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Introduction

There is continuing interest in the effect of modifica-

tions of proteins (in particular enzymes) on their reac-

tivity. The interest arises not only from a fundamental

point of view, but also because of possible applications
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The reactivity of a variant of the blue copper protein, azurin from Pseudo-

monas aeruginosa, was investigated with laser flash photolysis and compared

with the reactivity of the wild-type (WT) protein. The variant was obtained

by changing the Cu ligating His117 for a glycine. The mutation creates a

gap in the ligand shell of the Cu that can be filled with external ligands or

water molecules. The crystal structure of the H117G variant is reported. It

shows that the immediate surrounding of the Cu site in the variant exhibits

less rigidity than in the WT protein and that the loop containing the Cu

ligands Cys112, His117 and Met121 in the WT protein has gained flexibility

in the H117G variant. Flash photolysis experiments were performed with

5-deazariboflavin and 8a-imidazolyl-(N-propylyl)-amino riboflavin as elec-

tron donors to probe the reactivity of WT and H117G azurin, and of

H117G azurin for which the gap in the Cu co-ordination shell was filled

with imidazole. 8a-Imidazolyl-(N-propylyl)-amino riboflavin appears one to

two orders less efficient as a photo-flash reductant than 5-deazariboflavin.

The reactivity of the H117G variant in the absence of external ligands

appears to be 2.5-fold lower than the WT reactivity (second-order rate con-

stants of 51 ± 2 · 107 M
)1Æs)1 versus 21 ± 1 · 107 M

)1Æs)1), whereas the

addition of imidazole restores reactivity to above the WT level (71 ±

4 · 107 M
)1Æs)1). The differences are discussed in terms of structural modifi-

cations and changes in reorganizational energy and electronic coupling.

Database

Structural data are available in the Protein Data Bank under the accession number 3N2J.
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in industrial processes and nanobiotechnology. A rele-

vant type of modification relates to changes in the

active site of an enzyme that are brought about by tak-

ing out the prosthetic group and filling the gap with a

group that slightly differs from the original. In this

way, the mechanistic properties of the enzyme may be

manipulated. Examples include the incorporation of

metals into an active site [1–3] or the replacement of

prosthetic haem [4–7] and flavin [8–10] groups by their

modified equivalents.

A particularly interesting case is provided by metal-

containing active sites in which the metal is held in

place by side chains of amino acids. By replacing one

of the ligating residues for a glycine or an alanine, a

gap is created in the ligand shell that may be filled by

an external ligand [11]. When the ligand is attached to

a linker, in principle, easy and direct access is obtained

to the catalytic heart of the protein. This approach has

been employed to create a photoexcitable myoglobin

in which a ruthenium group had been covalently

attached to the protein’s haem cofactor [12].

It is important to know how such a modification

may affect the activity of the protein. We aimed to

investigate this question by focusing on a blue copper

protein. It is possible to modify the active site of the

electron transfer (ET) protein azurin from Pseudomo-

nas aeruginosa so that it becomes accessible from the

outside. In the wild-type (WT) protein, a copper ion is

held in place by three strongly co-ordinating almost

co-planar ligands, Cys112 and His46 and His117, plus

a weaker distal ligand, Met121, together forming a

so-called type-1 copper site [13,14]. Exchanging the

surface-exposed His117 ligand for a nonco-ordinating

glycine (Cu-H117G azurin) creates a cavity by which

the copper becomes accessible to external ligands [15].

In the absence of such ligands, water molecules fill the

gap [16,17], giving rise to a geometry more typical of

a type-2 copper site [18]. Binding of imidazole to

Cu-H117G azurin (Im-Cu-H117G azurin) was found

to restore the spectroscopic features of the copper site

of the WT species [15].

Three of the above mentioned residues (i.e. Cys112,

His117 and Met121) are located on a single loop. It

has been shown by Sato et al. [19] that the 3D-struc-

ture of the loop is dictated by the length of the amino

acid stretches between Cys112 and His117 and between

His117 and Met121, and is independent of the nature

of the intervening amino acid residues, whereas the Cu

binding residues serve as anchoring points for the

loop. It is therefore of interest to determine the struc-

ture of the loop when the central anchoring point

(His117) has been abolished. Crystallographic data are

reported on crystals of the oxidized Cu-H117G species.

The structure shows an exceptionally exposed copper

site with only loosely associated water molecules

[16–18].

The mechanistic properties of a blue copper protein

depend among others on the midpoint potential (E0)

of the Cu site and the ability to form complexes with

redox partners. As Marshall et al. [20] have reported,

factors such as hydrophobicity of the Cu binding resi-

dues, the presence of electrostatic dipoles in the vicin-

ity of the Cu, and the H-bridge pattern involving the

Cys112 Sc atom have a decisive influence on the mid-

point potential of the Cu site. It is therefore not

unexpected that the replacement of His117 by a gly-

cine causes a pronounced change in the midpoint

potential: E0 increases to 670 mV [21]. This has been

ascribed to the freedom, resulting from the mutation,

for the Cu to adopt a 3- instead of a 4-co-ordinated

geometry [17,21]. As a 3-co-ordination strongly

favours the Cu(I) state over the Cu(II) state, this

explains the rise in midpoint potential. A similar type

of reasoning explains the unusually high midpoint

potential of the C112D ⁄M121E variant of azurin

from P. aeruginosa where structural constraints force

the Cu site to adopt a 3-co-ordinate structure at low

pH [22].

The other parameter relates to the ability of the pro-

tein to form complexes with redox partners. Because

ET occurs through His117, the formation of an ET-

competent association complex with a redox partner

depends to a large extent on the details of the surface

patch surrounding His117. The placement of His117 in

the middle of a loop offers an ideal structural motif to

tune the surface characteristics by varying the loop res-

idues, at the same time as maintaining the structure of

the loop by fixing the anchoring points and the lengths

of the loop fragments in between the anchoring points,

thereby preserving the capability of His117 to function

as the ET conduit to the Cu site [19,23]. In light of the

structural details reported, it is of interest to investi-

gate the activity of the H117G variant in the presence

and absence of different external analogues of the His

side chain.

In the present study, we have used flavin-mediated

laser flash photolysis to probe the reactivity of the

Cu-H117G and Im-Cu-H117G azurin variants and to

compare them with WT azurin [24]. As reductants,

two different flavins were used: 5-deazariboflavin

(5-dRf) and 8a-imidazolyl-N-propylyl-amino-riboflavin

(IPAR) (Fig. 1). The midpoint potential of the qui-

none ⁄ semiquinone couple of 5-dRf is )650 mV [25],

which makes 5-dRf )Æ a powerful electron donor.

