequence between 
calculated and experimental values out of a total of 12 
such changes.640 This has been taken as indicative of 
a fixed heme position in the two oxidation states. For 
wild-type cytochrome c ,  where the shift changes sign 
30 times along the sequence, there are sign differences 
between calculated and observed values in 15 loca- 
tions.483 The authors suggested that in this case the 
heme moves slightly from the reduced to the oxidized 
state. On the basis of the few discrepancies in sign 
observed for the N52I mutant, only small changes in 
the heme position have been proposed for the mutant.& 

The above reported approaches separate directly the 
effects of structural differences between either the 
oxidized and reduced forms in solution but could suffer 
from differences between the oxidized or the reduced 
protein in solution and in the crystal. An alternative 
method proposed to calculate the magnetic axes in horse 
heart oxidized cytochrome c427 is based on the MAT- 
DUHM procedure described for G. japonicus metMb- 
CN-. The angle between the z axis and the heme normal 
was found to be 9.5O and the z axis forms angles of 9.9' 
and 12.5O with the Fe-His 18 and Fe-Met 80 bonding 
vectors, respectively. Therefore the orientation of the 
z axis with respect to the heme appears to be different 
from that above reported. This disagreement may be 
explained in terms of the nature of the two method- 
ologies. In MATDUHM only the heme methyl groups 
are used in the calculation, while the other procedure 
is based on a large subset of nonbound residue proton 
assignments. A novel approach which employs a large 
number of lH and 13C shifts has been recently pro- 
p0sed.M' The basic idea is that, if there is a confor- 
mational change on going from the reduced to the 
oxidized state, there will be a difference in the dia- 
magnetic screening constant which will be reflected in 
a deviation from the fitting of the pseudocontact shift 
through eq 47. The diamagnetic shift of 13C resonances 
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is much more sensitive to the environment than that 
of 'H resonances. Using sets of data obtained at 
different temperatures the authors proposed a sepa- 
ration of diamagnetic and paramagnetic contributions, 
the former being T independent. The susceptibility 
tensor parameters resulting from this fitting procedure 
are in good agreement with those obtained from studies 
of protons alone. 

Pseudocontact shift calculations have been mainly 
developed over the last few years because the deter- 
mination of reliable magnetic susceptibility tensor 
values and orientations requires extensive assignments 
for non-heme bound residues. These can be accom- 
plished with the new high-field instruments and ad- 
vanced 2D techniques. On the contrary, a rational- 
ization of the contact shift contribution for the protons 
of the heme substituents has been attempted since the 
beginning of the paramagnetic NMR. The contact shift 
is the main shift contribution for these nuclei. The 
various proposed explanations for the contact shift 
patterns observed in the different low-spin heme 
proteins have been summarized and discussed by 
Satterlee.307 The factors contributing to the contact 
shifts in the various heme positions are due to the heme 
ligand orientation and heme peripheral contacts. The 
latter have been investigated in those systems which 
contain noncovalently bound heme, by reconstituting 
the apoproteins with selectively modified hemins and 
have been reviewed in the single cases. The interaction 
with the axial ligands has been proposed as the 
dominating effect in determining the heme methyl shift 
pattern.4"*4M*"21"3 As discussed above, for low-spin 
globins and peroxidases, it is widely accepted that the 
orientation of the proximal histidine plane defines the 
electron-spin delocalization on opposite pyrroles. Mod- 
els are available that demonstrate the capability of 
coordinated imidazole to spread pairwise the heme 
methyl resonances, when the rotational mobility of the 
coordinated imidazole is re~tricted.30~ In the case of 
C-type cytochromes, the orientation and conformation 
of the methionine ligand has been proposed to affect 
the unpaired spin density distribution on the heme c.307 
A correlation between the methionine chirality with 
the identity of the high-frequency heme methyl reso- 
nance pair for a large number of cytochromes has been 
found, suggesting that the imidazole plane of the 
proximal ligand retains the same orientation in the 
various proteins.307 Moreover, a linear correlation has 
been found between the chemical shift of the methionine 
ligand methyl signal and the sum of the chemical shifts 
of the four heme methyl signals.M4 A theoretical 
explanation for this correlation is complicated by the 
nonnegligible contribution of the pseudocontact term 
to the shift of the heme methionine methyl. However, 
an analysis of the EPR spectra shows that the g, value, 
which is the primarily responsible for determining the 
pseudocontact contribution to the methionine methyl 
chemical shift, is essentially the same for different 
cytochromes c. For this correlation the chirality of the 
methionine ligand is not important because proteins of 
known chirality appears in random position in the plot. 
Also the strength of Fe-S bond does not vary signif- 
icantly in the different proteins. The orientation of 
the lone pair has been proposed to be the determining 
factor.u Changes in the orientation of the lone pair 
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result not only from changes in the chirality but also 
from a simple rotation about the Fe-S bond. The 
asymmetry in the distribution of the delocalized 
unpaired electron onto the heme macrocycle in horse 
cytochrome c has been calculated using the 13C Fermi 
contact shifts.M5 (See also section IX.) The calculation 
makes use of the magnetic susceptibility tensor pre- 
viously obtained to determine the pseudocontact shift 
 contribution^.^^^ Whereas the total spin delocalization 
is almost temperature independent, the asymmetry of 
the distribution changes significantly with tempera- 
t ~ r e . " ~  This is the origin of the anti-Curie effect 
observed in lH NMR spectra of several cyto- 

In those proteins methyls 3 and 8 
exhibit a normal Curie behavior with temperature, 
whereas the shift of methyls 1 and 5 increase with 
temperature. This anti-Curie effect has been explained 
by a Boltzmann distribution between the two partially 
filled molecular orbitals containing the d,, and d,, iron 
orbitals, with an energy difference of 3 kJ M-1.545 For 
b-type cytochromes some features of the EPR spectra 
have been proposed to be due to variable relative 
orientations of the two axial histidine planes. Whereas 
in cytochrome b5 the two planes are nearly 
for bm, bm2, b559, and bs an almost perpendicular relative 
arrangement for the two aromatic rings has been 
proposed on the basis of results obtained for model 
compounds55l (and references therein). In the case of 
cytochrome c3 from Desulfovibrio vulgaris (Hilden- 
borough) the different heme methyl shift patterns for 
the various hemes have been proposed to be determined 
by the different orientations of the axial histidine 
l igand~.~3~ Hemes I and IV are both characterized by 
almost coplanar axial imidazole rings, but whose 
orientations with respect to the heme plane differ by 
almost 180'. These two hemes display a pairwise 
inverted order of the chemical shift for the methyl 
groups: 8 > 1 > 5 > 3 versus 5 > 3 > 8 > 1. It is 
interesting to note that these heme methyl shift patterns 
differ from those commonly shown by other heme 
systems characterized by the pairs 8,3 and 5,l or 5,l 
and 8,3.71307 However, it should be considered that the 
spin distributions on individual hemes can be compli- 
cated by cross interactions. 

e. Cytochrome c Oxidase. Bovine mitochondrial 
cytochrome c oxidase is a dimeric metalloprotein (MW 
2 X 200000) of the mitochondrial inner membrane. 
Owing to the large molecular weight this system has 
not yet been studied by NMR. Only a spectrum of the 
cyanide bound adduct of the monomeric form of 
cytochrome c oxidase has been rep0rted.~5~ It consists 
of two very broad resonances centered at 30.5 and 24.8 
ppm, attributed to methyl substituents of heme a. 
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In the upfield region several signals are detected in the 
-2 to -14 ppm range. No specific assignments are 
available. However, this shift range is typical for low- 
spin heme iron and oxidized ferredoxin species, except 
for the resonance at 92.5 ppm. It has been proposed 
that this signal originates from a proton of a ,B-CH2 
group of a cysteine ligand and that its shift is the effect 
of the coupling between the siroheme and the Fe4S4 
cluster on a cysteine proton characterized by a very 
small Fe-S-C-H dihedral angle. Also the absence of 
the anti-Curie behavior typical for oxidized ferredoxin 
cysteines has been attributed to the magnetic coupling. 
The lack of methyl resonances in the downfield region 
has been explained by negligible spin density on the 
pyrrole rings to which the methyl groups are bound, 
the pyrroles being partially saturated. The presence 
of the broad upfield signal at  -13 ppm has been taken 
as indicative of a histidine residue as the sixth axial 
ligand of the siroheme iron. 

8. Ferric Chlorin Containing Proteins 

lH NMR has been used to study the hyperfine-shifted 
resonances of the sulfite reductase from Desulfovibrio 
vulgaris (Hildenborough) .553 The active site is con- 
stituted by a siroheme chromophore connected to a 
ferredoxin-like Fe4S4 cluster through a sulfur ligand. 
The heme iron atom is hexacoordinate low spin in the 
Desulphovibrio vulgaris species (Figure 81A). The 
spectrum is reported in Figure 81B-D. Seven downfield 
shifted single proton resonances are present in the 25- 
12-ppm region. A broad resonance is present at 90 ppm. 

C. High-Spin Iron( I I) 

The iron(I1) ion in high spin state (S  = 2) is present 
in pentacoordinate porphyrin systems.5M In model 
compounds, the intermediate spin state S = 1 has been 
observed in the absence of axial ligands.= The presence 
of a S = 1 ferrous state in a natural system has been 
proposed only for one-electron-reduced sulfite reductase 
from E. In this case, however, the prosthetic 
group is not a porphyrin but a reduced hydroporphyrin. 
The binding of two axial nitrogens or of one nitrogen 
and one sulfur axial atom produces low-spin diamag- 
netic species.554 Diamagnetic species are obtained also 
upon dioxygen or carbon monoxide binding in the sixth 
coordination site.5My555 The small phenyl proton shifts 
observed in synthetic tetraphenylporphyrin derivatives 
has been taken as an indication of negligible pseudo- 
contact shift  contribution^.^^^ For model compounds 
large downfield pyrrole proton and a-CH2 shifts and 
small upfield meso proton shifts have been observed. 
These data have been interpreted as due to a large 
amount of u delocalization onto the pyrrole position 
and a moderate amount of ?r delocalization onto the 
meso position.308 A shift pattern characterized by a 
large amount of u delocalization onto the pyrrole 
positions and moderate ?r delocalization to the meso 
positions has been also found in high-spin iron(II1). 
Two possible electronic configurations have been pro- 
posed for high-spin iron(I1) (Figure 82, parts A and B) 
on the basis of the fact that both low-spin iron(II1) and 
intermediate spin iron(I1) appear to have d,, lower in 
energy than d,, and dyz and also on the basis of I3C 
data, scheme A seems more p r ~ b a b l e . ~ - ~ * ~ ~ ~ @ ~  How- 
ever, the large variability in shift patterns may be related 
to different electronic ground states. Assignments of 
the individual methyl groups revealed that the spread 
of the methyl signals increases as the electron-with- 
drawing power of the 2,4 substituents increases.mJ~m 

The far downfield region of the 'H NMR spectra of 
sperm whale deoxyMb and deoxyHb A are reported in 
Figure 83. La Mar et aL4N have attributed some of the 
downfield signals to the proximal histidine ligand, on 
the basis of the results obtained for model com- 
p o ~ n d s . ~ w * 5 ~ ~  In the case of sperm whale deoxyMb, a 
relatively narrow exchangeable proton was observed at 
78 ppm and attributed to the H61 of the proximal 
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Figure 81. (A) Schematic representation of the exchange-coupled [Fe&I-siroheme in the active site of assimilatory sulfite 
reductase (Desulfovibrio vulgaris) with the proposed histidine axial ligand (the bridging unit X has been proposed aa sulfite) 
and 500-MHz 1H NMR spectra at  296 K in 0.1 M sodium phosphate buffer, pH 7.0 (B) in D2O solution; (C) spectrum as in 
B but with a 4-fold increased vertical scale; and (D) in H2O solution. (Reprinted from ref 553. Copyright 1990 American 
Chemical Society.) 
1igand.m A broad resonance at  46 ppm, with relative 
intensity of two protons was proposed to originate from 
the H62 and He1 of the same residue. Analogous 
exchangeable signals were detected at 75.9 and 63.9 
ppm for deoxyHb A and attributed to the proximal 
histidine H61 in the two subunits.* The resolution of 
two such H61 signals in deoxy Hb A has been taken as 
a direct evidence for slight structural differences in the 
a and j3 subunits. The comparison of the spectra of the 
synthetic hybrids, a2(P+CN)2, (a+CN)& of hemoglobin 
A and the natural valency hybrids of the Boston, Iwate, 
and Milwaukee deoxyhemoglobins have led to the 
unambiguous assignment of the two proximal histidine 
H61 signals at  64 and 76 ppm to individual a and j3 
subunits, respectively.M2 With the same method the 
assignment of the hyperfine-shifted signals in the 18- 
6-ppm range to the CY and j3 chains of the normal human 
adult deoxyHb has been a c c ~ m p l i s h e d . ~ ~  A single- 
proton intensity nonexchangeable resonance detected 

+ 2-2 
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A 
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s=2 
Figure 82. Proposed electronic configurations for the high- 
spin heme iron(I1). 
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Table XI. Observed Shift Values at 298 K for Native 
Monomeric Deoxyhemoglobins of the Insect Lame 
Cbironomus tbummi tbummi (from Ref 86) 

chemical shift (ppm) 
A 

6 

C 

D 

i c:' 

i 

7 A' 
I I , 

90 T O  50 30 10 

Chemical shift (ppm) 

Figure 83. lH NMR spectra (99.5 MHz) of (A) sperm whale 
deoxymyoglobin in H20 solution, 0.2 M NaCl pH 6.8; (B) 
sperm whale deoxymyoglobin in D2O solution, 0.2 M NaCl 
pH 7.0; (C) deoxyhemoglobin A in H2O solution, 0.2 M NaCl 
pH 6.0; and (D) deoxyhemoglobin A in D2O solution, 0.2 M 
NaCl pH 6.3. All the spectra were recorded at 298 K. 
(Reprinted from ref 406. Copyright 1977 Academic.) 

in the extreme downfield region of the spectra of Boston 
and Iwate Hbs has been tentatively proposed to 
originate from the coordinated tyrosine of the mutated 
a chains.342 The 'H NMR spectra of three monomeric 
deoxyHbs of Chironomus thummi thummi have been 
assigned by deuterium labeling. The assignments for 
two of these Hbs are reported in Table XI.% It is 
interesting to note that two of the heme methyl 
resonances appear downfield and the other two upfield. 
Moreover, the exchangeable proximal histidine proton 
experiences a hyperfine shift (90-95 ppm) larger than 
those observed in deoxyMb or tetrameric deoxyHb, 
suggesting a stronger iron-imidazole bond. Indeed, 
studies on model compound have pointed out that the 
shift of this proton arises primarily from iron-imidazole 
B bonding."lsM Minor peaks indicative of heme 
rotational disorder have been detected,% as in the Hb- 
CN- case.s22*623 

From the pH dependence of the hyperfine-shifted 
signals of the heme substituents in C. thummi thummi 
Hbs, an apparent pK, around 8 has been found, which 
indicates that the T R transition, as modulated by 
the Bohr proton, is being observed.86 The proximal 
histidine environment remains essentially unaffected 
by the T + R transition. On the contrary, a correlation 
between H61 shifts and protein structure was found for 
the tetrameric Hbs. For three chemically modified Hbs 
which exhibit the R =i T transition, the H61 shifts for 
the two subunits are the same in the R state, but that 
of the a subunit decreases by 10-12 ppm upon con- 
verting to the T structure. This has been interpreted 

heme proton Hb I11 Hb IV 
proximal His' 

H61 
H62 
He1 

hemed 
2,4-Ha 

1-CHs 
3-CH3 
5-CHs 
8-CH3 
2,4-HP 

6,7-Hae 

92.2 
b 
b 

21.11 
18.15 
14.30 
13.64 
-2.35 
-3.75 
12.2 

91.0 
32' 
51' 

21.59 
18.95 
16.g 
15.9' 
-3.58 
-6.25 
13.9 

The assignments are based on the comparison with model 
compounds. * Insufficient signal-to-noise to observe the signal. 
The shifts were measured at 318 K, where the resolution is 

considerably improved. The assignments are based on selective 
deuteration experiments. e No direct proof for this proposed 
assignment is available. f Assigned in analogy with the Hb 111 
isoenzyme. 8 Deuterium labeling of vinyl HBs reduces the in- 
tensity of the composite peak at about 12 ppm, suggesting that 
at least one Hfl resonates in this region. 

in terms of some strain imposed on the Fe-N bond in 
the a subunit, with the result that less spin density 
is transferred to the imidazole.5s9 The effects of pH 
have been studied also for Ru-Fe hybrid Hbs.m 
Selective effects on the exchangeable proton shift values 
for the different subunits have been detected also upon 
pressur i~a t ion .~~~ The importance of a hydrogen bond 
between a Tyr and an Asp residue at  the subunit 
interface, considered a key interaction for the allosteric 
transition of Hb, has been studied. The lH NMR 
spectra of the ferrous forms of mutants in which the 
Tyr have been substituted by Phe and His show a 
substantial downfield bias as compared with native Hb 
A. This has been proposed to originate from a less 
strained configuration which favors the electron-spin 
delocalization from the iron to the imidazole.M1 The 
shift values observed for the H61 proton in various Hbs 
have been summarized by Satterlee.307 However a 
comparison between different proteins is difficult 
because the H61 shift reflects a combination of changes 
in bond distances, angles, and N6H hydrogen bonding, 
whose effects are difficult to factorize. 

