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bstract

Copper is widely used in nature to promote electron transfer in a variety of processes. The metal is usually found as a mononu
opper site protected by a protein envelope, which has become known as a cupredoxin fold. In the past few years, the use of protein
ombined with various spectroscopic and kinetic approaches has provided detailed information about cupredoxins and cupredox
his review will describe some of the recent advances that have been made, highlighting that there is still a long way to go befo
ppreciate the complexity of biological electron transfer proteins.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Nature utilises metals for a wide range of different bio-
ogical functions. In the case of electron transfer (ET) iron
nd copper are employed due to their facile redox chem-

stry. Iron is found either associated with a porphyrin and a

∗ Tel.: +44 191 222 7127; fax: +44 191 222 7424.
E-mail address: christopher.dennison@ncl.ac.uk.

RL: http://www.ncl.ac.uk/camb/staff/profile/christopher.dennison.

range of axial ligands in heme proteins[1–3]or as mono-, di-
tri- or tetra-nuclear sites possessing nearly always just s
ligands in the Fe–S proteins[1,2,4]. Copper centres, whic
promote biological ET are much less varied and occur ma
as either mononuclear type 1 (T1, also known as blue co
sites due to their intense colour) or dinuclear CuA sites[5,6].
There are some exceptions such as the ET copper sites
in the enzyme peptidylglycine�-hydroxylating monooxy
genase and probably also dopamine�-monooxygenase[7].
T1 copper and CuA centres are found in a wide range

010-8545/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2005.04.021



3026 C. Dennison / Coordination Chemistry Reviews 249 (2005) 3025–3054

organisms and in all cases a very similar protein envelope
protects the metal ion and tunes its reactivity, and is com-
monly referred to as a cupredoxin fold[8]. Cupredoxins can
occur as either single domain proteins or as components of
larger enzymes[9], such as in the copper-containing nitrite
reductases (NiRs) which have a T1 site along with a catalytic
type 2 (T2) copper centre[10,11], and the multi-copper oxi-
dases including laccases (LACs)[12], ceruloplasmin[13],
Fet3p[14] and ascorbate oxidase[15] [the multi-copper oxi-
dases possess dinuclear type 3 (T3) and T2 coppers in close
proximity giving the Cu3 site]. Cytochromec oxidase and

nitrous oxide reductase bind CuA centres via large cupre-
doxin domains[16,17]. Cupredoxin-like domains have also
recently been found in proteins involved in copper homeosta-
sis[18,19].

Cupredoxins have been investigated using a variety of
structural, spectroscopic, kinetic and protein engineering
approaches. More than ten distinct sub-families of cupre-
doxins have now been characterised (seeTable 1). Although
these proteins have been studied in detail many unanswered
questions remain. For example, what is the exact physiolog-
ical function of a number of the proteins listed inTable 1?

Table 1
Some properties of the known families of cupredoxins

Protein (abbreviation) Source First isolated/
characterised

PDB code of first
crystal structurea

Em
b (mV) Physiological function

Azurin (AZ) Bacteria 1962[20] 1AZUc [21] 310c [22] Proposed role in ET related to the
cellular response to redox stress[23]

Amicyanin (AMI) Methylotrophic bacteria 1981[24] 1MDAd [25] 260e [26] Electron acceptor from methylamine
dehydrogenase[27]

Plastocyanin (PC) Plant/alga 1960[28] 1PLC (replaced
lPCY)f [29]

370g [30] Photosynthetic ET between
cytochromef and P700[31]

Pseudoazurin (PAZ) Denitrifying bacteria and
methylotrophs

1973[32] 1PAZh [33] 280i [34] Electron donor to nitrite reductase
[35]

Rusticyanin (RST)j Acidophilic bacteriumk 1975[36] 1RCY[37] 670l [38] Electron donor to cytochromec4

during Fe(II) oxidation[39]
Auracyanin (AUR)j,m Photosynthetic bacteriumn 1992[40] 1QHQm [41] 240m [40] Photosynthetic ET (proposed)[40]
S 1J
P 2C

1C
U –
H –
S – se

N 1I

b

t
i

tellacyanin (STC)o,p,q Plant 1967[45]
lantacyanin (PLN)o Plant 1974[51]

clacyanin (UCA)j,o,q Plantu 1998[53]
alocyanin (HAL)j,q Haloalkaliphilic bacteriumv 1993[54]
ulfocyanin (SLF)j,q Acidophilic bacteriumw 2001[55]

itrosocyanin (NTS)j,x Autotrophic bacteriumy 2002[56]
a For the Cu(II) forms.
b To the nearest 10 mV and at∼neutral pH.
c FromPseudomonas aeruginosa.
d FromParacoccus denitrificans.
e FromParacoccus versutus.

f From poplar leaves.
g From spinach.
h FromAlcaligenes faecalis.
i FromAchromobacter cycloclastes.
j These cupredoxins have only been characterised from a single organism
k FromThiobacillus ferrooxidans.
l At pH < 3.

m Auracyanin A and B have been characterised and the data listed here ar
n FromChloroflexus aurantiacus.
o The stellacyanins, plantacyanins and uclacyanins together form the phyt
p The proteins umecyanin (UMC) from horseradish roots[42,43]and mavicyan
e stellacyanins.
q These cupredoxins are all thought to be cell wall/membrane anchored.
r From cucumber.
s FromRhus vernicifera.
t The transcript abundance ofbcb (the gene for BCB, which is a STC fromArabid

o induce oxidative stress[47–49]. As BCB is only one of about 50 phytocyanin s
s possible which are reviewed in Ref.[50].

u FromA. thaliana.
v FromNatronobacterium pharaonis.
w FromSulfolobus acidocaldarius.
x Nitrosocyanin possesses a T2 copper site and is a functional trimer but is
y FromNitrosomonas europaea.
ERr [46] 190s [22] Unknownt

BP (replaced
BP)r [52]

310r [22] Unknownt

320[53] Unknownt

220[54] Unknown
300[55] Electron donor to a terminal oxida

(proposed)
BY [57] 90[56] Proposed role in denitrification[58]
.

e for the B form.

ocyanins.
in (MAV) from zucchini[44] have been characterised and are considered to

opsis thaliana) is enhanced under a variety of conditions which are known
equences expected to be found in theA. thaliana genome a variety of functions

included here due to it being made up of only three cupredoxin domains.
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What is the influence of natural variations in the coordination
environment of cupredoxins on ET reactivity? Which surface
attributes of cupredoxins are most important for interactions
with physiological partners? Which features have the most
significant influence on the reduction potential (Em) of a T1
copper site? Which factors control the pH-induced active site
alteration that dramatically influences theEm and ET reactiv-
ity of certain cupredoxins? In this review we will highlight the
advances that have been made in recent years in addressing
some of these questions and thus in developing our under-
standing of cupredoxins.

2. Cupredoxin structure

The first crystal structure of a cupredoxin was that of
poplar plastocyanin (PC) which was determined in 1978[29].
Numerous subsequent crystallographic studies on cupredox-
ins (seeTable 1 [8,9,59–66]) have been published. The overall
structure of a cupredoxin consists of�-strands arranged into
two �-sheets forming a Greek key�-barrel structure—the
cupredoxin fold (seeFig. 1). Variable amounts of�-helical
secondary structure are present but this never contributes to
the core of the protein. The copper ion is situated at one
extreme of the molecule and is usually coordinated in a dis-
torted tetrahedral fashion, with strong ligands provided by
t s of
t -
p The
H pre-
d n the
a here
a -
t xial
p s-
m Met
[ ain
i (see
F gen

Fig. 1. The structure of Cu(II) PAZ fromA. cycloclastes [60] (PDB accession
code 1BQK) drawn with MOLSCRIPT[67]. The ligating amino acids and
the surface His6 residue are included with the copper ion shown as a black
sphere.

of a Gly residue provides a second weak axial interaction
resulting in a trigonal bipyramidal geometry (seeFig. 2)
[21,61–63]. The imidazole group of the C-terminal His lig-
and is always solvent exposed and surrounded by a surface
hydrophobic patch which is important for interactions and
ET with redox partners[25,72–74].

An intricate hydrogen bonding pattern exists around the
copper centres of cupredoxins which is key to stabilising
the active site structure[9]. The residue adjacent to the N-
terminal His ligand, which is usually an Asn, is involved in
a number of these interactions, with one of the key hydro-
gen bonds being between its backbone NH and the thiolate
sulfur of the Cys ligand. Another hydrogen bond donor to
the thiolate sulfur ligand is provided by the backbone NH of
the residue found two after the Cys in certain cupredoxins.
This second hydrogen bond is not found in those cupredoxins
which have a Pro residue in this position{PC[59], amicyanin
(AMI) [64,65] and pseudoazurin (PAZ)[60] for example}.
AZ [61–63], and probably all phytocyanins[43,46,66,75],
have this hydrogen bond which has been suggested to be

F acces e
1 R) and 0)
d

he thiolate sulfur of a Cys and the imidazole nitrogen
wo histidines (seeFig. 2). The active site is typically com
leted by an unusually long bond to an axial Met ligand.
is2Cys equatorial ligand set is always maintained in cu
oxins and cupredoxin sub-domains, but the residue i
xial position can vary, as in the stellacyanins (STCs) w
Gln coordinates (seeFig. 2) [43,46], in some putative plan

acyanins (PLNs) which have either a Val or Leu in the a
osition[50,53,69,70], and also in fungal LACs, cerulopla
in and Fet3p where a Phe or Leu is found in place of the

12–14,68,71]. The sites with a non-coordinating side-ch
n the axial position have trigonal active site geometries
ig. 2). In the azurins (AZs) the backbone carbonyl oxy

ig. 2. Active site structures of Cu(II) PAZ fromA. cycloclastes [60] (PDB
JZF), Cu(II) UMC from horseradish roots[43] (PDB accession code 1Z9
rawn with MOLSCRIPT[67].
sion code 1BQK), Cu(II) AZ fromP. aeruginosa [63] (PDB accession cod
Cu(II) LAC fromMelanocarpus albomyces [68] (PDB accession code 1GW
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important for controlling various properties of their active
sites[9,66].

The typical distorted tetrahedral T1 copper site structure
found in cupredoxins is not the preferred geometry for either
four-coordinate Cu(II), which tends to be square planar, or
Cu(I), which usually has a more regular tetrahedral arrange-
ment [76]. T1 copper sites undergo very small structural
changes upon redox interconversion[60,63,77–80]and the
active sites of metal substituted[81–85] and apo-proteins
[64,86–89]are all very similar. Thus, the rigid cupredoxin
domain holds the ligands in a particular arrangement giving
a copper site geometry which is not optimal for either Cu(II)
or Cu(I) and which does not change dramatically upon redox
interconversion (an entatic[90] or rack-induced[91] state).
Consequently, the reorganisation energy (λ) of T1 copper
sites are small and are in the range of∼0.7 eV [76,92,93],
with the inner sphere reorganisation energy (λi ), which orig-
inates from the ligands, thought to be as low as∼0.3 eV
[94,95]. Theλ values for small molecule copper complexes
are considerably larger than this[76,92]. The results of calcu-
lations[96] have suggested that the ligands and geometry of
a T1 copper centre are almost equally acceptable for Cu(II)
and Cu(I) suggesting that the site is not entatic. More recent
theoretical studies have indicated that the influence of the
protein is much more significant[97].
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absorbance at∼450 nm in their visible spectra and axial EPR
features whereas increased 450 nm absorption and a rhom-
bic EPR spectrum are attributes associated with distorted T1
sites. A correlation has been proposed between the length
of the Cu–S(Cys) bond, the ratio between the intensities of
the LMCT bands in the visible spectrum and the degree of
rhombicity in the EPR spectrum of T1 centres[103,104].
More recently a coupled distortion model has assigned the
properties of perturbed T1 sites to a shortening of the axial
Cu–S(Met) interaction which leads to a weaker Cu–S(Cys)
bond that collectively result in a tetragonal Jahn–Teller dis-
tortion [105,106]. This alteration is quantified by the angle
between the NHisCuNHis and SCysCuSMet planes, with a
smaller value consistent with a perturbed site.