IPAR, on the other hand, can be used not only as an

alternative electron donor, but also for insertion into
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H117G azurin. Because, in the latter case, the photo-

excitable moiety (i.e. the riboflavin) is covalently

attached to the imidazole that inserts into the Cu site,

in principle, it offers the possibility to study the pro-

cess of intramolecular electron transfer along an engi-

neered linker. The reactivities of WT, Im-Cu H117G

and Cu-H117G azurin towards reduction by 5-dRf )Æ
and IPAR are reported and compared, and the reasons

for the significant difference in reactivity between the

two reductants are discussed.

Results

IPAR synthesis and characterization

Synthesis

The synthetic route for IPAR is shown in Fig. 2. The

four hydroxyl groups on the ribityl side chain of

riboflavin (1) were first protected by acetylation giving

tetra-acetyl riboflavin (2). The 8a position of this mole-

cule was then brominated to give 8a-bromo-tetra-

acetyl-riboflavin (3). Subsequently, this compound was

substituted with 1-(3-aminopropyl)-imidazole (4)

before deacetylation to give the final product IPAR

(5). 1H-NMR and MS confirmed the identity of the

molecule.

e445 of IPAR

The electronic absorption spectrum of IPAR was

found to be very similar to that of its precursor ribo-

flavin (Fig. 3) with one significant difference, namely a

blue shift of approximately 20 nm of the near UV fla-

vin absorption band to 350 nm. The extinction coeffi-

cient of IPAR at 445 nm, determined as described in

the Materials and methods, amounted to 13.0 ± 0.3

mm
)1Æcm)1.

Fig. 2. Synthetic route for IPAR: (i) flavin peracetylation; (ii) 8a-monobromination; (iii) substitution of bromine with 1-(3-aminopropyl)-imidazole;

(iv) deacetylation of ribityl sidechain.

A

B

Fig. 1. (A) General structure of flavins where Y is the 8a position

and R = ribityl chain. (B) In 5-deazariboflavin: X = C and Y = CH3.

In IPAR: X = N and Y = 1-(3-aminopropyl)-imidazole.

Photoreduction of azurin variants S. Alagaratnam et al.
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Kd of IPAR-Cu-H117G

Figure 4 shows the increase in A628 upon the addition

of IPAR to Cu-H117G azurin at pH 6.0, from which

the apparent dissociation constant (Kd
app) for IPAR

binding to Cu-H117G azurin could be determined using

the fitting procedure described previously [17]. The

Kd
app thus obtained was 12 ± 1 lm, and correcting for

imidazolyl protonation (pKa = 7.0) gave Kd =

1.1 ± 0.1 lm.

Em of IPAR

Addition of aliquots of dithionite to the IPAR solution

led to the gradual loss of absorption at 445 nm, with

no other absorption changes in the range 400–800 nm.

Reoxidation of the solution by the addition of ferricya-

nide resulted in recovery of the 445 nm peak. These

changes, shown in Fig. 5, indicate that IPAR under-

goes two-electron reduction to its hydroquinone form,

as has previously been observed for other flavins free

in solution [26,27]. Fitting of changes in A445 (Fig. 5),

as described in the Materials and methods, showed

that the fit was rather insensitive to esq445, leading to a

large uncertainty in this value. As a result, only

approximate values for the midpoint potentials could

be determined, with Em (the two-electron redox poten-

tial of IPAR) = )71 ± 7 mV, and E1 and E2 within

40 mV on either side of this value.

Laser flash photolysis

Laser flash photolysis of a mixture of 5-dRf and

Im-Cu-H117G azurin in 20 mm Mes buffer at pH 6.0

gave rise to kinetic transients as shown in Fig. 6. At

520 nm, where the 5-dRf semiquinone radical absorbs

maximally, an initial rise in absorbance is followed by

a slower decay. This decay is concurrent with the decay

in absorbance observed at 630 nm, where the reduction

of copper in azurin is followed. Consequently, similar

kinetic rate constants were estimated at both wave-

lengths (not shown). This behaviour was observed for

5-dRf in combination with WT azurin, Im-Cu-H117G

and Cu-H117G, as well as for IPAR in combination

with WT azurin and Im-Cu-H117G. The rate of flavin

semiquinone decay, concurrent with copper reduction,

Fig. 3. UV-visible spectra of oxidized solutions of IPAR (solid line)

and riboflavin (dashed line), in water at 25 �C.

Fig. 4. The absorption at 628 nm (black squares) of a 45 lM aque-

ous solution of Cu-H117G azurin (in 20 mM Mes, pH 6.0, 25 �C) as

a function of IPAR concentration, was fitted (solid line) as described

previously [17], yielding a Kd
app of 12 ± 1 lM. Inset: visible spectra

of Cu-H117G azurin with increasing concentrations of IPAR (0, 18,

37, 59, 95, 124, 176 and 220 lM). The arrow indicates the direction

of the changes observed with increasing concentrations of IPAR.

Fig. 5. Potentiometric titration of 30 lM of IPAR in 20 mM Mes (pH

6.0), 25 �C, fitting the absorbance changes upon oxidation and

reduction at 445 nm as described in the Materials and methods.

Inset: absorbance spectra showing the changes in going from the

quinone to the hydroquinone and back to the quinone form of

IPAR, solid lines are curves from the reductive titration, and dotted

lines from the oxidative titration.
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increased linearly with the concentration of all species

of oxidized copper azurin tested. Plotting the observed

rates against oxidized protein concentration (Fig. 7)

allowed the determination of the second-order rate con-

stant, k2, as summarized in Table 1.

To obtain k2 for the combination of IPAR with

IPAR-Cu-H117G, increasing and equimolar amounts

of IPAR and Cu-H117G were subjected to laser flash

photolysis in 20 mm Mes (pH 6.0) using IPAR as the

sole electron donor. Again, rates of azurin reduction

varied linearly with protein concentration (Fig. 8).

With the concentrations of protein and IPAR used for

the experiment, the solution contains an approximately

equimolar mixture of Cu-H117G and IPAR-Cu-

H117G. Because the main absorption band of Cu-

H117G occurs at 420 nm [18,21], the change in A630

monitored in the experiment is almost exclusively a

result of the reduction of IPAR-Cu-H117G. Therefore,

no k2 value could be determined for the combination

IPAR ⁄Cu-H117G and only the second-order rate con-

stant for the combination IPAR ⁄ IPAR-Cu-H117G

corrected for the dissocition equilibrium is quoted in

Table 1.

Crystal structure of Cu-H117G azurin

The structure of the copper-bound form of H117G

azurin in the absence of other external ligands was

solved by X-ray crystallography to a resolution of

1.35 Å. A total of twelve Cu-co-ordinated H117G mol-

ecules were located in the asymmetric unit of the P21
unit cell. The entire core of the protein was fully main-

tained, as indicated by rmsd of the positions of all Ca

atoms from those of WT azurin [Protein Data Bank

(PDB) code: 4AZU] [14] in the range 0.21–0.38 Å.