In reduced Mb from different sources two heme CH3 
and the a-CH2 signals have been identified in the 
downfield region by IH and 2H NMR spectra on protein 
reconstituted with specifically deuterated hemes,M2 by 
1D and 2D IH NOE  experiment^,^^^^ and protein- 
decoupling 13C NMR e ~ p e r i m e n t s . ~ ~  The spectrum of 
Aplysia limacina deoxyMb is reported in Figure 84. At 
variance with sperm whale and horse deoxyMb, one 
downfield and three upfield heme methyl resonances 
are d e t e ~ t e d . ~ ~  

Temperature and pH dependence studies on the 
hyperfine-shifted resonances of sperm whale and horse 
deoxyMb have been formed.s67 Recording the spectra 
at different temperatures allowed the resolution of many 
overlapping signals: most of them follow a T-' depen- 
dence, but exhibit intercepts significantly outside the 
diamagnetic envelope. Above pH 7 the shifts are 
essentially independent of pH. The fitting of the pH 
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Figure 84. lH NMR spectra of Aplysia myoglobin recorded at 295 K in DzO solution: (A) 220 and (B) 100 MHz. (Reprinted 
from ref 566. Copyright 1977 American Chemical Society.) 
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Figure 85. Schematic representation of N-tetrazole Mb, and 300-MHz lH NMR spectra of the deoxy forms of (B) N-tetrazole 
Mb and (C) native Mb. Both the spectra were recorded at 296 K in HzO solution, pH 7. (Reprinted from ref 568. Copyright 
1992 American Chemical Society.) 

dependence of the signals below pH 7 resulted in pKa 
values of 5.7 and 5.6 for sperm whale and horse Mb, 
respectively. The area of the exchangeable proton 
remained constant up to pH 9.5, indicating a pK, for 
its deprotonation greater than 10. 

Chemical modification of Mb by a stoichiometric 
amount of BrCN afforded a modified species in which 
the e nitrogen of the distal histidine is N-cyanated. It 
has been reported that further addition of azide 
produces a ferric low spin complex in which a N-tet- 
razole-substituted His is present and coordinated to 
the heme iron (Figure 85A).568 The lH NMR spectrum 
of the species obtained by addition of dithionite is 
typical for the deoxy form and is reported in Figure 
85B. An exchangeable proton signal at 81.7 ppm 
corresponds to the proximal histidine H61 at 73.4 ppm 
of the native deoxyMb (Figure 85C). The spectrum 
clearly indicates that the tetrazole ring dissociates from 
the heme iron upon reduction to produce a pentaco- 

ordinate species.668 It is noteworthy that a modification 
in the distal cavity is reflected in an 8.3 ppm difference 
in the shift of a proximal histidine proton. 

An estimation of the electron relaxation time values 
for deoxyHb and deoxyMb has been reported. From 
the field-independent part of TZ-', a 7, value of 6 X 10-12 
s has been proposed for both the proteins.6BB Moreover, 
on the basis of 2'1 measurements a 7, value of 7 X 10-13 
has been estimated for d e o ~ y H b ~ ~ ~  and deoxyMb.M3 It 
is important to consider that in both cases the ligand- 
centered contributions have been completely neglected. 

The lH NMR spectrum of ferrous HRP has been 
partially assigned by using selectively deuterated 
hemes.571 The vinyl Ha and the 5-, 8-, and 3-CH3 
resonances have been located in the downfield region 
in the 25-10 ppm range. The spectrum changes with 
pH according to a PKa of 7.5. The alkaline and the 
acidic forms are in slow exchange on the NMR time 
scale. This is clearly apparent from the spectrum 
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model compounds, this proton resonance is assigned to 
the axial @-CH2 cysteinate protons, but it was not 
possible to decide if this signal with a line width of 
several thousand hertz is due to one or two of these 
@-methylene protons.m Specific assignments for the 
hyperfine-shifted signals in cytochrome P450 are not 
available. The application of 1D NOE and 2D NOESY 
experiments is more difficult than in the Mb case due 
to the shorter relaxation timesew The faster longitu- 
dinal relaxation rates have been proposed to be due to 
electron relaxion times about 2.5 times longer than in 
Mb,w whereas Curie relaxation strongly contributes 
to the transverse relaxation times in this higher 
molecular weight protein. 

The 300-MHz lH NMR spectrum of reduced chlo- 
roperoxidase does not have as many features resolved 
as ita cytochrome P450, counterpart:380 two broad 
signals are observed in the spectrum obtained at pH 
5.8 and 296 K at about 25 and -7 ppm (Figure 89). A 
very broad resonance is observed at about at 205 ppm. 
The use of a particular shaping function facilitates 
observation of a very broad feature at 250 ppm. At 
variance with P450,, there are detectable changes in 
the NMR spectrum between pH 4.1 and 6.7. The shift 
differences for the large downfield resonances and the 
different behaviors with pH have been proposed to 
reflect subtle differences between the active sites of 
cytochrome P450 and ch1oroperoxidase.m 

The spectrum of the reduced cytochrome c oxidase 
has been also reported: the only paramagnetic metal 
center is represented by the a3 heme moiety. Poorly 
resolved broad resonances are present downfield in the 
40-10 ppm range. An exchangeable proton attributed 
to the proximal histidine H61 has been detected at 73.5 
ppm.S72 

Among hexacoordinate cytochromes, which upon 
reduction yield diamagnetic species, cytochrome c" from 
Methylophilus methylotrophus representa an excep- 
tion. On the basis of low-temperature EPR and MCD 
data, ferricytochrome c" has been found to possess two 
axial histidine ligands, with perpendicular orientation 
of the imidazole rings.S73 Upon reduction, a 'H NMR 
spectrum typical for a high-spin heme iron(I1) species 
is obtained, indicating that one of the axial histidines 
is detached from the coordination site.6749676 The 
spectrum is reported in Figure 9 0  several broad 
resonances are observed in the 35 to -20 ppm region. 
Three-proton intensity signals are present at 28.6 and 
26.9 ppm; a six-proton intensity resonance at  -14.8 ppm 
has also been observed and attributed to two overlap- 
ping methyl signals. An exchangeable proton signal 
has been observed at 83 ppm, indicative of the histidine 
nature of the axial ligand. Analogous to deoxymyo- 
globin and deoxyhem~globin,~~~ temperature-depen- 
dent line broadening has been detected for the hyper- 
fine-shifted resonances. The spectrum is virtually 
unchanged between pH 5.2 and 7.1. Above pH 12 the 
spectrum shows signals with chemical shift range typical 
for diamagnetic compounds. This has been explained 
by hydroxide ligation in the sixth coordination site.675 

The lH NMR spectra of several reduced cytochromes 
c' are available. The lH NMR spectrum of Rho- 
dospirillum rubrum species is reported in Figure 91: 
three three-proton intensity resonances are present 
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Figure 86. lH NMR spectrum (200 MHz) of ferrous HRP 
recorded at 298 K in H2O solution, pH 7.5. (Reprinted from 
ref 571. Copyright 1982 American Chemical Society.) 
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Figure 87. 1H NMR spectrum (200 MHz) of the reduced 
form of spleen green heme protein recorded at 298 K, pH 5.0. 
The upfield region has never been reported. (Reprinted from 
ref 375. Copyright 1987 Elsevier.) 

reported in Figure 86: the proximal histidine H61 signals 
of both the forms are clearly detected in the region 
90-75 ppm. Their shift values have been taken as an 
indication of the degree of hydrogen bonding between 
the proximal ligand and the proximal aspartate. The 
7-8 ppm higher shift in the alkaline species has been 
taken as proof of a stronger hydrogen bond in the acidic 
than in the alkaline form of the protein. This is based 
on the assumption that the fractional decrease in the 
interaction of the H61 with the imidazole spin density 
is larger than the fractional increase in iron-to-imidazole 
u spin t ran~fer .5~~ In deuterioheme reconstituted HRP 
two resonances have been detected at 41 and 57 ppm 
and attributed to the H62 and He1 proximal histidine 
protons in analogy with model compounds.s71 

Examination of reduced Coprinus peroxidase by 
NMR spectroscopy reveals that the protein is penta- 
coordinate in the reduced state. Resonances are 
observed at 67.0, 22.7, 21.7, 17.7, -2.8, and -6.6 ppm. 
The signal at 67 ppm is due to an exchangeable proton 
assigned as NH61 of the proximal His.332 

The 200-MHz lH NMR spectrum of ferrous spleen 
green heme protein is reported in Figure 87.375 By 
analogy with the other heme proteins, the resonance at 
18ppm has been tentatively attributed to a heme methyl 
group and the signal at 76.1 to the H61 of the proximal 
histidine. 

High-spin ferrous P450 is formed by electron transfer 
to the high-spin ferric state during the catalytic cycle. 
The fiist NMR spectrum (at 220 MHz) of ferrous P450 
was reported by Keller et al.:37g they observed three 
resonances in the region 27-17 ppm. A more extensive 
study on this species has been recently perf~rmed.~W 
In the spectrum obtained at 300 MHz (Figure 88) four 
three-proton intensity resonances are observed in the 
30 to -15-ppm region. Other signals of intensity one 
are observed in the same shift range. Particular 
attention has been devoted to a broad signal at 279 
ppm. On the basis of comparison with the proton NMR 
spectra for high-spin porphirinatoiron(I1) thiolate 
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Figure 91. 1H NMR spectra (200 MHz) of reduced Rhodospirillum rubrum cytochrome c’. The spectra were recorded at 298 
K in HzO solution at (A) pH 5.4 and (B) pH 5.9. The inset in B shows the 98-86 ppm region recorded at 360 MHz using the 
Redfield pulse sequence, with and without presaturation of the HzO signal. These results demonstrate that the disappearance 
of the exchangeable signal at high pH is due to saturation transfer from the water via base-catalyzed proton exchange. (Reprinted 
from ref 393. Copyright 1981 American Chemical Society.) 

represent the first 2D spectra of a ferrous high-spin 
protein.397 

A comparison of the shift patterns in the different 
ferrous heme proteins indicates that in such cases in 
which the proximal histidine is oriented like in Figure 
53B (i.e. Hb and Mb), two downfield and two upfield, 
or two downfield, one almost diamagnetic and one 
upfield methyl resonances are observed. This suggests 
a pairwise effect on the methyl groups as found in the 
ferric low-spin case, and therefore a significant a 
contribution to the shift. For HRP and cytochromes 
c’ the situation is not exactly reversed, as expected on 
the basis of the 180° different orientation of the 
proximal histidine (Figure 53A). This suggests some 
fine modulations in the balance of u and ?r contributions. 

D. Other Oxidation States 

according to the following catalytic cycle: 
Peroxidases perform the oxidation of their substrates 

ferriperoxidase + H,O, - compound I + H,O 

compound I + AH, - compound I1 + AH’ 

compound I1 + AH, - ferriperoxidase + AH’ + H,O 

where compound I and compound I1 are two and one 
oxidizing equivalents above the resting ferric state, 
respectively. The nature of these reaction intermedi- 
ates has been extensively studied by several spectro- 
scopic techniques. In the case of HRP electronic 
absorption spectroscopy~77 magnetic susceptibility,s78 
Mo~sbauer,67”~ and resonance RamansS2pm3 are all 

consistent with a compound I1 containing a low-spin (S 
= 1) iron(1V)-oxo species (ferry1 group). A more 
complicated picture comes out for the electronic 
structure of HRP compound I. In this case magnetic 
susceptibility values of about 4 Bohr magnetons are 
indicative of S = 31, ground state,678 whereas the 
Mossbauer spectrum yields the same iron isomer shifts 
for both compounds I and 11,579681 indicating that a 
low-spin iron(1V) is present also in compound I. The 
electronic absorption spectrum of compound I resem- 
bles that of a porphyrin cation radical.s77 Indeed, a 
radical has been detected by EPR and its considerable 
line width was attributed to the interaction with the 
paramagnetic iron center.S81*SB4 Several efforts have 
been devoted to the ‘H NMR characterization of these 
compounds, and particularly to the elucidation of the 
electronic structure of compound I. Models have been 
extensively investigated.Mg 

The ‘H NMR spectrum of HRP compound I, obtained 
by addition of H202 to the ferric enzyme solution, is 
reported in Figure 93B. With respect to the native 
ferric state (Figure 93A) the resonances experience an 
upfield bias on going from ferric HRP to compound I. 
Three-proton intensity signals are observed at  76.1,72.1, 
59.1, and 50.1 ppm. Several one-proton intensity signals 
are resolved in the 50-11 and 0 to -22 ppm regions. The 
assignments of the heme resonance reported in Figure 
93B have been obtained by selective deuteration and 
NOE e x p e r i m e n t ~ . ~ ~ ~ * ~ @ O  The line widths of these 
signals are rather narrow, compared with those for 
native HRP. Upon addition of p-cresol to the com- 
pound I solution, the spectrum of compound I1 is 
obtained (Figure 93C), characterized by a broad signal 
at about 14 ppm. The same spectrum is obtained also 
by addition of other aromatic s u b ~ t r a t e s . ~ ~ ~ ~ 9 3  The 
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Figure 92. lH NMRreference spectrum (600 MHz) (A) and NOESY spectrum (B) of Rhodocyclusgelatinosus ferrocytochrome 
c', recorded at 295 K, in DzO solution pH 5.2. Cross peaks assignments are as follows: (1) 8-CH3,7-propionate Ha; (2) 7-propionate 
Ha, 7-propionate Ha'; (3) proximal histidine HB, proximal histidine HB; (4) 6-propionate Ha, 6-propionate Ha'; (5) 3-CH3, 
proton of a Phe residue; (6) 5-CH3,6-propionate Ha. (Reprinted from ref 397. Copyright 1993 American Chemical Society.) 

resonances of both compound I and I1 follow the normal 
Curie behavior in the 280-305 K temperature range.- 
The pH-dependent shifts for these intermediates 
afforded a pK, value of 5.6, as in the case of the native 
ferric HRP.691@3 

In Figure 94A the spectrum of sperm whale Mb 
treated with H202 is reported. Three hyperfine-shifted 
resonances are resolved in the downfield region, labeled 
a, b, and c. This spectrum closely resembles that of 
HRP compound I1 (Figure 94C).s916s3 For sperm whale 
Mb reconstituted with hemin deuterated at  the meso 

position (Figure 94B), resonances a and b decrease in 
intensity by approximately 80 5% , corresponding to the 
degree of deuteration of the meso position.s@ On this 
basis a and b have each been assigned to a pair of 
unresolved meso protons. Comparison of the trace of 
HRP compound I1 (Figure 94C) with that of HRP 
compound I1 reconstituted with meso-deuterated hemin 
(Figure 94D) again shows that the downfield resonances 
a and b decrease in intensity. It has been proposed 
that a represents a single meso proton and b results 
from the remaining three.6@ On the basis of their much 
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widths between the spectra of HRP compound I and 
deutero-HRP compound I has been attributed to a 
different orbital ground state for the porphyrin radical 
in the two species. Indeed, while the azU orbital places 
the spin density on the meso position, the alu orbital 
puts the spin density primarily on the pyrrole Cas, the 
latter accounting for the larger methyl resonance line 
width in deutero-HRP compound LSg6 By using 
selectively deuterated hemins the hyperfine-shifted 
signals in deutero-HRP compound I have also been 
assigned.500 Whereas in HRP compound I the methyl 
shifts decrease in the order 8 > 3 > 5 > 1, for deutero- 
HRP compound I the order is 3 > 1 > 5 > 8. The 
pairwise interchange in the relative positions of l-CH3 
and 3-CH3 and 5-CH3 and 8-CH3 has been attributed 
to the fact that the heme orientations in HRP and 
deutero-HRP differ by 180' rotation about the a-y 
meso axis.519 While the hyperfine-shift pattern cannot 
eliminate iron(V), the resulting 2Azpground state is very 
unlikely to lead to the rapid electron-spin relaxation 
implied by the highly resolved NMR s p e ~ t r a . ~ ~ ~ ~ ~ ~  In 
HRP compound I, an effect is also observed on the line 
widths of methyl resonances 3 and 8.5w This obser- 
vation again favors the hypothesis of a porphyrin cation 
radical rather than an amino acid radical. A breakdown 
of the contact and dipolar relaxations in both HRP and 
deutero-HRP compound I showed that both com- 
pounds experience essentially identical contributions. 
Their differential line broadening has been accounted 
for by also assuming very similar electronic structures 
for both the iron and the free radical, without involving 
different orbital ground states for the radical in the 
two cases.590 

The reported lH NMR spectra of HRP reconstituted 
with ruthenium(I1) mesoporphyrin or deuteroporphy- 
rin a cation radicals (Figure 96) show close resemblances 
with those of HRP compound I.5981599 This is further 
support for the hypothesis that the large hyperfine shifts 
of the heme peripheral protons in HRP compound I 
result mostly from the a cation radical center. The 
temperature dependence of ruthenium(I1) mesopor- 
phyrin HRP provides apparent intercepts at !P1 = 0 
beyond the diamagnetic as in the case of the 
corresponding model compounds.m This behavior has 
been explained by assuming that the a cation radical 
in the protein is not in a single electronic state, but is 
an admixture of the two different electronic states, 2Alu 
and 2A2u, (Figure 97) as for ruthenium porphyrin cation 
radical models. This leads to the proposal that the 
native HRP compound I is characterized by a cation 
porphyrin radical in the 2Alu state, mixed to some extent 
with the 2A2u state.599 This suggestion is supported by 
the finding that extremely broadened 2H NMR signals 
for HRP compound I reconstituted with mesohemin 
deuterated at  the meso positions are detected around 
20-15 ~ p m . ~ l  

The shift values of the hyperfine signals in ruthe- 
nium(I1) mesoporphyrin HRP change with pH with a 
pK, of 6.0,599 which may correspond to that of 5.6 
reported for HRP compound I. 

