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Abstract

Copper is widely used in nature to promote electron transfer in a variety of processes. The metal is usually found as a mononuclear type 1
copper site protected by a protein envelope, which has become known as a cupredoxin fold. In the past few years, the use of protein engineering
combined with various spectroscopic and kinetic approaches has provided detailed information about cupredoxins and cupredoxin domains.
This review will describe some of the recent advances that have been made, highlighting that there is still a long way to go before we fully
appreciate the complexity of biological electron transfer proteins.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction range of axial ligands in heme protejis-3] or as mono-, di-,
tri- or tetra-nuclear sites possessing nearly always just sulfur
Nature utilises metals for a wide range of different bio- ligands in the Fe-S proteiri$,2,4]. Copper centres, which
logical functions. In the case of electron transfer (ET) iron promote biological ET are much less varied and occur mainly
and copper are employed due to their facile redox chem- as either mononuclear type 1 (T1, also known as blue copper
istry. Iron is found either associated with a porphyrin and a sites due to their intense colour) or dinucleanGites[5,6].
There are some exceptions such as the ET copper sites found

* Tel.: +44 191 222 7127: fax: +44 191 222 7424, in the enzyme peptidylglycine-hydroxylating monooxy-
E-mail address: christopher.dennison@ncl.ac.uk. genase and probably also dopamgienonooxygenasgr].
URL: http://www.ncl.ac.uk/camb/staff/profile/christopher.dennison. T1 copper and Cu centres are found in a wide range of
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organisms and in all cases a very similar protein envelope nitrous oxide reductase bind glentres via large cupre-
protects the metal ion and tunes its reactivity, and is com- doxin domaing16,17] Cupredoxin-like domains have also
monly referred to as a cupredoxin fd®]. Cupredoxins can  recently been found in proteins involved in copper homeosta-
occur as either single domain proteins or as components ofsis[18,19]

larger enzyme§9], such as in the copper-containing nitrite Cupredoxins have been investigated using a variety of
reductases (NiRs) which have a T1 site along with a catalytic structural, spectroscopic, kinetic and protein engineering
type 2 (T2) copper centfd0,11], and the multi-copper oxi-  approaches. More than ten distinct sub-families of cupre-
dases including laccases (LACH)2], ceruloplasmin13], doxins have now been characterised (5aigle ). Although
Fet3p[14] and ascorbate oxidagE5] [the multi-copper oxi- these proteins have been studied in detail many unanswered
dases possess dinuclear type 3 (T3) and T2 coppers in closguestions remain. For example, what is the exact physiolog-
proximity giving the Cy site]. Cytochrome: oxidase and ical function of a number of the proteins listed Table ?

Table 1

Some properties of the known families of cupredoxins

Protein (abbreviation) Source Firstisolated/ PDB code of first EmP (mV) Physiological function

characterised crystal structurg

Azurin (AZ) Bacteria 196220] 1AZUC [21] 31C°[22] Proposed role in ET related to the
cellular response to redox strg28]

Amicyanin (AMI) Methylotrophic bacteria 198[Pp4] 1MDAY [25] 260°[26] Electron acceptor from methylamine
dehydrogenas@7]

Plastocyanin (PC) Plant/alga 19828] 1PLC (replaced 370°[30] Photosynthetic ET between

IPCY) [29] cytochromefand P70031]
Pseudoazurin (PAZ) Denitrifying bacteria and 1973[32] 1PAZ" [33] 280 [34] Electron donor to nitrite reductase
methylotrophs [35]

Rusticyanin (RST) Acidophilic bacteriurk 1975[36] 1RCY[37] 670 [38] Electron donor to cytochrome,
during Fe(ll) oxidatior{39]

Auracyanin (AUR)™ Photosynthetic bacteridn 1992[40] 1QHQ" [41] 240" [40] Photosynthetic ET (proposef#0]

Stellacyanin (STOPY  Plant 196745] 1JER [46] 19C°[22] Unknowrt

Plantacyanin (PLN) Plant 197451] 2CBP  (replaced 310[22] Unknowrt

1CBPJ [52]

Uclacyanin (UCAj)°d Plant 1998[53] - 320[53] Unknowr

Halocyanin (HALJ4 Haloalkaliphilic bacteriurh 1993[54] - 220[54] Unknown

Sulfocyanin (SLFY? Acidophilic bacteriurf 2001[55] - 300[55] Electron donor to a terminal oxidase
(proposed)

Nitrosocyanin (NTS)* Autotrophic bacteriuth 2002[56] 1IBY [57] 90([56] Proposed role in denitrificatidi8]

@ For the Cu(ll) forms.

b To the nearest 10 mV and aneutral pH.

¢ From Pseudomonas aeruginosa.

4 From Paracoccus denitrificans.

e From Paracoccus versutus.

f From poplar leaves.

9 From spinach.

h FromAlcaligenes faecalis.

I FromAchromobacter cycloclastes.

I These cupredoxins have only been characterised from a single organism.

K From Thiobacillus ferrooxidans.

I AtpH<3.

M Auracyanin A and B have been characterised and the data listed here are for the B form.

" From Chloroflexus aurantiacus.

© The stellacyanins, plantacyanins and uclacyanins together form the phytocyanins.

P The proteins umecyanin (UMC) from horseradish rdd43]and mavicyanin (MAV) from zucchir44] have been characterised and are considered to
be stellacyanins.

9 These cupredoxins are all thought to be cell wall/membrane anchored.

" From cucumber.

S From Rhus vernicifera.

! The transcript abundance kfb (the gene for BCB, which is a STC frofvabidopsis thaliana) is enhanced under a variety of conditions which are known
to induce oxidative stre§47—49] As BCB is only one of about 50 phytocyanin sequences expected to be foundiintkhgana genome a variety of functions
is possible which are reviewed in RE50].

Y FromA. thaliana.

V' From Natronobacterium pharaonis.

W FromSulfolobus acidocaldarius.

* Nitrosocyanin possesses a T2 copper site and is a functional trimer but is included here due to it being made up of only three cupredoxin domains.

Y FromNitrosomonas europaea.
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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 potentig},j of a T1
copper site? Which factors control the pH-induced active site
alteration that dramatically influences thg 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
Fig. 1. The structure of Cu(ll) PAZ from. cycloclastes [60] (PDB accession

The first crystal structure of a cupredoxin was that of code 1BQK) drawn with MOLSCRIPT67]. The ligating amino acids and
poplar plastocyanin (PC) which was determined in 1[228. the surface His6 residue are included with the copper ion shown as a black
Numerous subsequent crystallographic studies on cupredox>Pnee
ins (seefable 1[8,9,59-6§have been published. The overall
structure of a cupredoxin consists@ftrands arranged into  of a Gly residue provides a second weak axial interaction
two B-sheets forming a Greek ke+barrel structure—the  resulting in a trigonal bipyramidal geometry (sE&. 2)
cupredoxin fold (se&ig. 1). Variable amounts o&-helical [21,61-63] The imidazole group of the C-terminal His lig-
secondary structure are present but this never contributes taand is always solvent exposed and surrounded by a surface
the core of the protein. The copper ion is situated at one hydrophobic patch which is important for interactions and
extreme of the molecule and is usually coordinated in a dis- ET with redox partnerf25,72—74]
torted tetrahedral fashion, with strong ligands provided by  An intricate hydrogen bonding pattern exists around the
the thiolate sulfur of a Cys and the imidazole nitrogens of copper centres of cupredoxins which is key to stabilising
two histidines (se€ig. 2). The active site is typically com-  the active site structur®]. The residue adjacent to the N-
pleted by an unusually long bond to an axial Met ligand. The terminal His ligand, which is usually an Asn, is involved in
His,Cys equatorial ligand set is always maintained in cupre- a number of these interactions, with one of the key hydro-
doxins and cupredoxin sub-domains, but the residue in thegen bonds being between its backbone NH and the thiolate
axial position can vary, as in the stellacyanins (STCs) where sulfur of the Cys ligand. Another hydrogen bond donor to
a GlIn coordinates (sddg. 2) [43,46], in some putative plan-  the thiolate sulfur ligand is provided by the backbone NH of
tacyanins (PLNs) which have either a Val or Leu in the axial the residue found two after the Cys in certain cupredoxins.
position[50,53,69,70]and also in fungal LACs, ceruloplas- This second hydrogen bond is not found in those cupredoxins
min and Fet3p where a Phe or Leu is found in place of the Met which have a Pro residue in this positifRC[59], amicyanin
[12-14,68,71] The sites with a non-coordinating side-chain (AMI) [64,65] and pseudoazurin (PAZH0] for examplé.
in the axial position have trigonal active site geometries (see AZ [61-63] and probably all phytocyaning3,46,66,75]
Fig. 2). In the azurins (AZs) the backbone carbonyl oxygen have this hydrogen bond which has been suggested to be

PAZ AZ UMC LAC

Fig. 2. Active site structures of Cu(ll) PAZ from cycloclastes [60] (PDB accession code 1BQK), Cu(ll) AZ from aeruginosa [63] (PDB accession code
1JZF), Cu(ll) UMC from horseradish rodé3] (PDB accession code 1Z9R) and Cu(ll) LAC fraelanocarpus albomyces [68] (PDB accession code 1GWO0)
drawn with MOLSCRIPT[67].
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important for controlling various properties of their active absorbance at450 nm in their visible spectra and axial EPR
sites[9,66]. features whereas increased 450 nm absorption and a rhom-

The typical distorted tetrahedral T1 copper site structure bic EPR spectrum are attributes associated with distorted T1
found in cupredoxins is not the preferred geometry for either sites. A correlation has been proposed between the length
four-coordinate Cu(ll), which tends to be square planar, or of the Cu—S(Cys) bond, the ratio between the intensities of
Cu(l), which usually has a more regular tetrahedral arrange-the LMCT bands in the visible spectrum and the degree of
ment[76]. T1 copper sites undergo very small structural rhombicity in the EPR spectrum of T1 centrg$93,104]
changes upon redox interconversi@9,63,77—80jand the More recently a coupled distortion model has assigned the
active sites of metal substitutd81-85] and apo-proteins  properties of perturbed T1 sites to a shortening of the axial
[64,86—89]are all very similar. Thus, the rigid cupredoxin Cu—S(Met) interaction which leads to a weaker Cu—S(Cys)
domain holds the ligands in a particular arrangement giving bond that collectively result in a tetragonal Jahn—Teller dis-
a copper site geometry which is not optimal for either Cu(ll) tortion [105,106] This alteration is quantified by the angle
or Cu(l) and which does not change dramatically upon redox between the NisCuNuis and &ysCuSvet planes, with a

interconversion (an entat[®0] or rack-induced91] state). smaller value consistent with a perturbed site.
Consequently, the reorganisation energy ¢f T1 copper The Er, values of cupredoxins are all higher than that of
sites are small and are in the range~d.7 eV [76,92,93] the Cu(ll)/Cu(l) aqua couple (sdable 1) and if the T1 cop-
with the inner sphere reorganisation energy,(which orig- per sites found in the multi-copper oxidases are included then

