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Structural investigations of paramagnetic metalloproteins using
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Introduction

An important task of modern biochemistry is deter-
mination of the spatial structures and study of the
structural and functional characteristics of proteins. The
topicality of this task increased when studies on deter-
mination of the genomes of some organisms** had
resulted in the discovery of many new proteins. The
functions of most of them are unknown. An important
step in elucidating the role of proteins in biological
processes is determination of their three-dimensional
structures.

The most important data on the 3D structures of
biological macromolecules are provided by X-ray dif-
fraction analysis and high-resolution NMR spectros-
copy. These methods permit one to determine the spa-
tial structures of proteins, to compare the molecular
conformations in the crystal and in solution, and to
elucidate the structural features determining the func-
tional properties of a system.

NMR spectroscopy is a powerful and, to a large
extent, unique tool of structural biology, which makes it
possible to study a system under conditions close to
physiological conditions. This technique provides struc-
tural information at the atomic level of resolution,
allows one to judge the dynamics of macromolecules in
solution, and makes it possible to describe the proper-
ties of proteins that are disordered completely or par-
tially.1.2

NMR spectroscopy was first employed in 1985 to
elucidate the structure of a protein in solution.3 Fur-
ther development of the theoretical grounds of this
method45—8 and elaboration of new techniques’-10 en-

* Dipartipento di Scienze Tecnologiche e Agro-Ambientali,
Universita di Bologna, 8 via Filippo Re, 1-40127 Bologna,
Italy.

** See http://www.ncbi.nlm.nih.gov.

sured substantial progress in the structural investigation
of diamagnetic proteins. Enrichment of proteins in N,
13C, and 2H isotopes and the use of advanced sequences
of NMR pulses make it possible to work with proteins
with high molecular masses (up to 40 kDa).1.2,11—14

Specific features of NMR spectroscopy of
paramagnetic metal-containing systems

The active sites of many proteins contain metal ions.
The paramagnetic state of these ions is often biologi-
cally significant. Whereas the determination of 3D struc-
tures for diamagnetic proteins is a well developed and
extensively used procedure,!-15 the procedures for work-
ing with paramagnetic metalloproteins are at the stage
of intense development and design.1—19 Indeed, at
present, the overwhelming majority of protein structures
determined by NMR and deposited at the protein struc-
ture data bank* (PDB) correspond to diamagnetic pro-
teins. The difficulties involved in the work with para-
magnetic proteins are due to the presence of unpaired
electrons in the system. The interaction of electrons
with nuclear spins induces substantial changes in
the nuclear chemical shifts, increases the rates of
nuclear relaxation (spin—lattice, T;**, and spin—spin,
T,***).20—22 The increase in the rate of spin—Ilattice
relaxation complicates the detection of dipole interac-
tions between the nuclei and thus hampers gaining of
data on the structure of the system under study. The
increase in the rate of spin—spin relaxation results in
signal broadening and thus hampers the detection of
signals in the NMR spectra, which also leads to a loss of
structural information.

* See http://www.rcsb.org.
** Longitudinal relaxation time.
*** Transverse relaxation time.
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The interaction of nuclei with unpaired electrons
can follow different mechanisms, namely, the contact
(Fermi) mechanism,23:24 consisting in the interaction
between the electronic and nuclear momenta through a
chemical bond, the pseudo-contact (dipole) mecha-
nism,25 which is through-space interaction, and the
Curie mechanism,26-27 based on the interaction between
the nucleus and the electronic magnetic moment arising
due to different occupancies of the electronic energy
levels in the metal atom. The two first-mentioned mecha-
nisms contribute to both the observed chemical shift
and the rate of nuclear relaxation, while the last one
affects only the rate of transverse relaxation (1/7,). The
paramagnetic interaction can involve both the nuclei of
amino acids that are coordinated directly to the para-
magnetic metal ion and the nuclei of the residues
located at a certain distance from the metal ion. The
radius of the sphere of ion influence can reach
30—40 A.28 The extent to which unpaired electrons
influence the spectral parameters as well as the specific
contributions of different mechanisms to the interaction
of the unpaired electron with the nucleus depend on the
nature of the metal ion.

The electron relaxation in the metal ion occurs due
to the spin—orbit interaction and depends on the distri-
bution of the energy levels, which, in turn, depends on
the number of ligands at the metal ion and its coordina-
tion geometry.29 The electron relaxation time in a metal
ion is an important parameter characterizing the effect
of the unpaired electron on the spectral characteristics
of the system. It is generally accepted3? that the signals
of protons located in the close proximity to the para-
magnetic center can be detected in the 'H NMR spec-
trum provided that the time of electron relaxation in the
metal ion is shorter than 107! s. The electron relax-
ation rates for various metal ions at room temperature
and the corresponding signal widths for the proton
located at a distance of 5 A from the metal ion in a
11.7 T magnetic field are listed3! in Table 1.

Systems containing an iron ion are the most conve-
nient for NMR investigation (see Table 1). For ex-
ample, cytochromes,32:33 peroxidases and their deriva-
tives,34—37 and myoglobine and its derivatives33—4! have
been studied. Owing to the magnetic interaction be-
tween metal ions, the proteins containing bimetallic or
polymetallic centers can also be studied by NMR spec-
troscopy. When a rapidly relaxing ion interacts with a
slowly relaxing one, the electron relaxation rate in the
latter increases because it utilizes relaxation mecha-
nisms of the rapidly relaxing ion. Depending on the
strength of the electron—electron interaction, the relax-
ation rate of the slowly relaxing ion can increase to
reach the relaxation rate of the rapidly relaxing ion. This
results in much narrower signals of the ligand nuclei for
the slowly relaxing metal ion, which enables and facili-
tates investigation of this system by NMR.22:42 This
type of interaction is observed in a number of bio-
logically important systems: Cull—Co!l (superoxide

Table 1. Electron relaxation time for paramagnetic metal ions
and corresponding signal broadening for the protons located at
5 A distance from the metal ion in a 11.7 T magnetic field

Ton T/s7] Line broadening/Hz
Ti3* 1071010~ 11 20—200

VO2*+ 10—8 10000

3+ 10711 50

2l 10— 5000

Cr3* 5-10—9—5-10"10 3000—25000
Cr2* 10-11—10712 20—150

Mn3+ 1071010~ 11 150—1500
Mn2+ 10—8 100000

Fe3* (HS) 10—9—10"11 200—12000
Fe3* (LS) 10~ 11—10-13 0.5—20

Fe2* (HS) 10-11—10-13 5150

Co2* (HS) 10711—10713 2—100

Co2* (LS) 10—9—10"10 200—1000
Niz+ 10710—10712 5—500

Cu?+ 10— 1000—5000
Ru3* 10~ 11—10712 2—20

Re3* 10712—10°13 5—20

Gd3* 10—-8—10—9 20000—200000
Ln3* 10712—10713 1—100

Note. HS is the high-spin form, LS is the low-spin form. Line
broadening is assumed to be due to the dipole interaction of the
nucleus with the unpaired electron. The correlation time for
this interaction is determined by the electron relaxation time.3!

dismutase),4344 Felll _Fell (jron-sulfur proteins,45—47
phosphatases48-49), Cull—Cu! (the Cu,-domain cyto-
chrome c-oxidase),30—54 etc.

Two approaches are possible to the structural study
of paramagnetic proteins using NMR spectroscopy:
(1) determination of the full 3D structure of a protein,
and (2) study of the structure of the protein active site.

As noted above, a paramagnetic center prevents or,
at least, markedly complicates the procedure of deter-
mination of the 3D structure of a molecule. From this
standpoint, the presence of unpaired electrons is an
obvious "disadvantage" of the system. However, the
interaction of the unpaired electron with the surround-
ing nuclei makes it possible to elucidate the structural
constraints supplementing those used for diamagnetic
systems, which are useful in the calculations of the
three-dimensional structure of the protein. The distance
and angle constraints can be found by analyzing the
chemical shifts of the paramagnetic signals and the
relaxation times of the protons located near the active
site.30 The procedure of 3D structure imaging for pro-
teins is presented in Scheme 1.

Due to the presence of the paramagnetic center in
the molecule, the spectral characteristics of the nuclei
located in the close vicinity of the paramagnetic center
differ appreciably from the corresponding characteristics
of the nuclei that do not experience the influence of
paramagnetism.29—22 This allows one to distinguish sev-
eral dozens of signals from the 'H NMR spectrum
containing several hundreds to several thousands of
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Scheme 1
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U

Transformation of cross-peak intensities into
distance constraints

(I=A/r8, Iis the cross-peak intensity,
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G

Calculation of the protein conformation
(distance geometry)

G

Refinement of the resulting structure
(energy minimization, molecular dynamics)

G

Evaluation of the structure quality

G

Deposition to the protein structure data bank (PDB)

signals and to study only the active site of paramagnetic
proteins. This feature of paramagnetic systems is an
obvious advantage because it provides the required in-
formation on the protein active site without complete
investigation of the system.

This review describes the use of the NMR method to
determine full three-dimensional structures of iron-sul-
fur and copper-containing proteins in solution and to
study their active sites. This work does not claim to be a
thorough enumeration or mentioning of all proteins
belonging to these classes and studied by NMR. The
purpose of the review is to acquaint the reader with the
main achievements and modern approaches to the struc-
tural studies of paramagnetic metalloproteins in solution
using nuclear magnetic resonance.

Iron-sulfur proteins

Iron sulfur proteins represent a large group of iron-
containing nonheme proteins. These proteins contain
polymetallic centers (iron-sulfur clusters) in which the
iron ions have a tetrahedral coordination geometry and
are linked to each other by bridging sulfide ions.55—59
The iron-sulfur clusters are usually connected to the
protein backbone by cysteine residues. However, in
some cases, one or several iron ions in the cluster are
coordinated by nitrogen of the histidine residue (Risky
proteins)90-61 or by oxygen ligands (aconitase,%2:63 some
types of ferredoxins®4—966) Iron-sulfur clusters differ in
the number of iron and sulfur ions and in the structure.
The proteins containing one iron ion coordinated to
four cysteine residues can also be assigned to this class
because they represent the reference point for poly-
metallic systems.