TheEm values of cupredoxins are all higher than that of
the Cu(II)/Cu(I) aqua couple (seeTable 1) and if the T1 cop-
per sites found in the multi-copper oxidases are included then
a large range of values is found (the three-coordinate T1 sites
of LACs and ceruloplasmin can haveEm values as large as
800–1000 mV[22,97,120,121]). It is interesting to note that
for the single domain cupredoxins almost all of the proteins
haveEm values which cover only a∼200 mV range. The
exception is rusticyanin (RST) which is unusual in that it is
an acid stable cupredoxin. Thus, the popularly quoted range
of Em values for cupredoxins is a little misleading with the
majority having relatively similar values (190–370 mV). The
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. Copper site properties

T1 copper sites possess unusual spectroscopic
rties in their cupric states as a consequence

heir coordination geometry. This includes an inte
(Cys)� → Cu(II)dx2−y2 ligand-to-metal charge transf

LMCT) transition at around 600 nm in their visible sp
ra (ε ∼ 2000–6000 M−1 cm−1) [97–102]. A second LMCT
ransition [S(Cys)� → Cu(II)dx2−y2] at higher energy i
bserved and the intensities of these two bands vary in T1

97,103–106](this band is commonly referred to as bein
450 nm but the broad feature at this position can be ma
f a number of transitions[97]). Electron paramagnetic res
ance (EPR) spectroscopy has been used extensively f

nvestigation of T1 and CuA centres[97,100–102,107–119.
PR provides detailed information about biological cop
ites and forms the basis of their classification (see Ref.[118]
or an historical account of biological copper site classifi
ion). The spectra of T1 copper sites have unusually s
yperfine coupling constants in thegz region, which has bee
ttributed to the highly covalent nature of the Cu–S(C
ond [101,102]. The difference betweengx and gy in the
PR spectra of T1 copper sites can vary[97,103–106]. Sim-

lar gx andgy values give rise to an axial EPR signal wher
larger separation betweengx andgy results in a spectru
hich is rhombic in appearance. The subtle variations in

ble and EPR spectral properties of cupredoxins have
o T1 copper sites been classified as either classic o
orted (perturbed)[97,105,106]. The classic sites have low
xial ligand at a T1 copper site can tuneEm over a rang
f ∼300 mV within a particular protein fold[97,122,123]. A
umber of other factors also play a significant role in c

rolling Em [76,124,125]including the active site structu
hich is dictated by the constrained protein, the hydro
onding pattern around the active site and the electro
nvironment of the protein.

. Nuclear magnetic resonance studies of
aramagnetic copper proteins

Nuclear magnetic resonance (NMR) spectroscopy
een utilised for many years to study cupredoxins. This
esulted in numerous solution structures of mainly the C
roteins[126–134]and also for a Cu(II) PC[135]. NMR has
lso been used to study localised structural changes
lly as a function of altering pH—see Section5) and also

he backbone dynamics of cupredoxins[133,134,136–147.
t was thought[148] that the relatively long electronic rela
tion times of mononuclear Cu(II) sites in proteins (includ
upredoxins) precluded the use of paramagnetic NM
btain information about their active sites (due to ex
ive broadening of the hyperfine shifted resonances).
legant way around this problem was developed using
n superoxide dismutase, where substitution of Zn(II) w
o(II) resulted in enhanced electronic relaxation at
u(II) site due to magnetic coupling, allowing relative sh

sotropically shifted resonances to be observed and ass
148–150]. An alternative approach, used quite extensi
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for cupredoxins, is to replace copper with a faster relaxing
paramagnetic metal ion such as Co(II) and Ni(II)[151–175]
(vide infra) whose spectra possess much sharper shifted res-
onances.

Approximately ten years ago paramagnetically shifted res-
onances for Cu(II) cupredoxins were observed for the first
time. The initial studies were carried out on AMI, and util-
ising the electron self exchange (ESE) reaction correlations
could be observed between paramagnetically shifted reso-
nances and their diamagnetic counterparts in mixtures of
Cu(II) and Cu(I) protein[176]. The observed shifts (δobs) pos-
sess dipolar [pseudo-contact (pc)] and through bond [Fermi-
contact (Fc)] contributions as shown in Eq.(1):

δobs = δdia + δpc + δFc (1)

whereδdia is the observed chemical shift in a correspond-
ing diamagnetic system. Theδpc values can be determined
from the structure of the protein and the orientation of the
magnetic susceptibility tensor. Due to the small anisotropy
of the g tensor in Cu(II) cupredoxins theδpc values are not
large [theδpc contributions are more sizable in the Co(II)
and Ni(II) substituted proteins (vide infra)] and the isotropic
shifts (δiso = δpc + δFc) are mainly composed ofδFc. TheseδFc
shifts provide the hyperfine coupling constants which are a
quantitative measure of the spin density distribution over the
c t the
g

ces
[
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b
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Fig. 3. 1H NMR spectra of Cu(II) cupredoxins (500 MHz) in 99.9% deuter-
ated phosphate buffer all at pH* 8.0 (pH* indicates a pH meter reading
uncorrected for the deuterium isotope effect) except for those of PAZ and
UMC which were obtained at pH* 7.6. All of the spectra were acquired at
25◦C except for those ofDryopteris crassirhizoma PC and UMC which
were obtained at 30 and 40◦C, respectively.

δ�,av found for RST (270 ppm)[181]. There is a general
decrease in theδ�,avvalue, indicating a weaker Cu(II)–S(Cys)
bond, as the axial Cu(II)–S(Met) interaction increases and
the T1 site becomes more distorted (the paramagnetic NMR
spectra of cupredoxins with axial Gln ligands will be dis-
cussed in Section7). It has been suggested that theδ�,av
values depend on the Cu(II)–S(Cys) bond length and the
angle between the CuNHisNHis plane and the Cu–S(Cys) vec-
tor [181].

Paramagnetic NMR has been used to assess the differ-
ences between the Cu(II) sites of one family of cupredoxins
(the PCs, seeFig. 3 and Table 2) obtained from different
sources[178]. The similarity of theδobs (and thereforeδFc)
values for the His ligands indicates very similar spin densi-
ties on these ligands in the PCs [the His ligand resonances
are actually found at very similar positions in the spectra of
all Cu(II) cupredoxins]. This is particularly noteworthy for
the Dryopteris crassirhizoma (a fern, i.e. a seedless vascu-
lar plant) PC which has a novel�–� contact between the
imidazole ring of the His90 (His87 in other PCs) ligand
opper ligands and hence give detailed information abou
eometric and electronic structure of the active site.

The active sites of Cu(II) PCs from various sour
135,177,178], AZ [179], cucumber STC (CST)[179], PAZ
144,180,181], RST [181] and the STC from horseradi
oots (umecyanin, UMC)[175] have been studied in det
y paramagnetic NMR spectroscopy (seeFig. 3andTable 2).
aturation transfer experiments on mixtures of Cu(II)
u(I) proteins have been used to assign the paramag
MR spectra (seeFig. 4). For spinach andSynechocystis PCs
Z, CST, PAZ and RST “blind” saturation transfer exp

ments were used to investigate signals broadened be
etection. This included the Cys C�H proton resonance
hose δFc values provide detailed information about

nteraction of this important ligand with Cu(II). A Karplu
ype relationship with a sin2 θ dependence of theδFc values
f these signals on the Cu–S�–C�–H� dihedral angles wa
roposed for PC[177], suggesting a mainly�-type delocal

sation mechanism (a�-type distribution mechanism wou
ead to a cos2 θ dependence)[182]. This is consistent wit
he dominant�-overlap between the Cudx2−y2 and S(Cys)�
rbitals at the classic T1 copper site of PC[97]. The absenc
f stereospecific assignments for the Cys CβH proton reso
ances in the other cupredoxins studied has prevented f
nalysis, particularly at distorted T1 sites. The average c

cal shift of the CβH protons of the coordinated Cys (δ�,av)
s almost independent of the conformation of this ligand
he values observed for cupredoxins cover a large range
able 2). In the spectrum of AZ[179] the Cys C�H protons
xhibit the largestδ�,av value (825 ppm) with the smalle
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Table 2
The assigned hyperfine shifted resonances in the1H NMR spectra of various Cu(II) cupredoxins

δobs (ppm) in Cu(II) cupredoxins

Protona AZb AMI c PCsd

Spinache D. crassirhizomaf U. pertusag Synechocystish PAZi,j CSTk UMCl

His C�2H 49.1 43 47.1 48.2 50.2 51.1 46 55.0/48.0 51/48
His C�1H 46.7/34.1 ∼30 35.6 34.9 38.0/34.3 35.7 33 41.2/29.8∼30
His N�2H 26.9 27.5 31.4 31.2 33.7 31.1 22.8 26 28.5m

Cys C�1H 850/800 650 614 510/390n 450/375
Cys C�2H 850/800 489 517 510/390n 450/375
Cys C�H −7.0 −9.5 −8.0 −8.0 −7.5 −7.8 −9.7 −7.5 −6
His C�2H 54.0 50 51.6 51.7 52.1 52.6 54 55.0/48.0 51/48
His C�1H 46.7/34.1 ∼30 35.6 34.9 38.0/34.3 38.5 33 41.2/29.8∼30
His N�2H 27 44.3o 40.6g 42.9 ∼47l

Met C�1H 12.0/11.1 13.0 11.0 10.6 13.0 p p

Met C�2H 12.0/11.1 23.5 22.3 20.7 24.0 p p

Asn/Asp C�H 19.9 14.1 17.0 17.6 14.4 14.7 17.3 16.9 13.7
a From top to bottom: His46, Cys112, His117, Met121 and Asn47 for AZ; His54, Cys93, His96, Met99 and Asn55 for AMI; His37, Cys84, His87, Met92

and Asn38 for the PCs (small sequence differences exist between the PCs which alters ligand numbering); His40, Cys78, His81, Met89 and Asn41 in PAZ;
His46, Cys89, His94 and Asn47 for CST; His44, Cys85, His90 and Asp45 for UMC.

b FromP. aeruginosa measured at 5◦C and pH 8.0[179].
c FromP. versutus measured at 32◦C and pH 7.0[176].
d From a variety of sources.
e At 25◦C and pH 7.5[177].
f At 30◦C and pH 8.0[178].
g At 25◦C and pH 8.0[178].
h At 22◦C and pH 5.2[135].
i FromA. cycloclastes at 25◦C and pH 7.6[144].
j The data for RST fromT. ferrooxidans is very similar to that for PAZ except that the Cys C�H proton resonances are found at 300 and 240 ppm[181].
k STC from cucumber at 28◦C and pH 6.0[179].
l STC from horseradish roots at 40◦C and pH 7.6[175].

m At 25◦C and pH 4.6.
n At pH 8.0[181].
o At 30◦C and pH 5.0.
p CST and UMC possess an axial Gln in place of Met and no shifted resonances arising from this ligand are observed.

and Phe12 (vide infra)[183,184]. However, this interaction
does not seem to affect the spin density distribution onto this
ligand. The Cu(II)–S(Cys) interaction is alike in all of the
PCs whereas the axial Met signals show the largest differ-
ences. In all of the PCs the Met92 C�2H proton resonance
is observed at∼26–20 ppm. The Met92 C�1H proton sig-
nal is only shifted outside of the diamagnetic envelope in
the higher plant (spinach and parsley),D. crassirhizoma,
and Ulva pertusa (green alga) PCs and is not observed
in the cyanobacterial (Synechocystis, Synechococcus and
Anabaena variabilis) proteins. There does not appear to be a
direct correlation between the Cu(II)–S(Met) bond lengths or
the Cu–S�–C�–H� dihedral angles and theδFc values of the
Met C�H proton resonances in the PCs[135,183–187]. It is
interesting to note that Met C�H proton resonances are only
observed in AMI and PAZ of the other cupredoxins studied,
and in both cases these signals do not experience particularly
large isotropic shifts[144,176]. Therefore, theδFc values of
the C�H proton resonances of the axial Met ligand do not
seem to be influenced by the presence of a classic (PC and
AMI) or a distorted (PAZ) T1 site. The comparative param-
agnetic NMR studies of the PCs show that there is a close
homology between the spin density distribution onto the lig-

ands in these proteins, and the likeness is particularly high for
those PCs from similar sources. However, the observed dif-
ferences are not particularly large showing that the active site
structures of Cu(II) PCs are alike and have not been altered
significantly during the evolutionary process[178].