inates from the ligands, thought to be as low~a8.3eV alarge range of values is found (the three-coordinate T1 sites
[94,95] Thex values for small molecule copper complexes of LACs and ceruloplasmin can ha, values as large as
are considerably larger than tfi#6,92] The results of calcu- ~ 800-1000 m\{22,97,120,121)] It is interesting to note that
lations[96] have suggested that the ligands and geometry of for the single domain cupredoxins almost all of the proteins
a T1 copper centre are almost equally acceptable for Cu(ll) have Ey,, values which cover only 200 mV range. The
and Cu(l) suggesting that the site is not entatic. More recentexception is rusticyanin (RST) which is unusual in that it is
theoretical studies have indicated that the influence of the an acid stable cupredoxin. Thus, the popularly quoted range
protein is much more significaf@7]. of Em values for cupredoxins is a little misleading with the
majority having relatively similar values (190-370 mV). The
axial ligand at a T1 copper site can tuBg over a range
3. Copper site properties of ~300 mV within a particular protein folf97,122,123] A
number of other factors also play a significant role in con-
T1 copper sites possess unusual spectroscopic prop4rolling En, [76,124,125]including the active site structure
erties in their cupric states as a consequence ofwhich is dictated by the constrained protein, the hydrogen
their coordination geometry. This includes an intense bonding pattern around the active site and the electrostatic
S(Cysy — Cu(ll)d,2_,> ligand-to-metal charge transfer environment of the protein.
(LMCT) transition at around 600 nm in their visible spec-
tra (e ~2000-6000 M1 cm~1) [97-102] A second LMCT
transition [S(Cysy — Cu(ll)d,2_,2] at higher energy is 4. Nuclear magnetic resonance studies of
observed and the intensities of these two bands vary in T1 sitesparamagnetic copper proteins
[97,103-106]this band is commonly referred to as being at
~450 nm but the broad feature at this position can be made up Nuclear magnetic resonance (NMR) spectroscopy has
of a number of transition®7]). Electron paramagnetic reso- been utilised for many years to study cupredoxins. This has
nance (EPR) spectroscopy has been used extensively for theesulted in numerous solution structures of mainly the Cu(l)
investigation of T1 and Gucentreq97,100-102,107-119] proteing126—134Jand also for a Cu(ll) PCL35]. NMR has
EPR provides detailed information about biological copper also been used to study localised structural changes (usu-
sites and forms the basis of their classification (see[R&8] ally as a function of altering pH—see SectiBpand also
for an historical account of biological copper site classifica- the backbone dynamics of cupredox[t83,134,136-147]
tion). The spectra of T1 copper sites have unusually small It was though{148] that the relatively long electronic relax-
hyperfine coupling constants in theregion, which has been  ation times of mononuclear Cu(ll) sites in proteins (including
attributed to the highly covalent nature of the Cu-S(Cys) cupredoxins) precluded the use of paramagnetic NMR to
bond[101,102] The difference betweep, and g, in the obtain information about their active sites (due to exces-
EPR spectra of T1 copper sites can vggy,103-106] Sim- sive broadening of the hyperfine shifted resonances). One
ilar g, andg, values give rise to an axial EPR signal whereas elegant way around this problem was developed using Cu,
a larger separation betwegp andg, results in a spectrum  Zn superoxide dismutase, where substitution of Zn(Il) with
which is rhombic in appearance. The subtle variations in vis- Co(ll) resulted in enhanced electronic relaxation at the
ible and EPR spectral properties of cupredoxins have leadCu(ll) site due to magnetic coupling, allowing relative sharp
to T1 copper sites been classified as either classic or dis-isotropically shifted resonances to be observed and assigned
torted (perturbed]97,105,106] The classic sites have lower [148-150] An alternative approach, used quite extensively
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for cupredoxins, is to replace copper with a faster relaxing
paramagnetic metal ion such as Co(ll) and Ni[l»1-175]
(vide infra) whose spectra possess much sharper shifted res
onances.

Approximately ten years ago paramagnetically shifted res-
onances for Cu(ll) 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(ll) and Cu(l) proteiil 76]. The observed shiftdys) pos-
sess dipolar [pseudo-contact (pc)] and through bond [Fermi-
contact (Fc)] contributions as shown in Ed):
dobs = ddia + dpc + SFc 1)
wheredgia is the observed chemical shift in a correspond-
ing diamagnetic system. Thig. 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(ll) cupredoxins tlig. values are not
large [thedpc contributions are more sizable in the Co(ll)
and Ni(ll) substituted proteins (vide infra)] and the isotropic
shifts @iso = 8pc + 8rc) are mainly composed 6f¢. TheseSre
shifts provide the hyperfine coupling constants which are a
quantitative measure of the spin density distribution over the
copper ligands and hence give detailed information about the
geometric and electronic structure of the active site.

The active sites of Cu(ll) PCs from various sources
[135,177,178]AZ [179], cucumber STC (CSTL79], PAZ
[144,180,181] RST [181] and the STC from horseradish
roots (umecyanin, UMC)175] have been studied in detail
by paramagnetic NMR spectroscopy (§ég 3andTable 9.
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Fig. 3. IH NMR spectra of Cu(ll) cupredoxins (500 MHz) in 99.9% deuter-
ated phosphate buffer all at pH8.0 (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

Saturation transfer experiments on mixtures of Cu(ll) and 25°C except for those oDryopteris crassirhizoma PC and UMC which
Cu(l) proteins have been used to assign the paramagnetigvere obtained at 30 and 4Q, respectively.

NMR spectra (sekig. 4). For spinach anflynechocystis PCs,

AZ, CST, PAZ and RST *“blind” saturation transfer exper- §gay found for RST (270 ppm]181]. There is a general
iments were used to investigate signals broadened beyondiecrease inth& ,yvalue, indicating aweaker Cu(l1)-S(Cys)

detection. This included the CysPB proton resonances
whose 8¢ values provide detailed information about the
interaction of this important ligand with Cu(ll). A Karplus-
type relationship with a sf9 dependence of th& values
of these signals on the Cux-SCP—HP dihedral angles was
proposed for PQ177], suggesting a mainkt-type delocal-
isation mechanism (a-type distribution mechanism would
lead to a co%# dependence]182]. This is consistent with
the dominantr-overlap between the Glj2_ > and S(Cysi
orbitals at the classic T1 copper site of [Z]. The absence
of stereospecific assignments for the Cy&#(roton reso-

bond, as the axial Cu(l)-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 SectioT). It has been suggested that thgay
values depend on the Cu(ll)-S(Cys) bond length and the
angle between the CyiNyjs plane and the Cu—-S(Cys) vec-
tor [181].

Paramagnetic NMR has been used to assess the differ-
ences between the Cu(ll) sites of one family of cupredoxins
(the PCs, se€ig. 3 and Table 2 obtained from different
sourceq178]. The similarity of thesyps (and therefordic)

nances in the other cupredoxins studied has prevented furtheralues for the His ligands indicates very similar spin densi-
analysis, particularly at distorted T1 sites. The average chem-ties on these ligands in the PCs [the His ligand resonances
ical shift of the H protons of the coordinated Cyég(av) are actually found at very similar positions in the spectra of
is almost independent of the conformation of this ligand and all Cu(ll) cupredoxins]. This is particularly noteworthy for
the values observed for cupredoxins cover a large range (seehe Dryopteris crassirhizoma (a fern, i.e. a seedless vascu-
Table 2. In the spectrum of AZ179] the Cys GH protons lar plant) PC which has a novel-w contact between the
exhibit the largestg av value (825 ppm) with the smallest imidazole ring of the His90 (His87 in other PCs) ligand
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The assigned hyperfine shifted resonances ifthBIMR spectra of various Cu(ll) cupredoxins

8obs (ppm) in Cu(ll) cupredoxins

Protor? AZP AMI € pcd

Spinack D. crassirhizoma U. pertusa¥ Synechocystis" PAZ" CST¢ umc!
His C%2H 49.1 43 47.1 48.2 50.2 51.1 46 55.0/48.0 51/48
His C*1H 46.7/341 ~30 35.6 34.9 38.0/34.3 35.7 33 41.2/29.8~30
His N¢2H 26.9 275 31.4 31.2 33.7 31.1 22.8 26 5
Cys G*H 850/800 650 614 510/390 450/375
Cys C*2H 850/800 489 517 510/390 450/375
Cys C*H -7.0 -95 -8.0 -8.0 -75 -7.8 -9.7 -75 -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 38.0/34.3 385 33 41.2/29.8~30
His N#2H 27 44.3 40.6 429 ~47
Met CY1H 12.0/11.1 13.0 11.0 10.6 130 P P
Met C¥2H 12.0/11.1 23.5 22.3 20.7 24.0 P p
Asn/AspCH  19.9 14.1 17.0 17.6 14.4 14.7 17.3 16.9 13.7

@ 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 5C and pH 8.0179].

¢ FromP. versutus measured at 3Z2C and pH 7.0176].

d From a variety of sources.

e At 25°C and pH 7.9177].

f At30°C and pH 8.q178].

9 At 25°C and pH 8.0178].

h At22°C and pH 5.4135].

I FromA. cycloclastes at 25°C and pH 7.6144].

I The data for RST fron. ferrooxidans is very similar to that for PAZ except that the CyBK proton resonances are found at 300 and 240 fifgt].

k' STC from cucumber at 28 and pH 6.0179].

I STC from horseradish roots at 40 and pH 7.4175].

M At 25°C and pH 4.6.

N At pH 8.0[181].

© At 30°C and pH 5.0.

P CST and UMC possess an axial GIn in place of Met and no shifted resonances arising from this ligand are observed.

and Phel2 (vide infrg}L83,184] However, this interaction  ands in these proteins, and the likeness is particularly high for
does not seem to affect the spin density distribution onto this those PCs from similar sources. However, the observed dif-
ligand. The Cu(ll)-S(Cys) interaction is alike in all of the ferences are not particularly large showing that the active site
PCs whereas the axial Met signals show the largest differ- structures of Cu(ll) PCs are alike and have not been altered
ences. In all of the PCs the Met923H proton resonance  significantly during the evolutionary procelds’8].

is observed at-26-20 ppm. The Met92 @H proton sig- Although paramagnetically shifted resonances can be
nal is only shifted outside of the diamagnetic envelope in observed for Cu(ll) cupredoxins the relatively slow electronic
the higher plant (spinach and parsle, crassirhizoma, relaxation (and consequent signal broadening) of the native
and Ulva pertusa (green alga) PCs and is not observed metal prevents direct observation of all active site resonances,
in the cyanobacterial Sgnechocystis, Synechococcus and and the analysis of metal substituted forms can be useful. The
Anabaena variabilis) proteins. There does not appear to be a Co(ll) and Ni(ll) derivatives of cupredoxins were initially
direct correlation between the Cu(ll)-S(Met) bond lengths or prepared to obtain active site information from their elec-
the Cu-8—CY—H" dihedral angles and thi values of the tronic spectrg151-153] Initial paramagnetic NMR spectra
Met CYH proton resonances in the P(185,183-187]lt is were reported for Co(ll) and Ni(Il) AZin 197@54]and 1982
interesting to note that Met®& proton resonances are only [155], respectively. More detailed studies of these substituted
observed in AMI and PAZ of the other cupredoxins studied, forms of AZ followed[156—-160,165,168And various other
and in both cases these signals do not experience particularlyCo(ll) and Ni(ll) cupredoxins have now been investigated
large isotropic shift$144,176] Therefore, thég¢ values of with this approach, including a number of active site vari-
the C'H proton resonances of the axial Met ligand do not ants[161-164,167,169-175]The spectrum of Ni(ll) PAZ
seem to be influenced by the presence of a classic (PC andhas been assigned (the first study of a Ni(ll) cupredoxin with
AMI) or a distorted (PAZ) T1 site. The comparative param- a distorted T1 site)172] allowing a detailed comparison of
agnetic NMR studies of the PCs show that there is a closethe available data for Ni(ll) cupredoxins (séable 3. The
homology between the spin density distribution onto the lig- §ops values for Ni(ll) cupredoxins possess larggg contri-
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Asn38 tor]. Theédg ay values are similar for both Ni(ll) PAZ172]
Metoy CH and Ni(ll) AMI [169] which have distorted and classic T1

Hi . C'Hs sites, respectively. The average of 8gs values of the CH

is87  His37 . .