The tetrahedral or pseudo-tetrahedral environment
of Fell and Fe!ll jons determines their high-spin state
(§ = 2, 5/2). The main types of iron-sulfur clusters
found in proteins are shown in Fig. 1. The structures of
these centers have been established by X-ray diffraction
analysis.0’—83 The oxidation states of iron in the most
frequently encountered types of iron-sulfur clusters are
listed in Table 2. Some iron-sulfur proteins can contain
several clusters. Apart from the clusters shown in Fig. 1,
clusters with more complicated structures also exist. The
[6Fe—6S] clusters have been detected by Méssbauer
and ESR spectroscopy.66.84.85

Iron-sulfur proteins and enzymes are involved in
important biological processes (photosynthesis, respira-
tion, isomerization, etc.).55-58:86 However, the most com-
mon function of iron-sulfur proteins is electron trans-

Table 2. Oxidation states of iron ions in the most frequently
encountered types of iron-sulfur clusters found in proteins

Cluster Protein Form

t

ypes oxidized reduced
Fe Rubredoxin Felll Fell

Fe,S,  Ferredoxin 2Felll 1Felll + [Fell
Fe;S;  Ferredoxin 3Felll 2Felll + [Fell
FesS4  Ferredoxin 2Felll + 2Fell 1Fe!ll + 3Fell
Fe,S, HiPIP 3Felll + [Fell  2Felll + 2Fell
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Fig. 1. Structure of iron-sulfur clusters encountered in biological systems. (a) 4Fe cluster, ferredoxin, HiPIP, ¢ = — 3, — 2, — 1;
(b) 3Fe cluster, aconitase, ¢ = — 3, — 2; (¢) 2Fe cluster, ferredoxin, ¢ = — 3, — 2; (d) 1Fe cluster, rubredoxin, ¢ = — 2, — 1.

fer.55.58.86 These systems attracted considerable interest
in researchers. Apart from X-ray diffraction analysis,
iron-sulfur proteins have also been characterized by
various physicochemical methods.55 Extensive use of
NMR spectroscopy for structural and physicochemical
investigations has long been impossible. Substantial
progress in this field has been made in recent years.46
The use of specific techniques for the detection of NMR
signals of rapidly relaxing ions permitted the first deter-
mination of the structure of a paramagnetic protein in
solution for the so-called high potential iron-sulfur pro-
tein (HiPIP).87—89

Mononuclear iron-sulfur proteins

This class of proteins includes rubredoxins,?9:91
desulforedoxins,92-93 desulfoferredoxins,?® and rub-
reritrins.95 They have relatively low molecular weights
(6—12 kDa), and their redox potentials vary from ap-
proximately +200 to —150 mV vs. the standard hydro-
gen electrode.?® The iron ion in these proteins is coor-
dinated to four cysteine residues and has a tetrahedral
coordination geometry.?® In the oxidized state, proteins
contain a high-spin Fe!ll jon, while the reduced form
contains a high-spin Fe!l ion. The substantial time of
electron relaxation of the oxidized iron ion (1, ~1079 s)

is the reason for considerable broadening of the signals
that correspond to protons located near the paramag-
netic center.97.98 Therefore, the signals of the methyl-
ene protons of cysteine have not been detected at all in
the 'H NMR spectra of the oxidized form. A decrease
in the electron relaxation time of the reduced iron ion
(Table 1) induces narrowing down of the NMR signals.
Indeed, the 'H NMR spectra of the reduced forms of
rubredoxins isolated from various sources?8—100 were
found to exhibit a number of signals pointing to the
presence of paramagnetism. Due to the large linewidths
(up to 4500 Hz), the nuclear Overhauser effect (NOE)
cannot be observed for these signals; this hampers as-
signment of these signals to protons for this class of
proteins.

This problem can be solved to some extent by deu-
teration of proteins. The deuterium signals are much
narrower than the proton signals because the gyromag-
netic constant of deuterium is smaller than that of
hydrogen.2! Thus, it becomes possible to use NMR
spectroscopy to characterize rubredoxin derivatives
(Clostridium pasteurianum) in which all the cysteine
residues have been selectively deuterated in the
o,B-positions. 191,102 This made it possible to detect and
assign the aliphatic signals of all the cysteine residues in
the 2H NMR spectrum of rubredoxin in both oxidized
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Fig. 2. Three-dimensional structure of the reduced rubredoxin
from Clostridium pasteurianum in solution with elements of the
protein secondary structure.

and reduced forms. As expected, the signals of cysteines
are much broadened and located outside the diamag-
netic area. In the case of oxidized rubredoxin, the
chemical shift of the methylene signals for the cysteine
varies from 300 to 900 ppm. The studies performed
provided information on the unpaired electron density
distribution over the rubredoxin active site.

In addition to assignment of paramagnetic signals,
NMR spectroscopy has also been used to determine the
structures of proteins of this class. The three-dimen-
sional structure in solution of the reduced form of
rubredoxin from CI. Pasteurianum has been deter-
mined.!% The protein structure was calculated taking
into account both the standard distance constraints
(NOESY spectra) and 36 paramagnetic distance con-
straints for the metal ions and protons of the surround-
ing amino acids. These constraints were determined
from analysis of the proton longitudinal relaxation time.
This gave a family of 20 structures with root-mean-
square deviations (RMSD) of 0.58 and 1.03 A for the
backbone and side-chain atoms, respectively. The main
skeleton of the mean structure of this family with ele-
ments of the protein secondary structure is presented
in Fig. 2.

Ferredoxins

A large number of ferredoxins have now been iso-
lated from various organisms and characterized.”S Apart
from differences in the primary structures, these pro-
teins also differ in the structure of the iron-sulfur clus-
ters located in their active sites. In terms of the cluster
type, ferredoxins are subdivided into several groups:
Fe,S,, FesS4, FeySy, Fe;Sg (contain FesS, and FeySy
clusters), and FegSg (contains two FeySy clusters). The
oxidation states of iron ions in various clusters are listed
in Table 2. The redox potential of ferredoxins varies
from 0 to —650 mV;103.104 the molecular weight ranges
from 6 to 20 kDa.”s

As noted previously,2242 the interaction between
metal ions within the polymetallic center results in an
increase in the rate of electron relaxation of metal ions
and thus markedly narrows down the signals from the
nuclei of the ligands coordinated to the paramagnetic
center. However, in the case of oxidized Fe,S,-ferre-
doxin, strong antiferromagnetic interaction between iden-
tical Felll ions does not induce a significant decrease in
the electron relaxation time.105.106 Therefore, the
I'H NMR spectra of the oxidized form of Fe,S,-ferre-
doxins exhibit highly broadened (~2000 Hz) overlapped
signals in the low-field region. Such 'H NMR spec-
tra have been recorded for a number of oxidized
Fe,S,-ferredoxins.106—114 Since no data on signal as-
signment for oxidized ferredoxins of this type are avail-
able, neither structural nor electronic information on
the protein active site were determined.

In the case of reduced form of Fe,S,-ferredoxins,
the antiferromagnetic interaction of Felll (§ = 5/2) and
Fell (S = 2) ions induces a substantial increase in the
rate of electron relaxation of metal ions. In the 'H NMR
spectra of reduced ferredoxins of this type, all eight
methylene protons of the cysteine residues coordinated
to paramagnetic metal ions have been detected.115 As
expected on the basis of theoretical calculations,!16 the
signals of the methylene protons of the cysteine residues
coordinated to the Fel!l ion are located in the region of
45—15 ppm and obey an anti-Curie temperature depen-
dence (an increase in the chemical shift of a signal with
an increase in temperature).107.117 The signals of the
B-H cysteine residues attached to the Fe!ll jon exhibit a
much greater chemical shift (160—80 ppm) and follow a
Curie temperature dependence (a decrease in the chemi-
cal shift of the signal with rising the temperature).115
These differences between the temperature dependences
and chemical shifts markedly facilitate the procedure of
signal assignment in the spectra of proteins containing
polymetallic paramagnetic centers. Analysis of the
IH NMR spectra and their temperature dependence
showed that in this type of ferredoxins, the unpaired
electron density is localized on the metal ions.106.115

The assignment of the 'H NMR signals of the
cysteine residues was based on analysis of the NOE
spectra and structural data for this class of ferredoxins.
The presence of signal assignment for the cysteine resi-
dues made it possible to find out which of the iron ions
(Fe!! or Fe!lly coordinates each cysteine residue.198 This
sort of structural information cannot be obtained by any
other spectral method.

Although determination of the full three-dimensional
structures of Fe,S,-ferredoxins in solution by NMR is a
rather complicated task due to the strong paramagnetism
of the polymetallic cofactor, the structures of the oxi-
dized form of the Fe,S,-containing ferredoxin from
Synechocystis sp. PCC 6803118 or Synechococcus
elongatus 119:120 cyanobacteria and of the Fe,S,-con-
taining ferredoxin from parsley 121 were determined suc-
cessfully. In the first-mentioned case,!18 the structure
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was obtained without constraints for amino acids that
experience the influence of the paramagnetic center.
This entailed poor resolution of the calculated family
and the absence of structural information on amino
acids located within a radius of 8 A from the metal ion.
In the case of ferredoxin from Synechococcus elongatus,119
in addition to the 946 distance constraints for the dia-
magnetic fragment of the protein (derived from analysis
of the NOESY spectrum), 241 distance constraints for
the 19 amino acids surrounding the cluster were taken
into account in structure calculation. The latter con-
straints were found from analysis of the crystallographic
structure of ferredoxin from Spirulina platensis. Cer-
tainly, the use of X-ray diffraction data obtained for a
protein from a different source to calculate the structure
in solution does not ensure reliable information about
the system under study. In the structure calculation for
the ferredoxin from parsley,12! the paramagnetic dis-
tance constraints for the protons located at a distance of
up to 5.6 A from the active site were determined from
the NOE spectra and analysis of the longitudinal relax-
ation time for protons. The use of 2533 distance con-
straints altogether resulted in a family of structures
comprising 18 conformers with a RMSD* of 0.52 and
0.91 A for the backbone and side-chain atoms, respec-
tively. The structure of the Fe,S,-ferredoxin from pars-
ley is the most accurate of all the structures in solution
determined by NMR for the given class of proteins.