Although paramagnetically shifted resonances can be
observed for Cu(II) cupredoxins the relatively slow electronic
relaxation (and consequent signal broadening) of the native
metal prevents direct observation of all active site resonances,
and the analysis of metal substituted forms can be useful. The
Co(II) and Ni(II) derivatives of cupredoxins were initially
prepared to obtain active site information from their elec-
tronic spectra[151–153]. Initial paramagnetic NMR spectra
were reported for Co(II) and Ni(II) AZ in 1976[154]and 1982
[155], respectively. More detailed studies of these substituted
forms of AZ followed[156–160,165,168]and various other
Co(II) and Ni(II) cupredoxins have now been investigated
with this approach, including a number of active site vari-
ants[161–164,167,169–175]. The spectrum of Ni(II) PAZ
has been assigned (the first study of a Ni(II) cupredoxin with
a distorted T1 site)[172] allowing a detailed comparison of
the available data for Ni(II) cupredoxins (seeTable 3). The
δobs values for Ni(II) cupredoxins possess largerδpc contri-
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Fig. 4. 1H NMR saturation transfer difference spectra (30◦C) of a 1:1 mix-
ture of D. crassirhizoma Cu(I) and Cu(II) PC in 35 mM phosphate buffer
(99.9% D2O) at pH* 8 [178]. The top spectrum is that of the Cu(II) protein
and those below are the saturation transfer difference spectra in which the
peaks indicated were irradiated. The observed saturation transfer peaks in
Cu(I) PC are shown by an asterisk.

butions than the Cu(II) forms. These have been determined
for Ni(II) AZ (see Table 3) and are actually not that signif-
icant so thatδobs values can be compared, with caution, to
provide comparative active site information. In these spec-
tra the Cys C�H proton resonances are directly observed and
their relatively small shifts indicate that the spin density on
this ligand is considerably less in the Ni(II) cupredoxins than
in the Cu(II) proteins (seeTables 2 and 3). The data for the
substituted forms do not seem to provide a good relative indi-
cation of the covalency of the Cu–S(Cys) interaction as the
δ�,av value is smallest for Ni(II) AZ whereas the Cu(II) pro-
tein has by far the largestδ�,av [sizableδpc contributions for
the Cys C�H protons in Ni(II) AMI and PAZ could be a fac-

tor]. Theδ�,av values are similar for both Ni(II) PAZ[172]
and Ni(II) AMI [169] which have distorted and classic T1
sites, respectively. The average of theδobsvalues of the C�H
protons of the axial Met ligand are 269, 101 and 56 ppm,
which are consistent with the observed Cu(II)–S(Met) bond
distances of 2.71, 2.84 and 3.32Å, respectively, in the crystal
structures of Cu(II) PAZ[60], AMI [65] and AZ[63]. Thus,
the Ni(II) derivatives appear to provide reasonably accurate
information about the relative strength of the axial interaction
in cupredoxins (it is interesting to note that the Ni(II)–S(Met)
bond distance is also∼3.3Å in Ni(II) AZ [84]).

The recent analysis of the paramagnetic NMR spectra of
Co(II) PC[174] and Co(II) PAZ[173] has allowed a detailed
comparison to earlier work on the same derivatives of AZ
[158,159,165], AMI [169] and RST[171] (seeTable 4).
Again caution is required when interpreting theδobs values
as sizableδpc contributions can be involved. These have been
determined for both Co(II) AZ[165] and Co(II) RST[171]
and demonstrate that theδpc values for the Cys C�H pro-
ton resonances can vary considerably. Theδobs values for
the Cys C�H protons in Co(II) RST (seeTable 4), and most
likely also Co(II) PC, Co(II) AMI and Co(II) PAZ possess
largerδpc contributions than in Co(II) AZ, and thus the spin
density on the Cys ligand is probably greatest for AZ [which
does correspond with the data for the Cu(II) proteins (see
Table 2)]. The Co(II)–S(Cys) bond, like that of the Ni(II)
p ond,
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Table 3
The observed hyperfine shifts (δobs) in the1H NMR spectra of Ni(II) cupredoxins

Protona Ni(II) AZ b Ni(II) AMI c Ni(II) PAZd Ni(II) UMC e Ni(II) STCf

δobs (ppm) δpc (ppm) δFc (ppm) δobs (ppm) δobs (ppm) δobs (ppm) δobs (ppm)

His C�2H 57.2 −0.3 51.9 72.6 71.0 52.5 52.1
His C�1H 61.2 17.0 37.3 68/34 80.0 ∼34 39.8/28.0
His N�2H 35.0 2.0 21.5 38.3 38.5 57.4g 50.8
Cys C�1H 187.0 1.1 182.5 296 274 167 177
Cys C�2H 233.0 −9.8 239.5 254 297 224 197
His C�2H 64.3 1.6 55.9 58.3 48.7 69.5 67.1
His C�1H 52.6 9.7 36.1 68/34 39.5 39.8/28.0
His N�2H 51.5h 3.7 36.2 43.2i 39.5g 33.9
Met C�1H 111.3 −2.7 112.5 172.5 432.5
Met C�2H 0.6 −4.9 4.0 30.2 105.4
Met C�H3 30.3 −0.1 111.0 111.0 119.0
Gln C�1H 42.2 33.2
Gln C�2H −25.1 −21.0
Gln N�21H −17.8 −18.0
Gly C�1H 69.5 −6.5 65.4
Gly C�2H 14.1 −5.9 −11.4

a From top to bottom: His46, Cys112, His117, Met121 and Gly45 for AZ; His54, Cys93, His96 and Met99 for AMI; His40, Cys78, His81 and Met86 for
PAZ; His44, Cys85, His90 and Gln95 for UMC; His46, Cys89, His94 and Gln99 for CST.

b FromP. aeruginosa at 45◦C and pH 7.5 includingδpc andδFc contributions[165].
c FromP. versutus at 30◦C and pH 7.5[169].
d FromA. cycloclastes at 25◦C and pH 7.5[172].
e The STC from horseradish roots at 30◦C and pH 8.0[175].
f FromR. vernicifera at 40◦C and pH 4.0[167].
g At 2 ◦C and pH 5.6.
h Observed below pH 7.
i At 10◦C and pH 5.6.

Table 4
Comparison of the observed hyperfine shifts (δobs) in the 1H NMR spectrum of Co(II) cupredoxins

Protona Co(II) AZb Co(II) PCc Co(II) AMI d Co(II) PAZe Co(II) RSTf

δobs (ppm) δpc (ppm) δFc (ppm) δobs (ppm) δobs (ppm) δobs (ppm) δobs (ppm) δpc (ppm) δFc (ppm)

His C�2H 50.6 7.8 37.3 55.8 52.6 53.1 59.7 −1.9 53.6
His C�1H 97 85.7 4.4 133 118/38 57/146 – – –
His N�2H 74.9 16.6 46.9 63.2 62.3 61.9 69.2 10.3 44.2
Cys C�1H 232 5.4 223.2 299 285 315/267 287/260 69.9 205
Cys C�2H 285 −5.3 287.4 275 285 315/267 287/260 59.7 184
His C�2H 56.4 7.2 42.3 43.8 51.0 43.6 48.7 3.4 38.5
His C�1H 75 23.3 45 60 118/38 57/146 – – –
His N�2H 65.8 7.5 46.8 75.3g 74h 71.4 80.3 19.9 48.9
Met C�1H −18.9 −25.9 5.3 −18.4 −18.6 −31.2 −31.0 −23.2 −9.8
Met C�2H −18.5 −26.9 6.1 −27.5 −16.1 – −24.4 −13.5 −17.4
Met C�1H 45.3 −19.5 64.4 254 132.5 105.8 122.9 −11.5 132.5
Met C�2H −19.1 −20.2 −0.3 87.8 10.0 271.3 285.2 −19.2 301.6
Met C�H3 −7.3 −31.2 24 80.4 74.5 90.2 103.3 −16.9 130.3
Gly C�1H 47.8 −10.5 54.2
Gly C�2H −29.4 −26.7 −5.9

a From top to bottom: His46, Cys112, His117, Met121 and Gly45 for AZ; His37, Cys84, His87 and Met92 for PC; His54, Cys93, His96 and Met99 for AMI;
His40, Cys78, His81 and Met86 for PAZ; H His85, Cys138, His 143 and Met148 for RST.

b FromP. aeruginosa at pH 4.5 and 37◦C [158,159,165]includingδpc andδFc contributions.
c From spinach at 30◦C and pH 7.8[174].
d FromP. versutus at 40◦C and pH 8.0[169].
e FromA. cycloclastes at 40◦C and pH 8.0[173].
f FromT. ferrooxidans at pH 6.0 and 20◦C includingδpc andδFc contributions[171].
g At 5 ◦C and pH 7.0.
h At 22◦C and pH 5.0.
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Fig. 5. Structure (bottom) of the Cu(II) sites in one of the monomers of
the green NiR fromA. cycloclastes [11] (PDB accession code 1NIB). The
His306 ligand of the T2 copper centre originates from the adjacent monomer.
Also shown are1H NMR spectra ofA. cycloclastes NiR (500 MHz, 25◦C):
T2D protein in 20 mM phosphate in 99.9% D2O at pH* 7.5 with the inset
showing part of the spectrum in 90% H2O/10% D2O at pH 7.5 (middle).
Fully copper loaded protein in 20 mM phosphate (99.9% D2O) at pH* 7.0
(top). Assignments are: (a) and (b) His95/His145 C�2H protons; (d) His95
N�2H, (e) Met150 C�H; (f) Asn96 C�H; (g) Cys136 C�H [189].

the T2 centres) are almost identical (seeFig. 5). This demon-
strates that all of the observed proton resonances arise from
the T1 copper ligands. The resonances have been tentatively
assigned (seeFig. 5) based on comparisons to the spectra of
cupredoxins, as have those for the blue NiR fromA. xylosox-
idans [189]. There does appear to be differences in theδFc
values for the observed C�H proton of the axial Met ligand
even though the Cu–S(Met) bond lengths are very similar in
the green (2.56̊A) and blue (2.64̊A) NiRs.

In order to further study the T1 site differences between
green and blue NiRs, and also to investigate the T2 sites
of these enzymes, paramagnetic NMR studies have been

extended to their Co(II) substituted forms in our lab. InFig. 6
the NMR spectra ofA. cycloclastes NiR with Co(II) at both
active sites [T1Co(II)/T2Co(II)] and also with Co(II) at just
the T2 centre and Cu(I) at the T1 site [T1Cu(I)/T2Co(II)]
are shown. Relatively sharp shifted resonances from both of
the sites can be observed and many have been assigned. The
same derivatives ofA. xylosoxidans NiR are currently being
studied to enable a detailed comparison of the active sites of
blue and green NiRs[191].

Multi-copper oxidases are also proving amenable to study
by paramagnetic NMR and attention has primarily focussed
on LACs. These proteins possess a trinuclear Cu3 cluster
(made up of a T2 and a T3 centre in close proximity) along
with a T1 site[12,13,15,68,71], which in certain fungal LACs
possess a trigonal coordination geometry (no axial ligand)
[12,68,71]. The paramagnetic NMR spectrum of the LAC
from Rhus vernicifera (which from sequence alignments has
an axial Met ligand at its T1 site) contains hyperfine shifted
resonances arising from only the T1 site[192]. In the case of
the novel small LAC fromStreptomyces coelicolor (SLAC)
shifted resonances from the Cu3 centre are also identified
[193]. Isotropically shifted resonances have been observed
in spectra of the fungal LAC fromPolyporous versicolor and
can be assigned to both the T1 and the Cu3 cluster[194].

Paramagnetic NMR investigations of copper proteins is an
area which is still developing. Most of the cupredoxin sub-
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copper centres as well as T1 and T2 sites can be investigated
(the CuA centre[195–199]and also the T3 site of tyrosinase
[200–202]have been studied).