C®H C%H  His37/87 protons of the axial Met ligand are 269, 101 and 56 ppm,
CHlH which are consistent with the observed Cu(ll)-S(Met) bond

distances of 2.71, 2.84 and 3é2respectively, in the crystal
structures of Cu(ll) PAZ60], AMI [65] and AZ[63]. Thus,

L..,L the Ni(ll) 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(ll)-S(Met)
bond distance is alse3.3A in Ni(ll) AZ [84]).

The recent analysis of the paramagnetic NMR spectra of

L,, Co(ll) PC[174]and Co(ll) 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 thgs values

as sizablépc contributions can be involved. These have been

determined for both Co(ll) A4165] and Co(ll) RST[171]

and demonstrate that ttég. values for the Cys €H pro-

ton resonances can vary considerably. Bhe values for

the Cys GH protons in Co(ll) RST (se@able 4, and most

likely also Co(ll) PC, Co(ll) AMI and Co(ll) PAZ possess

largerdpc contributions than in Co(ll) AZ, and thus the spin
density on the Cys ligand is probably greatest for AZ [which
* does correspond with the data for the Cu(ll) proteins (see
Table 2]. The Co(ll)-S(Cys) bond, like that of the Ni(ll)
protein, is much less covalent than the Cu(Il)-S(Cys) bond,
and the relativeSg oy values generally do not match those
observed for the Cu(ll) proteins (comparables 2 and §
~~ The Co(I)-S(Cys) and Co(ll)-S(Met) interactions are simi-
larin PC, PAZ and RST (s€kable 4 and thus there appears
to be very little difference in these metal-ligand contacts
I I | I | I | between the Co(ll) derivatives of cupredoxins possessing a
60 50 40 30 20 10 0 classic T1 site (PC) and those having perturbed features (PAZ
& (ppm) and RST) (these three cupredoxins do possess quite similar

Cu(l)-S(Met) distances). The spectrum of Co(ll) AMI has

Fig. 4. 1H NMR saturation transfer difference spectra {80 of a 1:1 mix- some unusual features which could be due to the presence of

ture of D. crassirhizoma Cu(l) and Cu(ll) PC in 35mM phosphate buffgr a water molecule coordinated to the non-native migia]

(99.9% D»O) at pH 8[178]. The top spectrum is that of the Cu(ll) protein or the altered conformation of its axial Met ligand.

and those below are the saturation transfer difference spectra in which the . .

peaks indicated were irradiated. The observed saturation transfer peaks in Paramagnetic NMR has also been applied to larger

Cu(l) PC are shown by an asterisk. enzymes which possess cupredoxin sub-domains. Copper-
containing NiRs, which function in the dissimilatory denitri-
fication pathway of certain micro-organisms reducing nitrite

butions than the Cu(ll) forms. These have been determinedto nitric oxide, have been studiddi89]. NiRs are trimeric

for Ni(ll) AZ (see Table 3 and are actually not that signif- with each subunit having two cupredoxin-like domains

icant so thatps values can be compared, with caution, to but with only one of these possessing a T1 copper site

provide comparative active site information. In these spec- [10,11,190] There are three inter-subunit T2 copper cen-

tra the Cys @H proton resonances are directly observed and tres (sites of nitrite binding) in close proximity to the T1

their relatively small shifts indicate that the spin density on sites (12.&‘3 away, seeFig. 5. NiRs can be either green

this ligand is considerably less in the Ni(ll) cupredoxins than (Achromobacter cycloclastes NiR) [11] or blue @lcaligenes

in the Cu(ll) proteins (se@ables 2 and B8 The data for the  xylosoxidans NiR) [190] with the distinction due to the pres-

substituted forms do not seem to provide a good relative indi- ence of either a distorted (the T1 site of green NiRs is the

cation of the covalency of the Cu—S(Cys) interaction as the most distorted known) or a classic T1 copper §#é,105]

8g,av value is smallest for Ni(ll) AZ whereas the Cu(ll) pro- Hyperfine shifted resonances can be observed for NiRs and

tein has by far the largesg ay [Sizabledy contributions for the spectra of tha. cycloclastes protein and the correspond-

the Cys H protons in Ni(ll) AMI and PAZ could be afac-  ing T2 depleted form (T2D, i.e. with copper removed from

His87 C¥H
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His37CH

=

Met92 C'H

3
e
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Table 3

The observed hyperfine shift&fs) in theH NMR spectra of Ni(ll) cupredoxins

Protor? Ni(Il) Az b Ni(ll) AMI © Ni(Il) PAZd Ni(ll) umc© Ni(Il) sTCf
Sobs (PPM) 8pc (Ppm) 8rc (ppm) Sobs (PPM) Sobs (PPM) Sobs (PPM) Sobs (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 N2H 35.0 2.0 21.5 38.3 38.5 584 50.8

Cys G*H 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 51.8 3.7 36.2 439 39.5 33.9

Met CY1H 111.3 —2.7 1125 172.5 4325

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

GIn C"*H 42.2 33.2

GIn C2H -25.1 -21.0

GlIn Ne21H -17.8 —18.0

Gly C*H 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 GIn95 for UMC; His46, Cys89, His94 and GIn99 for CST.
b FromP. aeruginosa at 45°C and pH 7.5 includingpc andskc contributiong165].

¢ FromP. versutus at 30°C and pH 7.9169].

4 FromA. cycloclastes at 25°C and pH 7.9172].
€ The STC from horseradish roots at3D and pH 8.(175].
f FromR. vernicifera at 40°C and pH 4.q167].

9 At2°C and pH 5.6.
" Observed below pH 7.
' At 10°C and pH 5.6.

Table 4
Comparison of the observed hyperfine shifig§ in the 1H NMR spectrum of Co(ll) cupredoxins
Protor? Co(ll) AZP Co(ll) PC Co(Il) AmId Co(ll) PAZ® Co(ll) RST

Sobs (PPM) 8pc (Ppm) ke (ppm) 8obs (PPM) S8obs (PPM) 8obs (PPM) 8obs (PPM) 8pc (Ppm) 8rc (ppm)
His C2H 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 G*1H 232 5.4 223.2 299 285 315/267 287/260 69.9 205
Cys 02H 285 -5.3 287.4 275 285 315/267 287/260 59.7 184
His C?H 56.4 7.2 42.3 43.8 51.0 43.6 48.7 3.4 385
His C*1H 75 23.3 45 60 118/38 57/146 - - -
His N#2H 65.8 75 46.8 758 740 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
MetC*?H  —18.5 —26.9 6.1 —27.5 -16.1 - —24.4 —-135 —17.4
Met C"1H 453 —-19.5 64.4 254 132.5 105.8 122.9 —-115 132.5
MetC?H  —19.1 —20.2 -0.3 87.8 10.0 271.3 285.2 -19.2 301.6
Met C*Hs -7.3 —31.2 24 80.4 745 90.2 103.3 -16.9 130.3
Gly C*H 47.8 -10.5 54.2
Gly C*?H —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 37C [158,159,165]ncluding 8pc andsr¢ contributions.

¢ From spinach at 30C and pH 7.§174].

4 FromP. versutus at 40°C and pH 8.0169].

€ FromA. cycloclastes at 40°C and pH 8.(173].

f FromT. ferrooxidans at pH 6.0 and 20C includingdpc andérc contributiong171].

9 At5°Cand pH 7.0.

h At 22°C and pH 5.0.



C. Dennison / Coordination Chemistry Reviews 249 (2005) 3025-3054 3033

extended to their Co(ll) substituted forms in our labFlg. 6
the NMR spectra of\. cycloclastes NiR with Co(ll) at both
active sites [T1Co(I)/T2Co(ll)] and also with Co(ll) at just
the T2 centre and Cu(l) at the T1 site [T1Cu(I)/T2Co(ll)]

9 are shown. Relatively sharp shifted resonances from both of
— the sites can be observed and many have been assigned. The
70 60 50 40 30 20ppm 5 -10 -15 -20 -25pPM same derivatives of. xylosoxidans NiR are currently being

studied to enable a detailed comparison of the active sites of
blue and green NiRH.91].

Multi-copper oxidases are also proving amenable to study
by paramagnetic NMR and attention has primarily focussed

S

3430262218 14 e

a b g on LACs. These proteins possess a trinucleag Cluster
— ) — (made up of a T2 and a T3 centre in close proximity) along
70 60 50 40 30 20ppm -5 -10 -15 -20 -25ppm witha T1sitg12,13,15,68,71which 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
Type2Cu an axial Met ligand at its T1 site) contains hyperfine shifted
resonances arising from only the T1 4it®2]. In the case of
the novel small LAC fronStreptomyces coelicolor (SLAC)
shifted resonances from the £aentre are also identified
Fig. 5. Structure (bottom) of the Cu(ll) sites in one of the monomers of [193]. Isotropically shifted resonances have been observed
oo o snstrtearem e s somaner. P2 of e fungal LAC rofohporos vrsicolor and
Allzo shoa/n aréH NMR s;?epctra ofA. cyclgclaxtex NiR (500 MJHz, 25°C): ‘can be aSSIQne.d to bOth the Tl a.'nd the GUSter[194]'. .
T2D protein in 20 mM phosphate in 99.9%0 at pH 7.5 with the inset Paramagnetic NMR investigations of copper proteinsis an
showing part of the spectrum in 90%E/10% DO at pH 7.5 (middle). area which is still developing. Most of the cupredoxin sub-
Fully copper loaded protein in 20 mM phosphate (99.9%®Pat pH 7.0 families have now been studied with this approach and the
(top). Assignments are: (a) and (b) His95/His145KEprotons; (d) His95  gpectra provide detailed information about active site struc-
N*H, (e) Met150 CH; (f) Asn96 C'H; (g) Cys136 CH [189], ture. More work is required to understand the differences
observed in the spectra of the Cu(ll) proteins, and in par-
the T2 centres) are almost identical (§ég. 5). This demon- ticular for the Cys and Met resonances. Co(ll) and Ni(ll)
strates that all of the observed proton resonances arise fronsubstituted cupredoxins provide complimentary data which
the T1 copper ligands. The resonances have been tentativeljras to be interpreted with care. However, these investigations
assigned (sekig. 5 based on comparisons to the spectra of can provide detailed comparative information about aspects
cupredoxins, as have those for the blue NiR frdmylosox- of T1 copper site structure and can identify ligating residues
idans [189]. There does appear to be differences indhe for proteins whose structures have not been determined (vide
values for the observed @l proton of the axial Met ligand  infra) [161,175] Paramagnetic NMR is extremely useful in
even though the Cu-S(Met) bond lengths are very similar in providing a rapid method for determining the influence of
the green (2.58) and blue (2.64\) NiRs. mutations on the active site structure of cupredoxins [either
In order to further study the T1 site differences between in their native Cu(ll) forms or as metal substituted deriva-
green and blue NiRs, and also to investigate the T2 sitestives]. Furthermore, it is becoming clear that this technique
of these enzymes, paramagnetic NMR studies have beercan be applied to larger multi-copper enzymes and that other

Met150
His95

TypeiCu Cys136  hig135

His145 His306

(A) i

AN \ \
/\/\/b!(\\ ——/\//\/ \ J \\//F\ | ‘\u V/QV /\// \J\\x/\

350 300 250 200 ppm 120 100 80 60 40 ppm 220 -40 ppm
(B) ‘
M o
A/ I
_— ~ \Q \/
T T T T T T
120 100 80 60 40 ppm