Apart from this, the structure in solution was deter-
mined for oxidized putidoredoxin from Pseudomonas,
which is a protein containing the Fe,S, cluster in the
active site.122:123 [p this case, the paramagnetic broad-
ening of the NMR signals for protons located within a
sphere of an iron-sulfur cluster with a radius of ~8 A
precluded determination of experimentally justified struc-
tural constraints for this part of the protein to be used in
structure calculations.

Fe;S,-ferredoxins have been isolated from various
bacterial sources.04.75:124—127 The total spin of the
Fe;S,T-cluster equals 1/2; it is due to the antiferromag-
netic interaction of the three Fe!ll jons in the oxidized
form of the protein.128:129 The !H NMR spectra of the
oxidized forms of these proteins contain four signals that
experience paramagnetic broadening and are markedly
shifted downfield.130—133 Two of them obey the Curie
temperature dependence and display reciprocal dipolar
interaction in the NOE spectra. This indicates that the
signals belong to the B-H protons of the same cysteine
residue coordinated to one iron atom of the cofactor.
The other two signals follow an anti-Curie-temperature
dependence, do not exhibit dipole—dipole interaction
(no cross-peaks in the NOE spectra), and correspond to
the B-H protons of the other two cysteine residues. The
signals that experience a paramagnetic shift were as-
signed from the analysis of the 1D NOE spectra and the
crystallographic data for Fe;S,-ferredoxins,132—134

* Root-mean-square deviation.

In a Fe;S, cluster, each iron ion interacts with the
other two iron ions. The strength of this interaction is
described by the J constant (the Heisenberg coupling
constant). These three constants can be calculated from
the chemical shifts of the methylene protons of the
cysteine residues.135 The observed distribution of signals
of the B-H protons of the cysteine residues in the
TH NMR spectra of the Fe;S,-ferredoxins was described
by the scheme of symmetric magnetic interaction. Ac-
cording to this scheme, two Fe!ll ions are equivalent.
Their antiferromagnetic coupling constant, J, is greater
than the other two coupling constants (see below).130.131
In other words, the magnetic interaction in a pair of
iron ions (ion 1 with ion 2) is stronger than that of ion 1
with ion 3 or ion 2 with ion 3.

The four paramagnetically shifted signals observed in
low fields in the !H NMR spectrum of the oxidized
Fe;S,-ferredoxin disappear upon reduction of the pro-
tein.134 This is due to the fact that the paramagnetism of
the reduced Fe3S,0 cluster is much higher (S = 2).

The NMR method was used to determine the 3D
structure of the oxidized Fe;S4-ferredoxin II from
Desulfovibrio gigas.136 The structure was calculated us-
ing the distance constraints determined from the two-
dimensional NOESY spectra (for the diamagnetic part
of the protein) and one-dimensional NOE spectra (for
the paramagnetic part of the protein). However, the
strong paramagnetism of the Fe;S,* cluster precluded
the assignment of signals of all amino acids in the
IH NMR spectrum of this protein. For amino acids
whose signals have not been assigned, data derived from
X-ray diffraction analysis of the protein have been used
in the structure calculation. The family of structures for
the oxidized Fe;S4-ferredoxin II from Desulfovibrio gigas
in solution obtained in this way is shown in Fig. 3.

The active site of the Fe4S4-ferredoxins contains a
cubic iron-sulfur cluster consisting of four iron ions and

Fig. 3. Family of structures (15 conformers) of the oxidized
Fe;Sy-ferredoxin 11 from Desulfovibrio gigas in solution (ele-
ments of the protein secondary structure are shown).
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four sulfide ions. This type of iron-sulfur cluster can
occur, according to Carter’s hypothesis,137 in three
redox states, namely, Fe,S;™, FesS42T, and Fe,S,37. In
Fe,Sy-ferredoxins, transition between the FeyS,™ and
Fe4S42+ states takes place. Two clusters of this type are
contained in FegSg-ferredoxins. The redox potentials of
the Fe4S4- and FegSg-ferredoxins vary from —250 to
—650 mV.103.104 The Fe,S,2"/Fe,S,3t redox transition
is observed in high-potential iron-sulfur proteins (HiPIP)
(see below). The formalism used to describe the
Heisenberg exchange interaction in the Fe4S, clusters is
the same for ferredoxins of this type and for high-
potential sulfur proteins (for details, see the Section
devoted to the latter type of proteins).

Like the 'H NMR spectra of other types of ferre-
doxins, these spectra of the oxidized Fe4S4- and
FegSg-ferredoxins exhibit several signals with paramag-
netic broadening located in the low-field region
(<20 ppm).112.138—150 Thege signals correspond to the
aliphatic protons of the ligands. As expected, for the
given spin state of the FeyS42" cluster (S = 0),135 all
these signals obey the anti-Curie-temperature depen-
dence. The signals due to the B-H and o-H atoms of the
cysteine residues were assigned using selective deutera-
tion of these amino acids,!42 1D NOE spectra, and
2D MCOSY and NOESY* spectra.140,141,143,144,150,151

The active site of the reduced Fe,S4-ferredoxin con-
tains a FesS4t cluster. The basic spin state of the
reduced cluster is 1/2.152.153 The 'H NMR spectrum of
the reduced form contains paramagnetically shifted sig-
nals at about 65—10 ppm with very short longitudinal
and transverse relaxation times. These signals obey
both the Curie and anti-Curie temperature depen-
dences.148’154’155

The partially reduced form of the FegSg-ferredoxins
contains FeyS4* and FeyS,2" clusters. Apart from the
paramagnetically shifted signals corresponding to two
different redox forms, the 'H NMR spectra of the
semireduced form exhibit signals due to the semireduced
form itself.155 The fact that one !H NMR spectrum
contains signals corresponding to three forms indicates
that the equilibrium between them is slow on the NMR
time scale. The use of exchange NMR spectroscopy
(2D EXSY spectra) provided assignment for the signals
of the reduced and semireduced forms. Analysis of the
chemical shifts of the B-H protons of the cysteine resi-
due, 13C NMR data,!56 and electrochemical measure-
ments made it possible to determine the potential of
each of the two iron-sulfur clusters present in the pro-
tein.155 The data obtained contribute significantly to the
study of functional features of proteins of the given class.

The structures of a number of FeyS4- and
FegSg-ferredoxins were determined by NMR spectros-
copy. The structures of the oxidized Fe4S4-ferredoxins
from Thermotoga maritima,'57 Desulfovibrio africanus,158

* COSY is correlation spectroscopy, NOESY is nuclear
Overhauser effect spectroscopy, EXSY — exchange spectroscopy.

Fig. 4. Three-dimensional structures of the oxidized
Fe4S4-ferredoxin from Desulfovibrio africanus (a) and
FegSg-ferredoxin from Clostridium pasteurianum (family of
16 conformers) (b) in solution with elements of the protein
secondary structure.

and Thermococcus litoralis131 were obtained taking into
account both distance and angle (torsion angles) con-
straints. The structural constraints for the paramagnetic
regions of the proteins were found from one-dimen-
sional NOE spectra, the rates of longitudinal relaxation
of protons located near the cluster, and dependences of
chemical shifts of the B-H protons of the cysteine
residues on the torsion angles x2. This is exemplified
in Fig. 4, a, which shows the structure of the
Fe,S4-ferredoxin from Desulfovibrio africanus.

The calculation of the structures of FegSg-ferredox-
ins is markedly complicated by the fact that these
proteins are small (they contain altogether 55—60 amino
acids); therefore, most of their atoms feel the paramag-
netism of the two Fe S, clusters. Nevertheless, the
structure in solution of the oxidized FegSg-ferredoxin
from Clostridium pasteurianum was determined.147 The
structure was obtained using for the distance constraints
found from the NOESY and NOE spectra, the angle
constraints for the torsion angles ¢, the distance con-
straints for the hydrogen bonds, and the angle con-
straints for the y2 torsion angles for the cysteine resi-
dues. In total, 456 structural constraints were used to
calculate this structure. The RMSD values for the family
of structures thus found, which comprises 16 conformers,
equal 0.66 and 1.08 A for the backbone and side-chain
atoms, respectively. The family of structures of the
FegSg-ferredoxin from Clostridium pasteurianum is shown
in Fig. 4, b.