The H117G mutation resulted in the loss of a

crucial attachment point to the protein core for the

Fig. 6. Transient absorbance changes showing the rapid formation

then further slow decay of 5-dRf semiquinone radical measured at

520 nm (top trace), and reduction of Cu(II) Im-Cu-H117G azurin

measured at 630 nm (bottom trace). The concentration of Im-

Cu-H117G azurin was 25 lM, in 20 mM Mes (pH 6.0) and 100 lM

5-dRf at room temperature. Grey lines correspond to the theoretical

fits according to monoexponential decays.

Fig. 7. Dependence of observed rates (kobs) for reduction of differ-

ent azurin species under pseudo first-order conditions by 5-dRf

(lower plot) and IPAR (upper plot) semiquinone radicals on concen-

tration of WT (open circles), Im-Cu-H117G azurin (solid squares)

and Cu-H117G (solid triangles) azurin. For experimental details, see

Materials and methods.

Table 1. Second-order rate constants, k2, for azurin reduction

obtained for different azurin species with 5-dRf and IPAR as

electron donors. ND, not determined.

Azurin species

k2 (· 107
M

)1Æs)1)

5-dRf IPAR

WT 51 ± 2 1.1 ± 0.1

Cu-H117G 21 ± 1 ND

Im-Cu-H117G 71 ± 4 4.3 ± 0.3

IPAR-Cu-H117G ND 3.4 ± 0.5
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metal-binding loop (Fig. 9). This loop subsequently

adopted a less rigid conformation in all monomers,

which was clearly different from that observed in WT

azurin, emphasizing that the effect of the mutation is

larger than merely opening up a free co-ordination site

on the copper ion.

To determine the identity of the metal ion in H117G

azurin, anomalous double difference maps were calcu-

lated from two data sets collected at energies immedi-

ately below and above the copper K-edge at 8979 eV

(k = 1.3808 Å). Difference peaks observed in such

maps allow for the unambiguous identification of an

element and, in the H117G structure, their presence

clearly indicated a copper ion not only in the

metal-binding site, but also at a second position,

co-ordinated to the Ne2 of His83 (data not shown). In

the latter position, the metal ion was involved in

various intermolecular contacts within the crystal

lattice, making it a putative factor for crystal forma-

tion. A similar role for Zn ions has been reported by

Crowley et al. [28] for the case of plastocyanin.

Because of the the absence of His117 as a ligand,

the copper site in the mutant is much more solvent

exposed than in WT azurin. In all monomers, water

has been modelled as a ligand to the copper, albeit in

slightly varying positions that reflect the high degree of

conformational flexibility in and around the metal-

binding loop. Nevertheless, the geometry of the copper

ligation by the remaining His46, Cys112 and Met121 is

consistent in all monomers. It differs markedly from

the canonical type-I copper geometry observed in WT

azurin that is commonly described as trigonal bipyra-

midal, with the copper ion located almost in the plane

of His46, Cys112 and His117, with Met121 and the

backbone carbonyl of Gly45 serving as axial ligands.

In the H117G mutant, by contrast, the copper has

moved into the plane of the remaining ligands, His46,

Cys112 and Met121 (Fig. 10), with significantly altered

bond distances (Table 2). In general, both the Cu–

ScCys112 and Cu–Nd1His46 distances are decreased by

approximately 0.1 Å, whereas the Cu–SdMet121 dis-

tance is even decreased by approximately 0.5 Å. At the

same time, the interaction with the backbone carbonyl

of Gly45 is weakened and its bond distance increased

by 0.4 Å.

Discussion

Optical spectra

The new flavin derivative IPAR was found to have

characteristics comparable to other similarly substituted

riboflavins. The shift of the near UV absorption band of

IPAR as a result of the presence of the 1-(3-amino-

propyl)-imidazole group, is similar in character and

magnitude to shifts that have been observed upon

substitution at the 8a-position of riboflavin and FMN

with histidine [29] as well as imidazole groups [30,31].

The e445 for IPAR is a little higher than for the parent

compound, although not significantly different from

other flavins, both substituted and nonsubstituted [30].

Fig. 8. Rate of reduction (kobs) of IPAR-Cu-H117G by IPAR semiqui-

none radicals as a function of protein concentration. Total IPAR

concentration was kept equal to the total protein concentration.

Fig. 9. Superposition of the twelve monomers of azurin Cu-H117G

observed in the asymmetric unit of the P21 cell. The conformation

of the ligand loop in the WT protein is shown in black, the loops of

the mutant monomers are coloured by atom type.
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IPAR binding to H117G azurin

Kd. After the increase of the blue absorption band at

628 nm with addition of IPAR to Cu-H117G azurin

appeared to comprise a suitable method for estimation

of the Kd
app for IPAR binding to Cu-H117G azurin

(Kd
app = 12 lm at pH 6.0, Kd = 1.1 ± 0.1 lm). The

concurrent decrease of the absorption band at 420 nm

could not be observed because the intense IPAR

absorption peaks obscure the azurin spectrum in this

region. Crucially, restoration of Cu-H117G to the

spectroscopic features of the WT protein strongly indi-

cates the structural restoration of the mutated site by

the addition of the IPAR ligand. The dissociation con-

stant of 1.1 lm for the binding of IPAR to Cu-H117G

is slightly lower than that for the binding of imidazole,

2.4 lm [17]. This indicates that neither the linker, nor

the flavin parts of IPAR adversely affect the binding

of the imidazole moiety to the mutated copper site.

Indeed, partial burying of the alkyl moiety of IPAR

within the protein may lead to an overall positive

entropic effect.

Redox characteristics of IPAR

Redox titration curves for flavins have long been

known to deviate from that predicted by the Nernst

equation for the transfer of two electrons as a result

of the presence of the semiquinone intermediate [32].

A modified equation taking this into account fits

Fig. 10. Superposition (in stereo) of the surrounding of the copper site in WT azurin (grey) and in the Cu-H117G mutant (green), emphasizing

the relative displacement of the Cu2+ ion and of the ligand-binding loop in the absence of the co-ordinating histidine.

Table 2. Bond distances (Å) at the copper site in Cu-H117G compared to the four monomers of WT azurin (PDB code: 4AZU).