The oxidation of the ruthenium(I1) myoglobin did 
not yield the corresponding cation radical, in accordance 
with the fact that Mb affords compound I1 but not 
compound I.599 This suggests that a characteristic heme 
environmental structure of HRP may serve to stabilize 
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Figure 93. 1H NMR spectra (220 MHz) of (A) resting-state 
ferric HRP, (B) HRP compound I, and (C) HRP compound 
11, contaminated with that of the resting enzyme. All the 
spectra were recorded at 293 K in H2O solution, 2 mM borate 
buffer pH 9.2. (Reprinted from ref 592. Copyright 1978 
American Chemical Society.) 

smaller line widths, peaks c and d have been proposed 
to arise from amino acid residues. The unique spectral 
feature of showing only the resonances of the meso 
protons shifted outside the diamagnetic region has been 
found only for low-spin iron(1V)-oxo porphyrins pos- 
sessing an axial imidazole.594 Moreover, two broad 
resonances have been detected in the case of Mb at 
about -11 and -16 ppm and attributed to H62 and H d  
of the axial imidazole, in analogy with ferry1 iron(1V) 
model compounds.595 Therefore, the 'H NMR data for 
H202-treated Mb and HRP compound I1 have been 
interpreted as a definite evidence for the presence of 
an iron(1V)-oxo species.5Q4~595 

For compound I the lack of hyperfine-shifted reso- 
nances due to non-porphyrin protons is proof of 
negligible pseudocontact shift c o n t r i b u t i ~ n . ~ ~  The 
spectrum was first reported by Mori~hima,5~l"~~ but 
the interpretation was very tentative. It was noted the 
similarity in the pyrrole-H shifts in high-spin iron(II1) 
and iron(1V) model complexes and the fact that the 
heme methyl shifts in HRP and HRP compound I are 
similar. Later, by reconstituting HRP with deuterio- 
hemin, La Mar et al. clearly demonstrated that the 
similarity in the methyl shifts of compound I and the 
shifts in high-spin iron(1V) model compounds is a 
coincidence not recognizable in deutero-HRP com- 
pound I.6es The large downfield methyl and upfield 
proton shifts in deutero-HRP compound I (Figure 95B) 
have been proposed to be consistent with extensive spin 
delocalization primarily in the ?r system, as may be 
expected for a free radical. The differences in line 
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Figure 94. lH NMR spectra (360 MHz) of (A) sperm whale ferryl Mb (pH 7.81, (B) sperm whale ferryl Mb reconstituted with 
hemin deuterated at the meso position (pH 7.8), (C) HRP compound I1 (pH 9.2), and (D) HRP compound I1 reconstituted 
with hemin deuterated at the meso position (pH 9.2). All the spectra were recorded at 298 K in DzO solution, 0.2 M NaC1. 
(Reprinted from ref 594. Copyright 1983 American Chemical Society.) 

the porphyrin n cation radical through the heme 
proximal or distal side, or a combination of both. 

NOE experiments have been successfully applied to 
HRP compound I.3439344 The short 2'1 values ( N 8 ms) 
for the heme resonances allowed very rapid data 
acquisition, making possible the detection of small 
NOES even in relatively unstable reactive intermediates 
such as compound I. The trans and cis configurations 
have been established for the 2- and 4-vinyl groups, 
respectively,u as found in resting HRP and in HRP- 
CN-. The previously unassigned (u-CH~ protons of the 

heme propionate side chains have been located.343 From 
an estimation of the NOE effect on the adjacent heme 
methyls and based on the fact that the predominant 
methylene proton contact shift is strongly dependent 
on the rotational position of the side chains, the 
orientation of the propionate groups has been deter- 
mined. It has been proposed that the compound I 
formation is accompanied by a 5' rotation of the 
6-propionate, the 7-propionate being essentially unal- 
tered.343 Since the benzhydroxamic acid substrate has 
been found to be located near the 7-propionate group, 
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Figure 95. 1H NMR spectra (360 MHz) of (A) HRP compound I and (B) deutero-HRP compound I. The spectra were recorded 
at 298 K in 0.2 M NaC1, pH 7.0. (Reprinted from ref 596. Copyright 1980 American Chemical Society.) 

it seems that the substrate binding site is not signif- 
icantly altered upon formation of compound I. The 
absence of NOES to the peak at  21 ppm indicated that 
it cannot arise from a heme proton. Due to negligible 
pseudocontact shift, it  has been proposed that it arises 
from the proximal histidine residue.343 The similarity 
of its relaxation properties relative to those of the 
proximal histidine P-CH2 in resting HRP suggested that 
this signal arises from a P-CH2 proton. Studies on model 
compounds have demonstrated that the iron center 
cannot be entirely responsible for the substantial 
histidine P-CH2 contact ~ h i f t . ~ ~ ~ ~ ~  On this basis it was 
proposed that the cation radical in HRP compound I 
is not localized solely on the porphyrin but exhibits 
significant delocalization onto the axial histidine.%3 

The spectrum of CcP compound I (Figure 98B) is 
quite different from that of HRP compound I,6o1 but 
similar to HRP compound 11, and to the hydrogen 
peroxide forms of metMb and soybean leghemoglo- 
bin.so2 This is consistent with the interpretation that 
the second oxidizing equivalent in CcP resides on an 
amino acid residue spatially separated from the heme 
ring. By ENDOR measurements the cation radical has 
been recently localized on Trp 191.803 Trp 191 is parallel 
to and exhibits T-T contacts with the proximal histidine 
imidazole ring. All the above reported NMR results 
are consistent with a picture in which the reaction of 
CcP with peroxide yields initially a porphyrin-centered 
cation radical as in HRP. Its delocalization onto the 
proximal histidine proposed for HRP might allow it to 
move onto the Trp 191 ring in CcP. 

CcP compound I1 cannot be formed stoichiometrically 
from CcP compound I because all reducing agents 
reduce both species at  comparable rates. As found by 
other techniques, the formation of compound I1 can be 
inferred from biphasic spectroscopic behavior, i.e. 
neither the disappearance of compound I1 resonances 

nor the appearance of the heme methyl signals of the 
ferric enzyme titrate linearly with increasing concen- 
tration of the reducing substrate.ml 

No significant changes in line widths or chemical shift 
values have been detected for the hyperfine-shifted 
ferricytochrome c heme methyl resonances upon oxi- 
dation of CcP in the complex formed by the two 
proteins." 

The 'H NMR spectrum of the species obtained upon 
addition of 1 equiv of H202 to Coprinus peroxidase 
shows four methyl signals at  85.1, 71.7, 61.5, and 48.4 
ppm and signals of intensity one in the region -22 to 
-27 ppm (Figure 99). Under conditions required for 
obtaining a proton NMR spectrum Coprinus peroxidase 
compound I has a half-life of approximately 12 min.Ss2 

V I .  Non-Heme, Non- Iron-Sulfur, Iron Proteins 

Excluding the heme and iron-sulfur proteins, which 
have been thoroughly studied by means of NMR 
spectroscopy, iron is also present in metalloenzymes 
bound to oxygen a t o m ~ . S g * ~ * ~  Among them, we can 
distinguish those containing only one iron atom per 
unit from those possessing a binuclear oxo-bridged iron 
 enter.^^@^^^^ In order to understand the NMR 
spectra of these proteins, many of mono- and dinuclear 
iron model compounds have been synthesized and 
studied.N7-'314 

Typical iron ligands in these proteins are His, Tyr, 
Glu, and Asp residues. The observed hyperfine shifts 
of signals corresponding to iron ligands are expected to 
be mainly contact in origin. In phenolate ligands, 
unpaired spin density delocalizes via a ?r mechanism. 
This results in an alternation of the sign of the contact 
shifts of the ortho, meta, and para ring 

Among the mono-iron proteins, the existence of the 
aromatic-degrading catechol dioxygenases should be 
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Figure 96. 1H NMR spectra (300 MHz) of (A) HRP compound I, (B) deutero-HRP compound I, (C) HRP reconstituted with 
ruthenium(I1) mesoporphyrin, and (D) HRP reconstituted with ruthenium(I1) deuteroporphyrin. All the spectra were recorded 
at 283 K in 0.1 M phosphate buffer, pH 7.0. (Reprinted from ref 599. Copyright 1986 American Chemical Society.) 
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Figure 97. The 2Alu and 2A2u configurations proposed for 
the porphyrin cation radical. 
mentioned. These can be classified in extra- and 
intradiol dioxygenases.806 Only the latter, which contain 
pentacoordinate high-spin iron(II1)  enter,^^?^'^ have 
been studied by means of NMR. The iron ligands are 
two tyrosinates, two histidines, and a water molecule, 
as shown by an X-ray study.615 The NMR spectrum of 
the intradiol dioxygenase exhibits four very broad ill- 
defined paramagnetically shifted signals (Figure 100A). 
This is due to the slow relaxing characteristics of high- 
spin iron(II1) and Curie relaxation effects which are 
operative in such a large protein (MW 63 000). Upon 
substrate binding the spectra display narrower line~.B~~@l' 
(See Figure 100, parts B and C.) Ring protons from the 
aromatic substrate are not observed, probably due to 
the vicinity of the iron ion. Neither signals for the 
tyrosinate ligands seem to be detectable, since the 
characteristic upfield-downfield shift pattern of a 

metal-bound phenolate moiety is not observed. Relying 
on this observation and by comparison with the shifts 
observed in model complexes,8081809~611~612 it was suggested 
that the-hyperfine shifted signals could arise from 
P-CHz groups of the bound His and Tyr residues. 

The enzyme isopenicillin N synthase (IPNS) (MW 
38,400) contains a high-spin non-heme iron(I1) center. 
Its structure is still unknown. Its lH NMR spectrum 
has revealed the existence of three signals corresponding 
to exchangeable protons at  ca. 65 ppm, suggesting the 
presence of three His residues bound to the iron ion 
and a two-proton signal at 42 ppm.8'8 The interaction 
of the enzyme with its natural substrate and with NO 
has been monitored by lH NMR spectroscopy, allowing 
the authors to propose a structure of the active site and 
a catalytic mechanism.619 One of the His residues seems 
to be detached from the metal ion upon binding of both 
the substrate and NO. Since the resonances in the 
native proteins are too broad to perform NOE exper- 
iments, the iron(I1) ion has been replaced by cobalt(I1) 
(see section VII).6l9 

When discussing binuclear oxo-bridged iron proteins, 
some of their interesting properties should be men- 
tioned. They are capable of performing oxygen trans- 
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Figure 98. lH NMR spectra (360 MHz) of (A) resting-state ferric CcP and (B) CcP compound I. The spectra were recorded 
at 284 K at pH 7.4. (Reprinted from ref 601. Copyright 1981 Journal of Biological Chemistry.) 
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Figure 99. 1H NMR spectra (300 MHz) of (A) Coprinus 
peroxidase and (B) Coprinus peroxidase compound I. (Re- 
printed from ref 332. Copyright 1989 American Chemical 
Society.) 
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Figure 100. 1H NMR spectra (300 MHz) of (A) native 
catechol 1,Zdioxygenase (CTD) and ita complexes with (B) 
catechol and (C) Cmethylcatechol. The spectra have been 
recorded in DzO solutions. (Reprinted from ref 616. Copy- 
right 1987 American Chemical Society.) 

port, oxygen activation, and insertion into an unacti- 
vated C-H bond, phosphate hydrolysis, and electron 
transfer.S@*@*m Their active sites consist of mono- or 
bis(H-carboxylato) (p-oxo)diiron units. Examples in- 

His- "9 '7 \ 

A 

HIS I 

P G I "  

HIS 

Figure 101. Schematic view of the active sites of (A) 
hemerythrin and (B) ribonucleotide reductase, resulting from 
their X-ray structures. 

clude hemerythrin, ribonucleotide reductase, and pur- 
ple phosphatases. (See Figure 101.) As in the case of 
iron-sulfur proteins, the bridging anions facilitate the 
antiferromagnetic coupling between the metal ions and 
the iron ions may be found in different oxidation states. 
The iron ions generally display either hexa- or penta- 
coordination; in the latter case a potential coordination 
site for the binding of substrates is available. 

The assignment strategy undertaken by Que and co- 
workers for the study of these proteins relied heavily 
on the comparison with chemical shifts observed in 
mononuclear iron complexes. As already discussed in 
this review, the antiferromagnetic coupling of two iron 
ions reduces the (S,) in the polymetallic center, 
resulting in smaller contact shifts for the bound ligands 
with respect to mononuclear systems. Hence, for a 
proper comparison with values of monoiron models, 
using this approach, the observed chemical shifts in 
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proteins are scaled up to shift values for J = 0 
(uncoupled system). 

In hemerythrin (Hr),80*6@3@0v621 the two iron ions are 
bridged by an oxo group and two carboxylate moieties 
as determined by the X-ray s t r ~ c t u r e . ~ ~ ~ ~ ~ ~ ~  The ions 
are also coordinated to five histidines: two to one iron 
and three to the other (see Figure 101A). A sixth 
coordination site remains vacant in one of the iron ions, 
which may be occupied by peroxide or other small 
anions. This system may exist in three formal oxidation 
states: [iron (II),iron (1111 (deoxy), ~iron(II),iron(III)] 
(semimet), and [iron(III),iron(III)l (oxy and met). All 
of them have been characterized by NMR spectroscopy. 

The 300-MHz NMR spectra of metHr and oxyHr 
feature three sets of very broad, poorly resolved 
paramagnetically shifted s i g n a l ~ e ~ ~ ~ ~ ~ ~  in the 30-10 ppm 
range (see Figure 102A). Two of them (A and B) belong 
to solvent-exchangeable protons, and they have been 
attributed to NH protons of the bound histidines. Their 
chemical shifts (20-12 ppm) are smaller than those 
observed in mononuclear iron(II1) complexes (100-80 
ppm),m as expected from the strong antiferromagnetic 
coupling present in metHr (J  = 268 cm-l). The identity 
of signal C (at 11 ppm) as belonging to a methylene 
group of a bridging residue has been suggested by 
analogy with binuclear acetate-bridged models. (The 
acetate methyl resonance in [(HBpz3Fe)zO(OAc)2] is 
at  10.5 ppm.610) When azide binds to metHr, the signals 
belonging to the NH histidine protons present different 
shift values, always in the same range (cf. Figure 102B). 

In deoxyHr (containing two iron(I1) ions) the NH 
histidine proton signals are found in the 65-40 ppm 
region (see Figure 102C).625 MCD measurements have 
indicated for deoxyHr a weaker antiferromagnetic 
coupling (J  = 60 cm-l) than that in oxyHr (J  = 154 
cm-1).6Z6 This explains why the shifts are only slightly 
smaller than those observed in high-spin iron(I1) 
mononuclear imidazole complexes (79-57 ppmhm 
Further unassigned upfield signals are also detected in 
the deoxy form. Anion binding is known to weaken the 
antiferromagnetic coupling. In the case of azide, the 
binding completely decouples the ferrous This 
fact can be qualitatively monitored by NMR by 
comparing the shifts with those observed in mononu- 
clear iron(I1)-imidazole complexes.m 

By means of one-electron reduction of metHr or one- 
electron oxidation of deoxyHr, mixed-valent [iron- 
(III),iron(II)] semimetHr forms are obtained, which give 
low-temperature EPR spectra characteristic of a S = 
1/2 ground again indicating an antiferromagnetic 
coupling. The NMR spectrum of the azide adduct of 
semimetHr displays two exchangeable signals at  72 and 
54 ppm in a 2:3 ratio (see Figure 102D).625 By 
comparison with iron(II1) and iron(I1) model com- 
pounds and by assuming that the ligands coordinated 
to a certain metal ion will be influenced by that ion 
only (a good approximation in weakly coupled systems), 
it has been proposed that the reduced iron ion is the 
one bound to three histidines. 