Fig. 6. 'H NMR spectra of the Co(ll) substituted NiR from cycloclastes (300 MHz, 40°C): (A) T1Co(ll)/T2Co(ll) protein in 10 mM phosphate in 90%
H20/10% 3,0 at pH 8.0; (B) T1Cu(l)/T2Co(ll) NiR in 10 mM phosphate in 90%®10% 5,0 at pH 8.0{191].
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copper centres as well as T1 and T2 sites can be investigatedhas been called the acid transitif#98]. In the case of AZ,
(the Cwn centre[195-199]and also the T3 site of tyrosinase whose His ligand does not protonate in the accessible pH
[200-202]have been studied). range, a [z of <2 has been calculatdd14]. The protona-
tion of this C-terminal His ligand occurs at much lower pH
values in Cu(ll) cupredoxins and an upper limit of 3.4 has
5. C-terminal histidine ligand protonation been reported for theiy of His96 in Cu(ll) AMI [215]. A
simple theory put forward some years d8@2] implicated
It has long been recognised that amino acid residues,the length and structure of the C-terminal ligand-containing
whose [K5 values are in the accessible pH range, can have aloop, which runs from the Cys to the Met ligand and con-
significant effect on the structure and reactivity of cupredox- tains the exposed His ligand (sEry. 7), as a major factor in
ins[30,45,77] For example it has been shown in PAZ thatthe controlling the acid transition of cupredoxins. It was noted
protonation/deprotonation of the surface residue His6 resultsthat there were only two intervening residues between the
in an altered active site structure (the relative intensities of Cys and His ligands in the proteins which, at that time, had
the LMCT bands are affected), influences the ESE reactivity been shown to exhibit the acid transition. The gap between
(vide infra) and tunes thE, of the protein even though this  the His and Met ligands seemed to correlate with tig p
residue is~15A from the copper (seBig. 1) [144]. Quantum value, with the shortest loop, and highe&t,pbeing found
chemical calculations have demonstrated that the influence ofin AMI. Loop-directed mutagenesis experiments in which
the protonation of His6 on thgy, of PAZ is mainly electro- the AMI loop was extended (loop-elongation) result in a
static and the structural rearrangement does not significantlylower pK; [207,216,217] It was suggested that the intro-
alter this parametej203]. The protonation of the surface duced loops may not pack as well against the AMI scaffold
residues His35 and His83 iPseudomonas aeruginosa AZ as the native sequenfZl6]. The non-native loops thus may
influence theEy, of this protein[204] with the effect also retain some flexibility that would lead to a favourable entropic
being mainly electrostatic in natuf205] (the protonation of term for the formation of the Cu(l)-N(His) bond resulting
neither residue significantly alters the spectroscopic proper-in the decreasedky value. Shortening the C-terminal loop,
ties of the protein). The alkaline transition of phytocyanins, by introducing the AMI sequence into PA218] and PC
which influences their active site structure and reactivity, is [219], leads to an increasedp from 4.9 to 6.7 (identi-
caused by the protonation/deprotonation of a surface residuecal to that found in AMI). This demonstrates that in these
and will be discussed in Sectigh three cupredoxins (AMI, PAZ and PC) the length of the loop
Active site protonation occurs in certain reduced cupre- between the His and Met ligands (the loop length between
doxins at the C-terminal His ligand (whose imidazole ring the Cys and the His ligands is identical) does regulate the
is exposed at the centre of the hydrophobic patch) and itspK; of the acid transition, perhaps by altering the strength
influence is dramati§l43]. In PC[77], AMI [80] and PAZ of the Cu(l)-N(His) bond208]. An entropic term originat-
[79] crystallographic studies have demonstrated that this Hising from a lowered flexibility, as a result of the introduction
ligand dissociates from the cuprous ion at low pH resulting of a shorter loop into PAZ and PC, may be a contributing
in a three-coordinate site. This effect has a large influence factor.
on the Ey, [206—208]and ET reactivity{178,209]and has The C-terminal His ligand does not protonate in the
also been demonstrated to occur in certain S[A08,210] accessible pH range in the PC frdm crassirhizoma (this
and PLTs[208,211] The X5 value for the His ligand dif- is the only PC which does not exhibit this phenomenon)
fers in cupredoxins with values of 6.7, 4.9, 4.9, 4.5, 4.3, 5.7 [143,183,184] The active site loop of this protein is iden-
and 4.3 for AMI[138], PC[136,178] PAZ[139,212,213]R. tical in length to those of other PCs, but the sequence is
vernicifera STC[208], the STC from zucchini (mavicyanin, slightly different. However, only five of the nine residues
MAV) [210], the PLT from spinach (PLNR11] and the PLT in this region are conserved among the PCs. It has been sug-
from cucumber (cucumber basic protein, CBR)8], respec- gested that the hydrogen bond between the backbone NH
tively. Given the pH at which this effect usually occurs it of the residue two after the Cys ligand and the coordinating

Protein Sequence of the C-terminal ligand-containing loop
AMI  Cys Thr Pro His Pro Phe Met
PC Cys Ser Pro His Gln Gly Ala Gly Met
PAZ Cys Thr Pro His Tyr Gly Met Gly Met
AZ Cys Thr Phe Pro Gly His Ser Ala Leu Met

RST Cys GIn Ile Pro Gly His Ala Ala Thr Gly Met

Fig. 7. Alignment of the amino acid sequences of the C-terminal ligand-containing loops of certain cupredoxins with the coordinating residues in bol
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thiolate sulfur, absent in AMI, PAZ and PC, provides addi- tural studies have indicated that the influence of the Pro94Phe
tional stabilisation of the active site which may prevent His and Pro94Ala mutations on theKp of His95 in AMI is
ligand protonation in AZ for examplgs6]. Residue 86 is  related to the introduction of steric hindrance to the rotation
a Pro inD. crassirhizoma PC and thus, like all other PCs, of the imidazole rind220]. However, in the structure of the
this second hydrogen bond to the Cys ligand is missing and Pro94Phe variant the packing of the AMI molecules prevents
thus is not the cause of the absence of the acid transition. Thishe movement of His95.
hydrogen bond does influence the acid transition as the muta- The solvent accessibility of the active sites of cupredox-
tion of the corresponding Pro (residue 94) to a Phe in AMI, ins has also been suggested as influencing the acid transition
which introduces this second hydrogen bd2d0], results [210,211,224]and the close proximity of His87 ib. cras-
in a large decrease in th&kp of the C-terminal His95 lig- sirhizoma PC to Phel2 could help to protect the His from
and from~7 to below 5 (the Pro94Ala mutation results in  solvent. There thus appear to be a number of factors in the
a decrease in thekp of His95 to 6.3)[221]. Furthermore, cupredoxins which may be important in controlling thié;p
the introduction of the AMI loop into AZ results in the C-  value of the C-terminal His ligand, and further studies are
terminal His ligand protonating, albeit with &gof 5.5[219] needed to assess the relative importance of all of the struc-
(this AZAMI variant not only has a shorter loop than AZ but  tural features discussed. One approach which shows great
it is also missing the second hydrogen bond to the thiolate promise in this respect is the use of electrochemistry at vary-
sulfur of the Cys ligand). The presence of this hydrogen bond ing pH and temperatuf208]. Studies carried out to date with
will probably influence the flexibility of the C-terminal loop  this technique indicate that the thermodynamic driving force
and thus an entropic effect may be prevalent. However, this for the acid transition is enthalpic for PCs and entropic for a
hydrogen bond is presefit5] in the phytocyanins which  number of phytocyanins. AMI seems to be a little unusual in
exhibit the acid transition where further loop stabilisation that both enthalpic and entropic terms favour the transition
may result from a disulfide bridge close to the active site which has been assigned to undefined active site peculiarities
(see Sectiof). [208].
The inability of His87 to protonate iP. crassirhizoma PC

has been attributefd 43] to thew— interaction between its
imidazole moiety and the phenyl ring of Phel2 (5ég 8), 6. The reactivity and interactions of cupredoxins
which could stabilise the bound form of the Hi33,184](a
Leuis usually foundin this positionin PCs). Thisis supported 6.1. Physiological partners
by the observed decrease in th€;dor His81 in the Cu(l)
PAZ variant in which ar— interaction with its coordinated Cupredoxins function as ET shuttles and therefore need
imidazole has been introduced by making the Metl6Phe to interact with a partner, pick up an electron and deliver it to
mutation (sed-ig. 8) [213]. However, the Leul2Phe muta- another protein. Efficient ET and the ability to form a reactive
tionin spinach PC results in th&pof His87 increasing from  complex with the appropriate partner are therefore essen-
4.9 in the Cu(l) wild type (WT) protein to 5[143,213] and tial. Interactions between ET partners are usually transient
the precise arrangement of the imidazole and phenyl ringswith electrostatics enhancing association and pre-orienting
is probably an important factor. The packing of the His117 partners, whereas hydrophobic interactions (which are effec-
ligand between the bulky side-chains of Met13 and Phell4tive over shorter distances) ensure reactive encounter com-
has been suggested as a reason for the Kyopthis residue plex formation[225,226] Physiological partners are only
in AZ [222] and the Phell14Ala mutation results in a 50 mV known with certainty for PC, AMI, PAZ and RST. PC func-
increase in thé&\, (at neutral pH) and ar0.4A increase in tions as an electron transporter between the membrane-bound
the Cu(Il)-N(His117) bond lengtf223]. Interestingly struc- cytochromebgf complex (cytbgf) and P700 of Photosystem

I (PSI) in photosynthetic organisnii81,226] AMI accepts

l’h\cl% His37 Miy

electrons from methylamine dehydrogenase (MADH) which
Met95

His40 are then delivered, probably via a c-type cytochrome, to a
cytochromec oxidase in methylotrophic bacterjda7,227]
PAZ reduces NiR, although its physiological donor is not
known[35], and RST isthought to shuttle electrons between a
high molecular weight cytochromeeand cytochrome, [39].
Structural information is available for the complex formed

Met86
Cys87 Cys78

(A) (B)

between AMI and MADH25] and also PC with the soluble
Fig. 8. Active site structure of (A) Cu(ll) PC from. crassirhizoma [183] domain of cyif (from both plant§72] and a cyanobacterium
(PDB accession code 1KDJ) and (B) Cu(ll) PAZ frafn cycloclastes [73]), some preliminary data has been reported for the com-

_[60] (PPB accession code 1BQK_). In bot_h structyres the fou_r coordinat- plex between PAZ and NiW4] and the interaction between
ing residues are shown along with the side chain of the amino acid that

interacts with the imidazole ring of the C-terminal His ligand (Phel2.in RST and cytoc_hromel has been mOdele_[d28]‘ In _a” cases
crassirhizoma PC and Met 16 in PAZ). The copper ion is shown as a grey the hydrophobic patch of the cupredoxm.assomates close to
sphere in both structures. the redox centre of the partner and ET is thought to occur
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via the exposed His ligand. Acidic and basic residues on the having different orientations in their complexes with cyt
cupredoxins are essential for these interactions and mutageny [241].

esis studies have highlighted the importance of both charged To assess the importance of the extent and location of
[229—235]and hydrophobi¢236—238]patches. By far the  the acidic patch for physiological function the ionic strength
best studied of these complexes is that between PC arfd cyt dependence of the ET reaction between a variety of PCs and
and thus | will focus on this system here. a plant cytf have been studied (séég. 12 [241,243,244]

The solution structure of the complex formed by PC and An acidic patch on the surface of eukaryotic PCs is essential
cyt f from higher plant sources (spinach PC and turnip cyt for this interaction because when this region is absent, as in
), which was determined from NMR studies utilising dia- the Synechococcus PC, the association with cyis dramati-
magnetic chemical shift changes and intermolecular pseudo-cally diminished at low ionic strength (sE&y. 12) [243,244]
contact shifts, is shown iRig. 9B [72]. The patch of acidic ~ Small changes in the acidic patch (as in the parsley and green
residues on the surface of the higher plant PC around thealgal proteins) have a minimal effect on the interaction with
conserved Tyr83 residue (se@. 9A) interact with a num- cytf(seeFig. 12 [241,244] Thus, although the structures of
ber of basic residues on cfitThe His87 ligand of PC (see the complexes of these PCs with ¢yre different from that
Fig. 9A) approaches the heme of giproviding an efficient of the spinach protein their acidic patches are still as efficient
ET pathway. The surface properties of PC vary depending at promoting association. Remarkably, the relocation of the
on the type of organism from which the protein originates acidic patch (as in the Qurassirhizoma PC) has very little