Cu–NdHis46 Cu–ScCys112 Cu–NdHis117 Cu–SdMet221 Cu–OGly45

Azurin H117G

A 2.00 2.12 – 2.51 3.50

B 2.00 2.13 – 2.65 3.45

C 1.98 2.06 – 2.73 3.38

D 1.97 2.07 – 2.70 3.40

E 2.00 2.10 – 2.53 3.48

F 1.98 2.09 – 2.58 3.34

G 1.97 2.09 – 2.56 3.34

H 1.94 2.18 – 2.54 3.44

I 1.96 2.01 – 2.83 3.39

J 1.91 2.08 – 2.58 3.33

K 2.02 2.16 – 2.58 3.35

L 1.94 2.10 – 2.62 3.40

Mean 1.97 ± 0.03 2.10 ± 0.04 – 2.62 ± 0.10 3.40 ± 0.06

WT azurin (4AZU)

A 1.99 2.27 2.11 3.18 2.84

B 2.06 2.27 1.98 3.16 2.95

C 2.13 2.24 1.96 3.21 3.05

D 2.12 2.17 2.00 3.05 3.03

Mean 2.08 ± 0.07 2.24 ± 0.05 2.01 ± 0.07 3.15 ± 0.07 2.97 ± 0.10
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the redox potentiometric data much better [33]. At

)71 mV, the Em obtained for IPAR is 90 mV higher

than that of riboflavin ()161 mV) [27] but closer to

that of 8a-N-imidazole substituted riboflavin

()104.5 mV) [26] (all values at pH 6.0). Furthermore, it

is immediately obvious that the Em of IPAR ()71 mV)

is substantially higher than that of 5-dRf ()320 mV)

[25] by almost 250 mV, as might be expected because it

resembles its riboflavin precursor more than the deaza

analogue. Similarly, it may be assumed that the mid-

point potential of the ox ⁄ sq couple is substantially

more positive for IPAR than for 5-dRf.

Laser flash photolysis

5-dRf versus IPAR as reductant

The transient absorbance changes observed in Fig. 6

with 5-dRf as the reductant are consistent with the

rapid formation of flavin semiquinone radical, in line

with the idea that the MES buffer plays a role as a

sacrificial electron donor analogous to EDTA [34,35].

The second-order rate constants obtained for 5-

dRf ⁄MES (Table 1) are within the same order of mag-

nitude as those obtained using riboflavin ⁄EDTA to

reduce plastocyanin (1.5 · 109 m
)1Æs)1) [36], indicating

that oxidation of Mes by triplet flavin occurs effi-

ciently. IPAR also proved to be viable as an electron

donor, albeit with second-order rate constants that

were approximately one to two orders of magnitude

lower than with 5-dRf (Table 1). This may be related

to the more negative ox ⁄ sq midpoint potential of

5-dRf compared to IPAR, leading to a larger driving

force for the ET reaction. A semi-empirical equation

for the exponential decay of the electron tunnelling

rate ket for non-adiabatic electron transfer [37],

log ket¼ 15� 0:6R� 3:1ðDGþ kÞ2=k

where R is the edge-to-edge distance between the redox

centres in Å, k is the reorganization energy in electron

volts, and DG is the driving force for the reaction in

electron volts, predicts higher rates of electron transfer

with larger |DG|, provided that |DG| < k. A difference

of 0.5 eV between IPAR and 5-dRf could easily lead

to an order of magnitude difference in rate constants.

Laser flash photolysis: Im-Cu-H117G, Cu-H117G and

Im-Cu-H117G as electron acceptors

With both electron donors, Im-Cu-H117G azurin is

reduced with higher second-order rate constants than

WT azurin (71 ± 4 · 107 m
)1Æs)1 versus 51 ± 2 ·

107 m
)1Æs)1 and 4.3 ± 0.3 · 107 m

)1Æs)1 versus 1.8 ±

0.3 · 107 m
)1Æs)1 for 5-dRf and IPAR, respectively).

Two points are worthy of note. First, the present find-

ing is contrary to what has been observed previously

for the reduction of these two azurin species by the

enzyme 4-ethylphenol methylene hydroxylase (4-

EPMH), where Im-Cu-H117G was reduced at a rate

of one order of magnitude lower than WT azurin [38].

The contrasting behaviour of 5-dRf and IPAR com-

pared to 4-EPMH may reflect differences between the

large 4-EPMH enzyme and the much smaller 5-dRf

and IPAR molecules in the efficiency of productive

complex formation. Second, the higher reactivity of

Im-Cu-H117G over the WT protein should be consid-

ered in relation to the dynamics that accompany the

reduction of the Cu site in Im-Cu-H117G azurin. It

has been reported [15,17,21] that reduction of the Cu

site is accompanied by dissociation of the imidazole.

This constitutes a significant change in the co-ordina-

tion geometry of the copper (from 4- to 3-co-ordi-

nated), which is expected to lead to a substantial

increase in the reorganization energy, k. Moreover, as

noted in the Introduction, the change in geometry also

gives rise to a large increase in E0 to 670 mV. The

effect of the changes in k and E0 on the rate of ET

depends on the extent to which the changes in these

two parameters compensate. Obtaining an estimate of

the change in k requires extensive quantum mechanical

analyses, which is beyond the scope of the present

study. The conclusion that can be drawn from the

experiments at this stage is that the effects on k and

E0 to a large extent apparently compensate, in view of

the relatively modest difference in ET rates between

the two protein variants.

Cu-H117G exhibits a lower k2 than WT azurin with

5-dRf as the reductant. The difference in midpoint

potential cannot be invoked as a possible cause for the

difference in rates. In the absence of external ligands,

the Cu-H117G midpoint potential amounts to 670 mV

[21]. The driving force for the ET reaction from 5-dRf

to Cu-H117G should be much larger than for WT azu-

rin, therefore. Two other factors may play a role. In

WT and Im-Cu-H117G azurin, the pathway for ET

runs through an imidazole moiety that is directly co-

ordinated to the Cu [21,39,40]. For Cu-H117G, on the

other hand, it runs through one or more loosely orga-

nized water molecules [16,17]. The donor–acceptor

electronic coupling in the latter case may be expected

to be much lower than in the other two proteins. Sec-

ond, the network of water molecules that fill the gap

in the Cu co-ordination shell of the H117G protein

will need to adopt a particular configuration to allow

efficient ET. This contributes to the free energy of acti-

vation and thereby to the reorganization energy. This

S. Alagaratnam et al. Photoreduction of azurin variants
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requirement is absent in the case where the gap is filled

with an imidazole moiety and where the protein frame-

work holds the imidazole in the proper configuration

to facilitate ET. Again, in view of the moderate

decrease in activity of the Cu-H117G azurin variant in

comparison with WT azurin, the changes in k, E0 and

donor–acceptor coupling must have compensatory

effects on the rate of ET.

IPAR-Cu-H117G exhibits a higher k2 than WT azu-

rin with IPAR as the reductant, similar to Im-Cu-

H117G. It is conceivable that the flavin moiety of the

IPAR that is bound to the H117G represents the place

where the electron enters during the ET reaction and

that the IPAR functions as an ‘antenna’ to accept the

electron from the IPARÆ�� radical. Apparently, it is

the imidazole moiety that has a decisive influence on

the rate. When present as a ligand (Im-Cu-H117G,

IPAR-Cu-H177G) the rate is 2.5- to four-fold higher

than its absence (Cu-H117G).

It is of interest to contrast the present findings with

what has been found for cytochrome c550. Making an

active site more accessible does not always need to have

the same effect on the protein’s activity. Cytochrome

c550 is an ET protein, similar to azurin, although it also

exhibits a small peroxidase activity. Opening up the

cavity around the haem group results in a markedly

enhanced peroxidase activity [41]. Thus, we see here

that increasing the accessibility of a catalytic site

enhances catalytic activity, whereas opening up the

active site in an electron transfer protein diminishes it.