Ribonucleotide reductase B2 from E. coli contains 
two identical subunits of MW 39 000, each containing 
a dinuclear iron center.e28 Its lH NMR spectrumez9 
shows an exchangeable signal at  24 ppm (similar to the 
value observed in metHr) and a nonexchangeable 
resonance at  19 ppm, the intensity ratio of the peaks 
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Figure 102. 1H NMR spectra (300 MHz) of (A) Phascolopsis 
gouldii metHr at 303 K, (B) P. gouldii metHr-N3 adduct at 
303 K, pH 7.5, (C) P. gouldii deoxyHr at 313 K, and (D) P. 
gouldii semimetHPN3 adduct at 313 K. All the spectra were 
recorded in H2O solutions. The shaded signals correspond 
to exchangeable protons in D2O solutions. (Part A, reprinted 
from ref 624. Copyright 1984 American Chemical Society. 
Part D, reprinted from ref 625. Copyright 1986 American 
Chemical Society.) 

being 3:l. The reduced protein (diferrous) exhibits 
proton NMR resonances at 45 and 57 ppm in a 1:l 

the first being exchangeable and probably 
attributable to a histidine ligand. The nonexchangeable 
signals could arise from methylene protons of non- 
bridging carboxylate ligand residues. The lines are very 
broad owing to the protein size, and the quality of the 
spectra is poor. All spectroscopic data pointed to an 
active site similar to that of hemerythrin but with fewer 
histidine ligands,626*630 as has been recently shown by 
the X-ray structure of the enzyme.631 

The most important results from NMR studies of 
diiron oxo proteins have appeared recently and regard 
purple acid phosphatases (PAPS) .~~@~@~ The most 
extensively studied in this group are uteroferrin (Uf) 
and that from bovine spleen (BSPAP), both of medium 
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three of them exchangeable in a DzO solution. (See 
Figure 103 A.) In this case, the electronic relaxation 
time is dominated by the faster relaxing iron(I1) ion 
and allows the detection of the hyperfine-shifted signals. 
The spectrum of reduced BSPAP is similar to that of 
Uf (cf. Figure 103C), except for the fact that it does not 
display upfield signals. Both proteins are known to 
bind inorganic anions like molybdate and tungstate. 
The spectra of the tungstate adducts are shown also in 
Figure 103, parts B and D. 

The observed hyperfine-shifted signals can be as- 
cribed to the metal-bound residues. In an early NMR 
study an assignment for Uf was proposed by comparison 
with mononuclear iron(I1) and iron(II1) complexes.80B 
A saturation-transfer effect observed between signals 
c and d (lettering according to Figure 103) suggested 
that they corresponded to the H61 and H62 protons 
respectively of a bound tyrosine experiencing a dynamic 
exchange by an aromatic ring flipping. Their shifts 
were also consistent with a Tyr bound to an iron(II1) 
ion. The nonexchangeable upfield signal y was assigned 
to an HE Tyr proton because of the sign and magnitude 
of its shift.- Later,= it was observed that the T1 values 
of signals a and j corresponded to protons farther from 
the metal center and (as demonstrated by a NOE 
experiment) dipolarly connected. These signals were 
attributed to the P-CH2 protons of the bound tyrosine. 
All this information led to the proposal that only one 
Tyr residue was bound to the iron(II1) ion, the other 
signals being assigned to two histidine residues each 
bound to a different iron ion. Signals corresponding to 
a bridging residue were not expected to be observed 
because of their vicinity to the two metal ions. This 
has been possible, however, upon replacement of one 
of the iron ions by cobalt(II),637 as will be discussed in 
section VII. Further NOE experiments on the native 
enzyme Uf and on its tungstate adduct6% (see spectrum 
on Figure 103B) allowed the authors to confirm and to 
correct some previous assignments. Table XI1 sum- 
marizes these assignments. In all these cases, the 
identification of the oxidation states of the metal ions 
was performed by comparison of the observed shifts 
with model mononuclear complexes and by calculating 
the expected reduced shift by the effect of the magnetic 
coupling. 

A recent report614 shows the applicability of 2D 
techniques on small paramagnetic diiron model com- 
pounds. No 2D NMR experiments on native diiron- 

\ 

\ 

\ 

Chemical shift (ppm) 
Figure 103. lH NMR spectra (300 MHz) of (A) reduced 
uteroferrin, (B) reduced uteroferrin-W04% complex, (C) 
reduced bovine spleen purple acid phosphatase (BSPAP), 
and (D) reduced BSPAP-WO4" complex. All the spectra 
were recorded in H2O solutions at pH 4.9 and 303 K. The 
shaded signals correspond to exchangeable protons in DzO 
solutions. The solid lines indicate dipolar connectivities as 
results from NOE experiments. (Part A, reprinted from ref 
609. Copyright 1983 Journal of Biological Chemistry. Part 
D, reprinted fromref638. Copyright 1992American Chemical 
Society.) 

molecular size (35 000). The diiron center may exist in 
the purple oxidized (two iron(II1) ions, EPR silent) or 
in the pink reduced (one iron(II1) and one iron(II), with 
a S = '/2 ground state) form, both of them always 
displaying an antiferromagnetic ~ o u p l i n g . ~ ~ ~ ? ~ ~ ~  No 
X-ray data are available for any purple acid phos- 
phatase, thus the possible structure of the active site 
has been proposed on the basis of spectroscopic data 
only. 

In the oxidized diferric Uf, no hyperfine-shifted 
signals could be detected in the 100 to-80 ppm spectral 
window.- This fact has been attributed to the slow- 
relaxing properties of iron(II1). On the other hand, the 
spectrum of reduced Uf shows 10 well-resolved hyper- 
fine-shifted signals which correspond to 13 protons, 

Table XII. lH NMR Chemical Shifts of Reduced Uteroferrin (Uf), Bovine Spleen Phosphatase (BSPAP), and Their 
Tungstate Adducts at 303 K 

chemical shift (ppm) (TI) 
signal UP BSPAPb Uf-WO2- BSPAP-WOdZ tentative assignmentb 

a 86.6 (19.5) 69.5 112.7 (27.5) 115.8 Fe(II1)-Tyr H@1 (H82) 
b 88.4 (3.8) 83.2 88.3 (7.7) 89.2 Fe(II1)-His H6l 
C 70.0 (7.7) 69.5 72.1 (11.0) 73.4 Fe(II1)-Tyr H61 (HB2) 
d 62.4 (7.3) 69.5 72.1 (11.0) 73.4 Fe(II1)-Tyr Hb2 (H61) 
e 44.0 (-) 39.9 54.5 (13.3) 54.5 Fe(I1)-His Hc2 
f 43.5 (6.8) 39.9 46.4 (16.2) 43.8 - 

43.5 (6.8) 39.9 44.2 (11.2) 47.0 Fe(I1)-His H62 
29.5 (5.9) 30.0 28.1 (13.0) 28.3 - 
23.4 (11.3) 24.0 23.7 (20.6) 25.1 Fe(II1)-His H@1 i 

- 12.0 Fe(II1)-Tyr H@2 (H@2) 15.1 (20.2) - 
X -24.5 (2.6) - -23.7 (6.0 - j 

Y -68.0 (-) -72.0 (-) Fe(II1)-Tyr Hcl (He2) 

g 

a Taken from ref 636. b Taken from ref 638. 
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oxo proteins have been reported up to this point. This 
is not an easy task since these proteins are of medium 
size, and considerable line broadening due to Curie 
relaxation effects is observed at high fields. For 
example, the line widths of the hyperfine-shifted signals 
in reduced uteroferrin range from 400 to 1400 Hz at  
300 M H Z . ~  

Bertlnl et ai. 

V I  I .  Cobatt(I I )  Proteins 

Cobalt(II), although not naturally present is metal- 
loenzymes, has been recognized as a useful paramagnetic 
probe owing to its spectroscopic properties, as already 
pointed out in section 1I.C as far as electron relaxation 
times are concerned. Cobalt(I1) substitution has proved 
useful in the study of metalloproteins which may 
otherwise be difficult to study using NMR.639-g42 Dif- 
ficulties arise in medium- or large-sized zinc enzymes 
and also in proteins containing copper. 

Zinc(I1) is diamagnetic, and the 67Zn isotope has a 
magnetic moment which is too low to be observed by 
NMR at the concentration of metalloproteins.'3431644 
Owing to the similarities of the coordination chemistry 
of zinc(I1) andcobalt(II), cobalt(I1)-substituted enzymes 
retain all or part of the activity of the native proteins 
and represent ideal models of the latter systems.639~~ 
Cobalt(I1) substitution induces hyperfine shifts on 
protons belonging to residues in the active site, avoiding 
the problem of signal overcrowding encountered in 
medium- or large-sized enzymes. 

In the case of copper(I1) proteins, the slow relaxation 
properties of the metal ion induce such a large broad- 
ening on the NMR signals of nearby protons that they 
are rendered u n d e t e ~ t a b l e . ~ ~  Again, cobalt(I1) sub- 
stitution allows the detection of hyperfine-shifted 
signals near the metal site. 

Cobalt(I1) is a d7 ion, which may be high spin (S = 
3/2) or low spin ( S  = 1/2).7 The low spin form is generally 
present under strong-ligand conditions. This situation 
can be encountered in planar complexes, like cobalt(I1) 
porphyrinsWtM7 or when two simultaneous cyanide 
ligands are coordinated.648 High-spin cobalt(I1) is found 
in tetrahedral, pentacoordinate, and octahedral com- 
plexes. 

A. High-Spin Cobalt( I I )  
High-spin cobalt(I1) is usually found when replacing 

the metal ion in zinc enzymes. It displays electronic 
relaxation times in the 10-11-10-12-s range, depending 
on the coordination geometry. Tetracoordinate co- 
balt(I1) has an orbitally nondegenerate ground state, 
whereas pentacoordinate cobalt(I1) possesses low-lying 
excited states, so that a shorter relaxation time is 
expected. The latter situation also holds for pseu- 
dooctahedral coordination. In the tetracoordinate case 
the longer 7. will therefore give rise to broader lines 
and shorter TIS with respect to penta- or hexacoordinate 
sy~tems.6@9*6~ 

Residues coordinated to cobalt(I1) yield proton 
resonances experiencing large contact shifts. Regarding 
pseudocontact shifts, one should recall that the mag- 
netic anisotropy of the cobalt(I1) ion increases in the 
following order: tetrahedral, pentacoordinate, octa- 
hedral.@jl Hence, the pseudocontact contribution to 
the observed shifts will increase in the same direction. 
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His 
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'His E 
Figure 104. Schematic representations of the active sites of 
the following zinc enzymes: (A) carbonic anhydrase, (B) 
carboxypeptidase A, (C) liver alcohol dehydrogenase, and (D) 
site A and (E) site B in alkaline phosphatase, as resulting 
from their X-ray structures. 

H 

Figure 105. Possible modes of coordination of a histidine 
residue to a metal ion. 

The pseudocontact shifts may in some cases be large, 
as will be discussed later. 

Figure 104 shows the active site of four zinc enzymes 
which have been subject to cobalt(I1) substitution. 
These will be discussed here. They are carbonic 
anhydrase (CA), carboxypeptidase A (CPA), liver 
alcohol dehydrogenase (LADH), and alkaline phos- 
phatase (AP). Histidines are common metal ligands in 
zinc enzymes. The first NMR studies of cobalt(I1)- 
substituted zinc enzymes have in many cases enabled 
the assignment of the signals corresponding to the 
bound histidines to be made. This has generally been 
achieved by comparison with spectra of model com- 
plexes or of other cobalt(I1)-substituted zinc enzymes. 

Ring histidine protons in ortho positions with respect 
to the cobalt(I1) ion display broader signals than meta 
protons, sometimes being beyond the limit of detect- 
ability. Histidines may be bonded to the metal ion 
through the N61 or through the Ne2 nitrogen atom (see 
Figure 105). Residues bound through the N61 nitrogen 
have one ortho-like proton (Hel, nonexchangeable) and 
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Figure 106. 1H NMR spectra (200 MHz) of several adducts of cobalt(I1)-substituted bovine carbonic anhydrase 11. All the 
spectra were recorded in HzO solutions at 300 K. The shaded signals correspond to exchangeable protons in DzO solutions. 
The dashed lines correlate the signals of the methyl groups of the residues Thr 199 and Thr 200 in the different adducts. 
(Reprinted from ref 656. Copyright 1990 Gordon & Breach.) 

two meta protons (H62 and  HE^), while the opposite 
situation is encountered for the case of Nc2-bound 
histidines. The resonances corresponding to histidine- 
ring protons may be differentiated in meta-like and 
ortho-like protons according to their line widths. Those 
associated with the imidazole NH protons of histidines 
bound to the cobalt(I1) ion may be recognized by their 
solvent exchangeabilities. This method, however, has 
in some cases led to erroneous assignments. The recent 
application of NOE and 2D experiments to these 
systems has led to a rigorous assignment for many of 
these resonances. 

Carbonic anhydrase (CA hereafter) is a hydrolytic 
medium size (MW 30 000) zinc enzyme652.653 in which 
the metal ion is tetrahedrally coordinated to three 
histidine residues and a water molecule.- Many anions 
and neutral molecules bind to the metal ion, either by 
adding to the coordination sphere as a fifth ligand or 
by replacing the water molecule, yielding a tetrahedral 
adduct. An equilibrium between the two species 
sometimes O C C U T S . ~ ~ ~  The X-ray structure is not only 

available for the native enzyme,854*668*669 but also for a 
number of tetra- and pentacoordinate adducts.- 
The NMR analysis of the diamagnetic zinc protein has 
been hitherto hampered by the size of the enzyme. A 
recent workM5 discusses the applicability of 2D tech- 
niques to medium-sized proteins, with CA as an 
example. 

Cobalt(I1)-substituted CA (CoCA hereafter) repre- 
sents an ideal system in which to monitor protein 
residues present in the active-site ~ a v i t y . s ~ * ~  The 1H 
NMR spectrum of native CoCA at  pH 6.0 shows three 
well-shifted paramagnetic signals in the 70-50 ppm 
range, corresponding to four protons (three of them 
exchangeable in D20, see Figure 106).687 The four 
shifted resonances were assigned in an early work to 
protons of the coordinated histidines by comparison 
with model ~omp1exes.M~ The three exchangeable 
signals correspond to "meta"-like NH protons. The 
nonexchangeable proton is identified as the H62 proton 
of Hisll9, which is the only histidine bound to the metal 
ion through its N61. 



2910 Chemlcal Revlews, 1993, Vol. 93, No. 8 Bertlnl et al. 

human isoenzyme I1 (HCA 11) at  200 and 600 MHz. We 
may distinguish three types of hyperfine-shifted res- 
onances in these spectra. First, signals A-D, which 
display large downfield chemical shifts and are broad- 
ened by up to 1200 Hz at  600 MHz. A second group 
is constituted by seven very broad signals which are 
barely detectable at  200 MHz (some of them, i.e. signals 
B', E, x, y and z, are shown in Figure 107A) but may 
be observed at  lower fields. Finally, the signals falling 
in the 20 to -20-ppm range, which become well resolved 
in the 600-MHz spectrum (cf. Figure 107 B). 

The identity of signal B as belonging to a His residue 
has been confirmed by the fact that this signal is absent 
in a spectrum of a protein sample in which all the His 
ring protons had been de~terated.6~~ NOE experiments 
on this signal have indicated that signal A is the He2 
proton of the same His re~idue.66~ The very broad 
signals found both in the upfield and in the downfield 
regions of the spectrum had initially been assigned as 
the ortho protons of the coordinated hi~tidines,M~J3~~ 
due to their large line widths (up to 1500 Hz at 200 
MHz). Some of these signals are absent in spectra 
recorded in a protein sample in which all the His 
residues are deuterated. NOE experiments have been 
performed on some of these very broad signals providing 
information for their assignment to specific histidine 
re~idues.6~~ 

Regarding the signals corresponding to non-bound 
residues, their assignment is of relevance for the 
estimation of the x tensor parameters. This depends 
on the possibility of assigning a reasonable number of 
signals corresponding to nonbound residues. The 
calculation of pseudocontact shifts (already discussed 
in section V) has been seldom performed on non-heme 
proteins. This is due partly to the smaller number of 
assignments of nonbound residues available for these 
systems and partly to the intrinsically lower symmetry 
of non-heme metal centers. 

The lH NMR spectra of pentacoordinated adducts 
usually show two readily identifiable methyl resonances 
(one upfield, one downfield) coming from nonbound 
residues. Their positions in the spectra of different 
adducts are correlated by means of dashed lines in 
Figure 106. They had been first tentatively assigned 
to the methyl groups of two Thr residues residing in 
the active-site ~ a v i t y . ~ ~ ~ ~ ~ ~  The upfield resonance is 
absent in the spectra of the human isoenzyme I where 
one of these residues is replaced by a His.ss9 Both 
methyl groups are approximately at  the same distance 
from the metal center (5.6 and 5.9 A respectively), so 
that the opposite sign of their shifts is due exclusively 
to the orientation of the x tensor. These assignments 
were later verified by recognizing the spin patterns of 
these resid~es.@~J3~l However, the pseudocontact shift 
of the different protons of a certain residue may be 
quite different, and it is not always possible to find 
complete spin patterns outside the diamagnetic enve- 
lope. 

In a further stage, NOE experiments in the formate 
and acetate adducts have been performed by irradiating 
the inhibitor signals. The combined use of NOE and 
2D experiments has led to the docking of the anions in 
the hydrophobic pocket of the active site.s70 Recent 
studies on the bovinessg and on the human I1 isoen- 
z y m e ~ ~ ~ ~  have applied the following assignment strategy. 
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Figure 107. lH NMR spectra of the thiocyanate adduct of 
cobalt(I1)-substituted human carbonic anhydrase I1 at (A) 
200 and (B) 600 MHz. All the spectra were recorded in H2O 
solutions at pH 6.7 and 300 K. The shaded signals indicate 
protons that are exchangeable in a D2O solution. 