(se€eFig. 9C and D). In green algae (for examgdlepertusa) influence on thé; value for the reaction with cyatlow! (see
and the plant PC from parsl¢$28,142]the acidic patch is  Fig. 12 [244]. Docking studies with cythave demonstrated
more diffuse[186] whilst in the PC fromD. crassirhizoma that the relocation of the acidic patch leads to a different ori-

very few acidic residues are found around Tyr83, and an arcentation ofD. crassirhizoma PC which results in the arc of

of aspartates and glutamates are located on the periphenacidic residues interacting with those basic residues ofi cyt
of the hydrophobic patcfil83]. Cyanobacterial PCs (such which are used in the complex with spinach PC. Therefore,
as those fronSynechococcus [187] andA. variabilis [130]) the relocated acidic patch on the crassirhizoma PC is still
possess very few charged surface residues and have a morable to effectively enhance association with £yiving a
extensive hydrophobic patch. Consequently, the structurecomplex conducive to fast ET. Thus, for a PC to be able to
of the complex between PC and gyfrom the cyanobac- interact efficiently with a eukaryotic cytin vitro it has to
teriumPhormidium laminosum is dominated by hydrophobic ~ have a hydrophobic patch close to the active site which has
interactiong73]. Recent studies on the interaction between acidic residues at its periphery. These conclusions are con-

PC and cytf from A. variabilis (referred to asVostoc sp. sistent with the fact that a number of soluble ET proteins are
PCC7119) indicate that in this cyanobacterium electrostaticsable to interact with various partnef26,245,246] Thus,
seem to be more importaf40]. the need to maintain the efficient flow of electrons along an

To investigate the effect of the altered acidic patch of pars- ET chain seems to require the protein—protein interactions
ley PC (and also the green algal proteins) on its interactionsinvolved to be pseudo-specifi246].
the structure of the complex with cyhas been investigated
by NMR spectroscopy and protein docking simulatif##l ]. 6.2. Electron self-exchange reactivity
Mapping the residues of Cu(l) parsley PC whdseNMR
resonances are most affected by the addition of Fe(llf cyt The electron self-exchange (ESE) reaction is an intrin-
onto a space-filling model of the structyp& 2] reveals a dis- sic property of all redox systenj247] and is an extremely
tinct binding patch involving the non-polar residues which useful reaction to study because the structure of only one
surround His87 Kig. 10A). Remote from the hydrophobic  protein needs to be considered when interpreting the rate
patch are several affected amino acids, diffusely distributed constants Kzsg. Furthermore, the reaction has no driving
about the acidic patch of the molecule. A comparison of force and thus provides a relative measure of the ET capa-
the chemical-shift maps of parsley and spinach[P42] in bilities of the different members of a family of redox pro-
the presence of cyt highlights significant variation in the  teins. The ESE reactivity of a number of redox metallo-
binding site of these homologous proteiridg. 10. This proteins has been studi¢ti38,142—-144,178,248-271he
suggests that parsley PC adopts a different orientation in theavailablekese Values for cupredoxins are listed rable 5
complex with cytf which is consistent with severe steric and range from~10° to 10° M—1s~1 at moderate to low.

clashes observed when parsley PC is mod¢kd] into The presence of an acidic patch (in plant and green algal
the structure of the plant PC—cyicomplex[72]. A doclf— PCs)[178,271] or basic residues (as in PAZ)44,180]
ing orientation for parsley PC with cytas a rmsd of 8.8 close to the hydrophobic patch disfavours ESE at fow

from the NMR structure of the spinach PC/gytomplex ESE is thought to involve two cupredoxins associating via
and a copper to iron distance of 1&4onducive with fast  their hydrophobic patches, with an ET route involving the
ET (seeFig. 11) [241]. Thus, the alterations in the acidic exposed His ligand®58,264,272,273]The ET reactivity of

patch of parsley PC compared to the spinach protein resultsAZ dimers covalently joined via their hydrophobic patches
in them (and probably also the PCs from green algal sources)has been studig@72]. In the presence of a short crosslink the
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(A) (B)

Hydrophobic
© 20 40 60
S.pratensis . .AEVLLGSS DGGLAFVPSD LSIASGEKIT FKNNAGFPHN DLFDEDE.VP ..AGVDVTKI
Spinach . . VEVLLGGG DGSLAFLPGD FSVASGEEIV FKNNAGFPHN VVFDEDE.IP ..SGVDAAKI
Parsley . AEVKLGSD DGGLVFSPSS FTVAAGEKIT FKNNAGFPHN IVFDEDE VP JAGYVNAEKT
U.pertusa LAQIVKLGGD DGSLAFVPSK ISVAAGEAIE FVNNAGEPHN IVEDEDA.VE ..AGVDADAT
D.crass . .AKVEVGDE VGNFKFYPDS ITVSAGEAVE FTLVGETGHN IVFDIPAGAP GTVASELKAA
A.variabilis ETYTVKLGSD KGLLVFEPAK LTIKPGDTVE FLNNKVPPHN VVFDAAL.NP ..AKSADLAK

* * * * + * * * % * % *

80 100
S.pratensis SMPEEDLLNA PGEEYSVTL. ..TEKGTYKF YCAPHAGAGM VGKVTVN.
Spinach SMSEEDLLNA PGETYKVTL. ..TEKGTYKF YCSPHQGAGM VGKVTVN.
Parsley SOPE..YLNG AGETYEVTL ..TEKGTYKF YCEPHAGAGM KGEVTVN
U.pertusa SY. .DDYLNS KGETVVRKL. ..STPGVYGV YCEPHAGAGM KMTITVOQ.
D.crass SMDENDLLSE DEPSFKAKV. ..STPGTYTF YCTPHKSANM KGTLTVK.
A.variabilis SLSHKQLLMS PGOSTSTTFP ADAPAGEYTF YCEPHRGAGM VGKITVAG
* * * * * * * * * * * F

Spinach

Parsley U. pertusa D. crassirhizoma A. variabilis

Synechococcus

Fig. 9. (A) The structure of spinach PC (PDB entry 1AGB}5]. 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 issirdicited. Th
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
cytf (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 cjand the copper of PC are shown as orange and magenta spheres, respectively. (C) Sequence alignment of the PCs
from S. pratensis, spinach, parsley. pertusa, D. crassirhizoma andA. variabilis obtained using DbClust§P39]. 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 anetlecated nea
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 11UZ)[186], D. crassirhizoma (PDB entry 1KDJY183] 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 tufiig#tyt The map for the spinach protein

is reproduced from Edjeiek 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 PG)resplective
0.02-0.05 ppm or 0.03-0.05 ppm in parsley and spinach PCs, respectively; orange, 0.05—0.10 pirit @ghm. Reproduced frof#41] ©The Biochemical

Society.

monomers rotate away from each other leaving the hydropho-covalent dimer arrangement seen in the crystal structure of
bic patches exposed and allowing ESE with other dimers. native AZ[62]) and fast inter-molecular ET is observed.

A longer linker gives a structure in which the hydrophobic The keseValues of PCs are dependent on the source (sur-
patches are part of the dimer interface (analogous to the nonface properties) of the protein and cover the range exhibited

Table 5
Electron self exchange rate constarttgdj of cupredoxin&®
Protein Charge kese(M~1s™1) Conditions Reference
AZs
P. aeruginosa 0 9.6x 10° pH 4.5,/=20mM (25°C) [253]
0 7.0x 10° pH 9.0,/=60mM (25°C) [253]
A. denitrificans +2 4.0x 10° pH 6.7,/=38mM (24°C) [254]
Asn42Cys disulfide homodimer 42x10° pH 8.5,/=74mM (40°C) [272]
Asn42Cys linked homodimér >5x 104 571 (intramolecularkey) pH 8.5,/=74mM (40C) [272]
PCs
Spinach -9 2.5%x 103 pH 8.0,/=100mM (25°C) [178]
Parsley -7 5.0x 10* pH 7.5,/=100mM (25°C) [142]
U. pertusa -7 3.5x 10 pH 8.0,/=100mM (25°C) [178]
D. crassirhizoma —6 3.4x 10° pH 7.9,/=100mM (25°C) [143]
A. variabilis +2 2.4%10° pH 6.2,/=100mM (25°C) [178]
AMI -3 1.3x 10° pH 8.6,/=50mM (25°C) [138]
PAZ +2 3.7x 10° pH 7.6,/=100mM (25°C) [144]
1.1x 103 pH 6.0,/=100mM (25°C) [144]
1.7x 10* pH 10.9,/=100mM (25°C) [180]
RST +5 1.7x 10* pH 2.0,/=100mM (25°C) [265]
1.0x 10* pH 5.7,/=100 mM (25°C) [265]
STCs
R. vernicifera +8 1.2x 10° pH 7.0,/=225mM (20°C) [248]
Horseradish (UMC) -2 1.8x 10* pH 7.5,/=100mM (40°C) [269]
CBP (a PLN) +6 6.0¢ 10° pH 8.0,/=100mM (25°C) [270]

a All determined by NMR spectroscopy except in the casB.ofrnicifera STC for which EPR was used.

b All measured, except fok. vernicifera STC, in >99% RO with pH meter readings uncorrected for the deuterium isotope effect (except for AMI).

¢ AZ homodimers fromP. aeruginosa linked via a disulfide bridge formed using a Cys residue introduced at the edge of the hydrophobic patch (at position
42).

4 AZ homodimers fronP. aeruginosa connected via a bis-maleimidomethylether linker using a Cys residue introduced at the edge of the hydrophobic patch
(at position 42).
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Fig. 11. Superimposition of the results from docking simulations with the
NMR structure of the PC—cytcomplex[72]. Cytfis represented as a rib-
bon diagram, with the-helix in front of the haem removed for clarity. PC
structures are represented &sfackbone 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.
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Fig. 12. The ionic strength dependence of In of the rate constanfdr
the oxidation of turnip cyf by spinach (+), parsleyX) U. pertusa (O), D.
crassirhizoma (@) andSynechococcus (x) PCs[244]. The rate constarky
has been defined &s = konkt/(koff + kt), Wherekon is the rate of association
of the two proteinskos is the rate of dissociation before ET ahds related
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Fig. 13. lonic strength dependence (Z5 of logkese for spinach ), U.
pertusa (@), D. crassirhizoma (B) andA. variabilis (x) PCg271]. The ionic
strength was adjusted by the addition of NaCl to 10 mM phosphate buffer
(99.9% »O) pH" 8.0 for spinachl. pertusa andD. crassirhizoma PCs
and at pH 6.2 forA. variabilis PC. For thekesedetermination otJ. pertusa
PC at/=0.10 M, 35 mM phosphate buffer pH8.0 was used and 73mM
phosphate buffer (pH6.2) was utilised for tha. variabilis PC measurement
at/=0.10 M. Thekesevalue forD. crassirhizoma PC atf = 0.10 M was taken
from [143] (36 mM phosphate buffer at pH.9). Also included is the ionic
strength dependence (26) of logkesefor spinach PC in 10 mM phosphate
buffer (99.9% BO) at pH 8.0 with added MgGl ().

by cupredoxin$l142,143,178,249,261,271he influence of
ionic strength orkese Of various PCs are shown irig. 13
[271]. The acidic patches of spinach, crassirhizoma and