5. C-terminal histidine ligand protonation

It has long been recognised that amino acid residues,
whose pKa values are in the accessible pH range, can have a
significant effect on the structure and reactivity of cupredox-
ins[30,45,77]. For example it has been shown in PAZ that the
protonation/deprotonation of the surface residue His6 results
in an altered active site structure (the relative intensities of
the LMCT bands are affected), influences the ESE reactivity
(vide infra) and tunes theEm of the protein even though this
residue is∼15Å from the copper (seeFig. 1) [144]. Quantum
chemical calculations have demonstrated that the influence of
the protonation of His6 on theEm of PAZ is mainly electro-
static and the structural rearrangement does not significantly
alter this parameter[203]. The protonation of the surface
residues His35 and His83 inPseudomonas aeruginosa AZ
influence theEm of this protein[204] with the effect also
being mainly electrostatic in nature[205] (the protonation of
neither residue significantly alters the spectroscopic proper-
ties of the protein). The alkaline transition of phytocyanins,
which influences their active site structure and reactivity, is
c sidue
a
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has been called the acid transition[208]. In the case of AZ,
whose His ligand does not protonate in the accessible pH
range, a pKa of <2 has been calculated[214]. The protona-
tion of this C-terminal His ligand occurs at much lower pH
values in Cu(II) cupredoxins and an upper limit of 3.4 has
been reported for the pKa of His96 in Cu(II) AMI [215]. A
simple theory put forward some years ago[212] implicated
the length and structure of the C-terminal ligand-containing
loop, which runs from the Cys to the Met ligand and con-
tains the exposed His ligand (seeFig. 7), as a major factor in
controlling the acid transition of cupredoxins. It was noted
that there were only two intervening residues between the
Cys and His ligands in the proteins which, at that time, had
been shown to exhibit the acid transition. The gap between
the His and Met ligands seemed to correlate with the pKa
value, with the shortest loop, and highest pKa, being found
in AMI. Loop-directed mutagenesis experiments in which
the AMI loop was extended (loop-elongation) result in a
lower pKa [207,216,217]. It was suggested that the intro-
duced loops may not pack as well against the AMI scaffold
as the native sequence[216]. The non-native loops thus may
retain some flexibility that would lead to a favourable entropic
term for the formation of the Cu(I)–N(His) bond resulting
in the decreased pKa value. Shortening the C-terminal loop,
by introducing the AMI sequence into PAZ[218] and PC
[219], leads to an increased pK from 4.9 to 6.7 (identi-
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nd 4.3 for AMI[138], PC[136,178], PAZ[139,212,213], R.
ernicifera STC[208], the STC from zucchini (mavicyani
AV) [210], the PLT from spinach (PLN)[211] and the PLT

rom cucumber (cucumber basic protein, CBP)[208], respec
ively. Given the pH at which this effect usually occur
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thiolate sulfur, absent in AMI, PAZ and PC, provides addi-
tional stabilisation of the active site which may prevent His
ligand protonation in AZ for example[66]. Residue 86 is
a Pro inD. crassirhizoma PC and thus, like all other PCs,
this second hydrogen bond to the Cys ligand is missing and
thus is not the cause of the absence of the acid transition. This
hydrogen bond does influence the acid transition as the muta-
tion of the corresponding Pro (residue 94) to a Phe in AMI,
which introduces this second hydrogen bond[220], results
in a large decrease in the pKa of the C-terminal His95 lig-
and from∼7 to below 5 (the Pro94Ala mutation results in
a decrease in the pKa of His95 to 6.3)[221]. Furthermore,
the introduction of the AMI loop into AZ results in the C-
terminal His ligand protonating, albeit with a pKa of 5.5[219]
(this AZAMI variant not only has a shorter loop than AZ but
it is also missing the second hydrogen bond to the thiolate
sulfur of the Cys ligand). The presence of this hydrogen bond
will probably influence the flexibility of the C-terminal loop
and thus an entropic effect may be prevalent. However, this
hydrogen bond is present[75] in the phytocyanins which
exhibit the acid transition where further loop stabilisation
may result from a disulfide bridge close to the active site
(see Section7).

The inability of His87 to protonate inD. crassirhizoma PC
has been attributed[143] to the�–� interaction between its
imidazole moiety and the phenyl ring of Phe12 (seeFig. 8),
w
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tural studies have indicated that the influence of the Pro94Phe
and Pro94Ala mutations on the pKa of His95 in AMI is
related to the introduction of steric hindrance to the rotation
of the imidazole ring[220]. However, in the structure of the
Pro94Phe variant the packing of the AMI molecules prevents
the movement of His95.

The solvent accessibility of the active sites of cupredox-
ins has also been suggested as influencing the acid transition
[210,211,224]and the close proximity of His87 inD. cras-
sirhizoma PC to Phe12 could help to protect the His from
solvent. There thus appear to be a number of factors in the
cupredoxins which may be important in controlling the pKa
value of the C-terminal His ligand, and further studies are
needed to assess the relative importance of all of the struc-
tural features discussed. One approach which shows great
promise in this respect is the use of electrochemistry at vary-
ing pH and temperature[208]. Studies carried out to date with
this technique indicate that the thermodynamic driving force
for the acid transition is enthalpic for PCs and entropic for a
number of phytocyanins. AMI seems to be a little unusual in
that both enthalpic and entropic terms favour the transition
which has been assigned to undefined active site peculiarities
[208].

6. The reactivity and interactions of cupredoxins

6

need
t it to
a tive
c sen-
t sient
w nting
p ffec-
t com-
p ly
k c-
t bound
c
I
e ich
a to a
c
P not
k en a
h
S ed
b le
d m
[ om-
p en
R s
t se to
t ccur
hich could stabilise the bound form of the His[183,184](a
eu is usually found in this position in PCs). This is suppo
y the observed decrease in the pKa for His81 in the Cu(I
AZ variant in which a�–� interaction with its coordinate

midazole has been introduced by making the Met16
utation (seeFig. 8) [213]. However, the Leu12Phe mu

ion in spinach PC results in the pKa of His87 increasing from
.9 in the Cu(I) wild type (WT) protein to 5.7[143,213], and

he precise arrangement of the imidazole and phenyl
s probably an important factor. The packing of the His
igand between the bulky side-chains of Met13 and Phe
as been suggested as a reason for the low pKa of this residue

n AZ [222] and the Phe114Ala mutation results in a 50
ncrease in theEm (at neutral pH) and an∼0.4Å increase in
he Cu(II)–N(His117) bond length[223]. Interestingly struc

ig. 8. Active site structure of (A) Cu(II) PC fromD. crassirhizoma [183]
PDB accession code 1KDJ) and (B) Cu(II) PAZ fromA. cycloclastes
60] (PDB accession code 1BQK). In both structures the four coord
ng residues are shown along with the side chain of the amino acid
nteracts with the imidazole ring of the C-terminal His ligand (Phe12 iD.
rassirhizoma PC and Met 16 in PAZ). The copper ion is shown as a
phere in both structures.
.1. Physiological partners

Cupredoxins function as ET shuttles and therefore
o interact with a partner, pick up an electron and deliver
nother protein. Efficient ET and the ability to form a reac
omplex with the appropriate partner are therefore es
ial. Interactions between ET partners are usually tran
ith electrostatics enhancing association and pre-orie
artners, whereas hydrophobic interactions (which are e

ive over shorter distances) ensure reactive encounter
lex formation[225,226]. Physiological partners are on
nown with certainty for PC, AMI, PAZ and RST. PC fun
ions as an electron transporter between the membrane-
ytochromeb6f complex (cytb6f) and P700+ of Photosystem
(PSI) in photosynthetic organisms[31,226]. AMI accepts
lectrons from methylamine dehydrogenase (MADH) wh
re then delivered, probably via a c-type cytochrome,
ytochromec oxidase in methylotrophic bacteria[27,227].
AZ reduces NiR, although its physiological donor is
nown[35], and RST is thought to shuttle electrons betwe
igh molecular weight cytochromec and cytochromec4 [39].
tructural information is available for the complex form
etween AMI and MADH[25] and also PC with the solub
omain of cytf (from both plants[72] and a cyanobacteriu

73]), some preliminary data has been reported for the c
lex between PAZ and NiR[74] and the interaction betwe
ST and cytochromec4 has been modeled[228]. In all case

he hydrophobic patch of the cupredoxin associates clo
he redox centre of the partner and ET is thought to o
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via the exposed His ligand. Acidic and basic residues on the
cupredoxins are essential for these interactions and mutagen-
esis studies have highlighted the importance of both charged
[229–235]and hydrophobic[236–238]patches. By far the
best studied of these complexes is that between PC and cytf
and thus I will focus on this system here.

The solution structure of the complex formed by PC and
cyt f from higher plant sources (spinach PC and turnip cyt
f), which was determined from NMR studies utilising dia-
magnetic chemical shift changes and intermolecular pseudo-
contact shifts, is shown inFig. 9B [72]. The patch of acidic
residues on the surface of the higher plant PC around the
conserved Tyr83 residue (seeFig. 9A) interact with a num-
ber of basic residues on cytf. The His87 ligand of PC (see
Fig. 9A) approaches the heme of cytf providing an efficient
ET pathway. The surface properties of PC vary depending
on the type of organism from which the protein originates
(seeFig. 9C and D). In green algae (for exampleU. pertusa)
and the plant PC from parsley[128,142]the acidic patch is
more diffuse[186] whilst in the PC fromD. crassirhizoma
very few acidic residues are found around Tyr83, and an arc
of aspartates and glutamates are located on the periphery
of the hydrophobic patch[183]. Cyanobacterial PCs (such
as those fromSynechococcus [187] andA. variabilis [130])
possess very few charged surface residues and have a more
extensive hydrophobic patch. Consequently, the structure
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having different orientations in their complexes with cyt
f [241].

To assess the importance of the extent and location of
the acidic patch for physiological function the ionic strength
dependence of the ET reaction between a variety of PCs and
a plant cytf have been studied (seeFig. 12) [241,243,244].
An acidic patch on the surface of eukaryotic PCs is essential
for this interaction because when this region is absent, as in
theSynechococcus PC, the association with cytf is dramati-
cally diminished at low ionic strength (seeFig. 12) [243,244].
Small changes in the acidic patch (as in the parsley and green
algal proteins) have a minimal effect on the interaction with
cyt f (seeFig. 12) [241,244]. Thus, although the structures of
the complexes of these PCs with cytf are different from that
of the spinach protein their acidic patches are still as efficient
at promoting association. Remarkably, the relocation of the
acidic patch (as in the D.crassirhizoma PC) has very little
influence on thek2 value for the reaction with cytf at lowI (see
Fig. 12) [244]. Docking studies with cytf have demonstrated
that the relocation of the acidic patch leads to a different ori-
entation ofD. crassirhizoma PC which results in the arc of
acidic residues interacting with those basic residues on cytf
which are used in the complex with spinach PC. Therefore,
the relocated acidic patch on theD. crassirhizoma PC is still
able to effectively enhance association with cytf giving a
complex conducive to fast ET. Thus, for a PC to be able to
i
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h the
f the complex between PC and cytf from the cyanobac
eriumPhormidium laminosum is dominated by hydrophob
nteractions[73]. Recent studies on the interaction betw
C and cytf from A. variabilis (referred to asNostoc sp.
CC7119) indicate that in this cyanobacterium electrost
eem to be more important[240].