When the enzyme is inhibited by anions yielding 
pentacoordinate adducts, the higher magnetic aniso- 
tropy of the metal ion induces larger dipolar shifts. 
This is reflected in a larger spread of the histidine 
signals. In addition, a set of hyperfine-shifted signals 
is observed near the diamagnetic envelope both in the 
downfield and in the upfield regions (see Figure 
106).66e@7 Tetracoordinate adducts produce spectra 
more akin to that of the native enzyme. For the above 
reasons, pentacoordinate adducts are the most suitable 
for investigation by NMR. 

Although the TI values of the histidine ring protons 
have a large contribution of ligand-centered mecha- 
nisms, longer times (15-30 ms) are observed in pen- 
tacoordinate adducts owing to the shorter r8, when 
compared with those present in tetrahedral adducts 
(less than 10 The 7'1 values of these signals 
have thus been used as an indication of the coordination 
number of the cobalt(I1) ion. In the case of the low- 
activity HCA I isoenzyme,668 different coordination 
geometries have been recognized in the high- and low- 
pH species by this means. 

A further insight into the assignment of noncoordi- 
nated residues in the active site of this enzyme has 
been recently gained by means of NOE and 2D NMR 
experiments on different pentacoordinate adducts of 
some b ~ v i n e ~ g ~ ~ ~ ~  and isoenzymes. Spectra 
recorded on different adducts may be correlated by 
cross titration,BMpmg allowing the extension of the 
assignments from one adduct to the others. Figure 107 
shows the spectra of the thiocyanate adduct of the 
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Figure 108. 1H NMR NOESY spectra (600 MHz) of the thiocyanate adduct of cobalt(I1)-substituted human carbonic anhydrase 
I1 in HzO solution at  290 K. The cross peaks marked with stars are absent in the corresponding experimenta performed on 
a protein in which all the histidine residues were deuterated. The upper left triangle (A) corresponds to an experiment 
performed with a mixing time of 20 ms, whereas the lower right triangle (B) corresponds to an experiment performed with a 
mixing time of 100 ms. Cross-peak labeling is as follows: (1) H61 HislO7, NH HislO7; (2) H61 HislO7, HP1 HislO7; (3) H61 
HislO7, He1 HislO7, F H; (4) Hy2 Glu117, HO1 Glu117; (5) Hy2 Glu117, Hyl6lu117; (6) Hy2 Glu117, H/31 Glull71; (7) NH, 
HislO7K, NH Glu106; (8) HO1 Glu117, Hyl  Glu117; (9) H@1 Glu117, H/32 Glu117; (10) NH, Ile146, H a l  Gly145; (11) NH, 
Ile146, Ha2 dy145; (12) H a l  Glyl45, Ha2 Gly145; (13) NH Gly145, Ha2 Gly145; (14) H a l  Gly145, NH, Gly145; (15) NH, 
HislO7, H@1 HislO7; (16) HO1 His96, Ha His96; (17) NH Gfn92, NH Gln92. 

By irradiating signals A-D, a series of NOES are 
observed in the 20 to-20 ppm region. The identification 
of the signals dipolarly connected with A-D may be 
obtained by means of 2D experiments (see Figure 108). 
The combined use of 2D NMR and isotope labeling 
techniques, assisted with the aid of computer graphics 
analysis of the crystallographic structure has enabled 
the assignment of a number of signals corresponding 
to nonbound residues sensing the paramagnetic cen- 
ter.e71 Table XI11 summarizes a series of assignments 
for the thiocyanate adduct of the human I1 isoenzyme. 

By these means, an orientation of the magnetic 
susceptibility tensor has been proposed for different 
pentacoordinated add~cts.MB@7~ The different shifts 
found for the same residues in various inhibitor 
derivatives may be accounted for by assuming different 
Ax values rather than by changing the orientation of 
the x tensor. 

Cobalt(I1)-substituted carboxypeptidase A (CoCPA 
hereafter) is another example in which the zinc ion has 
been replaced by cobalt(I1). In CPA the metal ion is 
bound to two His and a Glu residue, as determined by 
crystallographic methods (see Figure 104B).673p674 The 

lH NMR spectrum of Co(1I)CPA (see Figure lO9A) 
displays four well-defined isotropically shifted signals 
in the downfield region, one of them being exchangeable 
and therefore assigned to a He2 proton of a coordinated 
histidine. The NH belonging to the second bound 
histidine is not detected, probably due to fast exchange 
with the bulk solvent. Two sharp signals a t  52 and 45 
ppm have been scribed to the H62 protons of His 69 
and 196. The fourth (broader) signal at  56 ppm and 
two further peaks (barely detectable) at  75 and 40 ppm 
have been attributed to the He1 protons and a yCH2 
proton of the bound Glu r e ~ i d u e . 6 ~ ~ ~ ~  A NOE exper- 
iment has indicated that signals a and c belong to the 
same His residue (unpublished results from this lab). 
Many derivatives of CoCPA have been investigated with 
amino acids and However, the protein is 
soluble only in viscous high ionic strength solutions, 
and therefore, the signals are broad and no 2D NMR 
spectra have been performed on it. 