U. pertusa PCs result in electrostatic repulsion which hinders
protein association and leads to a sniale value at lowl.
Screening of the charged patches (by the addition of NaCl)
at elevated leads to 190-, 29- and 21-fold increase%dge

for the spinachD. crassirhizoma and U. pertusa proteins,
respectively. The largest accelerating effectl @ kese in
spinach PC (and the smalldsteat lowI) 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, thgfor theA. variabilis pro-

tein is large at lowl and exhibits very little dependence on
ionic strength (se€ig. 13. ThekeseVvalues at high for the

PCs are consistent with those observed for other redox metal-
loproteins under similar conditior§$78,255,257,262,267]

The ionic strength dependence of thge 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 [255,257,268,271,274Y0 give Dy, Doy and kins
(rate constant at infinitd) values of—141, —159D and
1.5x 10°M~1s71, respectively. TheD,, and D|. values
of —141 and—159 D, respectively for spinach PC represent
the components of the dipole moment through the site on the
protein (oxidised and reduced PC) viawhich ESE occurs. The
components of the dipole moments through the hydrophobic
patch range from-160 to—40 for spinach P@271]. Thus,

to ket [225]. It has been demonstrated that for the reaction between PC and the values obtained from the van Leeuwen fits are consistent

cytf, ki > kot and thusky =kon.

with homodimer formation via the hydrophobic patch which
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k) Increasing the concentration of Mglhas a much more
[Cu*(IDHis87] + [Cu(DHis87] p [Cu"(IDHis87][ Cu(DHis87] pronounced influence than NaCl on thge of spinach PC
‘ u . K (seeFig. 13 indicating specific interactions between fig
off {j Ton ke ions and the proteif249,271] The M¢?* ion is present in the
[Cu(D)His87-H¢] thylakoid lumen at approximately mM concentrati¢@37]
[Cu*(DHis87][Cu(I)His87] and has been implicated in catalysis of the oxidation of PC
by PSI[278]. The observed accelerating influence of similar
Kot _ s koo Kk concentrations of Mg ions on the ESE of PC along with
kow k, A ee = Ba X fa the high protein concentration (>20 mg/rf279]) within the
thylakoid lumen (PC is one of the most abundant proteins
Scheme 1. in the thylakoid[279,280]and exists as a pool of both oxi-

dised and reduced fornfs0]) indicate that this reaction may
occur physiologically, facilitating ET between the membrane
surrounds the exposed His ligaf#b8,264,272] Fitting of bound cythgf complex and PSI.

the data forU. pertusa, D. crassirhizoma andA. variabilis The temperature dependence of the ESE reactivity of
PCs, respectively, givekns values of 4.% 1°PM~1s™1, spinach PC yieldsAH! and AS! values of 44kJmoit
7.3x10°M~1s1and3.3x 10°M~1s71[271]. Hydropho-  and —16Jmot 1K1, respectively[271]. The large AH*
bic interactions are favoured at higland the smalkins for for spinach PC is consistent with the electrostatic repulsion

D. crassirhizoma PC can be partly explained by the less which has to be overcome for homodimer formation. The
hydrophobic binding site in this protein (sEig. 9D). ESE is fact that this reaction is also disfavoured on the grounds
an activation controlled reaction and thitdgse= Kaket, Where of activation entropy suggests that displacement of water
Ka is the association constant for encounter complex for- molecules fromthe protein interface is insufficient to counter-
mation andket is the rate constant for ET (s&xheme )1 balance the loss of translational and rotation freedom upon
[275]. Differences inkj,; therefore could be due to varia- protein—protein association. Thus, the experimental data pro-
tions in ket Which is influenced by the electronic coupling vides evidence of poor packing in the interface. This is cor-
between the donor and the acceptor (distance for ET) androborated by the interfaces in the homodimers which have
the reorganisation energy for ET. Thus, the relatively small low complementarity and high planarity, features which are

kint for spinach PC and the lower than anticipatgg for essential to the nature of the associations involved in ESE
theA. variabilis protein (considering that it possesses a large and other transient protein interactid@6,281-283]
hydrophobic patch) could both be due to diminishgaalues The influence of pH on th&ese 0f PCs has been studied
(vide infra). to assess the role of the protonation of the His87 ligand on

Protein modeling based on the crystallographic dimer of ET reactivity[142,178] The kese Values ofU. pertusa and
Silene pratensis PC[276] (the amino acid sequence of this parsley PCs are almost independent of (gt 7=0.10 M),
PC is included inFig. 9C) and docking simulations of the even at values where His87 is protonated and thus the Cu(l)
various PCs have been used to obtain representative strucmolecules will possess a three-coordinate active site (see
tures of the transient homodimers involved in ERZ1]. Fig. 14). This form of PC is known to be redox-inactive
The molecules associate via their hydrophobic patches and206,214,215]and a smaller ESE rate constant would be
thus these models are consistent with the fits of the ESE expected (se€cheme Wwhere [Cu(l)His87-H] is the form
data to van Leeuwen theory and agree with the proposedof reduced PC in which His87 is protonated and is the redox
structure of the AZ ESE homodimf258,264,272,273]The inactive species). This absence of any pH-dependence of
two PCs assume an orientation in which the acidic patchesthe ESE reactivity can be attributed to compensation effects
are located on opposite faces of the homodimer, thus min-caused by the presence of acidic patches in these PCs. At
imising electrostatic interactions. The Coulombic repulsion lower pH the acidic residues start to protonate, thus, neu-
between the monomers in the docked complexes follows tralising the charge in this region of the protein leading to a
the order: spinach B. crassirhizoma > U. pertusa > A. vari- largerkKa (seeScheme 1 This is confirmed by the decrease
abilis, which is in good agreement with the observede in thekeseOf A. variabilis PC at lower pH (seEig. 14) and by
values at low/ and matches the relative accelerating effect the increasedescof D. crassirhizoma PC at lower pH (due
of increasing on kese(SeeFig. 13. These complexes there-  to the absence of His87 protonatifii®3]). Furthermore, at
fore provide structural models for explaining the influence high ionic strength {~ 0.50 M, seeFig. 14 the kese Of U.
of electrostatics on ESR71]. A more polar dimer interface  pertusa PC decreases at low pH. Thus, as the pH is low-
for D. crassirhizoma PC is consistent with the smai;s for ered more of the reduced protein exists as [Cu(l)His8T-H
this protein. TheA. variabilis PC dimer has a large number (seeScheme YL which is redox inactive and ESE reactivity
of hydrophobic residues in the interface which along with is diminished. It would perhaps be expected that ESE would
the relatively smalki,; value probably indicates that; is be more dramatically affected at low pH. The fact that the
smaller in this protein. This is consistent with the Cu—Cu dis- PCs are still reasonably competent at ESE under these con-
tance being largest in the variabilis PC docked complex. ditions suggests that the process has now become gated (by
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6r 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
. 0 concerning the important aspects of the surface of a cupre-
doxin which ensure recognition whilst maintaining rapid ET.
u n How these features relate to the reactivity of cupredoxins
in vitro also needs to be considered in more detail. On this
4 F A issue it is interesting to note that electrostatics seem to be
A less important for the interaction between eukaryotic PC and
A cytfin 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
pH* 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

log k ese
a

[o%)

4.5 5.5 6.5 7.5 8.5

Fig. 14. Dependence (2&) on pH of logkeseof U. pertusa PC in phos-
phate buffer af=0.10 M @), U. pertusa PC in 10 mM phosphate buffer .
plus 0.50 M NaCl (), A. variabilis PC in phosphate buffer d=0.10 M reactivity [74]'
(#), parsley PC in phosphate bufferlat0.10 M (x) andD. crassirhizoma

PC in phosphate buffer d=0.10M (a) [178]. Also included is data for

Synechococcus PCin phosphate buffer a£0.10 M (<>) 7. The phytocyanins_a sub_family Of the
cupredoxins

the activation barrier for the transition from three-coordinate ~ The phytocyanins form a sub-family of the T1 copper-
[Cu(l)His87-H"] to four coordinate [Cu(ll)His87]). containing proteins which contain a single cupredoxin
The acid transition of PC and other reduced cupredoxins domain and interrogation of DNA databases suggests that
may play an important physiological function. For example, all vascular seed plants will probably synthesise one or more
itis thought that His87 protonation could provide a metabolic of these proteings0,53,70,288]Some plants produce a large
feedback mechanism whereby the drop in pH resulting from number of phytocyanins amtrabidopsis thaliana possesses
a high rate of photosynthesis would result in a decrease inat least 42 phytocyanin-related gené®]. Phytocyanins
ET activity[77,284] The fact that the reduction of P70by have a number of unusual structural features compared to
PC is hardly affected at low pf285] therefore seems a little  other cupredoxins including a twist in one of tBesheets
puzzling. It may be that the approach of a non-polar surface that makes up th@-barrel, a disulfide bridge close to the
of P700 to the hydrophobic patch of [Cu(l)His87*Hdesta- active site, and solvent accessibility of the imidazole rings of
bilises the positive charge on His87 and thus [Cu(l)His87], both His ligand$43,46,66,75] The phytocyanins have been
the redox active species, would be rapidly reformed (see divided into three sub-groups [STCs, uclacyanins (UCAS)
Scheme ) Therefore, His87 protonation may provide away and PLNs] on the basis of domain organisation, glycosyla-
of ensuring specificity of photosynthetic ET as the reac- tion and the nature of the axial ligafffi3]. The PLNs and
tion with other oxidants would be expected to be much UCAs usually have an axial Met ligand like most other cupre-
more significantly gated. A similar, potentially physiologi- doxins whereas the STCs are identified by an axial glutamine
cally relevant, pH-dependent transitionk{p4.8) has been  ligand (sed-igs. 2 and 1pand thus, along with fungal LACs
characterised in the GUoop variant (see Sectidh?2) of AZ [68,71]and ceruloplasmifil3] provide one of the very few
[286] and the C-terminal His ligand has been identified as the naturally occurring T1 sites with an altered coordination envi-
site of protonation. As the corresponding His is in the major ronment (a couple of PLNs have been found to have either
ET route from Cy, to hemeu in cytochrome: oxidase, ithas  a Val or Leu in the axial positiof60,53,69,70). The STCs
been suggested that this ligand could play a regulatory roleand UCAs possess associated carbohydrate and a putative
in proton-coupled ET. cell wall anchoring domaifb3,289]whereas the PLNs have
Studies investigating the features of cupredoxins (mainly neither of these features (seig. 15.
PC) important for their interactions have been reviewed. The  Umecyanin (UMC) is a STC isolated from horseradish
presence of surface charged residues are important for facili-roots[42] and sequence alignments indicate that its axial lig-
tating association with physiological partners. There is some and is the side chain of GIn9290] (seeFig. 15. Despite
flexibility in the location of these recognition patches and the apparent conservation of the STC metal-binding ligands
in the case of the eukaryotic PCs the presence of an acidicUMC is unusual in that it possesses a classic T1 copper site
region on the periphery of the hydrophobic patch is all thatis (low absorbance at450nm and an axial EPR spectrum)
required for efficient reactivity with cyt The presence of sur-  [175,295,296hereas other STCs have perturbed T1 centres
face charged regions close to the hydrophobic patch hinders(seeFig. 16). To enable detailed studies of UMC an artificial
ESE at moderate ionic strength. For all reactions hydropho- coding region for its cupredoxin domain has been designed
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UMC —--EDYDVGG-DMEWKRPS-DPKFYI-TWATGKTFRVGDELEFDFAAGMHDVAVVT
BCB --EDYDVGD-DTEWTRPM-DPEFYT-SWATGKTFRVGDELEFDFAAGRHDVAVVS