To investigate the effect of the altered acidic patch of p
ey PC (and also the green algal proteins) on its interac
he structure of the complex with cytf has been investigate
y NMR spectroscopy and protein docking simulations[241].
apping the residues of Cu(I) parsley PC whose1H NMR

esonances are most affected by the addition of Fe(II)f
nto a space-filling model of the structure[242] reveals a dis

inct binding patch involving the non-polar residues wh
urround His87 (Fig. 10A). Remote from the hydrophob
atch are several affected amino acids, diffusely distrib
bout the acidic patch of the molecule. A compariso

he chemical-shift maps of parsley and spinach PC[242] in
he presence of cytf highlights significant variation in th
inding site of these homologous proteins (Fig. 10). This
uggests that parsley PC adopts a different orientation
omplex with cytf which is consistent with severe ste
lashes observed when parsley PC is modeled[241] into
he structure of the plant PC–cytf complex[72]. A dock-
ng orientation for parsley PC with cytf has a rmsd of 8.8̊A
rom the NMR structure of the spinach PC/cytf complex
nd a copper to iron distance of 13.4Å conducive with fas
T (seeFig. 11) [241]. Thus, the alterations in the acid
atch of parsley PC compared to the spinach protein re

n them (and probably also the PCs from green algal sou
nteract efficiently with a eukaryotic cytf in vitro it has to
ave a hydrophobic patch close to the active site which
cidic residues at its periphery. These conclusions are
istent with the fact that a number of soluble ET proteins
ble to interact with various partners[226,245,246]. Thus,

he need to maintain the efficient flow of electrons alon
T chain seems to require the protein–protein interac

nvolved to be pseudo-specific[246].

.2. Electron self-exchange reactivity

The electron self-exchange (ESE) reaction is an in
ic property of all redox systems[247] and is an extreme
seful reaction to study because the structure of only
rotein needs to be considered when interpreting the
onstants (kese). Furthermore, the reaction has no driv
orce and thus provides a relative measure of the ET c
ilities of the different members of a family of redox p

eins. The ESE reactivity of a number of redox meta
roteins has been studied[138,142–144,178,248–271]. The
vailablekese values for cupredoxins are listed inTable 5
nd range from∼103 to 106 M−1 s−1 at moderate to lowI.
he presence of an acidic patch (in plant and green
Cs) [178,271], or basic residues (as in PAZ)[144,180],
lose to the hydrophobic patch disfavours ESE at loI.
SE is thought to involve two cupredoxins associating

heir hydrophobic patches, with an ET route involving
xposed His ligands[258,264,272,273]. The ET reactivity o
Z dimers covalently joined via their hydrophobic patc
as been studied[272]. In the presence of a short crosslink
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Fig. 9. (A) The structure of spinach PC (PDB entry 1AG6)[185]. The coordinating side-chains and the acidic patch surrounding the conserved Tyr83 residue
are shown in ball-and-stick representation, the copper is shown as a magenta sphere and the position of the surface hydrophobic patch is indicated. The acidic
patch is made up of the upper (E59, E60 and D61) and lower (D42, E43, D44 and E45) regions. (B) The structure of the complex of spinach PC with turnip
cyt f (PDB entry 2PCF)[72]. The His87 ligand of PC is indicated as is Tyr83 and the surrounding acidic patch. A number of basic residues on the surface
of cyt f are also included. The iron of cytf and the copper of PC are shown as orange and magenta spheres, respectively. (C) Sequence alignment of the PCs
from S. pratensis, spinach, parsley,U. pertusa, D. crassirhizoma andA. variabilis obtained using DbClustal[239]. Fully conserved residues, including the
copper ligands are marked with an asterix. Charged residues which contribute to the acidic patches (plant and green algal PCs) or which are located near the
hydrophobic patch are in red (acidic) and blue (basic) and Tyr83 is green. (D) The surface properties of PCs from spinach (PDB entry 1AG6), parsley (PDB
entry 1PLA)[128], U. pertusa (PDB entry 1IUZ)[186], D. crassirhizoma (PDB entry 1KDJ)[183] A. variabilis (PDB entry 1NIN)[130] andSynechococcus
(PDB entry 1BXU)[187] in which the exposed imidazole ring of His87 is shown in purple and the surrounding hydrophobic patch is yellow. The acidic and
basic residues are red and dark blue, respectively, polar residues are cyan and Tyr83 is green.
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Fig. 10. Chemical-shift maps of parsley (A) and spinach (B) PC in the presence of 0.3 M equivalents of turnip cytf [241]. The map for the spinach protein
is reproduced from Edjebäck et al.[242]. Protein structures are represented as space-filling models and the residues are coloured according to the size of the
largest chemical shift observed for any proton resonance in that residue. Blue, insignificant (<0.02 or 0.03 ppm in parsley and spinach PC, respectively); pink,
0.02–0.05 ppm or 0.03–0.05 ppm in parsley and spinach PCs, respectively; orange, 0.05–0.10 ppm; red,≥0.10 ppm. Reproduced from[241] ©The Biochemical
Society.

monomers rotate away from each other leaving the hydropho-
bic patches exposed and allowing ESE with other dimers.
A longer linker gives a structure in which the hydrophobic
patches are part of the dimer interface (analogous to the non-

covalent dimer arrangement seen in the crystal structure of
native AZ[62]) and fast inter-molecular ET is observed.

Thekesevalues of PCs are dependent on the source (sur-
face properties) of the protein and cover the range exhibited

Table 5
Electron self exchange rate constants (kese) of cupredoxinsa,b

Protein Charge kese(M−1 s−1) Conditions Reference

AZs
P. aeruginosa 0 9.6× 105 pH 4.5,I = 20 mM (25◦C) [253]

0 7.0× 105 pH 9.0,I = 60 mM (25◦C) [253]
A. denitrificans +2 4.0× 105 pH 6.7,I = 38 mM (24◦C) [254]
Asn42Cys disulfide homodimerc 4.2× 105 pH 8.5,I = 74 mM (40◦C) [272]
Asn42Cys linked homodimerd ≥5× 104 s−1 (intramolecularket) pH 8.5,I = 74 mM (40◦C) [272]

PCs
Spinach −9 2.5× 103 pH 8.0,I = 100 mM (25◦C) [178]
Parsley −7 5.0× 104 pH 7.5,I = 100 mM (25◦C) [142]
U. pertusa −7 3.5× 104 pH 8.0,I = 100 mM (25◦C) [178]
D. crassirhizoma −6 3.4× 103 pH 7.9,I = 100 mM (25◦C) [143]
A. variabilis +2 2.4× 105 pH 6.2,I = 100 mM (25◦C) [178]

AMI −3 1.3× 105 pH 8.6,I = 50 mM (25◦C) [138]
PAZ +2 3.7× 103 pH 7.6,I = 100 mM (25◦C) [144]

1.1× 103 pH 6.0,I = 100 mM (25◦C) [144]
1.7× 104 pH 10.9,I = 100 mM (25◦C) [180]

RST +5 1.7× 104 pH 2.0,I = 100 mM (25◦C) [265]
1.0× 104 pH 5.7,I = 100 mM (25◦C) [265]

STCs
R. vernicifera +8 1.2× 105 pH 7.0,I = 225 mM (20◦C) [248]
Horseradish (UMC) −2 1.8× 104 pH 7.5,I = 100 mM (40◦C) [269]

C

ra STC
ter rea
ed usi t position

4

(

BP (a PLN) +6 6.0× 105

a All determined by NMR spectroscopy except in the case ofR. vernicife
b All measured, except forR. vernicifera STC, in >99% D2O with pH me
c AZ homodimers fromP. aeruginosa linked via a disulfide bridge form

2).
d AZ homodimers fromP. aeruginosa connected via a bis-maleimidomethylet

at position 42).
pH 8.0,I = 100 mM (25◦C) [270]

for which EPR was used.
dings uncorrected for the deuterium isotope effect (except for AMI).
ng a Cys residue introduced at the edge of the hydrophobic patch (a
her linker using a Cys residue introduced at the edge of the hydrophobic patch
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Fig. 11. Superimposition of the results from docking simulations with the
NMR structure of the PC–cytf complex[72]. Cyt f is represented as a rib-
bon diagram, with the�-helix in front of the haem removed for clarity. PC
structures are represented as C� backbone traces. Spinach PC from the NMR
structure of the complex (thin trace, black), the top-ranked orientation for
spinach PC (medium trace, grey line) and the third-ranked docking orien-
tation for parsley PC (heavy trace, light grey) are shown. Reproduced from
[241] ©The Biochemical Society.

Fig. 12. The ionic strength dependence of ln of the rate constant (k2) for
the oxidation of turnip cytf by spinach (+), parsley (�) U. pertusa (�), D.
crassirhizoma (�) andSynechococcus (×) PCs[244]. The rate constantk2

has been defined ask2 = konkf /(koff + kf ), wherekon is the rate of association
of the two proteins,koff is the rate of dissociation before ET andkf is related
to ket [225]. It has been demonstrated that for the reaction between PC and
cyt f, kf � koff and thusk2 = kon.

Fig. 13. Ionic strength dependence (25◦C) of logkese for spinach (�), U.
pertusa (�), D. crassirhizoma (�) andA. variabilis (×) PCs[271]. The ionic
strength was adjusted by the addition of NaCl to 10 mM phosphate buffer
(99.9% D2O) pH* 8.0 for spinach,U. pertusa andD. crassirhizoma PCs
and at pH* 6.2 forA. variabilis PC. For thekesedetermination ofU. pertusa
PC atI = 0.10 M, 35 mM phosphate buffer pH* 8.0 was used and 73 mM
phosphate buffer (pH* 6.2) was utilised for theA. variabilis PC measurement
atI = 0.10 M. Thekesevalue forD. crassirhizoma PC atI = 0.10 M was taken
from [143] (36 mM phosphate buffer at pH* 7.9). Also included is the ionic
strength dependence (25◦C) of logkesefor spinach PC in 10 mM phosphate
buffer (99.9% D2O) at pH* 8.0 with added MgCl2 (�).

by cupredoxins[142,143,178,249,261,271]. The influence of
ionic strength onkese of various PCs are shown inFig. 13
[271]. The acidic patches of spinach,D. crassirhizoma and
U. pertusa PCs result in electrostatic repulsion which hinders
protein association and leads to a smallkesevalue at lowI.
Screening of the charged patches (by the addition of NaCl)
at elevatedI leads to 190-, 29- and 21-fold increases inkese
for the spinach,D. crassirhizoma andU. pertusa proteins,
respectively. The largest accelerating effect ofI on kese in
spinach PC (and the smallestkeseat low I) correlates with it
being the most acidic of the PCs and thus electrostatic repul-
sion has the most significant effect on homodimer formation.
In contrast to the other PCs, thekesefor theA. variabilis pro-
tein is large at lowI and exhibits very little dependence on
ionic strength (seeFig. 13). Thekesevalues at highI for the
PCs are consistent with those observed for other redox metal-
loproteins under similar conditions[178,255,257,262,267].

The ionic strength dependence of thekese of the PCs
has been analyzed using van Leeuwen theory, which con-
siders monopole–monopole, monopole–dipole and dipole–
dipole interactions involved in protein–protein associa-
tion [255,257,268,271,274]to give D′

ox, D
′
red and kinf

(rate constant at infiniteI) values of−141, −159 D and
1.5× 105 M−1 s−1, respectively. TheD′

ox and D′
red values

of −141 and−159 D, respectively for spinach PC represent
the components of the dipole moment through the site on the
p . The
c obic
p
t istent
w ich
rotein (oxidised and reduced PC) via which ESE occurs
omponents of the dipole moments through the hydroph
atch range from−160 to−40 for spinach PC[271]. Thus,

he values obtained from the van Leeuwen fits are cons
ith homodimer formation via the hydrophobic patch wh
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Scheme 1.

surrounds the exposed His ligand[258,264,272]. Fitting of
the data forU. pertusa, D. crassirhizoma andA. variabilis
PCs, respectively, giveskinf values of 4.9× 105 M−1 s−1,
7.3× 104 M−1 s−1 and 3.3× 105 M−1 s−1 [271]. Hydropho-
bic interactions are favoured at highI and the smallkinf for
D. crassirhizoma PC can be partly explained by the less
hydrophobic binding site in this protein (seeFig. 9D). ESE is
an activation controlled reaction and thuskese= KAket, where
KA is the association constant for encounter complex for-
mation andket is the rate constant for ET (seeScheme 1)
[275]. Differences inkinf therefore could be due to varia-
tions in ket which is influenced by the electronic coupling
between the donor and the acceptor (distance for ET) and
the reorganisation energy for ET. Thus, the relatively small
kinf for spinach PC and the lower than anticipatedkinf for
theA. variabilis protein (considering that it possesses a large
hydrophobic patch) could both be due to diminishedketvalues
(vide infra).