The Fe,;Sg-ferredoxins contain the Fe;S4 and FeySy
clusters in their active site. They are characterized by
two potentials, ca. —250 and ca. —550 mV.1% In the
oxidized state, the protein contains the Fe;S,* and
Fe,S42% clusters.86 The total spin of the oxidized pro-
tein S is equal to 1/2.135 During protein reduction, the
former cluster 160 is reduced to Fe;S,% with the basic
spin state S = 2.135 The Fe,S,2" cluster cannot be
oxidized. When an oxidant is added to the protein,
oxidative destruction of the tetrameric cluster takes



NMR studies of iron-sulfur and copper proteins

Russ.Chem.Bull., Int.Ed., Vol. 50, No. 10, October, 2001

1769

place.161.162 The 'H NMR spectra of the oxidized
Fe;Sg-ferredoxins usually exhibit a series of signals char-
acterized by paramagnetic broadening in the low-field
region.149,160,163—167 Sty dy of the temperature depen-
dences of these signals and 1D NOE spectra, and
analysis of the 'H NMR spectra of the oxidized/reduced
forms of the protein resulted in assignment of each
paramagnetically shifted signal and in determination
of what cluster is coordinated by each cysteine
ligand.149,166,167 On the basis of the studies performed,
it was found that three paramagnetically shifted signals
located in the low-field region correspond to the meth-
ylene protons of the cysteines linked to the Fe;S,t
cluster, two of them being due to the geminal protons of
one cysteine residue. The proton signals of the third
cysteine ligand have not been detected in the 'H NMR
spectra of the Fe;Sg-ferredoxins until recently. An NMR
study of the ferredoxin isolated from Rhodopsedomonas
palustris and analysis of the available published data
allowed the detection and assignment of the B-H signals
of all seven ligands of the iron-sulfur clusters.167 The
'H NMR spectra of the oxidized and reduced forms of
the Fe;Sg-ferredoxin from R. palustris are shown in
Fig. 5. The spectrum of the oxidized form of the protein
contains, apart from the paramagnetically shifted signals
located in the low-field region, a paramagnetically broad-
ened signal shifted upfield (signal I). The performed
NMR study indicates that this signal corresponds to one
methylene proton of the remaining third cysteine ligand
of the Fe;S4* cluster. By analyzing the distribution of
'H NMR signals corresponding to the cysteine residues
that coordinate the Fe;S,™ cluster both in the Fe3S,- and

in Fe,;Sg-ferredoxins, a correlation has been established
between the above-mentioned signal distribution and
the primary structures of these proteins.167

A NMR study of the Fe;Sg-ferredoxin isolated from
R. palustris resulted in the formulation of a new model
of magnetic interaction in the Fe;S,* cluster. As noted
above, magnetic interaction of the metal ions of the
Fe;S4™ cluster in Fe;Sy-ferredoxins can be described by
a symmetric scheme (J;, # J;3 = J,3). Due to the
presence of two different clusters in the Fe;Sg-ferre-
doxin molecule, the Fe;S,* cluster in the Fe;Sg-pro-
teins is less symmetrical as regards the symmetry of
magnetic interactions (i.e., more anisotropic) than the
same cluster in the Fe;S4-ferredoxins. Based on the
signal assignment for the cysteine residues attached to
the Fe;S4™ cluster performed for the Fe;Sg-ferredoxin
from R. Palustris, a new scheme for the interaction
within the three-dimensional cluster was proposed. Ac-
cording to this asymmetric scheme, all the cou-
pling constants of the three iron ions are different
12 # 13 # 1y3). 167

The NMR method was used to determine the
three-dimensional structures of the oxidized native
Fe,Sg-ferredoxin from Bacillus schlegeliil®8 and of the
Aspl3Cys derivative of this protein.169 In the latter
case, the introduction of an additional cysteine residue
into the molecule converts the Fe;Sg-protein into the
FegSg-ferredoxin. Both structures were calculated taking
into account the distance constraints determined from
the NOESY and NOE spectra and the angle constraints
for the 2 torsion angles of the cysteine residues coordi-
nating the iron-sulfur clusters. The latter were found

30 25 20 15

10 5 0 oy

Fig. 5. 'H NMR spectra (500 MHz) of oxidized (a) and reduced (b) Fe;Sg-ferredoxin from Rhodopsedomonas palustris (298 K,

pH 7.0, 50 mM phosphate buffer).



1770  Russ.Chem.Bull., Int.Ed., Vol. 50, No. 10, October, 2001

Dikiy

Fig. 6. Three-dimensional structure of oxidized Fe;Sg-ferre-
doxin from Bacillus schlegelii in solution with elements of the
protein secondary structure.

from analysis of the angular dependence of the chemical
shifts of the proton signals for the cysteine residues. The
resulting families of structures consisting of 20 conform-
ers have RMSD of 0.68 and 1.16 A (native protein) and
0.55 and 0.99 A (mutant protein) for the backbone and
side-chain atoms, respectively. Despite the substantial
paramagnetism of these proteins, the use of paramag-
netic geometric constraints (distance and angle) pro-
vided calculation of these families with a good resolu-
tion. The structure of the oxidized native Fe;Sg-ferre-
doxin from Bacillus schlegelii is presented in Fig. 6.
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Fig. 7. Scheme of the Heisenberg exchange interaction in the
FeyS43t cluster of the active site of oxidized high-potential
iron-sulfur proteins (HiPIP).

High-potential iron-sulfur proteins

High-potential iron-sulfur proteins (HiPIP) contain
the 4Fe—4S tetramer cluster in the active site 170 and
possess high redox potentials. The Ej, values for
these proteins vary from +50 to +350 mV,56.170,171
while the molecular mass varies from 8 to 10 kDa.56:170

As in the case of Fe,S,-ferredoxins, the metal ions
in the iron-sulfur cluster undergo the Heisenberg ex-
change interaction, which can be represented (from
Massbauer spectroscopyl’2:173) as interaction of two
pairs of metal ions. In the case of the reduced form of
HiPIP, the two pairs have fractional oxidation numbers
(+2.5) (each pair contains Fell and Fel'l) and are
identical. The oxidized form of the cluster is a combina-
tion of two pairs of ions; one of them has a fractional
oxidation number, while the other comprises two oxi-
dized iron ions. The metal ions in each pair experience
ferromagnetic interaction with each other. The scheme
of the exchange interaction in the FesS43" cluster is
presented in Fig. 7. The basic spin states for reduced
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Fig. 8. 'H NMR spectra (600 MHz) of the oxidized (a) and reduced (b) HiPIP protein from Chromatium vinosum (298 K, pH 7.0,

50 mM phosphate buffer).
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and oxidized HiPIP are 0 and 1/2, respectively.135.174,175
These spin states result from antiferromagnetic interac-
tion of the two above-mentioned pairs of iron ions.
Thus, the reduced form of the protein should be dia-
magnetic. However, due to the close proximity of the
basic diamagnetic level to the overlying excited para-
magnetic energy levels, these levels are partially occu-
pied at room temperature.17® Thus, the reduced protein
is paramagnetic, although its total spin is equal to zero.
Indeed, the 'H NMR spectrum of the reduced form is a
typical spectrum of a paramagnetic protein. The 'H
NMR spectrum of the oxidized and reduced HiPIP
isolated from Chr. vinosum are presented in Fig. 8. The
spectra of both forms of the protein contain signals
located outside the diamagnetic region (10—0 ppm),
indicating paramagnetism of both forms.

All the signals exhibiting a downfield paramagnetic
shift in the 'H NMR spectrum of the reduced HiPIP
correspond to the B-H protons of the cysteine resi-
dues.46 All signals obey the anti-Curie temperature de-
pendence. The methylene signals of cysteines were as-
signed using the NOE, NOESY, and COSY spectra and
published4® structural data for these proteins. The one-
dimensional NOE spectra recorded with saturation of
the paramagnetically shifted signals in the reduced HiPIP
from Chr. vinosum are shown in Fig. 9 together with
signal assignment.

According to theoretical calculations carried out for
the oxidized HiPIP,106.177 the 1H NMR signals for the
methylene protons of the cysteine residues coordinated
to the mixed-valance pair are expected to shift downfield
and to obey the Curie temperature dependence. In
contrast, the proton signals of the cysteine residues
linked to the oxidized pair of iron ions should experience
upfield shift and obey the pseudo-Curie-temperature
dependence (essential decrease in the chemical shift of
the paramagnetically shifted signals following a decrease
in temperature (negative chemical shifts)). This theo-
retical model has been confirmed only partly by experi-
ments. When comparing the distribution, the assign-
ment, and the temperature dependences of the 'H NMR
signals of the oxidized HiPIP proteins, one should note
that these characteristics depend on the source of the
protein. Table 3 summarizes the assignment and the
chemical shifts for all the paramagnetically shifted sig-
nals of the oxidized HiPIP isolated from various sources.
It can be seen from the Table that, in the case of the
protein from Ectothiorhodospira halophila 11,1782 the
methylene signals due to two cysteine residues (Cys I
and Cys IV) are shifted upfield and obey a pseudo-
Curie-temperature dependence, whereas similar signals
for Cys II and Cys III are markedly shifted downfield
and exhibit the Curie temperature dependence. In the
'H NMR spectra of the other proteins presented in
Table 3, only the methylene signals for Cys I are shifted
upfield, whereas the signals for Cys IV are located in
low field and follow the anti-Curie-temperature depen-
dence. As an example, Fig. 10 presents the temperature
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Fig. 9. 'H NMR spectra (600 MHz) of the reduced HiPIP
protein from Chromatium vinosum: (a) reference 1D spectrum,
(b—d) NOE spectra obtained upon saturation of paramagnetic
signals: (b) saturation of the B-H(2) signal of the Cys43 residue,
(c) saturation of the B-H(1) signal of the Cys77 residue,
(d) saturation of the B-H(2) signal of the Cys63 residue.
Assignment of the observed NOE signals: (/) NH Ala44,
(2) B-H(1) Cys43, (3) a-H Val73, (4) 6-Me lle71, (5) o-H
Cys77, (6) NH Ala78, (7) B-H(2) Cys77, (8 o-H Tyrl9,
(9 B-H Tyrl9, (10) B-H Leul7, (11) 8-Me Leul7, (12) NH
Cys63, (13) 8-H Phe66, (14) NH Phe66, (15) B-H(2) Phe66,
(16) B-H(1) Phe66. A, B, C are paramagnetic signals. The
spectra were recorded at 290 K, pH 5.1, in a 50 mM phosphate
buffer (D,0).

dependences of all paramagnetic signals located beyond
the diamagnetic area in the 'H NMR spectrum of the
oxidized HiPIP protein from Chr. vinosum.1’® These
signals were assigned both using the NOE spec-
tral80 and by observing the exchange interactions
with the reduced form of the protein in the EXSY
spectra.176