Liver alcohol dehydrogenase (LADH) is a dimeric 
zinc enzyme of molecular weight 80 OOO containing two 
zinc ions in each subunit. The metal ion is coordinated 
to a His, two Cys residues and a water molecule in a 
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Table XIII. Signal Assignments for the Thiocyanate 
Adduct of Human Carbonic Anhydrase I1 from E. coli 
(Taken from Ref 671) 

~~~~~ ~ ~ 

signal chemical shifta assignment 
A' 123b ortho-like His protonc 
A" 95b ortho-like His protonC 
A 94.1 He2 His l lgd  
B 69.2 H62 His 119C~d 
C 66.4 H61 His 96d 
D 60.2 Hbl His 94d 
E 31.3b He1 His 96c-d 
F 20.76 H6l His 107d9efJ 
G 18.19 Hy2 Glu 117d*eJ 
H 15.85 NH pept. His 107OfJ 
I 15.17 NH Glu 106efJ 
J' 14.68 HP1 Glu 117eJ 
J" 14.74 He2 Gln 92'~f 
K 14.14 NH Ile 146d9efJ 
L 13.22 HP1 His 96d+ 
M 13.30 H82 His 96d*e 
0 12.35 Hal Gly 145dveJJ 

11.79 NH Gly 14W 
11.63 He2 Gln 92d*e 

Q 
R 
S 10.19 Hyl  Glu 117dte8 
T 9.48 HP2 Glu 117eJ 
U 8.90 Ha2 Gly 145d8eg 
V 7.74 HP2 His 94d,e 
W 7.63 Ha His 96dre 
X 6.65 HP1 His 107d*e 
Z 6.21 He1 His 107c@ 
m -1.61 HO Val 207e,h 
n -1.85 Hj31 Ser 2gdve 

P -3.00 HP Thr 19gd,e 

S -6.58 HP1 His 94d9e 
t -8.13 Ha Thr 19gdve 
U -11.18 HP Trp 209dJ 
V -16.16 y-CH3 Thr 19gdse 
X -31b H62 His 94c9d 
2 -42b NH Thr 19gd 

0 -2.30 r-CHs Val 207e* 

q -3.71 y-CH3 Val 207e* 

a At 600 MHz, except where indicated. At 200 MHz. As- 
signed by means of spectra of a sample with selectively deuterated 
His ring protons. Assigned by means of NOE experiments. 
e Assigned from NOESY spectra. f Identified as an NH proton 
by spectra in a16N-labeled sample. 8 Assigned from COSY spectra. 
h Assigned from TOCSY spectra. I Assigned by means of spectra 
on a sample with selectively deuterated Trp ring protons. 
I Assigned from a HMQC IsN-'H spectrum. 

distorted tetrahedral geometry (see Figure 1O4C)Y9 The 
lH NMR spectrum of CozZnzLADH (see Figure 109B- 
C) displays six very broad well-shifted downfield signals 
(one of them, c, corresponding to an exchangeable 
proton),m spanning from 280 to 70 ppm. These 
resonances are detectable only at low fields and possess 
TI values of ca. 1 ms. Signals d, f, and e would originate 
from the H d ,  H61, and H62 protons of the bound 
histidines respectively, as suggested by comparison with 
the spectra of COCA and CoCPA. Signals a (intensity 
two), b, and c were attributed to the P-CHz protons of 
the bound cysteines. A set of sharper hyperfine-shifted 
signals (better resolved at  higher fields) are present 
near the diamagnetic envelope, both in the upfield and 
in the downfield regions (see Figure 109C).m 

Copper, zinc superoxide dismutase (CuzZn2SOD 
hereafter), a dimeric protein of MW 32 000, has been 
extensively investigated by using cobalt(I1) as a spec- 
troscopic The copper(I1) ion is bound to 
four His and the zinc(I1) ion is coordinated to three His 
through their N61 atoms and one Asp residue (see Figure 
llOA), as shown by its X-raystructure.m2im The metal 
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Figure 109. (A) lH NMR spectra (90 MHz) of cobalt(I1)- 
substituted CPA at pH 6.0 and 300 K (the shaded signals 
indicate protons that are exchangeable in a DzO solution), 
(B) lH NMR spectra (60 MHz) of CozZnz LADH at pH 8.3 
in D2O (the dashed signal is present in a HzO solution), and 
(C) 300-MHz spectrum, of Co2Zn2 LADH in DzO. (Part A, 
reprinted from ref 676. Copyright 1988 American Chemical 
Society. Part C, reprinted from ref 680. Copyright 1984 
American Chemical Society.) 

ions are 6.3 A apart, with the imidazolate ring of His 
63 serving as bridging ligand. This protein may be 
obtained from different sources and the human enzyme 
has been cloned and overexpressed in yeast and E. coli. 
The numbering of the residues used throughout this 
review corresponds to the human enzyme. 

The protein can be deprived of both native metal 
ions.685@7 Addition of one equivalent of cobalt(I1) a t  
pH 5.0 provides a derivative in which the cobalt(I1) ion 
is bound to the zinc(I1) The lH NMR 
spectrum of EzCozSOD (where E stands for empty and 
the subscript 2 indicates the dimeric nature of the 
protein) is reported in Figure lllA.56 The resonances 
in the 60-30 ppm region correspond to metal-bound 
residues. Three H62 His protons are detected (signals 
A, C, and D), as well as two exchangeable NH protons 
(B and G). The third NH is probably in fast exchange. 
The spectrum recorded in a protein expressed in E. 
coli with the His residues deuterated in the He1 position 
(ortho-like) is similar to that reported in Figure 111A, 
indicating that the signals corresponding to these 
protons are broadened beyond detection at  200 MHz."~ 
NOE experiments have suggested that signals E and F 
correspond to a geminal pair, probably the D-CHz group 
of the coordinated A ~ p 8 3 . l ~ ~  

If copper(I1) is added to a solution of this derivative, 
a CuzCoZ-enzyme is obtainedm which has almost the 
same biological activity as the native enzyme.B84*886 Upon 
treatment with dithionite, a reduced enzyme containing 
copper(1) is obtained. The spectrum of the Cu12Co~SOD 
derivative (Figure 111B) is similar to that of EzCozSOD 
but in this case three signals corresponding to ex- 
changeable protons are found.688 Since cobalt(I1) is 
the only paramagnetic probe, the detection of three 
NH protons has been taken as a proof of the detachment 
of the bridging His from the copper site upon reduction 
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Figure 110. Schematic view of the active site of CuzZnzSOD in the (A) native form, as it appears from the X-ray analysis and 
(B) reduced form, adapted from the X-ray structure. The solid lines denote dipolar connectivities detected by means of NOE 
experiments, whereas the dashed lines indicate additional dipolar connectivities as determined by means of a NOESY experiment. 
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Figure 111. 1H NMR spectra (200 MHz) of (A) bovine Ez- 
C%SOD and (B) bovine C U I + ~ O ~ ~ O D  in HzO solutions. The 
solid lines connect resonances exhibiting NOES. All the 
spectra were recorded in HzO solutions at pH 5.5 and 300 K. 
The shaded signals indicate protons that are exchangeable 
in a DzO solution. (Reprinted from ref 147. Copyright 1990 
American Chemical Society.) 

of the enzyme (see Figure 110).888 The loss of the 
bridging ligand in the reduced protein had been 
previously proposed on the basis of the absorption 
spectrum of the cobalt(I1) derivatives89 and from 
EXAFS data.6m This is also consistent with the 
following NMR investigation of the reduced Cu12C02- 
SOD and the oxidized Cu2Co2SOD. 

A thorough NMR study of CuIzCo2SOD has allowed 
the pairwise assignment of the meta-like CH and NH 
protons of all the bound histidines.69' Their TI values 
are very short, ranging from 1 to 3 ms. The ortho-like 
protons escape detection at 200 MHz. Through both 
NOE and NOESY experiments a tentative assignment 
of the hyperfine-shifted signals has been performed, 
which is reported in Table XIV. A number of protons 
which do not experience contact shifts but do experience 
pseudocontact shifts have been assigned. Analysis of 
the pseudocontact shifts has provided the orientation 
and an estimate of the anisotropy of the magnetic 
susceptibility tensor.691 

The magnetic coupling present in the oxidized 
C U ~ C O ~ S O D ~ ~ ~  reduces the electron relaxation time of 
copper(I1). This has made possible the detection of 
hyperfine-shifted signals of protons bound to copper(I1) 
in a copper protein.s8 The spectrum of Cu2CozSOD in 

Table XIV. *H NMR Chemical Shifts, TI Values, and 
Assignments of the Hyperfine-Shifted Signals in 
CU'&O~SOD 

signal chemical shifta Tlb (ms) assignmentc 
A 63.2 1.4 He2 His 63 
B 55.5 1.8 H62 His 71 
C 49.4 2.4 He2 His 71 
D 48.7 2.4 H62His80 
E 45.5 1.5 H62Hia63 
F 44 11.5 HB1 (Hp2) Asp 83 
G 38.8 1.3 He2Hia80 
H 33.2 1.1 HB (HB1) Asp 83 
Z -6.4 1.4 H82His71 

a Measured at 300 K. Measured at 200 MHz and 300 K, from 
ref 691. Assigned on the basis of NOE experiments and X-ray 
data, from ref 691. 

H2O is reported in Figure 112A. I t  shows a number of 
hyperfine-shifted signals equal to the number of protons 
attached to the ligands of both metal ions. The signals 
belonging to the copper domain are sharper than those 
belonging to the cobalt(I1) domain probably on account 
of the different S values of the metal ions. The 
abovementioned criteria plus an analysis of the nuclear 
relaxation times provided a tentative assignment which 
was eventually corrected by means of an NOE study.M*91 
The problem with the analysis of nuclear relaxation 
times is that large electron delocalization effects are 
present on the imidazole rings. This prevents the safe 
application of the qualitative rule according to which 
the larger the relaxation rate, the shorter the distance.91 
The 2'1 values of these signals are in the 1-5-ms range. 
A systematic NOE study later allowed a safe assignment 
of the hyperfine-shifted signals of this derivative by 
comparison of the NOE-calculated interproton dis- 
tances with those observed in the X-ray structure (see 
Table XV).g2 Owing to the short nuclear relaxation 
times, small NOES are expected although spin diffusion 
is expected to be negligible. A full analysis of different 
NOE techniques has been performed on this system 
demonstrating the superiority of steady-state methods 
with respect to transient NOE experiments.w 'H NMR 
spectra performed on a protein with the His residues 
deuterated in the He1 position has indicated that the 
only ortho-ring protons observable are those of the 
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Figure 112. 1H NMR spectra (600 MHz) of CuzCozSOD: (A) 1D spectrum and (B) NOESY spectrum. All the spectra were 
recorded in HzO solutions at 300 K. Signals B, C, F, J, and K correspond to protons that are exchangeable in a DzO solution. 
The NOESY spectrum was performed using a mixing time of 4 ms. Cross-peak labelings are as follows: (1) B, H; (2) C, G; 
(3) C, M; (4) K, 0; (5 )  A, K; (6) A, L; (7) B, d'; (8) B, k'; (9) K, c'; (10) K, i'; (11) B, n'; (12) B, 0'; (13) H, n'; (14) H, 0'; (15) 
B, 1'; (16) M, 1' (assigned as reported in Table XV). (Reprinted from ref 693. Copyright 1993 Societa Chimica Italiana.) 

copper(I1) site, confirming the NOE-based assign- 
ment.14' Figure llOA. 

Recent NOESY spectra (see Figure l12BPg3 have 
allowed the extension of the assignment somewhat 
further from the donor groups of the metal ions. The 
/3-CH2 groups of all the His residues bound to copper(I1) 
have been identified, except the bridging His 63. The 
proton pairs for which NOE have been detected are 
indicated with solid arrows in Figure llOA. Properly 
performed NOESY experiments have yielded the same 

connectivities plus those reported in dashed arrows in 

The assignment of the signals of CuzCozSOD has 
allowed the authors to monitor changes in the coor- 
dination sphere when anions have been added to the 
protein as well as when mutations have been introduced 
through site-directed mutagenesis. Azide binds cop- 
per(I1) and exchanges fast on the NMR time scale, so 
that through a simple titration the spectrum of the 
azide derivative can be fully a s ~ i g n e d . ~ ~ ~ ~ @ ~  It appears 
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Table XV. lH NMR Chemical Shifts, TI Values, and 
Assignments of the Hyperfine-Shifted Signals in 
Cu&ozSOD Belonging to the Protons of Coordinated 
Residues 
signal chemical shift" Tlb (ms) assignmentc 
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A 
B 
C 
D 
E 
F 
G 
H 
I 
J' 
J 
K 
L 
M 
N 
0 
P 
Q 
R 
a' 
b' 
C' 
d' 
e' 
r 
g' 
h' 
if 
k' 
1' 
m' 
n' 
0' 

66.2 
56.5 
50.3 
49.4 
48.8 
46.7 
40.6 
39.0 
37.4 
35.6 
35.4 
34.5 
28.4 
25.3 
24.1 
19.6 
18.7 
-6.2 
-6.2 
14.05 
12.85 
12.30 
11.21 
10.29 
8.63 
7.38 
7.06 
6.40 
3.13 
1.23 
0.53 
0.28 

-1.51 

1.5 
7.8 
4.2 
3.8 
4.6 
2.1 
3.5 
1.8 
1.7 
1.7 

8.0 
4.3 
2.7 
2.9 
1.9 
1.6 
2.4 
2.4 

H62 His 63d9e 
H6l His 12Odr 
He2 His 46d+ 
H62 His 71d 
H62 His 8Od 
He2 His 80 (His 71)d 
H62 His 46d.e 
He1 His 12Wf 
H@1 (Hj32) Asp 83d 
Hj32 (Hj31) Asp 83d 
He2 His 71 (His 80)d 
H61 His 4ad+ 
H62 His 4ad+ 
Htl His 46d-r 
H62 His 12Od 
He1 His 48&f 
H@1 His 46d 
H@2 His 71d 
H@2 His 46d 
He2 His 43e 
H61 His 43e 
Hj32 His 488 
Hj32 His 1208 
He1 Trp 3W 
He1 Hie 43' 
Hfl Trp 3W 
H61 Trp 30e 
H@2 His 488 
H@1 His 1208 
@-CHa Ala 14W 

Hyl Arg 148 
yl-CHS Val 1Me 

72-CH3 Val 118' 

Measured at 300 K. Measured at 200 MHz and 300 K, from 
ref 92. Proton-labeling according to Figure 110. Assigned on 
the basis of NOE experiments and X-ray data, from ref 92. 
e Assigned from NOESY spectra, from ref 693. f Assigned by 
means of selective deuteration of the Htl  His protons, from ref 
147.8 Assigned by means of NOESY and COSY spectra, from 
ref 693. 

that upon azide binding the hyperfine coupling with 
the protons of His 48 is drastically reduced. Such 
reduction is largest in the cyanide derivative6961696 and 
is smallest with the fluoride derivative.697 Models of 
anion binding are available on a spectroscopic basis696 
while the SOD community still waits for an X-ray 
structure of an anion derivative. 

The change in hydrophobicity of the cavity obtained 
by site-directed mutagenesis regulates the presence of 
water semicoordinated to copper(I1). The hyperfine 
shifts of His 48 in the copper(I1) site are sensitive to 
mutations in the 137 position.698 The Ile 137 mutant 
in particular,699 apparently without semicoordinated 
water, displays the largest hyperfine coupling between 
the unpaired electron and the protons of His 48. 
Mutants in which the Arg 143 residue is replaced display 
similar spectra. However, a decreasing affinity to anion 
binding7001701 has been observed after replacement of 
Arg 143 with residues bearing a positive, neutral, or 
negative charge. In summary, in the SOD case, 'H NMR 
has proved to be a unique spectroscopic tool in 
monitoring changes in the active site. 

Upon addition of cobalt(I1) to the apoenzyme at pH 
7.4, a C02C02 derivative is obtained in which even the 
copper(I1) site is occupied by cobalt(II).sa3 The co- 
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Figure 113. lH NMR spectra (90 MHz) in H20 of (A) bovine 
Co2Co2SOD and (B) bovine Co2Co2SOD in the presence of a 
10-fold excess of phosphate. All the spectra were recorded 
in HzO solutions at pH 7.4. The shaded signals indicate 
protons that are exchangeable in a D2O solution. (Reprinted 
from ref 704. Copyright 1987 American Chemical Society.) 

balt(I1) ion in the copper(I1) site is pentacoordinate, 
and it has a shorter electron relaxation time than the 
other cobalt(II), which is in a pseudotetrahedral en- 
vironment. The exchange magnetic coupling between 
the two ions is shown by the absence of any EPR 
signal.702 The IH NMR spectrum of Co2Co2SOD is very 
rich in hyperfine-shifted signals, which are relatively 
sharp (see Figure 113A).705-706 A tentative assignment 
is available, but the investigations were performed 
before the application of NOE techniques to this 
enzyme. Upon additon of phosphate, the NMR spec- 
trum of Co2Co2SOD becomes broader (cf. Figure 113B). 
It was suggested that the phosphate may bridge the 
Arg 143 residue and the cobalt(I1) ion in the copper(I1) 
site by breaking the Co-Co bridge.704 As a result two 
tetrahedral cobalt(I1) centers are obtained without 
magnetic coupling. At  pH > 10 the influence of 
phosphate on the NMR spectra vanishes and the spectra 
resemble those taken in the absence of phosphate.706 

Alkaline phosphatase (AP) is a dimeric enzyme of 
MW 94 000 possessing three metal sites in each mon- 
omeric unit. These sites are naturally occupied by two 
zinc(I1) and one magnesium(I1) ions. The X-ray 
structure reveals that sites A and B are 3.9 A apart, 
whereas sites B and C are 4.2 A a~ar t .~W The spectrum 
of the Co2Co2Mg2 enzyme (with the cobalt(I1) ions in 
the A and B sites) is reported in Figure 114A.681707 Four 
signals corresponding to exchangeable protons are 
observed (e, g, h, and o),  initially attributed to He2 
protons of bound histidines. A more refined crystal- 
lographic structure of AP706 has recently shown that 
only three His residues are actually bound to the metals 
in sites A and B. It is reasonable to suppose (from their 
chemical shifts) that signals e, g, and h correspond to 
the His NH protons. The fourth exchangeable signal 
may origin from an exchangeable proton of any other 
residue experiencing only a pseudocontact shift.707 The 
nonexchangeable signals a, c, d, j, k, and 1 have been 
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Figure 114. 1H NMR spectra (90 MHz) of (A) Co&eMgzAP and (B) CuzCozMgzAP in HzO. All the spectra were recorded 
in H2O solutions at 301 K and pH 6.0-6.3. The shaded signals indicate protons that are exchangeable in a D2O solution. 
(Reprinted from ref 707. Copyright 1988 American Chemical Society.) 

ascribed to the He1 or H62 protons of the His residues 
by considering their shifts and 2'1 v a l u e ~ . ~ ~ J ~ ~  The 
remaining signals are sharper and have longer 2'1 values 
and could correspond to nonligated residues experi- 
encing pseudocontact shifts. 

The spectra of CuzCozMgzAF' show signals of protons 
of residues coordinated both to the copper(I1) and to 
the cobalt(I1) ion (see Figure 114B). Even if the 
magnetic coupling between these metal ions is small, 
it allows the detection of signals of the copper(I1) 
ligands. Some signals display shifts very similar to 
others observed in CO~CO~AP, so that they have been 
taken as belonging to the B metal site.707 

The use of zinc replacement by cobalt(I1) has been 
recently attempted in the zinc finger peptide CP- 
1.708 The location and assignment of the metal-bound 
and contiguous residues has not been performed in this 
case. However, the assignment of several nonbound 
residues and the calculation of the pseudocontact shifts 
was useful to obtain the orientation and anisotropy of 
the x tensor in the molecular frame. These studies are 
aimed at the use of this information for refining 3D 
structures in solution. 

Azurin (Az) is a blue copper protein of MW 14 000 
on which studies have been made by substituting the 
native metal ion with c ~ b a l t ( I I ) . ~ ~  A recent crystal- 
lographic study yielded the structure of native azurin 
resolved to 1.93 which is shown in Figure 115A. 
The copper(II) ion adopts a distorted trigonal bypiramid 
geometry, being bound to two His and a Cys residue, 
and more weakly coordinated to a Met and a Gly residue. 
A preliminary study of cobalt(I1)-Az reported the 
detection of several hyperfine-shifted signals, expected 
to arise mainly from the coordinated residues.7m A 
recent preliminary study has given some clues for their 
assignment.711 Two well-shifted signals (a and b, see 
Figure 115B) are solvent exchangeable and present NOE 
and NOESY connectivities with signals c and d, assigned 

to the Ne2 and N62 protons of the two bound histidines 
respectively. The upfield signal at -7.9 ppm (inte- 
grating for three protons) has been assigned to the 
bound methionine. Intense NOE and NOESY con- 
nectivities have been observed between the pairs of 
signals e,k and f,j, which remain unassigned at  this 
moment. 

Stellacyanin is a blue Cu protein in which the metal 
ion is coordinated to at  least two histidines and a 
c y ~ t e i n e . ~ l ~ J l ~  Since its X-ray structure is not available, 
spectroscopic methods are of help in elucidating the 
structure of the active site. 'H NMR spectra of the 
native enzyme were recorded, but no paramagnetically 
shifted proton resonances were observed.712J14 In the 
spectrum of the Co(I1)-substituted pr0tein,7~3 several 
hyperfine-shifted signals may be observed, as shown in 
Figure 115C. A proposal for the origin of the hyperfine- 
shifted signals was made on the basis of their TI values 
and pH dependencies, but a thorough assignment is 
not available. 

As we previously noted in section IV, rubredoxin 
bears only one iron ion which is tetrahedrally coordi- 
nated, so that even in the ferrous state it is very difficult 
to detect the signals corresponding to the bound 
c y s t e i n e ~ . ~ J ~ ~  Replacement of the iron by cobalt(I1) 
renders the lH NMR spectrum rich in isotropically 
shifted signals: seven well-shifted signals in the 270- 
85 ppm region, and a considerable number of peaks in 
the 10-50 ppm region as well as in the upfield region 