One of the reasons to synthesize IPAR and use it in

laser flash photolysis experiments with H117G azurin

was that it might fulfill a dual role: the imidazole moi-

ety could insert into the gap created by the H117G

mutation in the Cu co-ordination shell and thereby

restore the ET properties of the WT azurin, whereas

the riboflavin moiety could act as a strong reductant

either by direct photoinduced electron transfer or as

an electron donor after extraction of an electron from

the Mes buffer. This would allow the study of the elec-

tron transfer along the linker connecting the flavin

with the Cu site. In both cases, a fast transient is

expected in the early stages of the optical response

after flash photolysis. Within the time resolution of the

experimental set-up (50 ls), no evidence for such a

transient could be found. If intramolecular electron

transfer has occurred, indeed, its rate must be faster

than ket
intra � 2 · 104 s)1.

Crystal structure of Cu-H117G azurin

The structure reported in the present study is the first

oxidized structure of copper-containing H117G azurin.

Other attempts to crystallize this mutant have resulted

in the crystal structures of a modified form of apo-

H117G, largely rearranged as a result of oxidation of

the copper ligand Cys112 [42], as well as of a zinc-

replaced homodimer [43]. Other, more indirect, evi-

dence for the atomic structure of the copper site was

also available and is discussed with reference to the

structure reported in the present study.

It is not unexpected that the overall structure of the

molecule is largely the same as of WT azurin, given

that His117 is positioned on the loop out of the main

b-sandwich body of the protein. The loop Cys112-

Met121 is reasonably flexible in the absence of the

His117 ‘anchor’, yet retains a comparable structure as

deduced from relatively low RMS differences upon

superposition. There has been much discussion on the

nature and geometry of the H117G site, focusing on

the remaining ligands and the possibility of co-ordi-

nated water molecules [16,17,21]. Although, in this

structure, the three remaining ligands His46, Cys112

and Met121 remain bound to the copper, the site

appears to possess a less rigid structure, showing more

variability in ligand bond lengths than the WT species,

especially in the Cu-S(Met) distances (width of bond

length distribution: 0.31 versus 0.12 Å) and Cu-S(Cys)

distances (width of bond length distribution: 0.15

versus 0.08 Å) (Table 2). This may support the mix of

type 1 tetrahedral and type 2 tetragonal geometries

inferred from a Resonance Raman study on the water-

bound Cu-H117G species [18].

This variability also extends to the water occupancy

of the site, where between zero and two molecules of

water were found in the channel created by the H117G

mutation within 4.5 Å of the copper. This, together

with the high B factors of these water molecules, may

naturally be explained by the short residency times of

the waters, diffusing in and out of the cavity, which

can maximally accommodate two water molecules (as

in monomer B). An NMR dispersion study that opti-

mally fitted two water molecules within 3 Å of the

copper [16] was performed at low temperature (5 �C),
which may lock the molecule and the waters into a

particular conformation; similarly an extended X-ray

absorption fine structure study (performed at 20 K)

indicated an S(N ⁄O)3 ligand set as being most likely

for this species [17].

With respect to the electron-transfer characteristics

of the H117G mutant, given its structure, the elec-

tronic interaction between the (flavin) electron donor

and the (azurin) acceptor is crucial in determining ket,

where the histidine side chain, missing in Cu-H117G

azurin, may play a vital role in ensuring good coupling

between the partners. The fact that Im-Cu-H117G

Photoreduction of azurin variants S. Alagaratnam et al.
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azurin is more readily reduced than WT azurin may

point to additional flexibility and ⁄or mobility in the

free imidazole group and mutated loop, which may

improve the coupling. In the absence of any imidazole-

like ligand, as for the Cu-H117G species, ket is

expected to be orders of magnitude lower when the

cavity would be a vacuum. However, the structure of

this species shows up to two loosely bound waters in

the co-ordination sphere of the copper site. They

clearly may act as conductors for electron transfer

bridging the approximately 7 Å gap between the cop-

per and the surface of the protein, as seen in Fig. 10.

It leads to observed rates which are lower, although

still within the same order of magnitude, than those

for WT and Im-Cu-H117G azurin. It is likely that the

changed ligand arrangement of the Cu-H117G species

also affects the reorganization energy for the reaction,

which may contribute to its lower reduction rate when

compared to WT and Im-Cu-H117G azurin.

Conclusions

The use of laser flash photolysis and two different flav-

ins (5-dRf and IPAR) as reductants allowed us to probe

the reactivity of WT azurin, and the Cu-H117G and

Im-Cu-H117G azurin variants. IPAR appeared between

ten- and 100-fold less efficient as an electron donor

compared to 5-dRf, which was ascribed to the higher

midpoint potential of the IPAR ox ⁄ semiquinone couple

compared to 5-dRf. The imidazole-reconstituted form

of H117G azurin behaved similar to WT azurin with

respect to reduction by flavins, whereas the Cu-H117G

azurin that has a more exposed copper site was less

reactive than the two other forms. It is likely that the

histidine side chain plays a vital role in ensuring good

electronic coupling to the copper site, as well as in mini-

mizing the reorganizational energy associated with the

reduction of copper in azurin. A less rigid and more

variable copper site is demonstrated by the crystal

structure of the Cu-H117G species, with variation both

in Cu-ligand bond length and water occupancy of the

cavity brought about by the mutation. Despite the

increased accessibility to the copper, the more hetero-

geneous copper site may exhibit decreased electronic

coupling, leading to lower electron transfer rates.

Materials and methods

General procedures

Optical absorption spectra were measured with a Perkin-

Elmer Lambda 800 UV-visible spectrometer (Perkin Elmer,

Waltham, MA, USA). 1H-NMR spectra were recorded on

Bruker AC200 (200 MHz) and DMX-600 (600 MHz)

spectrometers (Bruker, Ettlingen, Germany). Mass spectra

were measured on a Finnigan MAT TSQ-70 spectrometer

(Scientific Instrument Services, Ringoes, New Jersey, 08551-

1054, USA) with an electrospray interface.

Materials

All reagents for synthesis were obtained from commercial

sources and used as received. 5-dRf was a kind gift from

Dr Carlo van Mierlo at Wageningen University (the Neth-

erlands). WT and H117G azurin from P. aeruginosa were

expressed heterologously in Escherichia coli strain JM109,

and purified according to previously described protocols

[15,44]. H117G azurin was isolated in its apo form, and

reconstituted just before use with copper and, when appli-

cable, with imidazole, by a 30 min incubation on ice with

1.1 equivalents each of Cu(NO3)2 and imidazole. Extinction

coefficients used [17] were: apo-H117G azurin e280 =
9.1 mm

)1Æcm)1; Cu-H117G azurin e420 = 2.35 mm
)1Æcm)1,

e628 = 1.25 mm
)1Æcm)1; Im-Cu-H117G azurin e628 = 5.3

mm
)1Æcm)1. All experiments were performed in 20 mm Mes

buffer (pH 6.0).