This difference between the 'H NMR spectra of the
oxidized forms of HiPIP and the deviation from the
theoretical model observed for most proteins is due to
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Table 3. Chemical shifts of paramagnetically shifted signals of the cysteine residues in the 'H NMR spectra of oxidized HiPIP from

various sources at 300 K

Source Cys 1 Cys 11 Cys II1 Cys IV
Cys 3 Cys Cys b Cys S
B-H(1) B-H(2) B-H(1) B-H(2) B-H(1) B-H(2) B-H(1) B-H(2) o-H
E. halophila 111782 39 227 —17.2 42 47.2 56.7 55 47.9 92.5 71  —14.2 —8.7 —
R. globiformis!78p 21 —32.5 =377 24 29.2 32.6 33 45.6 108.2 46 — 13.5 18.2
E. vacuolata 118! 34 —13.9 247 37 224 23.7 51 31.9 101.5 65 22.9 29.5 25.1
Chr. vinosum180 43 —31.2  —33.0 46 26.4 25.9 63 35.3 105.8 77 37.6 28.9 26.8
R. gelatinosus!78¢ 36 —309 —24.8 39 11.8 12.9 53 45.1 95.8 67 31.9 39.5 284
Rf. fermentants178d 38 —339 —29.8 41 13.9 14.6 54 46.7 96.9 68 35.3 41.8 —

the existence of an equilibrium between two forms of
the FeyS43" cluster differing in the distribution of the
oxidation states of iron ions.181 The two tetrametic
FesS43% clusters that differ in the position of the Fe3*
and Fe25* jons (one of the ions from each the oxidized
pair and the mixed-valence pair, respectively) and occur
in equilibrium are shown in Fig. 11. Since the 'H NMR
spectrum exhibits two signals for the B-H protons in the
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Fig. 10. Temperature dependences of the paramagnetically
shifted signals in the 'H NMR spectrum of the oxidized HiPIP
protein from Chromatium vinosum. The letter designations cor-
respond to the signals in Fig. 8, a.

cysteine residue, this equilibrium is fast on the NMR
time scale (in the case of slow process, the methylene
protons of the cysteine residues would give rise to four
signals).181 According to this scheme, in all the HiPIP
studied, the two signals shifted downfield (signals A and
C in Fig. 8, a) correspond to the methylene protons of
the Cys III residue linked to FeZ>*, while the two
signals shifted upfield (Fig. 8, a, signals H and I) belong
to the Cys I residue coordinated to Fe3*. The positions
of the methylene signals of the other two cysteine
residues in the 'H NMR spectrum depend on the
position of the equilibrium. In the case of HiPIP from
E. halophila 11,17-1782 the equilibrium is entirely shifted
to the left (Fig. 11); thus, the solution contains 100% of
form A. In this case, the 'H NMR spectrum entirely
corresponds to the theoretical model.1%6.177 For pro-
teins from other sources, both forms always occur in
solution. Thus in the case of HiPIP from Chr. vinosum,
a solution was found to contain 20% form A and 80%
form B.17.179.180 The hypothesis of the existence of an
equilibrium between two forms of the Fe,S43* cluster is
also confirmed by the observed deviations from linearity
of the temperature dependences for paramagnetic sig-
nals in some oxidized HiPIP 181,182 and by the results of
IH NMR study of the Cys77Ser derivative of HiPIP
from Chr. vinosum.17

The existence of an equilibrium between two forms
of the cluster can also be considered from the stand-
point of redox micropotentials of each of the iron ions
constituting the cubic iron-sulfur cluster. In the Fe,S,3*
cluster, one of the four iron ions would always have a

a b
! 3+ ! 3+
S—Fe S——F
4/ 4 /
e sl S
3 3
Fe2:5 S Fe251——S
ya / e /
S———Fe25+ S——Fes3*

Fig. 11. Scheme of the equilibrium between two FeyS;3*
clusters in the active site of the oxidized high-potential iron-
sulfur proteins.
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charge of +3 (Fig. 11, Fe3*(1)), and the charge of one
ion is always +2.5 (Fig. 11, Fe2-5%(3)). The redox state
of the two remaining iron ions (Fig. 11, Fe(2) and Fe(4)
ions) depends on the position of the equilibrium. How-
ever, one of these ions would always be in the Fe3*
state, while the other would be in the Fe2>* state. The
oxidation state of these ions can be determined from the
chemical shifts of the proton signals of the ligands and
from the temperature dependence of the signals. Analy-
sis of the 'H NMR spectra of the oxidized HiPIP from
various sources made it possible to determine the rela-
tive micropotentials of each metal ion within the oxidized
tetrameric cluster: Fe(3) > Fe(4) = Fe(2) > Fe(1).179

As noted above, the 'H NMR spectra of the oxidized
HiPIP can be interpreted using exchange spectroscopy
(one-dimensional saturation transfer experiments and
two-dimensional EXSY spectra) taking into advantage
the 'TH NMR signal assignment for the reduced form of
the protein.176.177.183 The fact that signals of both re-
duced and oxidized forms can be found in one 'H NMR
spectrum means that the intramolecular electron ex-
change between two redox forms is slow on the NMR
time scale. Thus the rate constants for the intramolecu-
lar transfer of an electron between the reduced and
oxidized forms were estimated for a series of high-
potential iron-sulfur proteins. The change in the signal
intensity, m, upon signal saturation in the saturation
transfer spectra is related to the rate constant k* for the
observed pseudo-first order exchange process by the
following equation:184

n=k/(R+ k),

where R is the rate of the longitudinal relaxation of the
proton in the reduced form, k” is the reciprocal lifetime
of the reduced form of the protein.

If intramolecular electron exchange follows second-
order kinetics, the k° value is related to the second-
order rate constant k by the equation

k' = k[Ox],

where [Ox] is the concentration of the oxidized form.

The k values for HiPIP from various sources deter-
mined by this method vary from 103 to 10® L mol~! s~ 1.
Differences can be due to several factors, namely, the
total charge of the protein, the accessibility of the iron-
sulfur cluster to the solvent molecules, and the strength
of hydrophobic interactions.183

The three-dimensional structures of the reduced and
oxidized forms of HiPIP from Chr. vinosum37-88 and
E.halophila 1139-185 have been determined by NMR
spectroscopy. In addition, the structure of the reduced
Cys77Ser of the mutant HiPIP from Chr. vinosum was
calculated.186 In this review, determination of the struc-
tures of paramagnetic proteins and their analysis are
considered in detail taking HiPIP from Chr. vinosum as
an example.

In order to obtain a high-resolution structure, the
maximum number of signals should be assigned in the

NMR spectrum of the protein under study. The signals
in the spectra of oxidized and reduced HiPIP forms
from Chr. vinosum were assigned using a standard pro-
cedure.15.187.188 By comparative analysis of the two-
dimensional TOCSY* and NOESY spectra, the chemi-
cal shifts of signals corresponding to 69 amino acids in
the spectra of both forms were determined. Analysis
of three-dimensional spectra (TOCSY—HMOQC**,
NOESY—HMQC) allowed the assignment of signals of
the NH groups with the same or close chemical shifts.
As an example, Fig. 12 presents several F1—F3
('H—"H) planar cross-sections of the three-dimensional
NOESY—HMQC spectrum corresponding to different
I5N chemical shifts.37 The signals in the !N NMR
spectra of both forms of this protein were assigned by
analyzing the 3D spectra mentioned above and also the
2D 'H—15N HMQC spectra.

The specific assignment of the protons in the re-
duced and oxidized forms of the protein carried out by
traditional NMR methods used for diamagnetic systems
is presented in Fig. 13. For some amino acids, sequen-
tial NMR interactions (NH,—H,;—;) have not been
identified for the following reasons: the spectral overlap
of signals and the absence of sequential interactions in
the proline residues. However, the main reason is the
close arrangement of some amino acids to the paramag-
netic cluster, resulting in broadening of the signals of
the corresponding protons and precluding detection of
these signals by traditional methods. Their assignment
of these signals was based on experimental techniques
developed for detection of rapidly relaxing nuclei. These
include specially modified TOCSY and NOESY spec-
tra,37 one-dimensional NOE experiments, which are 1D
analogs of the 2D NOESY spectra and are characterized
by enhanced sensitivity, NOE—NOESY spectra.1839 Note
that 1D NOE spectra can serve as an important source
of structural information in investigations of paramag-
netic systems because they enable the assignment of the
signals of protons located in the close vicinity of the
paramagnetic center. Additional structural constraints
related to the system paramagnetism can be derived
from other NMR experiments.1?-30 Measurement of the
longitudinal relaxation times for protons located in the
vicinity of the paramagnetic center would make it pos-
sible to determine the distance constraints between the
protons and the metal ion. Determination of the contri-
bution of the dipolar interaction of the unpaired elec-
tron with the nucleus to the observed nuclear chemical
shift allows one to calculate the magnetic susceptibility
tensor for the given system. This, in turn, provides the
distance constraints between the protons and the para-
magnetic center of the protein. The angle constraints
for the metal ligands can be found from analysis of the
chemical shifts of the ligand nuclei. Some of the
geometric constraints mentioned above have been

* TOCSY is the total correlation spectroscopy.
** HMQC is heteronuclear multiquantum coherence spec-
troscopy.
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Fig. 12. F1—F3 planar cross-sections of the 3D 'H-1H NOESY—!H-15N HMQC spectrum of the reduced HiPIP from Chromatium
vinosum. The spectrum was recorded at 300 K, pH 5.1, in a 50 mM phosphate buffer. The specific signal assignments for amino
acids 28—33 are marked by arrows. The SN chemical shift for each plane is indicated.

used when calculating the structures of HiPIP from
E. halophila 190

It is noteworthy that, despite the difficulties arising
due to the paramagnetism, it proved possible to assign
the signals of 85% of the protons in both redox forms
and the signals of 90% and 80% of nitrogen atoms in
the reducedd” and oxidized38 forms of HiPIP from
Chromatium vinosum, respectively. These results were

attained due to the successful combined use of NMR
techniques suitable for the detection and subse-
quent assignment of both diamagnetic and paramag-
netic signals.