Protein modeling based on the crystallographic dimer of
Silene pratensis PC [276] (the amino acid sequence of this
PC is included inFig. 9C) and docking simulations of the
various PCs have been used to obtain representative struc-
tures of the transient homodimers involved in ESE[271].
The molecules associate via their hydrophobic patches and
thus these models are consistent with the fits of the ESE
data to van Leeuwen theory and agree with the proposed
s
t ches
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a
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f nce
o e
f
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Increasing the concentration of MgCl2 has a much more
pronounced influence than NaCl on thekese of spinach PC
(seeFig. 13) indicating specific interactions between Mg2+

ions and the protein[249,271]. The Mg2+ ion is present in the
thylakoid lumen at approximately mM concentrations[277]
and has been implicated in catalysis of the oxidation of PC
by PSI[278]. The observed accelerating influence of similar
concentrations of Mg2+ ions on the ESE of PC along with
the high protein concentration (>20 mg/mL[279]) within the
thylakoid lumen (PC is one of the most abundant proteins
in the thylakoid[279,280]and exists as a pool of both oxi-
dised and reduced forms[50]) indicate that this reaction may
occur physiologically, facilitating ET between the membrane
bound cytb6f complex and PSI.

The temperature dependence of the ESE reactivity of
spinach PC yields�H‡ and �S‡ values of 44 kJ mol−1

and −16 J mol−1 K−1, respectively[271]. The large�H‡

for spinach PC is consistent with the electrostatic repulsion
which has to be overcome for homodimer formation. The
fact that this reaction is also disfavoured on the grounds
of activation entropy suggests that displacement of water
molecules from the protein interface is insufficient to counter-
balance the loss of translational and rotation freedom upon
protein–protein association. Thus, the experimental data pro-
vides evidence of poor packing in the interface. This is cor-
roborated by the interfaces in the homodimers which have
l are
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tructure of the AZ ESE homodimer[258,264,272,273]. The
wo PCs assume an orientation in which the acidic pat
re located on opposite faces of the homodimer, thus

mising electrostatic interactions. The Coulombic repul
etween the monomers in the docked complexes fol

he order: spinach >D. crassirhizoma > U. pertusa > A. vari-
bilis, which is in good agreement with the observedkese
alues at lowI and matches the relative accelerating ef
f increasingI on kese(seeFig. 13). These complexes ther

ore provide structural models for explaining the influe
f electrostatics on ESE[271]. A more polar dimer interfac

or D. crassirhizoma PC is consistent with the smallkinf for
his protein. TheA. variabilis PC dimer has a large numb
f hydrophobic residues in the interface which along w

he relatively smallkinf value probably indicates thatket is
maller in this protein. This is consistent with the Cu–Cu
ance being largest in theA. variabilis PC docked complex
ow complementarity and high planarity, features which
ssential to the nature of the associations involved in
nd other transient protein interactions[226,281–283].

The influence of pH on thekeseof PCs has been studi
o assess the role of the protonation of the His87 ligan
T reactivity [142,178]. The kese values ofU. pertusa and
arsley PCs are almost independent of pH* (at I = 0.10 M),
ven at values where His87 is protonated and thus the
olecules will possess a three-coordinate active site
ig. 14). This form of PC is known to be redox-inact

206,214,215]and a smaller ESE rate constant would
xpected (seeScheme 1where [Cu(I)His87-H+] is the form
f reduced PC in which His87 is protonated and is the re

nactive species). This absence of any pH-dependen
he ESE reactivity can be attributed to compensation ef
aused by the presence of acidic patches in these PC
ower pH the acidic residues start to protonate, thus,
ralising the charge in this region of the protein leading
argerKA (seeScheme 1). This is confirmed by the decrea
n thekeseof A. variabilis PC at lower pH (seeFig. 14) and by
he increasedkeseof D. crassirhizoma PC at lower pH* (due
o the absence of His87 protonation[143]). Furthermore, a
igh ionic strength (I ∼ 0.50 M, seeFig. 14) the kese of U.
ertusa PC decreases at low pH. Thus, as the pH is
red more of the reduced protein exists as [Cu(I)His87+]
seeScheme 1) which is redox inactive and ESE reactiv
s diminished. It would perhaps be expected that ESE w
e more dramatically affected at low pH. The fact that
Cs are still reasonably competent at ESE under these
itions suggests that the process has now become gat
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Fig. 14. Dependence (25◦C) on pH* of logkeseof U. pertusa PC in phos-
phate buffer atI = 0.10 M (�), U. pertusa PC in 10 mM phosphate buffer
plus 0.50 M NaCl (�), A. variabilis PC in phosphate buffer atI = 0.10 M
(�), parsley PC in phosphate buffer atI = 0.10 M (×) andD. crassirhizoma
PC in phosphate buffer atI = 0.10 M (�) [178]. Also included is data for
Synechococcus PC in phosphate buffer atI = 0.10 M (♦).

the activation barrier for the transition from three-coordinate
[Cu(I)His87-H+] to four coordinate [Cu(II)His87]).

The acid transition of PC and other reduced cupredoxins
may play an important physiological function. For example,
it is thought that His87 protonation could provide a metabolic
feedback mechanism whereby the drop in pH resulting from
a high rate of photosynthesis would result in a decrease in
ET activity [77,284]. The fact that the reduction of P700+ by
PC is hardly affected at low pH[285] therefore seems a little
puzzling. It may be that the approach of a non-polar surface
of P700+ to the hydrophobic patch of [Cu(I)His87-H+] desta-
bilises the positive charge on His87 and thus [Cu(I)His87],
the redox active species, would be rapidly reformed (see
Scheme 1). Therefore, His87 protonation may provide a way
of ensuring specificity of photosynthetic ET as the reac-
tion with other oxidants would be expected to be much
more significantly gated. A similar, potentially physiologi-
cally relevant, pH-dependent transition (pKa 4.8) has been
characterised in the CuA loop variant (see Section8.2) of AZ
[286]and the C-terminal His ligand has been identified as the
site of protonation. As the corresponding His is in the major
ET route from CuA to hemea in cytochromec oxidase, it has
been suggested that this ligand could play a regulatory role
in proton-coupled ET.

Studies investigating the features of cupredoxins (mainly
PC) important for their interactions have been reviewed. The
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bic interactions are important and the hydrophobic patch of
the cupredoxin is utilised for ET via the exposed His lig-
and. A number of outstanding issues have not been resolved
concerning the important aspects of the surface of a cupre-
doxin which ensure recognition whilst maintaining rapid ET.
How these features relate to the reactivity of cupredoxins
in vitro also needs to be considered in more detail. On this
issue it is interesting to note that electrostatics seem to be
less important for the interaction between eukaryotic PC and
cyt f in vivo [287]. The elucidation of ET partners (and their
structures) for more of the members of the cupredoxin fam-
ily is required. As these are identified the structures of the
complexes can be studied and a more detailed understanding
of the interactions involved will be achieved. For example,
the recent studies on PAZ and NiR indicate that the complex
formed is not transient which seems to contradict its observed
reactivity[74].

7. The phytocyanins—a sub-family of the
cupredoxins

The phytocyanins form a sub-family of the T1 copper-
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nd PLNs] on the basis of domain organisation, glycos

ion and the nature of the axial ligand[53]. The PLNs an
CAs usually have an axial Met ligand like most other cu
oxins whereas the STCs are identified by an axial gluta

igand (seeFigs. 2 and 15) and thus, along with fungal LAC
68,71] and ceruloplasmin[13] provide one of the very fe
aturally occurring T1 sites with an altered coordination e
onment (a couple of PLNs have been found to have e
Val or Leu in the axial position[50,53,69,70]). The STCs

nd UCAs possess associated carbohydrate and a pu
ell wall anchoring domain[53,289]whereas the PLNs ha
either of these features (seeFig. 15).

Umecyanin (UMC) is a STC isolated from horserad
oots[42] and sequence alignments indicate that its axia
nd is the side chain of Gln95[290] (seeFig. 15). Despite

he apparent conservation of the STC metal-binding lig
MC is unusual in that it possesses a classic T1 coppe

low absorbance at∼450 nm and an axial EPR spectru
175,295,296]whereas other STCs have perturbed T1 cen
seeFig. 16). To enable detailed studies of UMC an artific
oding region for its cupredoxin domain has been desi
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Fig. 15. Multiple sequence alignment of selected phytocyanins generated using Clustal-W[291]. Included are UMC from horseradish roots (a STC)[290],
BCB (a STC) fromA. thaliana [47], R. vernicifera STC[292] and cucumber STC (CST)[293]. Also shown are UCCI (a UCA fromA. thaliana [53]) and CBP
(the PLN from cucumber[294]). The residues known, or thought to be copper ligands are shown in bold and the Cys residues involved in the disulfide bond
are underlined. Parts of the C-terminal extensions of UMC, BCB, CST and UCCI, which are thought to form cell-wall anchoring domains, are included (the
cupredoxin domain of UMC probably finishes at Gly106).

and synthesised[295]and the recombinant protein is identical
to the native molecule from horseradish roots (recombinant
BCB, a STC fromA. thaliana is also remarkably similar and
possesses a classic T1 site[295]). Paramagnetic1H NMR
spectroscopy has demonstrated that UMC, CST andR. verni-
cifera STC all have the typical interaction between the copper
and the His2Cys equatorial ligands observed in other struc-
turally characterised cupredoxins (seeFig. 3 and Table 2)
[70,175,179,295]. The Cys C�H resonances were indirectly
observed for Cu(II) CST and theirδ�,av value (410 ppm) is
smaller than those of AZ, PC and PAZ indicating a weaker
Cu(II)–S(Cys) interaction (vide infra)[179]. The NMR spec-

tra of the Cu(II) proteins do not exhibit any paramagnetically
shifted resonances from the axial ligand demonstrating that
the Gln does not contribute to the singly occupied molecular
orbital in STCs[175,179,295].

Additional active site information has been obtained for
Ni(II) UMC [175] whose NMR spectrum (seeTable 3) has
been assigned by observing dipolar connectivities (Fig. 17).
This spectrum confirms that, as well as having a His2Cys
equatorial ligand set, the active site is completed by an axial
Gln ligand. The observation of the resonance from one of
the N�2H protons of Gln95 indicates that this residue coor-
dinates to Ni(II) in a monodentate fashion via the side-chain

F and C
p Hepes
ig. 16. Comparison of the spectroscopic properties of Cu(II) UMC
hosphate buffer pH 7.6 and (B) X-band EPR spectra (−196◦C) in 25 mM
u(II)R. vernicifera stellacyanin (STC). (A) UV/vis spectra (25◦C) in 10 mM
pH 7.6, 40% glycerol (bottom).
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Fig. 17. Reference (A and B) and difference (C–I)1H NMR spectra (300 MHz) of Ni(II) UMC corresponding to 1D NOE experiments performed in 10 mM
phosphate buffer[175]. Spectra A, C and D were acquired at 30◦C with the sample in 99.9% deuterated buffer at pH* 8.0. Spectra B and E–I were measured
at 10◦C with the protein in buffer in 90% H2O/10% D2O at pH 6.5. In spectra C and E and D and F the two Cys C�H proton resonances were irradiated. In
spectra G, H and I signals arising from the axial Gln ligand were irradiated. The main assignments that have been made are included in A and B[175] and are
listed inTable 3. Peaksg andi arise from the C�1H protons of the two His ligands and signall is tentatively assigned to a His ligand C�H proton.

carbonyl oxygen atom (coordination via the deprotonated
side chain amide of Gln95 would result in the remaining
N�2H proton being very close to the metal and being too
broad to be observed). An axial Gln ligand had previously
been identified from NMR studies on Co(II) and Ni(II)R.
vernicifera STC [161,167], and the paramagnetic1H NMR
spectra of Cu(II) and Ni(II) UMC[175] are remarkably simi-
lar to those of other STCs[70,163,167,179]. This is surprising
considering that Cu(II) UMC has distinct ultraviolet–visible
(UV–vis) and EPR spectral properties (seeFig. 16). In par-
ticular the Ni(II)–O(Gln) interaction is comparable in these
STCs[167,175]. Thus, the active site alterations which give
rise to either classic or perturbed T1 sites in the STCs are
small and do not have a significant influence on their param-
agnetic NMR spectra (a similar conclusion was made from

the paramagnetic NMR studies of cupredoxins with axial Met
ligands, vide supra).