are observed (see Figure 116).m The far downfield 
resonances were tentatively assigned to the &CHz 
groups of the bound cysteinesm on the basis of their 
large chemical shifts only. The application of NOE 
and 2D techniques would be desirable in this protein 
in order to obtain a full assignment of the hyperfine- 
shifted signals. 

The replacement of the iron(I1) ion by cobalt(I1) in 
uterferrin yields a catalytically active species with 
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signals than the native enzyme. A signal integrating 
for three exchangeable protons is seen at  78 ppm, and 
two signals corresponding to nonexchangeable protons 
are found at  32 and 21 ppm. NOE experimentsslg have 
shown that these two signals do not belong to the bound 
His, but to other metal-bound residue and correspond 
to nearby protons. This has been taken as indicative 
of the presence of a carboxylate ligand. 

Ovotransferrin (Otf) is an iron-binding protein of 
MW 78 000 which can also bind 2 equiv of cobalt(II), 
in sites apparently undistinguishable. The metal ion 
is in an octahedral environment bound to an aspartate, 
two tyrosines, a histidine, and a synergistic ion, as shown 
by its X-ray s t r u ~ t u r e . ~ l ~ J l ~  The 60-MHz spectrum of 
cobalt(II)-Otf-bicarbonate shows signals spanning from 
120 to -100 ppm (see Figure 118AL718 Two exchange- 
able downfield signals were initially assigned to histidine 
NH protons in the belief that two His residues were 
bound to the iron ion. Similarly, two signals in the 
70-60 ppm range were attributed to meta-like histidine 
protons owing to their shifts and Tl values. The recently 
refined X-ray s t r ~ c t u r e ~ ~ ~ J ~ ~  has shown that only one 
His residue is bound to the iron ion. The second 
exchangeable signal may therefore come from a nearby 
residue sensing only a pseudocontact shift. Four upfield 
signals with short T1 values may originate from ortho- 
like protons of the bound tyrosines. The spectrum of 
the cobalt(I1)-Otf-oxalate complex719 displays a higher 
number of downfield signals and fewer upfield signals. 
No precise assignments for them are available. 

Lectins are cell-agglutinating proteins which contain 
one manganese(I1) and 1-2 calcium(I1) ions per mon- 
omeric unit. The manganese site may be occupied by 
cobalt(I1). Cobalt(I1) lectins display lH NMR spectra 
with shifts ranging from 100 to -40 ppm (see Figure 
118B).720 The spectra of cobalt(I1)-substituted con- 
canavalin A, lentil, and pea lectins have been correlated 
one another by means of the temperature dependencies 
of their shifts. Three exchangeable signals are observed, 
but only one may be attributed to a bound His. 

Metallothioenins are metal-storage proteins, rich 
in cysteine residues, to which several divalent metal 
ions can bind forming two clusters of structure M4Sll 
and M3S9 (see Figure 119).721 The Cd7 derivative has 
been the object of numerous studies, and its solution 
structure has been solved by NMR spectroscopy.716~722~723 
Cobalt(I1) binding to the apoprotein leads to a final 
uptake of 7 equiv. The C07 derivative yields a well- 
defined NMR spectrum over a very broad spectral 
window (ca. 350 p ~ m ) , ~ ~ *  as shown in Figure 120A. The 
signals display TI values between 1 and 7 ms. These 
resonances were shown to experience not only contact 
shifts but also a pseudocontact contribution due to an 
anisotropic x tensor. Upon comparison with the lH 
NMR spectrum of the Cd4C03 derivative, it was 
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Figure 115. (A) Schematic view of the metal site of native 
azurin, as results from its X-ray structure; (B) 400-MHz 'H 
NMR spectrum of Pseudomonas aeruginosa cobalt(I1)- 
substituted azurin in HzO at pH 4.7 and 298 K (the shaded 
signals indicate protons that are exchangeable in a DzO 
solution); (C) 270-MHz 'H NMR spectrum of cobalt(I1)- 
substituted stellacyanin from Rhus vernicifera at pH 7.3 in 
an unbuffered DzO solution at 303 K (the dotted peak at 19 
ppm is present in the spectrum recorded in a HzO solution). 
Part B, reprinted from ref 764. Copyright 1993 Chemical 
Societyof London. Part C, reprinted fromref 713. Copyright 
1989 American Chemical Society.) 

isotropically shifted signals displaying TI values 2-4 
times longer than those of the native enzyme. This 
fact has allowed a NOESY experimentes7 to be per- 
formed and allowed the identification, as in reduced 
Uf, of the B-CHz and two aromatic protons of the 
tyrosinate ligand and a histidyl NH (see Figure 117). 
The further identification of three paramagnetically 
shifted signals giving a NOESY pattern attributable to 
an aspartate or glutamate residue has yielded the first 
evidence of a coordinated carboxylate for these proteins. 

The iron(I1) ion of isopenicillin N synthase (IPNS) 
has also been replaced by c ~ b a l t ( I I ) . ~ ~ ~  This metal 
derivative displays sharper isotropically shifted proton 

- A '  1 1  1 1  1 - J 1 I 
?BO 260 150 100  5 0  30 1 0  0 - 2 0  

I 

- 4 0  - 5 0  

Chemical shift (ppm) 
Figure 116. 1H NMR spectrum (300 MHz) of D. gigas cobalt(I1)-substituted rubredoxin at 298 Kin a DzO solution. (Reprinted 
with permission from ref 208. Copyright 1991 Elsevier. 
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Figure 117. NOESY spectrum (360 MHz) of iron(III), cobalt- 
(Wuteroferrin in a buffered DzO solution (100 mM acetate, 
200 mM NaC1, pH 5.3) a t  313 K. The spectrum was acquired 
using a mixing time of 15 ms. (Reprinted from ref 637. 
Copyright 1992 American Chemical Society.) 
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Figure 118. 1H NMR spectra (90 MHz) of (A) cobalt(I1)- 
(bi)carbonate ovotransferrin complex at pH 8.3 and (B) cobalt- 
(11) concanavalin A at 300 K. The spectra were recorded in 
HzO solutions. The shaded signals indicate protons that are 
exchangeable in a DzO solution. (Part A, reprinted from ref 
718. Copyright 1984 Springer-Verlag. Part B, reprinted from 
ref 720. Copyright 1987 Journal of Biological Chemistry.) 

concluded that the well-resolved spectrum arises from 
the four-metal cluster. The temperature dependencies 
of the shifts follow a Curie behavior, except for six of 
them which display an anti-Curie temperature depen- 
dence. This behavior has been rationalized by a 
theoretical model of the exchange coupling interactions 
in the cluster.726 By assuming that J12 is zero (the 
subscripts follow the numbering of Figure 119), cobalt 
ions 1 and 2 will display a lesser extent of antiferro- 
magnetic coupling than ions 3 and 4. This subsystem 

A B I I 

Figure 119. Schematic drawing of the (A) three- and the (B) 
four-metal clusters in Cormetallothionein. 
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Figure 120. 1H NMR spectra of Cormetallothionein. Part 
A is a 200-MHz 1D spectrum in D20 at 300 K. Signals labeled 
with Y, of fractional intensity, probably belong to some 
secondary Cod cluster species. All signals display a Curie 
temperature behavior except signals k, m, and p-s which 
present an anti-Curie temperature dependence. Part B is a 
600-MHz NOESY spectrum recorded at 290 K with a mixing 
time of 7 ms. (Reprinted from ref 102. Copyright 1993 
Springer-Verlag.) 

will have low-lying excited states with larger spins than 
the 3-4 subspin system, and it will force the 3-4 pair 
to be aligned against the external field, for which their 
protons should exhibit an anti-Curie behavior. The 
six anti-Curie signals thus correspond to the cysteines 
binding exclusively the cobalt(I1) ions 3 and 4, and to 
the one bridging them. 
In spite of the extremely short 2'1 and TZ values and 

the broad spectral window needed to cover all the 
resonances, NOE and NOESY spectra were successful 
in assigning the @-CHz signals of nine of the eleven 
cysteines of the CO&~ clusterlo2 (see Figure 120B). The 
spectral window used for the NOESY experiment 
(250 000 Hz) is the largest ever reported in a 2D study. 
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Figure 121. 1H NMR spectra (270 MHz) of (A) deoxyCo- 
Hb; (B) deoxyFe-Hb; (C) deoxyCog - Fe[ - Hb, (D) 
deoxyFeg - Coi - Hb, and (E) deoxyCo-Mb. The spectra 
were recorded in HzO solutions at 296 K and pH 7.0. The 
shaded signals indicate protons that are exchangeable in a 
DzO solution (from ref 647). 

Owing to the low molecular weight of this protein, the 
use of a solvent mixture to increase the viscosity of the 
solution was necessary in order to obtain sizable NOES. 
This information and the abovementioned theoretical 
model have allowed the sequence specific assignment 
of some P-CH2 cysteine signals. 

B. Low-Spin Cobalt( I I )  
Cobalt-substituted heme proteins are examples of 

low-spin ( S  = l/Z) cobalt(I1) proteins. In tetracoordinate 
planar systems, the first excited level is far away in 
energy, so that the metal ion displays long electronic 
relaxation times (l0-9-lO-~O s) which give rise to broad 
NMR signals. In the cases of pentacoordination, the 
first excited level increases in energy, and the NMR 
spectra become even worse. With regard to the 
hyperfine shifts, the magnetic anisotropy is higher in 
tetracoordinate systems, the dipolar contribution is thus 
large. In the case of pentacoordinatelow-spin cobalt(II), 
however, the hyperfine shift is mainly contact in origin. 
Cobalt(I1)-substituted globins would fall into the latter 
category. 
Deoxycobalt(I1)-hemoglobin shows two broad res- 

onances at  58.4 and 53.8 ppm, both solvent exchange- 
able, attributable to the NH protons of the proximal 
histidines in the two different subunits of the protein 
(see Figure l2 l ) .M7 The histidine NH protons belonging 
to the a and /3 subunits have been identified by 
performing the spectra on the hybrid derivatives 
Co: - Fe; - Hb and Fe; - Cog - Hb (cf. Figures 121, 
parts B-D). The *H NMR spectrum of deoxycobalt(I1)- 
myoglobin shows an exchangeable signal at  62.2 ppm 
(see Figure 121E). The nonexchangeable resonances 
in the 30-15 ppm range have been ascribed to the meso 

V I I I .  Other Ions 

A. Nickel( I I )  

Nickel(I1) is a dsion, which may be present in different 
spin states depending on the coordination ge~metry .~  
Nickel(I1) is paramagnetic ( S  = 1) when it adopta an 
octahedral or a tetrahedral geometry, but diamagnetic 
in tetracoordinate planar complexes. Thus, the pseudo- 
tetrahedral and the square planar geometries of tet- 
racoordinate nickel(I1) complexes may be distinguished 
by the presence or absence of paramagnetism. Pen- 
tacoordinate nickel(I1) complexes may be high ( S  = 1) 
or low spin (diamagnetic) depending on the nature of 
the donor atoms. Pseudotetrahedral nickel(I1) has a 
3-fold orbitally degenerate ground state, which accounts 
for shorter electronic relaxation times than for anal- 
ogous octahedral complexes. Hence, sharp and well- 
resolved NMR spectra are obtained for pseudotetra- 
hedral nickel(I1) complexes. Where hyperfine shifts 
are concerned, the larger magnetic anisotropy in tetra- 
and pentacoordinate complexes induces large dipolar 
contributions; negligible in the case of octahedral 
nickel( 11). 

Nickel(I1) has been used, like cobalt(II), as a spec- 
troscopic probe for metalloenzymes which proved 
difficult to study ordinarily. This is true for zinc 
enzymes in which, as already discussed in section VII, 
the metal substitution introduces paramagnetism into 
the active site; or for some paramagnetic metalloen- 
zymes in which the native metal ion displays long 
relaxation times, which broaden beyond detection the 
NMR signals of protons near the paramagnetic center. 
Almost all the systems which will be discussed in this 
part of the review have also been subject to cobalt(I1) 
substitution and have been mentioned in the preceding 
section. 

Nickel( 11)-substituted carbonic a n h y d r a ~ e ~ ~ p ~ ~  has 
been less studied than its cobalt(I1) analogue, in part 
due to the fact that upon introduction of the nickel(I1) 
ion, the enzyme retains only a low percentage of ita 
activity. Figure 122, parts A and B, shows the spectra 
of nickel(I1)-CA and ita nitrate adduct.728 The shaded 
signals correspond, as in cobalt(I1)-CA, to the histidine 
NH protons, and signal d is the H62 proton of Hisll9, 
as confirmed by NOE m e a ~ u r e m e n t s . ~ ~ s + ~ ~  

Nickel(II1)-substituted carboxypeptidase A dis- 
plays a lH NMR spectrum with three far downfield 
shifted signals, as in the case of the analogous cobalt(I1)- 
substituted enzyme (cf. Figures 109A and l22C).79O 
Signal a (see Figure 122C) belongs to a NH proton of 
a His residue and the two other signals are attributable 
to the meta-like protons of the two coordinated 
histidines.730 
IH NMR investigations are available for nickel(I1)- 

substituted superoxide dismutase with the nickel in 
the zinc site.67*731*732 The systems investigated are 
EZNizSOD, CuIZNizSOD, Ag2NifiOD, and CunzNi&OD. 
The signals are sharper than in the analogous cobalt(I1) 
derivatives because nickel(I1) has S = 1 and cobalt(I1) 
is an S = 3/2 ion, and probably also because the electron 
relaxation times of nickel(I1) are shorter (a value of 3 
X s has been estimated at  300 M H Z ) . ~ ~  Analo- 
gously, the signals corresponding to protons in the 
copper domain have longer Ti values that the corre- 
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Figure 122. 1H NMR spectra (200 MHz) of (A) NiCA a t  pH 
6.2, (B) the NiCA-NOS- adduct, and (C) NiCPA at 293 K, pH 
7.0. All the spectra were recorded in H2O solutions. The 
shaded signals indicate protons that are exchangeable in a 
D2O solution. (Part B, reprinted from ref 728. Copyright 
1991 Chemical Society of London. Part C, reprinted from 
ref 730. Copyright 1992 Chemical Society of London.) 
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Figure 123. 'H NMR spectra in H2O solutions a t  296 K of 
(A) Cu$NizSOD, recorded at 200 MHz, (B) AgzNizSOD, 
recorded at  200 MHz, and (C) Cu2Ni2SOD, recorded at 300 
MHz a t  pH 6.5. The shaded signals indicate protons that are 
exchangeable in a D2O solution (from ref 57). 

sponding ones in the Cu2Co2SOD derivative. The 
Cu12Ni2SOD and Ag2Ni2SOD derivatives yield very 
similar spectra, with hyperfine-shifted signals arising 
only from the nickel(I1) ligands (see Figure 123, parts 
A and B). As in the Cu12C02SOD case, three hyperfine- 
shifted signals corresponding to NH protons were 
detected, indicating again that His 63 is detached from 
the copper site. Only tentative assignments are avail- 
able for the other signals.57 

The lH NMR spectrum of C U * ~ ~ N ~ ~ S O D  displays 
many well-resolved signals (cf. Figure 123C), with TI 

Table XVI. lH NMR Chemical Shifts, TI Values, and 
Assignments of the Hyperfine-Shifted Signals in 
CuI1zNiZSOD Belonging to the Protons of 
Nickel(I1)-Coordinated Residues 

signal chemical shift" Tlb (ms) assignmentc 
83.9 3.9 HS2 His 63d A 

Hcl His 63d A 84.0 
D 62.6 14.8 HS2 His 71d 
E 30.2 3.1 H62 His 8oP 

19.4 He2 His 71d F 
a 12.50 H82 His 48d 

a Measured at 300 K, from ref 732. Measured at 300 MHz 
and 303 K, from ref 57. Proton labeling according to Figure 
110. Assigned from NOESY spectra, from ref 732. e Tentative 
assignment, from ref 732. 
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Figure 124. 'H NMR spectrum (200 MHz) of Pseudomonas 
aeruginosa nickel(I1)-azurin in a H2O solution at  298 K and 
pH 4.7. The shaded signals indicate protons that are 
exchangeable in a D20 solution. (Reprinted from ref 734. 
Copyright 1982 American Chemical Society.) 

values ranging from 3 to 30 ms.57 A NOESY experiment 
is available on this ~ y s t e m ~ 3 ~  which clearly displays cross 
peaks between protons 2 to 4 A apart. The five NH His 
protons were pairwise assigned to their vicinal CH ring 
protons (see Table XVI). 

'H NMR spectra of the two derivatives NiaZnzSOD 
are N ~ ~ C O ~ S O D ,  i.e. with nickel(I1) bound in the copper 
site, have been reported.733 The spectra of three ex- 
changeable signals in the spectrum of NizZnzSOD has 
been taken as indicative that at  least three histidine 
residues are coordinated to nickel(II), in addition to 
the bridging one, which does not provide an imidazole 
NH. In the spectrum of Ni2Co2SOD four exchangeable 
proton resonances are observed, one of which is not 
influenced by the presence of N3- and therefore attrib- 
uted to the cobalt coordination domain. On this basis 
the authors proposed a binding environment for nick- 
el(I1) very similar to that of copper(I1) in native S0D.733 

When copper(I1) is substituted by nickel(I1) in 
azurin, the protein yields a well-resolved spectrum (see 
Figure 124). The first NMR study on nickel(I1)-Az led 
to the determination of the pseudotetrahedral geometry 
of the nickel(I1) Nine hyperfine-shifted signals 
were detected in the 125 to -20 ppm range in a D2O 
solution. In this initial work, only the assignment of 
the methionine methyl group was proposed because of 
its intensity. Recently, Moratal Mascarell et alS7s5 
detected two further signals in the H2O spectrum, 
attributable to the NH of the histidine ligands. As in 
the cobalt(I1)-substituted protein, NOE and NOESY 
experiments have allowed the assignment of the H62 
and He2 protons of one of the bound histidines and a 
&CH2 geminal pair attributable to the metal-bound 
methionine. 

Ni(I1)-substituted rubredoxin presents a well-re- 
solved NMR spectrum (see Figure 1 2 5 P  with hyperfine 
shifts spanning from 350 to -30 ppm. The eight more- 
shifted downfield signals in the 350-150-ppm range were 
tentatively assigned to the &CH2 cysteinil protons, as 
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Figure 125. 1H NMR spectrum (300 MHz) ofD. gigas nickel- 
(11)-rubredoxin at 298 K in a D20 solution. (Reprinted from 
ref 208. Copyright 1991 Elsevier.) 

done for cobalt(II)-Rd,2°8 but a definitive assignment 
is as yet not available. 

A recent communication736 reported preliminary 
NMR spectra of the nickel(I1) complexes of two zinc 
finger peptides. A set of relatively sharp hyperfine- 
shifted signals was detected both in the upfield and in 
the downfield region of the spectra, even if these were 
performed using a rather narrow spectral window. The 
paramagnetism was taken as an indication of the 
pseudotetrahedral geometry of the complexes, in agree- 
ment with the electronic spectroscopy data. 

6. Ruthenium( I I I )  

Ruthenium(II1) is a d5 ion which generally gives 
hexacoordinate complexes. It displays electron relax- 
ation times in the 10-11-10-12-s range. The attachment 
of pentaammineruthenium(II1) to surface histidines of 
proteins affords semisynthetic multisite metalloproteins 
which may be used for studying intramolecular electron 
transfer across long distances.737 This procedure has 
been applied to paramagnetic metalloproteins like 
myoglobin,738 ferricytochrome c,7S7 and HiPIPs.261 

The Ru(NH3)b3+ species is paramagnetic ( S  = l /2) 
and induces hyperfine shifts on the proton signals of 
the protein histidines coordinated in the sixth coor- 
dination position. In the case of sperm whale myo- 
globin, 'H NMR spectroscopy has been used to monitor 
possible changes of the protein conformation in the 
heme The spectra of Ru-labeled apomyoglobin, 
metaquomyoglobin, metcyanomyoglobin, metazide- 
myoglobin, and deoxymyoglobin have been recorded.738 
The heme shifts remain unaltered upon ruthenium 
binding. Both a line broadening and a shortening of 
the TI values of the heme signals are noticed in the 
ruthenium derivatives, these being sizable in the low- 
spin cases. Since the shortest heme-ruthenium distance 
is ca. 12 A, it is unlikely that this could be due to a 
dipolar relaxation induced by the ruthenium(II1) ion. 

Ruthenium(II1) labeling in a HiPIP has also been 
studied by lH NMR spectroscopy. This true case for 
both the oxidized and reduced HiPIP from Chromutium 
gracile.261 The Ru-modified proteins display lH NMR 
spectra similar to those of the native ones, with small 
shifts on the hyperfine-shifted signals. Two solvent- 
exposed histidine residues were labeled with ruthe- 
nium(II1) and their pKa values were characterized by 
means of a pH titration.261 

C. Lanthanides( I I I )  
Lanthanides have been used as paramagnetic probes, 

as both shift and relaxation agents, for some de- 
c a d e ~ . ~ ~ ~ ~ ~ ~  Lanthanide(II1) ions have electron-relax- 
ation times falling in the 10-1"10-13-s range (cf. Table 
I) owing to the availability of low-lying excited states. 