The structures of the reduced and oxidized forms of
the protein were determined using 1461 and 1498 dis-
tance constraints, respectively. Analysis of the 1D NOE
spectra recorded with saturation of paramagnetically
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Fig. 13. Schematic sketch of the sequential and medium range NOEs involving the NH, o-H, and B-H protons obtained from
standard 2D 'H NMR experiments for the reduced (a) and oxidized (b) HiPIP protein from Chromatium vinosum. The a-H—NH
dipole interactions are divided into strong (thick lines) and weak (thin lines) ones. Dark squares correspond to protons that undergo

slow exchange with water.

shifted signals corresponding to the f-CH, protons of
cysteine residues provided 28 and 39 additional distance
restrictions for the reduced and oxidized forms, respec-
tively.

Thus, the structures of the reduced and oxidized
forms were calculated using, on average, 17.2 and 17.6
distance constraints per amino acid, respectively. These
numbers of constraints, which are equal to or greater
than those used for diamagnetic proteins having a simi-
lar size, ensured high-resolution structures. The struc-

tures of oxidized and reduced forms were determined
via a three-stage calculation procedure including the
calculation of the family of distance geometry (DG
family),19! energy minimization (EM family),192 and,
finally, molecular dynamics (MD family).192 In all cal-
culations, NMR data (distance constraints) were taken
into account.

Each of the families thus obtained consisted of
15 structures. The quality of the families was evaluated
in terms of the target function (TF) and the RMSD
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Table 4. Evaluation of the quality of the resulting structures of the oxidized and reduced HiPIP from Chromatium vinosum
at each stage of calculation87-88

Family Form RMSD Target function Eiotal Al Ag
-1
Au A /A /kI mol! /kJ mol /A /deg
DG Ox 0.67£0.09  1.09%0.10 0.51
Red 0.73+0.12  1.13£0.12 0.56
EM Ox 0.59£0.09  1.06+0.09 58.46 —5660.0
Red 0.69+0.11  1.14£0.11 55.98 —5701.0
MD Ox 0.57+0.14  1.08+0.16 70.84 —7214.0
Red 0.62+0.12  1.19+0.18 57.07 —7259.0
MD Oxy,0* 75.91 —6609.0 0.007 1.61
Redy,o* 44.27 —6648.0 0.007 1.55

Note. RMSD is the root-mean-square deviation for the Ala2-Leu82 amino acids; A/ is the deviation from the ideal bond
lengths; A¢ is the deviation from the ideal bond angles; DG is the distance geometry family; EM is the energy
minimization family; MD is the molecular dynamics family; A., are the backbone atoms, Ay, are the side-chain atoms;

Dikiy

E a1 is the total energy.
* With a correction for the solvent—protein interaction.

value. All these parameters characterizing the quality of
the families obtained for the oxidized and reduced
forms of this protein at each calculation stage are
presented in Table 4.

In the further calculation of the molecular dynamics
in water, a correction for the solvent—protein interac-
tion was applied. This calculation was carried out for
averaged structures of the MD families for the re-
duced8” and oxidized38 forms of the protein. The pa-
rameters characterizing the quality of the structures thus
obtained (Redy, is the structure of the reduced form,
Oxp,o is the structure of the oxidized form) are pre-
sented in Table 4. The structure of the reduced form of
the protein with elements of the secondary structure is
presented in Fig. 14.

Fig. 14. Three-dimensional structure of the reduced HiPIP
protein from Chromatium vinosum in solution with elements of
the secondary structure of this protein.

Copper-containing proteins

Copper is the second most naturally abundant tran-
sition metal after iron.!93 In living organisms, copper
exists in two stable oxidation states, Cu!l and Cu!l. The
redox potential of this pair varies over a broad range in
different biological processes. The following four types
of copper sites can be found in nature:194
type 1 that includes mononuclear sites (blue proteins),
type 2 that includes mononuclear catalytic sites,
type 3 that includes binuclear sites, and
Cuy, corresponding to electron transferring binuclear

sites.

Other copper sites can be regarded as combinations
of the four above-mentioned types. For example, a
trinuclear copper site is a combination of the second
and third types.1?5 The spectra of each type of site have
their own characteristic features.194 In this review, we
consider the NMR studies of blue proteins (type 1
sites).

Blue proteins have been found both in bacteria and
in plants.196—199 [n addition, type 1 sites are encoun-
tered in enzymes containing polynuclear copper sites.
In addition to the mononuclear sites (type 1), these
enzymes also contain catalytic sites with one or several
copper ions.

The redox potential for the first type of sites varies
from 180 to 790 mV.200 This value can be influenced by
the nature of the axial ligand, the accessibility of the
active site for the solvent, and the charge distribution
around the copper ion.201-204

Blue proteins possess a number of similar spectral
and structural features. A specific feature of the elec-
tronic spectra of the oxidized forms of blue proteins is
the presence of a ligand—metal charge transfer line
(nCys—Cull) at about 600 nm.205—207 [t is this interac-
tion that is responsible for the intense blue color typical
of the oxidized form. Proteins that belong to this group
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have similar secondary and tertiary structures and simi-
lar structures of the active site.196 By analogy with
ferredoxins, blue proteins are also called cupredoxins.196
On the basis of phylogenetic analysis, these proteins can
be classified into five subclasses:208:209 (1) plastocyanin
family (plastocyanins, amicyanins, pseudoazurins,
halocyanins), (2) aurocyanins, (3) azurin, (4) rusticyanin,
(5) phytocyanin family (plantacyanins, stelacyanins,
uclacyanins). In most cases, the copper ion in these
proteins is coordinated by two histidine residues, one
cysteine residue, and one methionine residue, which is
the axial ligand.200 In the case of stelacyanins, the axial
methionine is replaced by glutamine.210 In some cases,
the active site of the first-type multinuclear copper
enzymes does not contain any axial ligand.211

The oxidized paramagnetic form of this class of
protein has been little studied by NMR spectroscopy.
This is related to the difficulties faced by investigations
of paramagnetic systems containing a Cu?* ion by
NMR. The reason is the substantialy long electron
relaxation time of the copper ion (1—5 ns).22 As a
consequence, the signals from the nuclei located near
the copper ion (mainly, the ligand nuclei) are broad-
ened to such an extent that they cannot be detected in
the spectrum at all. Therefore, it is still considered that
proteins containing an oxidized copper ion can hardly
be studied by NMR spectroscopy. Nevertheless, in 1996,
the first 'H NMR spectra of blue proteins, amicyanin
and azurin were recorded and interpreted using high-
resolution NMR technique for detection of rapidly re-
laxing signal.212 These spectra were found to reveal a
series of paramagnetically shifted signals. These were
assigned by virtue of exchange spectroscopy. The
'H NMR spectra for the oxidized forms of a number of
other cupredoxins have also been recorded.213—216 How-
ever, until recently, it was impossible to detect all the
I'H NMR signals corresponding to the copper-coordi-
nating ligands. This was an obstacle hampering determi-
nation of the full electronic structure of active sites.
Moreover, the absence of NMR data on the active site
in the oxidized form of cupredoxins precludes deter-
mination of their three-dimensional structures in so-
lution.

Full assignment of all the 'H NMR signals located
outside the diamagnetic region of the spectrum for the
oxidized form of proteins was first obtained for the
plastocyanin isolated from spinach leaves.217 The use of
a specially developed procedure made it possible to
locate the highly broadened signals of the methylene
protons of the cysteine residue coordinated to the cop-
per ion. Owing to the 'H NMR investigations per-
formed, the electronic structure for this class of proteins
was determined for the first time under conditions close
to physiological conditions. Subsequently, the devel-
oped procedure was applied for investigations of
other blue proteins, namely, plastocyanin from the
Synechocystis sp. PCC 6803 cyanobacteria,218 azurin
from Pseudomonas aeruginosa,?1® and stelacyanin from

Fig. 15. Structure of the active site of plastocyanin from
Synechocystis sp. PCC 6803. The arrow marks the hydrogen
bond between the amide proton of the Asn40 residue and the
v-S atom of the Cys83 residue.

cucumber.2!® Here we describe in detail the procedure
of assignment of the signals that underwent paramag-
netic shifts in the spectrum of the oxidized form of blue
proteins and determination of the electronic structure of
these proteins in relation to the plastocyanin isolated
from the Synechocystis sp. PCC 6803 cyanobacteria.218

Plastocyanin is a relatively small (~100 amino
acids) protein with a redox potential of about
350—370 mV.220—222 The active site of this protein has
a distorted tetrahedral geometry.290 The structure of the
active site of plastocyanin is shown in Fig. 15. Plasto-
cyanin is a direct electron donor when coupled with the
photooxidized chlorophyll dimer (P700) in photo sys-
tem 1.220—222 After donating an electron, plastocyanin
is reduced upon the reaction with cytochrome f incor-
porated in the bgf complex. In the oxidized state (Cu?h),
this protein exhibits clear-cut paramagnetic properties
(S = 1/2, dy), whereas the reduced form is diamag-
netic (S = 0, dyg).