The crystal structures of Cu(II) and Cu(I) UMC at 1.9
and 1.8Å, respectively, have been determined (seeFig. 18)
[43]. The structure of the oxidised protein is very similar
to that of CST[46], the only other available STC structure,
and shows homology to those of the PLNs CBP[66] and
PNC[75]. These molecules all possess the features charac-
teristic of the phytocyanin sub-class of the cupredoxins. The
largest difference between UMC (and CST) and the PLNs
involves the region from Trp11 to Trp23 which forms�-
helix 1 in the STCs and is absent in the PLNs. The prominent
surface feature of UMC is a large acidic patch on one side
of the molecule (from residues in�-strands 1 and 3)[43].
CST possesses a similarly sized acidic patch although in a
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Fig. 18. The structure of UMC[43], showing the two molecules that make up the dimer arrangement in the asymmetric unit of the oxidised protein. The
non-crystallographic two-fold rotation axis lies perpendicular to the plane of the paper between�-strand 5 of the two molecules. The disulfide bridge is included
as are the coordinating side-chains with the copper ion shown as a cyan sphere. Reprinted from[43] © 2005 American Chemical Society.

different location (made up of amino acids from�-strands
4–6)[46]. CBP and PNC (PLNs) are basic proteins and have
large positively charged surface patches[66,75]. These are
found in completely different positions to the acidic surfaces
on UMC and CST and are located at the opposite end of
the�-sandwich to the copper site. It has been suggested that
the phytocyanins may interact with small molecule redox
partners[50,53,66], however the presence of charged sur-
face patches on the phytocyanins would suggest a role in
protein–protein ET (see Section6). In the structure of UMC
[43], as in those of all other phytocyanins[46,66,75], both
His ligands are solvent exposed but the protein surface in
this area is not exclusively hydrophobic. The lack of a clear
hydrophobic patch is a feature common to the STCs and must

be related to the partners with which these molecules interact.
The variable features of the surface patches of the phyto-
cyanins suggests that relatively relaxed evolutionary con-
straints have been imposed on the protein scaffold which has
allowed a range of attributes to evolve for binding to specific
partners.

The distorted tetrahedral geometry of the Cu(II) site of
UMC [43], with Gln95 coordinating in a monodentate fashion
via its O�1 atom providing a fourth strong ligand (seeFig. 19),
is as predicted from the paramagnetic NMR studies[175]and
is remarkably similar to the active site of oxidised CST[46].
This arrangement is also analogous to that found at the Cu(II)
site of the Met121Gln AZ mutant[297], made as a model
for the active site of the STCs. It has been suggested that the

F C with u–l
d an Che
ig. 19. The active site structures of Cu(II) (left) and Cu(I) (right) UM
istances (̊A) and angles (◦) included. Reprinted from[43] © 2005 Americ
the coordinating residues shown as ball-and-stick models with the Cigand
mical Society.
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homology of the Cu(II)–O�1(Gln) bond in these proteins may
be due to the planar nature of the Gln sidechain[106]. The
interaction of the cupric ion with the three equatorial ligands
in all of these proteins is similar to that seen in cupredoxins
with a weak axial Met ligand[37,41,59,60,63,65]. A possible
exception to this is the Cu(II)–S(Cys) bond which appears
slightly longer in the STCs. This is consistent with the results
of various spectroscopic investigations[97,104,106,123,298]
including paramagnetic NMR studies on Co(II)[161], Cu(II)
[179] (seeTable 2) and Ni(II) [167,175](seeTable 3) STCs,
and has been attributed to the strong axial interaction which
results in a weakening of the M(II)–S(Cys) bond. The close
similarity of the active site structures of Cu(II) UMC and CST
is surprising considering their spectroscopic differences (see
Fig. 16). The angle between the NHisCuNHis and SCysCuOGln
planes are 89◦ and 84◦ in Cu(II) UMC and CST, respectively,
and this, along with the slightly longer Cu(II)–O�1(Gln) bond
in UMC (2.26Å compared to 2.21̊A), could account for the
electronic variations[97,105]. However, the source of the
perturbed spectral features of sites with axial Gln ligands
has been attributed to a tetrahedral, rather than tetragonal,
distortion relative to the classic site of PC[106].

The largest changes at the active site of UMC upon reduc-
tion (seeFig. 19) involves the axial Gln95 ligand which
twists away from the metal ion resulting in a∼0.3Å increase
in the Cu to O�1 distance[43], and a lengthening of the
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instability of the crystals under these conditions]. The alka-
line transition also influences theEm values of phytocyanins
and thus alters their ET reactivity[34,70,211,304].

The effect of the alkaline transition on the paramagnetic
NMR spectra of Cu(II) and Ni(II) UMC has been studied
[175,304,308]. The main observable effect in the Cu(II) pro-
tein is a∼1 ppm decrease in theδobs value of the Asp45
C�H proton resonance. Similar alterations are also observed
in the paramagnetic NMR spectra of Cu(II)R. vernicifera
STC [70]. More detailed information is obtained from the
spectrum of Ni(II) UMC (seeFig. 20) [175] where there is
a significant decrease in theδobs values of the Cys85 C�H
resonances and a lowering of theδobs between these sig-
nals at alkaline pH (analogous changes have been seen in
Co(II) R. vernicifera STC [163]). These observations indi-
cate a significant decrease in the Ni(II)–S(Cys) bond strength
in the alkaline form and a change in the conformation of this
ligand, affecting the H�–C�–S�–Ni(II) dihedral angles. The
Ni(II)–O(Gln) interaction also diminishes as a consequence
of the alkaline transition, but the observation of the Gln95
N�21H proton resonance at pH 10.7 highlights that the coor-
dination mode of the axial ligand is not altered in Ni(II) UMC
at high pH (seeFig. 20). Therefore, the alkaline form of Ni(II)
UMC does not involve a switch in coordination mode of the
Gln95 ligand from O�1 to N�2H−.

The alkaline transition has a similar influence on the spec-
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u–N�1(His44) bond by∼0.2Å. The geometry is slightl
odified from distorted tetrahedral to more trigonal pyra
al in Cu(I) UMC. Some active site information has b
eported for Cu(I) CST[299] which indicates larger chang
ncluding an increase in the Cu–O�1(Gln) distance of∼0.5Å
pon reduction. In UMC the limited alterations at the ac
ite upon reduction are not too dissimilar from those obse
t the copper centres of cupredoxins with axial Met liga

60,63,77]. Thus UMC, and probably all STCs have ac
ites which are entatic[76,90,91].

A unique property of all studied phytocyanins is t
hey exhibit altered spectroscopic properties [for the C
rotein] above pH 9 and thus exhibit an alkaline transi

45,70,163,211,295,300–304]. This effect results in a blu
hift of the S(Cys)→ Cu(II) LMCT bands upon increasin
H and has a pKa of ∼10. A number of suggestions ha
een made for the cause of the alkaline transition in
hytocyanins. A particularly attractive proposal involve
hange in the coordination mode of the axial Gln ligan
he STCs from O�1 at neutral pH to N�2H− at more alkaline
H [302,305]. A conserved Lys residue adjacent to the a

igand (seeFig. 15) has also been suggested as being res
ible for this effect[70,297,304,306,307]. It has also bee
roposed that the phytocyanins are flexible molecules w
ndergo a change in secondary structure upon depro

ion of a surface residue which alters the active site stru
163,299]. However, the crystallographic studies on UM
43] demonstrate that the active site environment of a ST
uite rigid [attempts to obtain structural information on
lkaline form of Cu(II) UMC were unsuccessful due to
roscopic properties of CBP which is a PLN with Met89
he axial ligand[308]. The Gln95Met axial ligand mutation
MC and the Met89Gln mutation in CBP have a very limit
et similar, influence on the pKa for the alkaline transitio
308]. The removal of the axial ligand in the Met89Val C
ariant results in a larger decrease in the pKa, but similar spec
ral alterations are still observed[308]. Therefore, the axia
ln ligand is not the cause of the alkaline transition in Cu
TCs and alterations in the active site structures of the p
yanins have a limited effect on this feature. The influenc
ncreasing pH on the spectroscopic properties of Lys96
MC is almost identical to those of the WT protein, and t

his residue is also not responsible for the alkaline trans
308]. The most likely cause of the alkaline transition (
ig. 21) is the N�2H moiety of one of the His ligands (in a
upredoxins the His ligands coordinate via their N�1 atoms)
308]. This is consistent with active site alterations wh
ccur in RST at alkaline pH (pKa∼ 9) and have been asso
ted[309] with the deprotonation of the N�2H of the expose
is143 ligand.
The unusual features of phytocyanins (as cupredo

ave been investigated and the results suggest that
olecules are involved in inter-protein ET[43]. However

he exact physiological function of the phytocyanins, p
ibly one of the largest families of plant proteins, rem
nknown. Structural and spectroscopic studies of ph
yanins have highlighted the unusual active site pro
ies of the STCs where an axial Gln ligand coordinate

monodentate fashion via its O�1 atom [43,46,161,175].
he influence of this natural active site modification on
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Fig. 20. 1H NMR spectra (300 MHz) of Ni(II) UMC at 30◦C in 90% H2O/10% D2O [307]. The spectrum in (A) was obtained at pH 8.0 whilst that in (B) was
at pH 10.7. Some of the assignments made are included[175].

Fig. 21. The structure of UMC[43] in which the Cu(II) ion is shown in
black and the side-chains of the coordinating amino acids are included. The
residues which are potential causes of the alkaline transition are indicated
as is the disulfide bridge close to the active site[308].

ET reactivity of cupredoxins will be discussed in the next
section.

8. Active site engineering of cupredoxins

8.1. Site-directed mutagenesis

The first cupredoxin genes were cloned almost 20 years
ago[310–313]which lead to site-directed mutagenesis being
utilised to investigate the relationship between their structure
and function, with the initial focus being the unique properties

of their T1 copper sites. These studies indicated that the Cys is
the only ligand essential for a site with T1 spectroscopic prop-
erties[314,315]. Mutation of the other coordinating residues
usually has a more subtle effect on the spectroscopic attributes
of the site[316–319]. In particular, a plethora of axial ligand
mutations have been published and in most cases the variant
possesses T1 properties[123,170,297,316,320–322](T1.5,
i.e. between T1 and T2, in some cases[316,323]). In recent
years T1 mutations have also been analysed in NiR[324–327]
and the LACs[328–332]. The influence of T1 site mutations
on ET reactivity has been assessed in very few cases.

The effect of making physiologically relevant active site
mutations on the ET reactivity of the phytocyanins has
been studied[269,270]. The Gln95Met UMC variant has
a kese of 1.0× 105 M−1 s−1 whilst that of the WT protein
is 1.8× 104 M−1 s−1. Thus, the replacement of the strong
Cu–O(Gln) bond with a weaker axial Cu–S(Met) interaction
results in a site with significantly enhanced ET reactivity.
This indicates that a site with an axial Gln has aλi value
larger than a T1 centre with an axial Met ligand which is
consistent with the differences seen in the crystal structures
of Cu(II) and Cu(I) proteins[43,60,63,77]. The Gln95Met
UMC mutation results in a 130 mV increases inEm. In other
cupredoxins similar mutations result in 35–160 mV changes
in the Em [123,170,320–322]. The influence of physiolog-
ically relevant mutations in the phytocyanins indicates that
t
w ing
E

its
G ma-
t
p nd
l e
a s89)
he axial position at a T1 site can tuneEm [125] for reaction
ith a particular partner without significantly compromis
T.
Recent spectroscopic investigations of CST, and

ln99Met and Gln99Leu variants, have provided infor
ion about active site differences between the CuII and CuI

roteins[123]. The 0.5Å increase in the Cu–O(Gln99) bo
ength in the WT protein upon reduction[299] seems to b
ccompanied by a minimal alteration in the Cu–S(Cy
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interaction. In the Gln99Met variant there is a slightly larger
change in the Cu–S(Cys89) bond and it is assumed that there
is very little alteration in the Cu–S(Met99) interaction (as
seen for native cupredoxins with an axial Met ligand) which
results in similarλi values for the two proteins[123]. The
absence of an axial ligand in the Gln99Leu CST mutant
results in a shorter Cu(II)–S(Cys89) bond which length-
ens further upon reduction than in WT CST[123]. The ET
reactivity of such three-coordinate variants would provide
information on the physiological reactivity of analogous sites
naturally found in certain phytocyanins[50,69,70], LACs
[68,71], Fet3p[14] and ceruloplasmin[13].