This is not the case for gadolinium(II1) which, being a 
d7 ion, displays a long T~ value (see Table I). The short 
electron-relaxation times are reflected in small line 
broadenings in 'H NMR spectra. 

It is generally assumed that f orbitals do not play a 
great part largely in covalent bonding when the 
lanthanide(II1) ions are coordinated. The electron 
delocalization onto the ligands is therefore expected to 
be small. The contact contribution to the shift is 
generally limited to the nuclei directly coordinated to 
the metal ion, as it is negligible for nuclei a few bonds 
away from the paramagnetic center.7411742 Some meth- 
ods to separate the contact and the pseudocontact 
contributions are available in the literature.74s74 As 
far as lH NMR is concerned, the negligible contact 
contribution to the shifts results in a smaller shift range 
for the hyperfine-shifted signals. 

The small electron delocalization allows one to use 
the metal-centered approximation for the lanthanides 
with a higher degree of accuracy than for the first row 
transition metal ions. Ligand field effects cause mag- 
netic susceptibility anisotropy in the metal ions. 
Bleaney has derived a treatment which allows the 
estimation of the pseudocontact shift. A set of pa- 
rameters (Dr, D,, and D,) is used which take into 
account the ligand field splitting.76 Provided that D 
is larger than the Zeeman energy and smaller than kT, 
the following general expression may hold: 

D,(3 cos2 8 - 1) + (D, - D,,) sin2 8 cos 2Q 
r2 

(50) 

where r, 8, and Q are polar coordinates with respect to 
the principal directions of the D tensor, and gJ is given 
by 

(51) 
J(J+ 1) -L(L + 1) + S(S + 1) 

2J(J+ 1) 
g , = l +  

Sometimes an axial symmetry can be assumed that 
yields this simplified equation: 

D,(3 cos2 8 - 1) 
r3 (52) 

The most extensive use of lanthanides(II1) as para- 
magnetic probes has been in calcium-binding proteins, 
since they have ionic radii similar to that of calcium- 
(II).740 Therefore they can substitute calcium(I1) 
without major conformational alterations. Lyso- 
zyme74sJ47 and p a r v a l b ~ m i n ~ ~ ~ w  have been investi- 
gated in this way. 

Carp parvalbumin possesses two calcium binding 
sites, and both can be occupied by lanthanides(II1). 
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Figure 126. 1H NMR spectra (270 MHz) of carp parvalbumin 
in a D2O solution at 303 K with the addition of ytterbium(II1) 
in an ytterbium(III)/protein ratio of (A) 1.1 and (B) 2.0. 
(Reprinted from ref 749. Copyright 1981 American Chemical 
Society.) 

Bertlnl et al. 

The metal affinity is high and the lH NMR spectra are 
in the slow-exchange regime. This is not the case for 
lysozyme and trypsin, in which the metal binding 
proceeds in the fast-exchange limit. Ytterbium(II1) has 
been preferentially used as paramagnetic probe for 
parvalbumin because the contact contribution to NMR 
parameters is the smallest with respect to the other 
l a n t h a n i d e ~ ~ ~ ~ 3  During the titration of the calcium- 
saturated protein with ytterbium(II1) the two binding 
sites are sequentially occupied by the lanthanide ion, 
and signals corresponding to the two binding sites may 
be recognized (see Figure 126).74J49 The identification 
of the two binding sites, however, has not been 
performed by NMR but by X-ray analysis and visible 
spectroscopy.749 The spectra show more than 20 
hyperfine-shifted signals spanning from 35 to -20 ppm, 
with 2'1 values from 30 to 300 ms. The signals are not 
too broad (80-300 Hz at  200 MHz), but do exhibit a 
sizable Curie line broadening at high fields due to the 
large J value of ytterbium (7/2). The pseudocontact 
shifts of five unequivocally assigned resonances plus 
the shifts of six methyl groups were used to estimate 
the orientation and principal values of the magnetic 
susceptibility tensor in soluti~n.~N By this means, a 
series of signals corresponding to residues in the first 
binding site were tentatively Owing to their 
relatively long 2'1 and 2'2 values make lanthanide(II1) 
containing systems suitable for a 2D NMR. Two- 
dimensional NMR studies on small lanthanide(II1) 
complexes have been available for several years,125J51 
whereas only recently a 2D NMR study on rabbit 
parvalbumin substituted with Yb3+ at  the Ca2+ EF site 
has been perf0rmed.~5~ Using as starting point the 
X-ray structure of the homologous carp protein, a 
stepwise sequence-specific assignment of the hyperfine- 
shifted resonances has been performed. A first set of 
signals has been assigned on the basis of well-defined 
connectivity patterns and used to make a preliminary 
determination of the x tensor parameters. This pa- 
rameter has been then used to identify further con- 
nectivity patterns in the 2D maps and, in turn, to 
improve the reliability of the magnetic susceptibility 
tensor parameters. Thanks to the application of this 
cyclic procedure all the hyperfine-shifted resonances 
have been assigned.762 

The binding of a series of lanthanide(II1) ions to 
human serum apotransferrin has been studied by 1H 
NMR spectroscopy.763 Signals in the 80 to -100 ppm 
range are observed for several lanthanides (see Figure 

Chemical shift (ppm) 
Figure 127. 1H NMR spectra (90 MHz) of (A) Tmz- 
transferrin, (B) Tbz-transferrin, (C) Dy2-transferrin, and (D) 
Ybz-transferrin. (Reprinted from ref 753. Copyright 1991 
Elsevier.) 

127). Titration of apotransferrin with these ions 
revealed the inequivalence of the two naturally occur- 
ring binding sites. 

I X .  Heteronuclel 

Heteronuclear NMR studies of paramagnetic me- 
talloproteins are far less common than lH NMR 
investigations. This is due to the lower giromagnetic 
constants and lower natural abundances of 13C and 15N 
(see section III.B), which are the heteronuclei present 
in proteins. Nowadays, proteins enriched on I3C and 
15N can be easily obtained (see section 1II.C). The low 
natural abundance of 15N may be exploited when 
selective labeled proteins are required, since there is 
much less interference from natural abundance back- 
ground than is the case for 13C. 

The 13C NMR spectra of the oxidized and reduced 
forms of the 13C-enriched Fe& Fd I from Anabaena 
uariabilis were reported in 1983.lS4 Two broad reso- 
nances at  75 and 168 ppm are noted in the oxidized 
protein, while the spectrum of reduced Fd displays 11 
additional resonances. The proton multiplicity of each 
carbon was determined by a simple comparison of the 
proton-coupled and proton-decoupled spectra. Five 
sharp signals corresponding to nonprotonated carbons 
were observed near the carbonyl region, tentatively 
assigned to carbonyl carbons near the paramagnetic 
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center. The other six broader signals, spanning from 
125 to 70 ppm, appeared as multiplets in the proton- 
decoupled spectrum. However, owing to their large 
line widths, it was not possible to establish their 
multiplicities. They were tentatively assigned to CY and 
B cysteinyl carbons. Four of them showed a Curie 
temperature dependence, whereas the other two dis- 
played an anti-Curie behavior. We now know that this 
fact arises from the antiferromagnetic coupling in the 
cluster and, as done for the 1H spectra (see section IV), 
signals with a Curie behavior may be ascribed to the 
iron(II1)-bound cysteines and the others to the residues 
bound to the ferrous ion. 

The sequence-specific assignment for the diamagnetic 
'H, 13C, and l5N resonances from the Anabaena 7120 
Fez& Fd has been recently performed. It was also 
noticed that the hyperfine-shifted 'H, 13C, and 15N 
resonances showed drastic differences in the two 
oxidation states, a phenomenon unobserved in the 
diamagnetic region. The assignment of the heteronu- 
clear hyperfine-shifted resonances could be useful, 
especially for comparison with the spectrum of the 
oxidized protein. 

The recognition of 13C spin systems is useful in 
characterizing amino acid re~idues.~@7~ These patterns 
are more easily detectable than lH spin systems since 
the 13C(13C)DQC experiment utilizes the 'JCC (ca. 50 
Hz), which is considerably larger than normal lH-lH 
couplings. In addition, the relaxation rate enhance- 
ments on 13C signals due to the paramagnetic center 
are 16 times smaller than those on lH resonances (for 
lH and 13C nuclei at  the same distance from the 
paramagnetic center). Markley has detected 13C spin 
systems for residues near the paramagnetic center of 
the Anabaena 7120 Fd whose 'H spin systems were not 
comp1ete.lm 

In the l5N NMR spectrum of oxidized Anabaena 7120 
Fd225 nine broad signals were found shifted downfield 
with respect to the amide nitrogen region. These were 
assigned to peptide backbone nitrogens. Even if the 
lSN lines are sharp, the broadening induced in the 
attached lH signals has precluded the detection of scalar 
connectivities in the lH(15N) SBC for these resonances. 
The chemical shifts of these signals are almost inde- 
pendent of temperature. 

Some Fds containing two Fed& clusters were studied 
by 13C NMR spectroscopy in 197€L7" Sixteen signals 
present in the spectrum of the apoprotein were absent 
in the native Fd. In turn, 13 new resonances were found 
in the 120-80-ppm region, which were thus identified 
as signals corresponding to the CY and B carbons of the 
bound cysteines. Seven-iron Fds from Ps. putida and 
A. uinelandii have been grown in a medium with 13C- 
enriched cysteines in the p0sition.~78 Those reso- 
nances bound to the Fe& cluster have been recognized 
according to their shifts, which are in the 120-90 ppm 
range, Le. in a range similar to that observed for the C. 
acidi urici Fd.756 On the other hand, those corre- 
sponding to the Fe& cluster fall in the 180-150 ppm 
range. Curie and anti-Curie temperature dependencies 
have been observed for the l3C signals of cysteines bound 
to the three iron cluster, as in the lH NMR spectrum 
(section IV). A HMQC W-lH experiment278 allowed 
the correlation of two cysteinyl carbon signals with their 
respective protons. Cross peaks were detected for fast- 
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relaxing protons ( Tl = 8 ms), confirming the lH NMR 
assignments. In a recent HMQC experiment performed 
in the 2(Fe4S4) Fd from C. acidi urici, all the CY and p 
cysteinyl carbon resonances have been 1ocated.W 

When discussing 13C NMR studies on heme proteins, 
we will only consider here the assignment of signals 
sensing a contact contribution, i.e. belonging to the heme 
moiety and to the axial ligands. Extensive 13C assign- 
ments are available for nonbound residues in cyto- 
chromes, so that the carbon shifts have been useful in 
order to estimate the orientation of the magnetic 
susceptibility tensor."lJs7 This subject has been already 
discussed in section V.B. 

In low-spin heme proteins, the spin density is 
delocalized in the 3e, MO of the porphyrin ring, and 
hence the lH and 13C contact shifts for the heme 
substituents in a positions are expected to be of 
comparable magnitude but of opposite sign.7 On the 
other hand, the pseudocontact contribution is expected 
to be of the same sign for both nuclei. The heme carbon 
resonances are not easily detectable, and their shifts 
do exhibit a sizable ligand-centered contribution.7Jm 

and lH contact shifts of 
the a heme substituents are due to a hyperconjugation 
mechanism from the ?r electron system, eq 9 may be 
reformulated as:7 

By considering that the 

where QCX is the experimental hyperfine-coupling 
constant (in hertz) and p* is the ?r spin density on the 
heme carbon atom to which the substituent is attached. 
The value of QCX for protons is highly sensitive and 
difficult to determine, so that 13C contact shifts are 
more valuable in providing information about electron 
delocalization in the heme ring, as we will discuss later. 
As already mentioned, the contact contribution is 
expected to be opposite in sign with respect to the proton 
resonances. For this reason, the heme methyl and 
a-propionate carbon resonances are found resolved 
upfield of the 13C diamagnetic envelope. Table XVII 
reports the 13C and lH heme resonances for a series of 
low-spin iron(II1) heme proteins. 

Santos and Turner reported the first assignment of 
13C heme methyl resonances at  natural abundance for 
horse heart ferricytochrome c in 1986.757J59 Two of these 
resonances were assigned to specific methyl groups by 
means of a heterocorrelation 13C,lH experiment. The 
other two were identified by polarization transfer 
experiments, whereas the methyl group of the axial 
ligand Met 80 was assigned using difference spectra 
with selective proton decoupling. Recently Timkovich 
has attempted a series of inverse detection HMQC 
experiments on horse heart ferricytochrome c and 
cytochrome c551 from Pseudomonas aeruginosa,7'30 
assigning the heme methyl, a-CH2 propionate, and some 
vinyl 13C resonances. The previous assignments for the 
heme methyls have been confirmed, all of them detected 
by means of a 2D experiment. However, for horse heart 
cytochrome c,  the heterocorrelation cross peak for the 
broad methyl signal of Met 80 (110 Hz at  360 MHz) 
could not be detected. Yamamoto has also detected 
the four 13C heme methyl signals by means of a lH-13C 
COSY spectrum in the ferricytochrome c cyanide 
complex.7s1 
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Table XVII. 1 4 2  and 1H Chemical Shifts of the Heme Methyl Groups in a Series of Low-Spin Iron(II1) Heme Proteins 
cytochrome c cytochrome co1 cyt c cyanide metCN-SWMbo metCN-G JMbb 

1-CHa -17.d 7.11 -46.9 24.80 -39.5 12.94 -39.3 18.77 -29.0 1 

5-CH3 -24.lf 10.11 -54.3 31.25 -46.2 19.53 -60.5 27.63 -49.5 2 
8-CH3 -68.U 34.57 -35.91 17.17 -50.8 17.50 -33.2 12.97 -25.8 1 

0 Metcyano sperm whale myoglobin. * Metcyano Galeorhinw japonicw myoglobin. Taken from ref 759, chemical shifta at 303 K. 
Taken from ref 760, chemical shifts at 305 K. e By a HMQC experiment. f By a lH-W COSY experiment. g Taken from ref 761, 

chemical shifta at 308 K. Taken from ref 761, chemical shifts at 308 K. Taken from refs 423 and 424, chemical shifta at 295 K/ By 
selective decoupling of assigned proton resonances. Taken from ref 405, chemical shifts at 308 K. 

methyl group l3CC 1HC 13Cd.e 1Hd lsud 1Hh 'Vi 1Hfi l S ( p  1Hk 

3-CH3 -53.6i 31.76 -21.8 13.47 -19.3 7.72 -13.0 5.00 -17.5 6 

Heteronuclear decoupling experiments have allowed 
La Mar and co-workers to assign the vinyl carbon 
resonance in a series of paramagnetic myoglobin 
derivatives reconstituted with selectively W-labeled 
hemin.666 Later, Yamamoto performed the l3C-lH 
heterocorrelation spectra of the sperm whale"3 and 
Gazeorhinus japonicus metMb-CN-tZ4 locating all the 
heme methyl resonances. Since the l3C heme methyl 
resonances are well resolved, the detection of the 13C- 
1H connectivities made it possible to locate the proton 
3-CH3 resonance, which lies in the diamagnetic enve- 
lope. All the heme substituent 13C resonances of sperm 
whale metMb-CN- have been recently assigned by 
means of HMQC experiments, which have proved to 
be more effective than direct detection methods, 
because they provide both a higher spectral resolution 
and shorter experimental times. A sizable contact 
contribution has also been found in the shift of the p 
carbon of the distal His residue of sperm whale metMb- 
CN-.762 

If the l3C heme shifts and the orientation and 
magnitude of the magnetic susceptibility tensor are 
available, the spin density in the heme-ring carbons 
may be calculated by factorizing the contact contri- 
bution and using eq 53. The calculation of the spin 
densities at  two different temperatures has allowed 
Turner to explain the anti-Curie behavior of the 'H 
and 13C methyl signals of horse ferricytochrome 
The factors determining the spin density distribution 
in the heme ring in hemoproteins have already been 
discussed in section V, when considering the 'H shifts, 
and do apply also for 13C shifts. The influence of the 
orientation of the proximal His ligand is more notorious 
in the case of carbon shifts. In the case of sperm whale 
and Galeorhinus japonicus metMb-CN-, the following 
13C methyl pattern has been found: 3-CH3 > 8-CH3 > 
5-CH3 > 1-CH3,423p424 which corresponds to an orien- 
tation of the proximal His ring along pyrroles I1 and 
IV. In the case of the peroxidases HRP-CN- and LiP- 
CN-, the different orientation of the proximal His is 
reflected in a reversal of the carbon shift trend 1-CH3 

Inverse detection HMQC lsN-lH experiments have 
been recently successfully performed on some cobalt- 
(11)-substituted zinc enzymes. For example, in lSN- 
enriched cobalt(I1) carbonic anhydrase eight NH 
moieties of residues not bound to the metal have been 
characterized, with proton line widths ranging from 80 
to 150 H z . ~ ~ ~  It has been also possible to find the 
nitrogen NH resonances of copper-bound histidines in 
CuzCozSOD by using A delays of the order of the T2 
values of the proton signals, i.e. of 1.5 ms.783 

Inverse detection techniques, particularly HMQC 
experiments, have proved to be applicable to para- 

> 5-CH3 > 8-CH3 > 3-CH3.7ez 

magnetic metalloproteins, even if its development is 
still new. However, it is expected that in the near future 
it will be as useful as it has been for diamagnetic 
biomolecules. 

X. Perspectlves 

It is still a common belief that it is impossible to 
record the NMR spectra of paramagnetic molecules 
(not only of paramagnetic proteins) because the lines 
are too broad, the field homogeneity low, cross peaks 
in 2D experiments lacking, etc. In line with this, the 
groups of researchers working in the NMR of metal- 
loproteins are very small. Therefore, the advancements 
are relative slow. The present review shows how much 
has to be done to proceed with the assignment and to 
establish proton-proton distances within the systems 
here discussed. New paramagnetic proteins are be- 
coming available and the utility of substituting zinc 
with paramagnetic metal ions like cobalt(I1) is more 
and more apparent. Furthermore, we should consider 
in the number of Paramagnetic proteins, the mutants 
obtained through DNA recombinant techniques. Mo- 
lecular biology is of particular help to NMR it may 
provide large quantity of samples through overexpres- 
sion and samples labeled with 2H, 13C, or 16N nuclei. 
13C- and lSN-labeled proteins will allow the development 
of HMQC experiments and 3D spectroscopies. We also 
expect improvements in hardware and software: very 
large spectral widths in 2D experiments can nowadays 
be obtained by using ADCs having a lower number of 
bits; particularly shaped probes can be used to shorten 
the 90" pulse; the introduction of nuclear relaxation in 
the simulation of 2D or 3D spectra may become 
important to plan experiments. New pulse sequences 
must be planned to suit the particular nature of the 
NMR experiment on paramagnetic molecules. There- 
fore, the number of suitable systems is growing and the 
advancement of the techniques is such that the tridi- 
mensional structure in solution can be obtained just 
like for the diamagnetic proteins of the same size. 
Furthermore, local information around the metal can 
be obtained even for proteins of large sizes. Molecular 
dynamic simulation techniques have been shown to be 
applicable to systems containing open-shell metal ions. 
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Note Added in Proof 
Some relevant papers in the field of iron-sulfur 

proteins have been recently produced. Sadek et al. have 
reported on the successful application of TOCSY 
experiments to Clostridium pasteurianum ferredoxin 
(Sadek, M.; Brownlee, R. T. C.; Scrofani, S. D. B.; Wedd, 
A. G. J. Magn. Reson. 1993, 101, 309). Bertini et al. 
have completed a study on the electronic structure of 
Fe4Sed3+ clusters in C .  uinosum HiPIP and E.  halophila 
HiPIP I1 (Bertini, I.; Ciurli, S.; Dickiy, A.; Luchinat, C. 
J. Am. Chem. SOC., in press). Finally, Markley et al. 
have prepared an interesting review on structure- 
function studies of Fez& ferredoxin where the most 
significant results of the application of NMR techniques 
to the Anabaena 7120 heterocyst and vegetative ferre- 
doxins and mutants are summarized (Holden, H. M.; 
Jacobson, B. L.; Hurley, J. H.; Tollin, G.; Oh, B.-H.; 
Skjeldal, L.; Chae, Y. K.; Cheng, H.; Xia, B.; Markley, 
J. J. Bioenerg. Biomemb., in press). 
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