The 'H NMR spectrum of the oxidized plastocyanin
from Synechocystis sp. PCC 6803 is shown in Fig. 16. As
expected, the signals in the spectrum are substantially
broadened due to the slow electron relaxation of the
Cull jon.22 The width of paramagnetic signals varies
from 800 to 5000 Hz. The spectra recorded in solutions
in H,O or D,O (Fig. 16) indicate that, among the
paramagnetic signals, three signals (C, F, K) correspond
to the NH-group protons of the ligands. This follows
from the fact that these signals either cannot be de-
tected in a solution in D,O or their intensity is mark-
edly lower than that observed in the spectrum recorded
in H,O. All signals were assigned using so-called satura-
tion transfer spectra, which were recorded for a sample
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Fig. 16. 'H NMR spectra (800 MHz) of the oxidized plastocyanin from Synechocystis sp. PCC 6803 in solutions in H,O (a) and

D,0 (b) (298 K, pH 5.2, 50 mM phosphate buffer).

containing approximately equal amounts of oxidized
and reduced forms of the protein. The procedure em-
ployed is based on the detection of magnetization trans-
fer between the same proton in two different forms (in
the given case, in the reduced and oxidized forms). This
type of NMR spectroscopy used to study the dynamic
properties of a system is called exchange spectros-
copy.184 This type of approach can be used to monitor
the exchange processes in various systems (in the given
case, intramolecular electron transfer is investigated)
provided that the rate constant of the process meets the
following conditions.21.31.184 Op the one hand, the pro-
cess under study should be sufficiently slow, so that the
signals corresponding to two forms can be observed in
the same NMR spectrum. Indeed, if the process rate is
too high, the spectrum will exhibit one, averaged signal,
instead of the two signals corresponding to the two
forms. On the other hand, the exchange process should
be fast enough to enable NMR monitoring of the mag-
netization transfer (otherwise, the corresponding signals
are not recorded in the saturation transfer spectra). If
these conditions are met (the rate constant falls in the
favorable range), this type of spectroscopy allows not
only the assignment of the NMR signals to the two
forms but also determination of the rate constant of the
process under study.184

The saturation transfer spectra for paramagnetic sig-
nals of the protein are presented in Fig. 17. The spectra
were obtained with selective homonuclear decoupling.
The decoupler is adjusted to the frequency of a definite
signal of the oxidized form (signal saturation takes

place, resulting in the disappearance of this signal from
the 'H NMR spectrum), and then the corresponding
signal of the reduced form of the protein was observed
in the diamagnetic region of the spectrum. The spectra
thus obtained allow one to match paramagnetic signals
of the oxidized form of plastocyanin to signals of the
reduced form. It should be noted that the signals in the
IH NMR spectrum of the reduced diamagnetic form
were assigned using a standard procedure.223 The spec-
tra shown in Fig. 17 permit the paramagnetic signals of
the oxidized form to be readily assigned. Analysis of the
NMR data provided an approximate estimate of the rate
constant for the electron transfer between the reduced
and oxidized plastocyanin. This constant lies in the
104—107 range (mol s)~!. The results obtained are in
good agreement with the rate constants for the intramo-
lecular electron transfer determined for other blue
proteins.224

Study of the active sites of plastocyanins by other
spectral methods (ENDOR*, XAS**)225-227 demon-
strated that the larger part of the unpaired electron
density of the Cull ion is delocalized over the cysteine
residue coordinated to the copper atom. Theoretical
calculations?! suggest that the signals corresponding to
the B-H protons of the Cys83 residue should be very
broad and markedly shifted downfield. Indeed, the sig-
nals corresponding to the methylene protons of the
Cys83 residue have not been detected within the limits

* ENDOR is electron-nuclear double resonance spectroscopy.
** XAS is X-ray absorption spectroscopy.



NMR studies of iron-sulfur and copper proteins

Russ.Chem.Bull., Int.Ed., Vol. 50, No. 10, October, 2001 1779

F
G J
A_B C
D _E K 1
60 50 40 30 20 10 0 -10 -20 8
A+B"""’*""““'M!.W it Areay S P
3-H His39 and His86

D+ E
e-H His39 and His86

F 4
Y e-NH His39
G ‘l‘ - 5
—
v-H(2) Met91
: S . | )
o-H Asn40

B-H(1) His39

J . -’ A soipmesd it WA A
a-H Cys83
NH Asn40
1 1 1 1 1 1 1 1 1
60 50 40 30 20 10 0 —10 =20 )

Fig. 17. 'H NMR spectra (800 MHz) of plastocyanin from Synechocystis sp. PCC 6803 in an aqueous solution (the sample contains
approximately equal amounts of the oxidized and reduced forms of the protein): (I) reference 1D spectrum, (2—9) saturation
transfer spectra. The arrows mark the position of the decoupler during the saturation of signals designated by letters. The spectra

were recorded at 298 K, pH 5.2, in a 50 mM phosphate buffer.

of the spectral window used to record the spectra shown
in Figs. 16, 17. An increase in the spectral window to
+1500 to —1500 ppm did not result either in the detec-
tion of new signals, apart from those presented in
Figs. 16 and 17.

The signals of the B-H protons of the Cys83 residue
were identified using a specially developed procedure.217

According to this procedure, the decoupler is adjusted
to a frequency where no signals are observed rather than
to a frequency of one particular signal (as was done
when recording the spectra presented in Fig. 17). Since
the rate constant of the intramolecular exchange by an
electron between the two redox forms in this system
falls in the favorable range (see above), even slight
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saturation of very broad invisible signals of the B-H
protons of the cysteine residue makes visible the corre-
sponding signals of the reduced form of the protein in
the diamagnetic region of the spectrum. The spectra of
magnetization transfer (the regions corresponding to
methylene protons) recorded for different positions of
the decoupler are presented in Fig. 18. One can see the
appearance, growth, decrease, and complete disappear-

Cys B-H(1) Cys B-H(2)
1
2
4 /V\A/“
5 A\/W“\/
6
5 4 3 2 98

Fig. 18. Saturation transfer 'H NMR spectra (800 MHz)
(the region of methylene protons) of plastocyanin from
Synechocystis sp. PCC 6803 in a D,0 solution. The sample
contains approximately equal amounts of the oxidized and
reduced forms of the protein. Each spectrum was recorded with
adjustment of the decoupler to the suppression of various
frequencies: 150 (1), 250 (2), 450 (3), 650 (4), 750 (9),
1250 ppm (6). The positions of the signals of the B-H(1) and
B-H(2) protons of the Cys83 residue of the reduced protein is
marked by arrows. The spectra were recorded at 298 K, pH 5.2,
in a 50 mM phosphate buffer.

ance of two signals at 3.5 and 3.0 ppm in these spectra.
The chemical shifts of these signals correspond to the
B-H protons of the Cys83 residue of the reduced form.223
The dependence of the intensity of these signals on the
position of the decoupling generator (Fig. 19) allows
direct determination of both the chemical shifts of the
B-protons of the CH, groups in the oxidized form and
their linewidth.

The chemical shifts of these signals (B-H(1) and
B-H(2) of the Cys83 residue) in the oxidized form are
614 and 517 ppm, while their linewidths are 395 and
335 kHz, respectively. The difference between the given
parameters and the similar values for diamagnetic sig-
nals (chemical shift 0—10 ppm, line width 2—10 Hz) is
impressive; it allows one to appreciate the potential of
the developed method. Using this method, the B-H
signals for the cysteine residue coordinated to the cop-
per atom were located for the first time in the 'H NMR
spectra of blue proteins. Certainly, the chemical shifts
and the signal widths are maximum among all the
analogous data. In addition, the developed method made

1

1 1
1400 1000 600

200 o

1r 1 1
100 50 )

Fig. 19. Intensities of the signals of the B-H(1) (/) and B-H(2)
(2) protons of the Cys83 residue (@) and the a-H proton of the
His39 residue (b) in the 'H NMR spectrum of the oxidized
form of plastocyanin from Synechocystis sp. PCC 6803 vs.
position of the decoupler: (a) Av = 395 kHz (1), 335 (2),
(b) Av = 16.8 kHz. These signals cannot be detected in a
conventional spectrum. The positions and line widths for the
given signals were determined using saturation transfer spectra
(see the text). These parameters were determined by point
construction of a plot in which the intensity of the observed
exchange interactions with the reduced form was laid off as a
function of the position of decoupler.

(e
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it possible to detect the a-H signal of the His39 residue
in the 'H NMR spectrum of oxidized plastocyanin
(Fig. 19). The chemical shift of this signal and the line
width are 19.2 ppm and 16.8 kHz, respectively. Al-
though the width of this signal is smaller than that of the
methylene signals in the Cys83 residue, this still pre-
vents direct observation of this signal in conventional
I'H NMR spectrum (Fig. 16 and 17).

As has already been noted, the proposed procedure
has found use for the detection and subsequent assign-
ment of the highly broadened signals in the 'H NMR
spectra of other blue proteins (azurin, stelacyanin).219
Figure 20 shows the 'H NMR signals of the methylene
protons of the cysteine residue coordinated to copper in
the oxidized azurin from Pseudomonas aeruginosa (a),219
plastocyanin from spinach (),217 and stelacyanin from
cucumber (c).219 These signals were not detected in
conventional 'H NMR spectra; their positions and line
widths were determined by the above-described proce-
dure. The chemical shifts of these signals and the line

2500 2000 1500 1000 500 )

| A
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o B-H(I)
= B-H(2) -
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[ )
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Fig. 20. 'H NMR spectra of the oxidized forms of blue proteins
containing the signals of methylene protons, the p-H(1) and
B-H(2) protons of cysteine residues: (a) azurin from Pseudomo-
nas aeruginosa, (b) plastocyanin from spinach, (c) stelacyanin
from cucumber. The positions and widths of the signals were
determined using saturation transfer spectra (see the text and
the caption to Fig. 19).

widths change substantially on passing from one class of
blue proteins to another. The average chemical shifts
and line widths of the cysteine methylene signals are
850 and 1.2 for azurin, 600 and 0.45 for plastocyanin,
and 400 ppm and 0.25 MHz for stelacyanin. It has been
suggested21? that the differences between the 'H NMR
parameters are related to the distance between the cop-
per ion and the axial ligand and to the planarity of the
Cull—N(His),S(Cys) group.