Although a large number of site-directed mutagenesis
studies have focussed on the active sites of cupredoxins, the
role of residues in the second coordination sphere has not
been investigated in any detail. A few studies have looked
at the hydrogen bonding interactions around the active site,
concentrating on the residue adjacent to the N-terminal His
and also the amino acid two after the Cys ligand (the NH of
both form hydrogen bonds to the thiolate sulfur of this ligand)
[220,221,333–337]. In all cases the hydrogen bonds prove to
be essential for the stability of the active site. The mutation
of the Pro residue two after the Cys ligand in AMI[221] and
PAZ [335] results in the formation of the second hydrogen
bond to the thiolate sulfur of the Cys ligand in these cupre-
doxins and causes a large increase in theE [220,221,335]
(
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Fig. 22. The active site structures ofA. cycloclastes PAZ [60], spinach PC
[185], P. aeruginosa AZ [62,63]andP. versutus AMI [65]. The sequences of
the C-terminal active site loops are shown and indicate the loop-contraction
mutations that have been made to PAZ, PC and AZ to produce PAZAMI, PC
AMI and AZAMI, respectively. Reprineted from[219] © 2005 American
Chemical Society.

a rigid �-barrel structure which is an ideal scaffold for pro-
tein engineering studies, and loop-elongation mutagenesis
has been used to modify the T1 copper site[207,216,217],
and to introduce a dinuclear CuA centre[342,343]. Loop-
contraction mutagenesis can also be carried out and the
loops of PAZ, PC and AZ have been replaced with the short
sequence from AMI (seeFig. 22) [218,219]. In all cases these
mutations have a limited effect on the spectroscopic proper-
ties (seeFigs. 23 and 24) and hence active site structures of
the loop variants. Phe114, whose backbone NH forms the
second hydrogen bond with the thiolate sulfur of the Cys112
ligand in AZ, is replaced by Pro114 in AZAMI and thus this
interaction is missing (as in AMI, PAZ and PC). The alter-
ations[219] in the UV–vis (seeFig. 23) and EPR (seeFig. 24)
spectra of Cu(II) AZAMI compared to AZ can be assigned to
the missing hydrogen bond[9]. The presence of only a single
hydrogen bond to the Cys enhances the electron density on
the thiolate sulfur and results in increased spin density on the
axial Met ligand.

Loop contraction always results in a decrease inEm (at
∼neutral pH) and the magnitude of this effect ranges from
∼30 mV in AZAMI to ∼60 mV in PCAMI [219]. AMI has
the lowestEm of all of the WT cupredoxins used and thus
the introduction of its C-terminal active site loop into PAZ,
PC and AZ results in aEm which is closer to that of AMI.
m
and in AMI this mutation alters the pKa of the C-terminal His
igand—see Section5). The role of aromatic residues in t
econd coordination sphere has been investigated[213,223].
he Met16Phe PAZ mutation, which introduces a�–� inter-
ction between the Phe and the imidazole ring of the H

igand analogous to that seen inD. crassirhizoma PC (see
ig. 8), is of particular note[213]. As well as influencing th
Ka for the His81 ligand in Cu(I) PAZ (see Section5) this
utation results in a 60 mV increase in theEm probably due

o increased hydrophobicity at the active site. Furtherm
he Met16Phe variant has akesewhich is almost three time
arger than that of WT PAZ. This has been assigned to a l

value due to additional rigidity at the active site, altho
nhanced homodimer formation cannot be discounted[213].
ore second coordination sphere mutants need to be st

o truly appreciate the active site architecture and functio
ty of cupredoxins.

.2. Loop-directed mutagenesis

Many metal sites in proteins are fabricated from l
egions and this is the case for T1 copper centres whose
ecture involves three ligands on a loop linking�-strands 7
nd 8 (seeFigs. 7 and 22), and the fourth coordinating resid
n the loop linking�-strands 3 and 4. In some cases biolog
etal sites can be modeled using loops alone[338,339], but

his is not possible in many cases including the cupredo
340]. The loop usually needs to be attached to a stable s
ure and loop-directed mutagenesis can be used to graft
ites onto protein scaffolds[341]. The cupredoxins posse
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Fig. 23. UV/vis spectra of Cu(II) proteins at 25◦C in 10 mM phosphate pH 8.0: (A) PAZ, PAZAMI and AMI, (B) PC, PC AMI and AMI and (C) AZ, AZAMI
and AMI [219].

Fig. 24. EPR spectra of Cu(II) proteins at−196◦C in 25 mM Hepes pH 7.6 (40% glycerol): (A) PAZ, PAZAMI and AMI, (B) PC, PC AMI and AMI and (C)
AZ, AZAMI and AMI [219].

Similarly, the loop elongation experiments on AMI, in which
the active site loops of PAZ, PC and AZ are introduced, all
result in an increase inEm to a value closer to that of the
protein whose loop is used[216]. Thus, loop-contraction pro-
vides an active site environment preferable for the cupric ion,
whereas loop elongation leads to an active site which favours
Cu(I). The ET reactivity of the loop-contraction variants has
been assessed by determining theirkese values[219]. The
largest effect is seen in PAZ where an eight-fold decrease
in keseis observed upon loop contraction. PCAMI has akese
which is only half that of PC whereas in AZ loop contrac-
tion has almost no influence on ET reactivity. Thus, most
cupredoxins have scaffolds that can accommodate the shorter
loop of AMI without significantly influencing ET reactiv-
ity. Loop elongation in AMI always resulted in a decreased
kesealthough the proteins are still capable of supporting ET
[216,217].

The loop contraction studies show that a shorter ligand-
containing loop at a T1 copper centre results in an environ-
ment which stabilises Cu(II) over Cu(I)[218,219]. The loop
elongation studies demonstrate that in AMI a longer loop
leads to a site which has a preference for Cu(I)[207,216,217].
For many years it has been suggested that the active site
structure of a cupredoxin is more suited to Cu(I) rather than
oxidised copper, thus explaining the elevatedEm values for

these proteins compared to the Cu(II)/Cu(I) aqua couple
[76,344]. Studies on denatured AZ have shown that the folded
cupredoxin domain of this protein actually stabilises Cu(II)
[92,345,346]. The preference for oxidised or reduced copper
is not only controlled by the�-barrel scaffold and the lig-
ating residues of a cupredoxin but is also dependent on the
C-terminal ligand-containing loop. The loop-contraction and
loop-elongation variants possess active sites which demon-
strate preferences for Cu(II) and Cu(I), respectively, yet they
are still entatic in that they support fast intermolecular ET.
Further studies are required to truly understand the impor-
tance of the loop and the scaffold onto which it is grafted for
the structure and functionality of T1 copper sites.

9. Concluding remarks

The work described in this review highlights the complex-
ity of ET proteins. As further information becomes available
a more detailed understanding is developed which can be
applied to the appreciation of complex enzymes possessing
cupredoxin domains, and also to the development of poten-
tial applications of these molecules. However, there are many
questions that still need to be answered to truly appreciate the
ET reactivity of cupredoxins.
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[119] F. Neese, R. Kappl, J. Ḧuttermann, W.G. Zumft, P.M.H. Kronec

J. Biol. Inorg. Chem. 3 (1998) 53.
[120] T.E. Machonkin, H.H. Zhang, B. Hedman, K.O. Hodgson,

Solomon, Biochemistry 37 (1998) 9570.
[121] A.E. Palmer, D.W. Randall, F. Xu, E.I. Solomon, J. Am. Ch

Soc. 121 (1999) 7138.
[122] T. Pascher, B.G. Karlsson, M. Nordling, B.G. Malmström, T.

Vänng̊ard, Eur. J. Biochem. 212 (1993) 289.
[123] S. DeBeer George, L. Basumallick, R.K. Szilagyi, D.W. Ran

M.G. Hill, A.M. Nersissian, J.S. Valentine, B. Hedman, K.O. Ho
son, E.I. Solomon, J. Am. Chem. Soc. 125 (2003) 11314.

[124] M.H.M. Olsson, G. Hong, A. Warshel, J. Am. Chem. Soc.
(2003) 5025.

[125] H. Li, S.P. Webb, J. Ivanic, J.H. Jensen, J. Am. Chem. Soc
(2004) 8010.

[126] J.M. Moore, D.A. Case, W.J. Chazin, G.P. Gippert, T.F. Have
Powls, P.E. Wright, Science 240 (1988) 314.

[127] J.M. Moore, C.A. Lepre, G.P. Gippert, W.J. Chazin, D.A. C
P.E. Wright, J. Mol. Biol. 221 (1991) 533.

[128] S. Bagby, P.C. Driscoll, T.S. Harvey, H.A. Hill, Biochemistry
(1994) 6611.

[129] A.P. Kalverda, S.S. Wymenga, A. Lommen, F.J.M. van de
C.W. Hilbers, G.W. Canters, J. Mol. Biol. 240 (1994) 358.

[130] U. Badsberg, A.M. Jorgensen, H. Gesmar, J.J. Led, J.M. Ham
stad, L.L. Jespersen, J. Ulstrup, Biochemistry 35 (1996) 7021

[131] M.V. Botuyan, A. Toy-Palmer, J. Chung, R.C. Blake, P. Ber
D.A. Case, H.J. Dyson, J. Mol. Biol. 263 (1996) 752.



C. Dennison / Coordination Chemistry Reviews 249 (2005) 3025–3054 3051

[132] C.R. Babu, B.F. Volkman, G.S. Bullerjahn, Biochemistry 38 (1999)
4988.

[133] G.S. Thompson, Y.C. Leung, S.J. Ferguson, S.E. Radford, C. Red-
field, Protein Sci. 9 (2000) 846.

[134] I. Bertini, D.A. Bryant, S. Ciurli, A. Dikiy, C.O. Fernandez, C.
Luchinat, N. Safarov, A.J. Vila, J.D. Zhao, J. Biol. Chem. 276
(2001) 47217.

[135] Bertini, S. Ciurli, A. Dikiy, C.O. Fernandez, C. Luchinat, N.
Safarov, S. Shumilin, A.J. Vila, J. Am. Chem. Soc. 123 (2001)
2405.

[136] J.L. Markley, E.L. Ulrich, S.P. Berg, D.W. Krogmann, Biochemistry
14 (1975) 4428.

[137] C.L. Kojiro, J.L. Markley, FEBS Lett. 162 (1983) 52.
[138] A. Lommen, G.W. Canters, J. Biol. Chem. 265 (1990) 2768.
[139] C. Dennison, T. Kohzuma, W. McFarlane, S. Suzuki, A.G. Sykes,

Inorg. Chem. 33 (1994) 3299.
[140] M. Ubbink, L.Y. Lian, S. Modi, P.E. Evans, D.S. Bendall, Eur. J.

Biochem. 242 (1996) 132.
[141] A.P. Kalverda, M. Ubbink, G. Gilardi, S.S. Wijmenga, A. Crawford,

L.J.C. Jeuken, G.W. Canters, Biochemistry 38 (1999) 12690.
[142] D.M. Hunter, W. McFarlane, A.G. Sykes, C. Dennison, Inorg.

Chem. 40 (2001) 354.
[143] C. Dennison, A.T. Lawler, T. Kohzuma, Biochemistry 41 (2002)

552.
[144] K. Sato, C. Dennison, Biochemistry 41 (2002) 120.
[145] L. Ma, M.A.S. Hass, N. Vierick, S.M. Kristensen, J. Ulstrup, J.J.

Led, Biochemistry 42 (2003) 320.
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