IPAR synthesis

The synthesis of IPAR is schematically presented in Fig. 2,

and is based on the synthesis of 8a-N-imidazolyl-riboflavin

[26] but with significant modifications of steps (iii) and (iv).

Peracetylation of riboflavin

Riboflavin (5 g, 13.3 mmol) was dissolved in acetic acid

(150 mL) and acetic anhydride (150 mL) followed by the

addition of perchloric acid (4 mL, 70%). After the addition

of water (1 L), the flavin was extracted with dicholoro-

methane (3 · 50 mL). The organic phase was dried over

MgSO4, filtered and reduced to a volume of 30 mL by

rotary evaporation. The flavin was then precipitated by

adding cold dry diethyl ether (3 · 200 mL) and dried pro-

tected from light in a dessicator over P2O5. Yield 80%

(10.5 g), Mr = 544. 1H-NMR (200 MHz, CDCl3): d (ppm)

1.67 (2¢-OCOCH3); 2.08 (5¢-OCOCH3); 2.22 (3¢-OCOCH3);

2.28 (4¢-OCOCH3); 2.44 (8a-CH3); 2.57 (8a-CH3); 4.21,

4.23, 4.27, 4.29, 4.40, 4.42, 4.47, 4.48 (5¢-CH2); 4.93, 5.12

(1¢-CH2); 5.44 (3¢-CH2, 4¢-CH2); 5.66 (2¢-CH2); 7.56 (9-CH);

8.03 (6-CH); 8.57 (3-NH).

8a-monobromination of tetraacetyl riboflavin

Tetraacetyl riboflavin (7 g, 13 mmol) was dissolved in boil-

ing dioxane (70 mL) and dibenzoperoxide (60 mg) was

added. Bromine (2.9 g) diluted in dichloromethane (10 mL)

was then added dropwise to the mixture, followed by

S. Alagaratnam et al. Photoreduction of azurin variants
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30 min of refluxing. The mixture was concentrated to dry-

ness in vacuo. The oily residue was redissolved in dichlo-

romethane (70 mL), washed with 100 mm phosphate buffer

(pH 7.0) (2 · 50 mL) and once with Milli-Q water (Milli-

pore, Billerica, MA, USA) (50 mL). The organic layer was

dried over MgSO4, filtered and reduced to 30 mL by evapo-

ration. The flavin was precipitated by addition to dry cold

diethyl ether (2 · 200 mL) and dried protected from light

in a dessicator over P2O5. Yield 80% (10.3 g), Mr = 623.
1H-NMR (200 MHz in CDCl3): as tetratacetyl-riboflavin

but with the following differences: d (ppm) 2.44 (8a-CH3)

absent; 4.68 (8a-CH2); 7.82 (9-CH); 8.09 (6-CH); 8.84

(3-NH).

Substitution of 8a-bromo-tetraacetyl-riboflavin with

1-(3-aminopropyl)-imidazole

8a-bromo-tetraacetyl-riboflavin (2 g, 3.0 mmol) was dis-

solved in dimethyl formamide (4 mL) and cooled on ice.

Aminopropyl imidazole (0.4 g, 3.2 mmol) diluted in

dimethyl formamide (4 mL) was slowly added at 4 �C to

the flavin mixture over 45 min, followed by 1 h of incuba-

tion on ice when light protected. The flavin was precipitated

with cold dry diethyl ether (100 mL), and dried protected

from light in vacuo. The product was then purified by silica

gel column chromatography (eluent: dicholoromethane ⁄
methanol 90 : 10 to 85 : 15, v ⁄ v). The appropriate fractions

were pooled, concentrated, dried over MgSO4, filtered and

precipitated again with diethyl ether as above. Yield 10%

(0.23 g), Mr = 667. 1H-NMR (600 MHz): d (ppm) 1.802,

2.081, 2.145, 2.281 (2¢, 3¢, 4¢, 5¢-OCOCH3); 2.120 (8d-CH2);

2.469 (7a-CH3); 2.770, 2.781, 2.789, 2.800, 2.812, 2.822,

2.831, 2.842, 2.851 (8c-CH2); 3.908, 3.934, 3.990, 4.016 (8a-
CH2); 4.124, 4.135, 4.146 (8e-CH2); 4.237, 4.246, 4.258,

4.266, 4.426, 4.442, 4.463, 4.467 (5¢-CH2); 4.860 (1¢-CH2);

5.410 (3¢,4¢-CH); 5.545, 5.618, 5.675 (2¢-CH2); 6.952 (5-CH

imidazole); 7.070 (4-CH imidazole); 7.533 (2-CH imidazole);

7.808 (9-CH); 8.035 (6-CH). 1H -NMR and 13C-NMR spec-

tra were recorded in D2O using 2D-GS COSY, HMQC-GS
13C H COSY, 13C HMBC nodec (long-range CH COSY).

The resulting assignment is: 13C-NMR (600 MHz) d (ppm):

18.4 (7a-CH3); 20.3, 20.6, 20.8, 21.0 (2¢, 3¢, 4¢, 5¢-OC-

OCH3); 31.0 (8d-CH2); 44.7 (8e-CH2); 46.5 (8c-CH2); 51.4

(8a-CH2); 61.8 (5¢-CH2); 68.7 (3¢-CH2); 70.6 (4¢-CH2), (1¢,
2¢-CH2 are not detected); 113.0 (9-CH); 118.7 (5-CH imid-

azole); 130.9 (4-CH imidazole); 133.1 (6-CH); 138 (2-CH

imidazole); 134.5, 135.7, 136.0, 155.0, 170.2, 170.7 (carbons

and carbonyls from the riboflavin ring).

Deacetylation of the ribityl side chain

The product (30 mg) was dissolved in 0.9 mL of dry metha-

nol. Potassium butanolate (60 mm; 0.3 mL) was added

dropwise to the flavin in the dark. After stirring for

150 min, the reaction was stopped by adjusting the pH to

6.0 by the addition of 15% acetic acid. Milli-Q water was

added to give a final volume of 15 mL. This mixture was

purified by preparative reverse phase HPLC using a Biocad

control system (Applied Biosystems, Foster City, CA,

USA) with an Alltima RP18-5 l 10 · 250 mm column

(Alltech, Lokeren, Belgium) (eluent: 1% trifluoroacetate,

5–10% acetonitrile). Yield 30% (10 mg), Mr = 499.

Extinction coefficient of IPAR

The extinction coefficient of IPAR at 445 nm, e445, was

determined using a 1H-NMR spectrum of a stock of IPAR

in D2O containing 100 lm trimethylsilylpropionate. Peaks

corresponding to known protons in IPAR were integrated

and calibrated against the integrated area of the trimethylsi-

lylpropionate peak to obtain the IPAR concentration. Visi-

ble absorption spectra of several dilutions of the IPAR

sample were measured, and the e445 derived by correlating

A445 with the concentration of IPAR.