The assignments made for paramagnetically shifted
I'H NMR signals allowed determining the distribution of
the unpaired electron density of the Cull ion in the
active sites of blue proteins. This information was gained
from analysis of the observed chemical shifts of signals
in the 'H NMR spectrum. The observed chemical shift
(3ops) 1s known to be the sum of contributions of various
types of interaction of the nucleus with electrons, which
includ620,21,228

(1) the contact Fermi shift (§.,,) determined by
delocalization of the lone electron density over the
nuclei of the amino acid coordinating the metal;23.24

(2) pseudo-contact (dipolar) shift (34;,) determined
by the dipolar interaction of the nucleus with lone
electrons;25

(3) diamagnetic shift (84,,), i.e., the chemical shift of
the nucleus in the diamagnetic system.

In order to determine §,,, it is necessary to know
the &4, and 8y, constituents, apart from the observed
chemical shift. The above-described experiments on the
magnetization transfer between the oxidized (paramag-
netic) and reduced (diamagnetic) forms (Fig. 17) made
it possible to determine J4, for paramagnetic signals.
The 84;, value was found from formula (1) using the

structure and published data on the g-tensor of this
protein:207.229.230

2
_ Mo eSS+ 2 2 _2\1n6
d=—"—"———"(3cos°0-1 - 10°, 1
ar o7 ( (g - 81) (1)

where  is the magnetic susceptibility of vacuum, pp is
the Bohr magneton, k is the Boltzmann constant, S is
the total spin of the system, T is absolute temperature,
ris the distance between the proton and the copper ion,
8> &, are the directions of the principal axes of the axial
g-tensor, and 0 is the angle between the metal—proton
vector and the gH-axis.

Thus, the contribution of §.,, was defined as the
difference between the observed chemical shift and the
dipolar and diamagnetic shifts. The hyperfine structure
constant a was determined using Eq. (2)229230
B eon 3VNKT

con

1
21 g, upS(S+1)’

a
3 (2

where yy is the gyromagnetic ratio of the nucleus, 8., is
the contribution of the contact interactions to the ob-

served chemical shift, g,, is the averaged value of the
electronic g-factor, and # is the Planck constant.
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The hyperfine structure constants can be used
to estimate the electron density on each nucleus.
The hyperfine structure constants calculated for all
protons in the active site of the oxidized plasto-
cyanin from Synechocystis sp. PCC 6803 are listed in
Table 5.

It can be seen from Table 5 that most of the electron
density is delocalized over cysteine coordinated to cop-
per. According to the rough estimate based on the
results obtained and the results of ENDOR studies of
blue proteins,225:231 40% of the unpaired electron den-
sity is delocalized over the cysteine residue, 5% is
delocalized over each of the histidine residues, and 2%
is on the methionine residue. It should be noted that
Asn40 that is not coordinated to the copper ion also
bears ~5% of the electron density. The amide proton of
this amino acid forms a hydrogen bond with the Sy
atom of Cys83 (see Fig. 15). The investigations per-
formed demonstrated that the unpaired electron density
of the copper ion is distributed not only over the ligands
(His39, Cys83, His86, Met91) but also through the
above-mentioned hydrogen bond over Asn40. A similar
transfer of the unpaired electron density through a
hydrogen bond was found for azurin from Pseudomonas
aeruginosa,219 plastocyanin from spinach,2!” and
stelacyanin from cucumber.2!® The rest of the unpaired
electron density (~40%) remains on the Cull jon. The
dependences for the electron density distribution estab-
lished experimentally by NMR are in good agreement

with the results of theoretical calculations.232 These
data point to the presence of strong m-interaction be-
tween the d,o—, orbital of the copper ion and the p
orbital of the S atom of the cysteine residue. In addi-
tion, there exists a weaker o-interaction between the
dy-,2 orbital of the metal ion and the orbitals of the
three remaining ligands.

Now we consider in more detail the hydrogen bond
between the y-S atom of the cysteine residue and the
amide proton of the asparagine. It is known that this
hydrogen bond is significant for the retention of the
geometry of the active sites of blue proteins and their
stability.233.234 The hyperfine structure constant a for
the amide proton of the asparagine residue and, hence,
the chemical shift of the signal of this proton serves as a
sensitive indicator of the strength of the hydrogen bond
formed: the stronger the hydrogen bond, the higher the
unpaired electron density that is transferred to the as-
paragine residue and the higher the absolute value of the
chemical shift of this proton signal. Hence, the assign-
ment of the amide proton of asparagine in the 'H NMR
spectrum of blue proteins provides information on the
strength of the hydrogen bond, i.e., on the distance
between the NH and y-S atoms. As found for other
classes of redox proteins, hydrogen bonds play an im-
portant role in the redox potentials.”6-235—238 Fyrther
studies of blue proteins can result in establishing a
correlation between the chemical shift of this amide
proton and the protein redox potential.

Table 5. Separation of the contributions of various mechanisms of interaction of the unpaired electron with the ligand
protons to the observed chemical shifts for oxidized plastocyanin from Synechocystis sp. PCC 6803 218

Residue Proton Designation Cu—H Sobs Sdm dip Scont a*
in the spectrum /A /MHz
His39 o-H V4 2.9 +19.2 +6.0 +5.6 +7.6 +0.3
B-H(1) I 4.6 —2.7 +2.6 -0.9 —4.4 —0.2
B-H(2) 3.2 — — =35 — —
8-H(2) B 5.2 +51.1 +7.4 —0.8 +44.5 +1.6
e-H(I) E 3.1 +35.7 +7.0 -2.8 +31.5 +1.1
N(e-H(2)) F 5.0 +31.1 +11.7 -1.0 +20.4 +0.7
Asn40 NH K 4.1 —15.2 +9.5 —0.7 —24.0 —0.9
o-H H 6.8 +14.7 +4.5 —0.1 +10.3 +0.4
Cys83 o-H J 4.9 —7.8 +5.3 —1.1 —12.0 —0.4
B-H(1) X 3.2 +614 +3.5 -1.5 +612 +21.9
B-H(2) Y 3.4 +517 +3.0 -1.5 +516 +18.4
His86 o-H — 5.4 — — —0.8 — —
B-H(1) — 2.8 — — -3.2 — —
B-H(2) — 4.1 — — —0.8 — —
8-H(2) A 5.2 +52.6 +7.2 -0.9 +46.3 +1.7
e-H(1) D 3.2 +38.5 +7.7 —0.2 +31.0 +1.1
N(e-H(2)) C 5.0 +42.9 — —0.4 — —
Met91 o-H — 6.6 — — +0.7 — —
B-H(1) — 4.6 — — +1.7 — —
B-H(2) — 4.3 — — +1.2 — —
v-H(1) — 4.4 — — +2.2 — —
v-H(2) G 4.7 +24.0 +1.5 +2.5 +20.0 +0.7
e-Me — 3.9 — — +2.3 — —

* a is the hyperfine structure constant.
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Analysis of the nuclear relaxation rates in the case of
plastocyanin from spinach?!? made it possible to study
the contributions of the contact and dipole mechanisms
to the longitudinal and transverse relaxation of various
protons in the protein active site. It was found that the
contact interaction between the unpaired electron and
the nuclei is the prevailing type of interaction for the
methylene protons of the cysteine residue and the 6-H(2)
protons of the histidine residue, whereas the dipole
mechanism predominates in the nuclear relaxation of
the other protons.

Three-dimensional structures of a number of plasto-
cyanins isolated from various sources have been re-
ported.239—254 Most of them have been determined by
crystallographic analysis. This method was used to es-
tablish the structures of both the reduced and oxidized
forms of plastocyanin. The structures of only the reduced
form of the protein were determined by NMR.250—254
The fact that NMR was used to study only the
diamagnetic reduced form of the protein is undoubtedly
related to the difficulties arising in studies of paramag-
netic systems containing Cu2* ions (see above).

Data on the assignment of paramagnetically shifted
signals in the 'H NMR spectrum of the oxidized plasto-
cyanin from Synechocystis sp. PCC 6803 were used
subsequently to determine the three-dimensional struc-
ture of this protein.218 Thus, it became possible for the
first time to use NMR spectroscopy for determining the
conformation of the protein containing a Cull ion. This
structure was constructed taking into account 1041 dis-
tance constraints obtained from analysis of the NOESY

Fig. 21. Three-dimensional structure of the oxidized plastocya-
nin from Synechocystis sp. PCC 6803 in solution with elements
of the protein secondary structure.

spectra, 18 distance constraints found from 1D NOE
spectra, 26 metal—proton distance constraints deter-
mined from analysis of the longitudinal relaxation times
for the amide protons located in the close vicinity of the
copper ion, 18 hydrogen bond constraints found from
analysis of the HMQC spectra in H,O and D,0 solu-
tions, 96 torsion angle (¢ and ) constraints derived
from the HN—HA, NOESY—HMQC, and NOESY
spectra, and an angle constraint for the %2 torsion angle
in the cysteine residue, found from analysis of the
chemical shifts of the methylene signals of the cysteine
residue in the 'H NMR spectrum. The use of the
geometric constraints resulted in a family of structures
consisting of 35 conformers with RMSD values of 0.72
and 1.16 A for the backbone and side-chain at-
oms, respectively. The structure of plastocyanin from
Synechocystis sp. PCC 6803 thus obtained with elements
of the secondary structure is shown in Fig. 21.218

The structural and electronic investigations of blue
proteins by NMR represent an important step in the
development of NMR methodology because they open
up the way of studying the structure, dynamics, and the
functional properties of highly paramagnetic metallo-
proteins in solution.

Conclusion

This review considered the capacities of NMR tech-
niques in the research of paramagnetic systems in solu-
tions and outlined the prospects for their further devel-
opment. The main procedures of structural investigation
were considered for iron-sulfur and copper-containing
proteins. The sequence and type of operations used for
other paramagnetic systems are similar. The experi-
ments described in this review allowed determination of
the structural, functional, dynamic, and electronic char-
acteristics of paramagnetic systems thus providing infor-
mation on the biological processes involving proteins
and allowed establishment of structure—function rela-
tionships controlling their activity.

The author is grateful to E. V. Dikaya for assistance
in the preparation of this review.
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