R. vernicifera STC
Cucumber STC

--TVYTVGD-SAGWKVPFFGDVDYDWKWASNKTFHIGDVLVFKYDRRFHNVDKVT
QSTVHIVGD-NTGWSVPSS-PNFYS-QWAAGKTFRVGDSLQFNFPANAHNVHEME

A. thaliana UCCI --TDHTIGGP-SGWTVGASLR--—-~- TWAAGQTFAVGDNLVFSYPAAFHDVVEVT
CBP -—AVYVVGG-SGGWTFN--=-=--~ TESWPKGKRFRAGDILLENYNPXMHNVVVVN
uMC -KDAFDNCKKENPISHMTTP-PVKIMLN-TTGPQYYICTVGDHCRVGQKLSINVV

BCB -EAAFENCEKEKPISHMTVP-PVKIMLN-TTGPQYFICTVGDHCRFGQKLSITVV
R. vernicifera STC -QKNYQSCNDTTPIASYNTG-NNRINLK-TVGQKYYICGVPKHCDLGQKVHINVT
Cucumber STC TKQSFDACNFVNSDNDVERTSPVIERLD-ELGMHYFVCTVGTHCSNGQKLSINVV

A. thaliana UCCI ~KPEFDSCQAVKPLITFANG-NSLVPLTTPGKR-YFICGMPGHCSQGMKLEVNVV

CBP -QGGEFSTCNTPAGAKVYTSG~~RDQIKLPK-GQSYFICNFPGHCQSGMKIAVNAL 96
uMC GAGGAGG----- GATPGA-=—======—————————————— 115
BCB AAGATGGATLGAGATPALGSTPSTGGTTPPTAGGTTTPSG 142
R. vernicifera STC VRS-——-=—=—————— - 107
Cucumber STC AANATVSMPPPSSSPPSSVMPPP-—-—-————=—==———— 129

A. thaliana UCCI PTATVAPTAPLPNTVPSLNAPSPSSVLPIQPLLPLNPVPV 139

Fig. 15. Multiple sequence alignment of selected phytocyanins generated using Cly&aiWincluded are UMC from horseradish roots (a STZ90],

BCB (a STC) fromA. thaliana [47], R. vernicifera STC[292] and cucumber STC (CST393]. Also shown are UCCI (a UCA from. thaliana [53]) and CBP

(the PLN from cucumbef294]). 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 synthesisd@95]and the recombinant proteinisidentical tra of the Cu(ll) proteins do not exhibit any paramagnetically
to the native molecule from horseradish roots (recombinant shifted resonances from the axial ligand demonstrating that
BCB, a STC fromA. thaliana is also remarkably similarand  the GIn does not contribute to the singly occupied molecular
possesses a classic T1 §i#95]). ParamagnetiéH NMR orbital in STCH175,179,295]

spectroscopy has demonstrated that UMC, CSTrRamélni- Additional active site information has been obtained for
cifera STC all have the typical interaction between the copper Ni(ll) UMC [175] whose NMR spectrum (se€kable 3 has
and the HisCys equatorial ligands observed in other struc- been assigned by observing dipolar connectivitigg.(17).
turally characterised cupredoxins (séig. 3 and Table 2 This spectrum confirms that, as well as having a;Bis
[70,175,179,295]The Cys &H resonances were indirectly  equatorial ligand set, the active site is completed by an axial
observed for Cu(ll) CST and thedg s value (410 ppm) is GIn ligand. The observation of the resonance from one of
smaller than those of AZ, PC and PAZ indicating a weaker the NE2H protons of GIn95 indicates that this residue coor-
Cu(l)-S(Cys) interaction (vide infrglL 79]. The NMR spec- dinates to Ni(ll) in a monodentate fashion via the side-chain

(A) (B)
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e(M'em™)
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0 : . L . . ;
300 400 500 600 700 800 900 2.45 2.25 2.05

s (nm) g value

Fig. 16. Comparison of the spectroscopic properties of Cu(ll) UMC and CR(WWermnicifera stellacyanin (STC). (A) UV/vis spectra (28) in 10 mM
phosphate buffer pH 7.6 and (B) X-band EPR spectrB96°C) in 25 mM Hepes pH 7.6, 40% glycerol (bottom).
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Fig. 17. Reference (A and B) and difference (CH) NMR spectra (300 MHz) of Ni(ll) UMC corresponding to 1D NOE experiments performed in 10 mM
phosphate buffefl 75]. Spectra A, C and D were acquired at°8with the sample in 99.9% deuterated buffer af [#D. Spectra B and E-| were measured
at 10°C with the protein in buffer in 90% k0D/10% D,O at pH 6.5. In spectra C and E and D and F the two C#d @roton resonances were irradiated. In

spectra G, H and | signals arising from the axial GIn ligand were irradiated. The main assignments that have been made are included17% and &re
listed inTable 3 Peaks; andi arise from the €&H protons of the two His ligands and sigria$ tentatively assigned to a His ligand g proton.

carbonyl oxygen atom (coordination via the deprotonated the paramagnetic NMR studies of cupredoxins with axial Met
side chain amide of GIn95 would result in the remaining ligands, vide supra).

N#2H proton being very close to the metal and being too  The crystal structures of Cu(ll) and Cu(l) UMC at 1.9
broad to be observed). An axial GIn ligand had previously and 1.84, respectively, have been determined (5&g 18
been identified from NMR studies on Co(ll) and Ni(R®) [43]. The structure of the oxidised protein is very similar
vernicifera STC[161,167] and the paramagneti¢ti NMR to that of CST[46], the only other available STC structure,
spectra of Cu(ll) and Ni(ll) UMG175] are remarkably simi-  and shows homology to those of the PLNs CE#B] and
lartothose of other STG%0,163,167,179]Thisis surprising PNC[75]. These molecules all possess the features charac-
considering that Cu(ll) UMC has distinct ultraviolet—visible teristic of the phytocyanin sub-class of the cupredoxins. The
(UV-vis) and EPR spectral properties (d€g. 16). In par- largest difference between UMC (and CST) and the PLNs
ticular the Ni(I)-O(GIn) interaction is comparable in these involves the region from Trpll to Trp23 which fornas
STCs[167,175] Thus, the active site alterations which give helix 1inthe STCs and is absent in the PLNs. The prominent
rise to either classic or perturbed T1 sites in the STCs are surface feature of UMC is a large acidic patch on one side
small and do not have a significant influence on their param- of the molecule (from residues {B-strands 1 and 3[43].
agnetic NMR spectra (a similar conclusion was made from CST possesses a similarly sized acidic patch although in a



3044 C. Dennison / Coordination Chemistry Reviews 249 (2005) 3025-3054

His99

Fig. 18. The structure of UM@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 b@s&and 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. Reprinfd@8]f@2005 American Chemical Society.

different location (made up of amino acids frgdrstrands be related to the partners with which these molecules interact.
4-6)[46]. CBP and PNC (PLNs) are basic proteins and have The variable features of the surface patches of the phyto-
large positively charged surface patclig6,75) These are  cyanins suggests that relatively relaxed evolutionary con-
found in completely different positions to the acidic surfaces straints have been imposed on the protein scaffold which has
on UMC and CST and are located at the opposite end of allowed a range of attributes to evolve for binding to specific
the B-sandwich to the copper site. It has been suggested thatpartners.

the phytocyanins may interact with small molecule redox  The distorted tetrahedral geometry of the Cu(ll) site of
partners[50,53,66] however the presence of charged sur- UMC[43], with GIn95 coordinating ina monodentate fashion
face patches on the phytocyanins would suggest a role inviaits O°1 atom providing a fourth strong ligand (séig. 19,
protein—protein ET (see Secti@h In the structure of UMC is as predicted from the paramagnetic NMR stugli&s]and

[43], as in those of all other phytocyanif¥6,66,75] both is remarkably similar to the active site of oxidised C8®5].

His ligands are solvent exposed but the protein surface in This arrangementis also analogous to that found at the Cu(ll)
this area is not exclusively hydrophobic. The lack of a clear site of the Met121GIn AZ mutar97], made as a model
hydrophobic patch is a feature common to the STCs and mustfor the active site of the STCs. It has been suggested that the

Fig. 19. The active site structures of Cu(ll) (left) and Cu(l) (right) UMC with the coordinating residues shown as ball-and-stick models withghadCu-I
distancesA) and angles<) included. Reprinted frorfd3] © 2005 American Chemical Society.
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homology of the Cu(I)-®(GIn) bond in these proteins may
be due to the planar nature of the GIn sidecHab6]. The

3045

instability of the crystals under these conditions]. The alka-
line transition also influences th#, values of phytocyanins

interaction of the cupric ion with the three equatorial ligands and thus alters their ET reactivifg4,70,211,304]

in all of these proteins is similar to that seen in cupredoxins

with a weak axial Met liganfB7,41,59,60,63,65A possible

The effect of the alkaline transition on the paramagnetic
NMR spectra of Cu(ll) and Ni(ll) UMC has been studied

exception to this is the Cu(Il)-S(Cys) bond which appears [175,304,308] The main observable effect in the Cu(ll) pro-
slightly longer in the STCs. This is consistent with the results tein is a~1ppm decrease in th&ps value of the Asp45

of various spectroscopic investigatideg,104,106,123,298]
including paramagnetic NMR studies on Co(ll}1], Cu(ll)
[179] (seeTable 2 and Ni(ll) [167,175](seeTable 3 STCs,

C“H proton resonance. Similar alterations are also observed
in the paramagnetic NMR spectra of Cu(R) vernicifera
STC[70]. More detailed information is obtained from the

and has been attributed to the strong axial interaction which spectrum of Ni(ll) UMC (sed-ig. 20 [175] where there is
results in a weakening of the M(I[)-S(Cys) bond. The close a significant decrease in tldgys values of the Cys85 RH

similarity of the active site structures of Cu(ll) UMC and CST

resonances and a lowering of thg,s between these sig-

is surprising considering their spectroscopic differences (seenals at alkaline pH (analogous changes have been seen in

Fig. 16. The angle between the]NCuN4is and &ysCuQgin
planes are 89and 84 in Cu(ll) UMC and CST, respectively,
and this, along with the slightly longer Cu(l1)£&GIn) bond
in UMC (2.26A compared to 2.24), could account for the
electronic variationg97,105] However, the source of the

Co(ll) R. vernicifera STC[163]). These observations indi-
cate a significant decrease in the Ni(Il)-S(Cys) bond strength
in the alkaline form and a change in the conformation of this
ligand, affecting the B—-CP—SP—Ni(Il) dihedral angles. The
Ni(I-O(GIn) interaction also diminishes as a consequence

perturbed spectral features of sites with axial GiIn ligands of the alkaline transition, but the observation of the GIn95
has been attributed to a tetrahedral, rather than tetragonalN®2H proton resonance at pH 10.7 highlights that the coor-

distortion relative to the classic site of FTD6].

dination mode of the axial ligand is not altered in Ni(ll) UMC

The largest changes at the active site of UMC upon reduc- at high pH (se€ig. 20. Therefore, the alkaline form of Ni(Il)

tion (seeFig. 19 involves the axial GIn95 Iigand which
twists away from the metal ion resulting in@®.3A increase

in the Cu to O distance[431, and a lengthening of the
Cu—NP1(His44) bond by~0.2A. The geometry is slightly
modified from distorted tetrahedral to more trigonal pyrami-
dal in Cu(l) UMC. Some active site information has been
reported for Cu(l) CST299] which indicates larger changes
including an increase in the Cu£gGIn) distance of0.5A
upon reduction. In UMC the limited alterations at the active

UMC does not involve a switch in coordination mode of the
GIn9s ligand from G to Ne2H—.