Affinity of IPAR for Cu-H117G azurin

A concentrated stock of H117G apoazurin was first recon-

stituted by incubation with 0.8 equivalents of Cu(NO3)2 at

4 �C for 1 h. This protein stock was diluted by addition to

an anaerobic cuvette containing 2 mL of deoxygenated

20 mm Mes (pH 6.0) to a final concentration of approxi-

mately 50 lm. Aliquots from a 10 mm stock of IPAR were

then added to the protein and allowed to equilibrate before

recording optical spectra in range 520–800 nm, where the

recovery of the blue colour of the imidazole-reconstituted

type-I site is observed. Because only IPAR with a

deprotonated imidazolyl moiety can bind Cu-H117G

azurin, the binding reaction Cu�H117Gþ IPAR  !
IPAR� Cu�H117G (dissociation constant Kd) is in com-

petition with the protonation ⁄ deprotonation equilibrium

IPARþHþ  ! IPAR�Hþ(dissociation constant Ka), anal-

ogous to binding of imidazole to Cu-H117G azurin [17].

Similarly, the increase in A628 upon the addition of IPAR is

dependent on Kd
app, the apparent dissociation constant, as

given by the equations:

ðL:AzÞ2�ðAztþ LtþKapp
d Þ � ðL:AzÞ þ Azt � Lt¼ 0 ð1Þ

A628¼ enl628Azþ eIPAR
628 L:Az ð2Þ

Azt¼ Az þ L:Az ð3Þ

Azt and Lt represent the total concentrations of Cu-

H117G azurin and IPAR in the solution, respectively; Az

and L.Az are the concentrations of free Cu-H117G and

IPAR-bound Cu-H117G azurin, respectively; A628 is the

absorption of the sample at 628 nm; and e628
nl and e628

IPAR are

the extinction coefficients at 628 nm for the Cu-H117G and

IPAR-Cu-H117G species respectively.
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The value Kd
app obtained by fitting the data to Eqns

(1–3) can then be used to obtain the true dissociation

constant, Kd, by taking into account the pKa of the IPAR

imidazolyl group (7.0 at 25 �C) [45] and by applying [21]:

Kapp
d ¼ Kd � ð1þ aÞ ð4Þ

log a¼ pKa� pH ð5Þ

Redox potentiometry of IPAR

Potentiometric titrations of IPAR were performed at 25 �C
in a 10 mL anaerobic cuvette [46]. Argon was bubbled

through a solution of 20 mm of Mes at pH 6.0 for 1 h,

before adding IPAR with a Hamilton syringe via a rubber

septum to give a final concentration of approximately

30 lm. The head space above the solution was flushed with

argon throughout the titration, and the solution was stirred

continuously. Sodium dithionite was used as a reductant,

and potassium ferricyanide as an oxidant. Enough oxidant

or reductant was added to the solution so as to change the

potential by between 20 and 40 mV each time, and the

solution was allowed to stabilize for 2 min before recording

the optical absorbance spectrum. Solution potentials were

measured by using a gold electrode connected to a Schott

CG 825 potentiometer (SI Analytics, Mainz, Germany),

with a saturated calomel electrode as the reference elec-

trode. All potentials reported here are with reference to the

NHE electrode. E1 and E2 (vide infra) could be determined

by fitting the absorbance changes to the Nernst equations

for the two redox couples sq ⁄ hq and ox ⁄ sq simultaneously

(ox, sq and hq refer to the oxidized, semi-reduced and fully

reduced forms of the flavin, respectively) as:

For the two redox couples sqþ e�  ! hq and

oxþ e�  ! sq

with
a1¼ ½hq�=½sq�
a2¼ ½sq�=½ox�

and
½ox� þ ½sq� þ ½hq� ¼ ½total IPAR�

the solution potential E is dependent on the redox poten-

tials for the two couples:

E ¼ E1�ðRT=FÞlna1 ð6Þ
E ¼ E2�ðRT=FÞlna2 ð7Þ

The absorption at 445 nm, A445, changes with solution

potential E according to:

A445ðEÞ ¼ ½oxðEÞ� � eox445þ ½sq�ðEÞ � e
sq
445þ ½hq�ðEÞ � e

hq
445 ð8Þ

where eox445, esq445 and ehq445 represent the extinction coefficients

of the ox, sq and hq forms of IPAR at 445 nm respectively.

Both eox445 (vide supra) and ehq445 (which could be estimated

from the end point of the titration) were fixed, leaving only

esq445 to be varied in the fitting procedure.

Laser flash photolysis

Details of the laser flash photolysis apparatus, data collec-

tion and analysis were as described previously [47,48].

Briefly, sample photoexcitation was achieved by irradiating

the sample with a 337 nm laser-flash (PTI PL-2300 model

nitrogen laser, PTI International, Birmingham, New Jersey

08011, USA, flash duration, 0.6 ns). Flash-induced absor-

bance changes were followed by illuminating the sample

with a perpendicular monochromatic light beam at the

desired wavelength, with the signal being detected by a

photomultiplier, amplified and recorded in a digital oscillo-

scope. Sample buffer (1 mL) containing 100 lm of either 5-

dRf or IPAR in 20 mm Mes (pH 6.0) was sealed into a

3 mL cuvette with a tapered neck using rubber septa, and

made anaerobic by vigorous bubbling with argon for 2 h.

Aliquots of concentrated solutions of azurin were then

added by means of a gas tight Hamilton syringe (Hamilton,

Bonaduz, Switzerland), and the sample was kept anaerobic

by flushing the head space with argon. All experiments were

performed under pseudo-first-order conditions, where the

concentration of protein electron acceptor (> 10 lm)

exceeded that of the electron donor, either 5-dRfHÆ or

IPAR, produced per flash (< 1 lm) [34] and the kinetic

traces were well fitted to single monoexponential decays.

Crystallization and X-ray data collection

Large single crystals of azurin H117G were obtained by

sitting drop vapor diffusion at 293 K, using protein at a

concentration of 17 mgÆmL)1. Protein solution (1 lL) was

mixed with 1 lL of a precipitant solution containing 31%

(w ⁄ v) of poly(ethylene glycol) 2000 monomethyl ether and

0.1 m Tris ⁄HCl buffer at pH 8.7. This was suspended above

a reservoir of 500 lL of the same precipitant solution in a

sealed well of a crystallization plate. For data collection, a

crystal was transferred into a harvesting buffer containing

34% (w ⁄ v) of poly(ethylene glycol) 2000 MME and 0.1 m

Tris ⁄HCl at pH 8.7, mounted in a nylon loop and flash-

cooled in liquid nitrogen. Diffraction data were collected

on beam line BW7A at EMBL ⁄DESY (Hamburg, Ger-

many) and integrated and scaled using the hkl suite [49]

and inspected with xprep (Bruker, Billerica, USA). Azurin

H117G crystallized with unit cell constants of a = 47.59 Å,

b = 85.88 Å and c = 170.25 Å and angles of a = 90.0�,
b = 90.0� and c = 90.0�, indicating an orthorhombic crys-

tal system. The data scaled well in space group P 212121
with six monomers per asymmetric unit but, during refine-

ment, it became obvious that the correct choice of space

group was indeed P 21 with the monoclinic b angle coincid-

ing to 90.0�, the monoclinic axis b¢ being the former c axis
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and 12 monomers per asymmetric unit. Further reduction

of the crystal symmetry to triclinic P1 was attempted but

did not improve refinement.

With this particular unit cell geometry and the additional

relation of b = 2c in the monoclinic cell, several types of

twinning disorder were technically possible (Fig. S1B) and

the diffraction images and reflection files were analyzed for

twinning by pseudo-merohedry [50,51], reticular merohedry

[52] and order–disorder twinning [53], although none of

these cases applied.

However, refinement of the structure was complicated by

the presence of translational pseudosymmetry in the asym-

metric unit that gave rise to a pseudo origin peak in the

native Patterson map with a height corresponding to 77%

of the origin peak at (0, 0, 1 ⁄ 3) (Fig. S1D). Consequently,

in the reciprocal lattice, a major part of the intensities of

reflections along the reciprocal l axis showed a distinct pat-

tern, with only every third reflection being of high intensity

(Fig. S1C). This effect can severely complicate structure

solution and it is typically described to lead to situations

where refinement stalls at high Rcryst ⁄Rfree values, as has

been recognized early by Phillips et al. [54]. In his discus-

sion of pseudo-translation, Buerger [55] suggested treating

such structures as the sum of a superstructure and its com-

plement substructures (i.e. the individual protein mono-

mers). To obtain correct reliability indices in refinement,

Gramlich [56] and Böhme [57] proposed separating the

reflections into the respective contributions of superstruc-

ture and substructure. The separate normalization of two

sets of structure factors was overcome in an algorithm pro-

posed subsequently [58], where the procedure was based

on the probabilistic theory of phase relationships [59].

Although the theoretical foundations are thus well estab-

lished, none of the currently available refinement software

contains the feature of renormalization of structure factors

based on pseudo-translation. Consequently, the presence of

translational pseudo-symmetry often hinders structure

solution and refinement, unless extensive workarounds

are applied [60]. This problem has been recognized by the

developers of the refinement suite buster ⁄ tnt and will be

addressed in forthcoming releases of the software, although

the option is not available at the time of writing this manu-

script (C. Vonrhein, personal communication).

For the unambiguous identification of copper atoms in

the structure, two additional data sets were collected.

Wavelengths were chosen directly below (1.3766 Å) and

above (1.3837 Å) the K-edge of copper and data were

collected to a limiting resolution of 1.8 Å from the same

crystal used for high-resolution data collection.

Model building and crystallographic refinement

The structure of azurin H117G was solved by molecular

replacement with the co-ordinates of WT azurin from

P. aeruginosa (PDB code: 4AZU) [14]) using the software

phaser [61]. Six copies of azurin were placed in the asym-

metric unit with data processed in space group P212121,

and refinement was carried out using refmac [62]. The

software coot [63] was used for several rounds of model

building, yielding a final crystallographic R-factor of 0.226

and an Rfree of 0.273 using data to a resolution of 1.35 Å.

Both values were very high, such that refinement in a lower

symmetry space group, monoclinic P21, was carried out

after re-indexing the data and extending the content of the

asymmetric unit to 12 monomers. The loop region sur-

rounding the mutated residue G117 was not fully defined in

all monomers, most likely as a result of differences in the

crystal packing environment (Fig. S2A). However, in the

initial electron densities in space group P212121, all loops

regions were defined. Because the higher symmetry techni-

cally corresponds to a partial averaging of electron density

of the lower symmetry space group, we inspected the elec-

tron density maps for the P21 refinement after 12-fold non-

crystallographic averaging. In this map, the loop region

was fully defined and we consequently chose to model all

loops after the mean density and subsequently used strong

noncrystallographic symmetry restraints during refinement.

Further refinement was carried out with buster ⁄ tnt [64]

using translation ⁄ libration ⁄ screw refinement and noncrys-

tallographic symmetry restraints with an anisotropic Uij

temperature factor model to yield final Rcryst ⁄Rfree-values of

Table 3. Data collection and refinement statistics for azurin

H117G.

Data collection

Space group P21

Resolution range (Å) 100–1.35 (1.45–1.35)a

Number of observations 150,789 (26,249)

Completeness (%) 91.9 (88.8)

Multiplicity 2.79 (2.26)

I ⁄ r(I ) 7.6 (2.6)

Rint 0.084 (0.377)

Rp.i.m. 0.046 (0.250)

Rcryst (REFMAC)b 0.181 (0.234)

Rfree (REFMAC)b 0.238 (0.318)

Rcryst (BUSTER ⁄ TNT)c 0.172 (0.134)

Rfree (BUSTER ⁄ TNT)c 0.202 (0.154)

rmsd (BUSTER ⁄ TNT)

Bond lengths (Å) 0.010

Bond angles (�) 1.34

Cruickshank’s DPI 0.060

Mean B value (Å2) 24.1

a Values in parentheses represent the highest resolution shell.

Rp.i.m. was calculated as described previously [66]; the diffraction

precision index (DPI) was also calculated as described previously

[67]. b Refinement with REFMAC [62] was carried out with an isotro-

pic B-factor model because isotropic refinement of Uij yielded only

a slight drop in Rcryst without a concomitant drop in Rfree. c Refine-

ment with BUSTER ⁄ TNT yielded significantly improved statistics using

an anisotropic B-factor model.
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0.172 ⁄ 0.202. The translational pseudosymmetry in the crys-

tals of azurin H117G thus did not impair structure solution

in this case and the resulting electron density maps were of

outstanding quality, although it did reflect in the R-factor

statistics from buster ⁄ tnt that show an unusual behavior

in that the R-values are significantly worse in the lowest

resolution shells than in the higher resolution shells

(Fig. S1A). Indeed, using a low-resolution cut-off of 8 Å

for refinement led to Rcryst ⁄Rfree-values of 0.138 ⁄ 0.155. This
can be explained by the pseudosymmetry operation that is

not purely translational, such that its effects [65] unfold

only at lower resolution (Fig. S3). The problem in refine-

ment hereby lies with the definition of the R-factor itself

that assumes an approximately equal distribution of atoms

within the unit cell. This assumption breaks down in the

presence of a dominant translation vector. No remedy for

this effect exists but, in particular in this case, the electron

density maps were of very high quality and allowed for

building of a complete model. Co-ordinates have been

deposited in the PDB (PDB code: 3N2J). Data collection

and refinement statistics are presented in Table 3.
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