The alkaline transition has a similar influence on the spec-
troscopic properties of CBP which is a PLN with Met89 as
the axial ligand308]. The GIn95Met axial ligand mutationin
UMC and the Met89GIn mutation in CBP have a very limited,
yet similar, influence on theiy, for the alkaline transition
[308]. The removal of the axial ligand in the Met89Val CBP
variantresultsin alarger decrease in tig,put similar spec-

site upon reduction are not too dissimilar from those observedtral alterations are still observgd808]. Therefore, the axial
at the copper centres of cupredoxins with axial Met ligands GIn ligand is not the cause of the alkaline transition in Cu(ll)

[60,63,77] Thus UMC, and probably all STCs have active
sites which are entatj@6,90,91]

A unique property of all studied phytocyanins is that
they exhibit altered spectroscopic properties [for the Cu(ll)
protein] above pH 9 and thus exhibit an alkaline transition
[45,70,163,211,295,300-304This effect results in a blue
shift of the S(Cys)»> Cu(ll) LMCT bands upon increasing
pH and has a K, of ~10. A number of suggestions have

STCs and alterations in the active site structures of the phyto-
cyanins have a limited effect on this feature. The influence of
increasing pH on the spectroscopic properties of Lys96Arg
UMC is almost identical to those of the WT protein, and thus
this residue is also not responsible for the alkaline transition
[308]. The most likely cause of the alkaline transition (see
Fig. 21) is the N"?H moiety of one of the His ligands (in all
cupredoxins the His ligands coordinate via thett ldtoms)

been made for the cause of the alkaline transition in the [308]. This is consistent with active site alterations which

phytocyanins. A particularly attractive proposal involves a
change in the coordination mode of the axial GIn ligand in
the STCs from @' at neutral pH to KPH~ at more alkaline

pH [302,305] A conserved Lys residue adjacent to the axial

occur in RST at alkaline pH §, ~ 9) and have been associ-
ated[309] with the deprotonation of the®RH of the exposed
His143 ligand.

The unusual features of phytocyanins (as cupredoxins)

ligand (sed-ig. 15 has also been suggested as being respon-have been investigated and the results suggest that these
sible for this effect{70,297,304,306,307]t has also been  molecules are involved in inter-protein H43]. However,
proposed that the phytocyanins are flexible molecules which the exact physiological function of the phytocyanins, pos-
undergo a change in secondary structure upon deprotonasibly one of the largest families of plant proteins, remains
tion of a surface residue which alters the active site structureunknown. Structural and spectroscopic studies of phyto-
[163,299] However, the crystallographic studies on UMC cyanins have highlighted the unusual active site proper-
[43] demonstrate that the active site environment of a STC is ties of the STCs where an axial GIn ligand coordinates in
quite rigid [attempts to obtain structural information on the a monodentate fashion via itse®atom [43,46,161,175]
alkaline form of Cu(ll) UMC were unsuccessful due to the The influence of this natural active site modification on the
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Fig. 20. 'H NMR spectra (300 MHz) of Ni(Il) UMC at 30C in 90% H0/10% DO [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 incl[idés].

His90 oftheir T1 copper sites. These studies indicated that the Cys s
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 propertigk?3,170,297,316,320-322T1.5,
i.e. between T1 and T2, in some ca§&$6,323). In recent
years T1 mutations have also been analysed in82R—327]
and the LAC94328-332] 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 studied269,270] The GIn95Met UMC variant has
a kese Of 1.0x 10° M~1s1 whilst that of the WT protein
is 1.8x 10*M~1s71. Thus, the replacement of the strong
Cu—0(GIn) bond with a weaker axial Cu—S(Met) interaction
results in a site with significantly enhanced ET reactivity.
Fig. 21. The structure of UM43] in which the Cu(ll) ion is shown in This indicates that a site with an axial GIn hag.javalue
blagk and th_e side-chains (_)fthe coordinating ami_no acids'a_lre inclu_de(_j.The|arger than a T1 centre with an axial Met Iigand which is
residues which are potential causes of the alkaline transition are indicated . . . .
as is the disulfide bridge close to the active Ki@8). consistent with the dlffergnces seen in the crystal structures
of Cu(ll) and Cu(l) proteing43,60,63,77] The GIn95Met
UMC mutation results in a 130 mV increasediy. In other

ET reactivity of cupredoxins will be discussed in the next cupredoxins similar mutations result in 35-160 mV changes

section. in the Eny, [123,170,320-322]The influence of physiolog-
ically relevant mutations in the phytocyanins indicates that
the axial position at a T1 site can tuBg, [125] for reaction

8. Active site engineering of cupredoxins with a particular partner without significantly compromising
ET.

8.1. Site-directed mutagenesis Recent spectroscopic investigations of CST, and its
GIn99Met and GIn99Leu variants, have provided informa-

The first cupredoxin genes were cloned almost 20 yearstion about active site differences between thé' @ud CU
ago[310-313jwhich lead to site-directed mutagenesis being proteins[123]. The 0.5A increase in the Cu—-0O(GIn99) bond
utilised to investigate the relationship between their structure length in the WT protein upon reducti¢g99] seems to be
and function, with the initial focus being the unique properties accompanied by a minimal alteration in the Cu—S(Cys89)

N-terminus
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interaction. In the GIn99Met variant there is a slightly larger

change in the Cu—S(Cys89) bond and it is assumed that there =" _ Hiss!
is very little alteration in the Cu—-S(Met99) interaction (as
seen for native cupredoxins with an axial Met ligand) which
results in similar; values for the two proteingl23]. The
absence of an axial ligand in the GIn99Leu CST mutant
results in a shorter Cu(l)-S(Cys89) bond which length-
ens further upon reduction than in WT C$II23]. The ET
reactivity of such three-coordinate variants would provide
information on the physiological reactivity of analogous sites
naturally found in certain phytocyaniri80,69,70] LACs
[68,71], Fet3p[14] and ceruloplasmifiL3].

Although a large number of site-directed mutagenesis \
studies have focussed on the active sites of cupredoxins, the C*SPH QGAGM”
role of residues in the second coordination sphere has not PC
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]n all cases the hydrogen bonds prove to
be essential for the stability of the active site. The mutation ¢ rppGH SALM™
of the Pro residue two after the Cys ligand in ARR1]and AZ
PAZ [335] results in the formation of the second hydrogen
bond to the thiolate sulfur of the Cys ligand in these cupre- Fig: 22. The active site structuresfcycloclastes PAZ [60], spinach PC

. . . [185], P. aeruginosa AZ [62,63]andP. versutus AMI [65]. The sequences of
doxins and causes a large increase infke220,221,335] the C-terminal active site loops are shown and indicate the loop-contraction

(_and in AMI this m_Utation alters theip of the_ C'te_rminal_HiS mutations that have been made to PAZ, PC and AZ to produce PAZAMI, PC
ligand—see SectioB). The role of aromatic residues in the  AMI and AZAMI, respectively. Reprineted froff219] © 2005 American

second coordination sphere has been investidat®|223] Chemical Society.

The Met16Phe PAZ mutation, which introduces-ar inter-

action between the Phe and the imidazole ring of the His81

ligand analogous to that seen in crassirhizoma PC (see a rigid B-barrel structure which is an ideal scaffold for pro-
Fig. 8), is of particular not¢213]. As well as influencing the  tein engineering studies, and loop-elongation mutagenesis
pKj5 for the His81 ligand in Cu(l) PAZ (see Sectii this has been used to modify the T1 copper §#@7,216,217)
mutation results in a 60 mV increase in thg probably due and to introduce a dinuclear &wentre[342,343] Loop-

to increased hydrophobicity at the active site. Furthermore, contraction mutagenesis can also be carried out and the
the Met16Phe variant haskasewhich is almost three times  loops of PAZ, PC and AZ have been replaced with the short
larger than that of WT PAZ. This has been assigned to a lower sequence from AMI (sefeig. 22 [218,219] In all cases these

A value due to additional rigidity at the active site, although mutations have a limited effect on the spectroscopic proper-
enhanced homodimer formation cannot be discouf&d]. ties (sedrigs. 23 and 2yand hence active site structures of
More second coordination sphere mutants need to be studiedhe loop variants. Phel14, whose backbone NH forms the
to truly appreciate the active site architecture and functional- second hydrogen bond with the thiolate sulfur of the Cys112

C*TPH"YGMGM™
PAZ

CTPHPFM
PAZAMI, PCAMI, AZAMI

ity of cupredoxins. ligand in AZ, is replaced by Pro114 in AZAMI and thus this
interaction is missing (as in AMI, PAZ and PC). The alter-
8.2. Loop-directed mutagenesis ationg[219]in the UV-vis (seéig. 23 and EPR (seEig. 24

spectra of Cu(ll) AZAMI compared to AZ can be assigned to

Many metal sites in proteins are fabricated from loop the missing hydrogen borj#l]. The presence of only a single
regions and this is the case for T1 copper centres whose archihydrogen bond to the Cys enhances the electron density on
tecture involves three ligands on a loop linkiBestrands 7 the thiolate sulfur and results in increased spin density on the
and 8 (se&igs. 7 and 2p, and the fourth coordinating residue  axial Met ligand.
ontheloop linking3-strands 3 and 4. In some cases biological Loop contraction always results in a decreasé&in(at
metal sites can be modeled using loops al@38,339] but ~neutral pH) and the magnitude of this effect ranges from
this is not possible in many cases including the cupredoxins ~30 mV in AZAMI to ~60mV in PCAMI[219]. AMI has
[340]. The loop usually needs to be attached to a stable struc-the lowestEy, of all of the WT cupredoxins used and thus
ture and loop-directed mutagenesis can be used to graft activehe introduction of its C-terminal active site loop into PAZ,
sites onto protein scaffold841]. The cupredoxins possess PC and AZ results in &y, which is closer to that of AMI.
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Fig. 23. UV/vis spectra of Cu(ll) proteins at 26 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].
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Fig. 24. EPR spectra of Cu(ll) proteins-ail96°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 these proteins compared to the Cu(ll)/Cu(l) agqua couple
the active site loops of PAZ, PC and AZ are introduced, all [76,344] Studies on denatured AZ have shown thatthe folded
result in an increase iRy, to a value closer to that of the  cupredoxin domain of this protein actually stabilises Cu(ll)
protein whose loop is us¢@816]. Thus, loop-contraction pro-  [92,345,346] The preference for oxidised or reduced copper
vides an active site environment preferable for the cupric ion, is not only controlled by thg-barrel scaffold and the lig-
whereas loop elongation leads to an active site which favoursating residues of a cupredoxin but is also dependent on the
Cu(l). The ET reactivity of the loop-contraction variants has C-terminal ligand-containing loop. The loop-contraction and

been assessed by determining theie values[219]. The loop-elongation variants possess active sites which demon-
largest effect is seen in PAZ where an eight-fold decrease strate preferences for Cu(ll) and Cu(l), respectively, yet they
in keseis Observed upon loop contraction. PCAMI halkga are still entatic in that they support fast intermolecular ET.

which is only half that of PC whereas in AZ loop contrac- Further studies are required to truly understand the impor-
tion has almost no influence on ET reactivity. Thus, most tance of the loop and the scaffold onto which it is grafted for
cupredoxins have scaffolds that can accommodate the shortethe structure and functionality of T1 copper sites.

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 9. Concluding remarks

[216,217]

The loop contraction studies show that a shorter ligand-  The work described in this review highlights the complex-
containing loop at a T1 copper centre results in an environ- ity of ET proteins. As further information becomes available
ment which stabilises Cu(ll) over Cu(@18,219] The loop a more detailed understanding is developed which can be
elongation studies demonstrate that in AMI a longer loop applied to the appreciation of complex enzymes possessing
leads to a site which has a preference for Ci2Q0),216,217] cupredoxin domains, and also to the development of poten-
For many years it has been suggested that the active siteial applications of these molecules. However, there are many
structure of a cupredoxin is more suited to Cu(l) rather than questions that still need to be answered to truly appreciate the
oxidised copper, thus explaining the elevatggvalues for ET reactivity of cupredoxins.
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