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Abstract

The Pseudomonas aeruginosa azurin  mutant
Asn47Asp has been isolated, its spectroscopic and
kinetic properties characterized, and the X-ray crys-
tal structure of its zinc derivative determined. While
the optical and electron paramagnetic resonance
spectra as well as the electron-transfer activity of the
mutant are very similar to the wild-type values, the
Asn47Asp reduction potential is slightly increased by
20 mV. The mutant crystallized in the orthorhombic
space group P2,2,2, with cell dimensions a = 57.8, &
=8l1.5and ¢ = 112.6 A. There are four molecules in
the asymmetric unit, packed as a tetramer which
consists of two independent dimers. The zinc site of
this mutant structure is similar to the wild-type zinc
azurin and, in particular, the metal-binding site is
almost identical to the site found in the wild-type
zinc-azurin structure [Nar, Huber, Messerschmidt,
Filippou, Barth, Jaquinod, Kamp & Canters (1992).
Eur. J. Biochem. 205, 1123-1129]. The Asp47 side
chain at that mutation site takes on a very similar
orientation to Asn47 in the wild-type structure pre-
serving the two hydrogen bonds with the neighbour-
ing Thr113 NH and O”H. Therefore, the increased
reduction potential of the mutant is probably a result
of an altered charge distribution close to the metal
site.

Introduction

Azurin is a bacterial electron-transfer protein con-
taining a single blue or type I Cu'" ion (Malkin &
Malmstréom, 1970; Fee, 1975). The group of blue
copper proteins to which azurin belongs has attrac-
ted a lot of attention recently because of some rather
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unusual spectroscopic properties and because of their
model character in biological electron transfer
(Adman, 1991; Solomon & Lowery, 1993). The type
I copper proteins show an intense absorption band
near 600 nm, a narrow hyperfine splitting in the EPR
(electron paramagnetic resonance) signal and a high
reduction potential of 200400 mV. Various other
spectroscopic methods, such as EPR, CD (circular
dichroism), EXAFS (extended X-ray absorption
fine-structure spectroscopy), resonance Raman spec-
troscopy and NMR have been used to study these
proteins (Ainscough et al., 1987; Blair et al., 1985;
Groeneveld & Canters, 1985).

In the different families of blue copper proteins
there is a high degree of homology and many amino-
acid residues are conserved, particularly near the
copper-binding site (Rydén, 1984). The copper
ligands, two histidine residues and one cysteine resi-
due (NNS) were unambiguously determined from the
crystal structure of Populus nigra italica plastocyanin
(Guss & Freeman, 1983). This copper-site geometry
was confirmed from the crystal structure of azurin
from Pseudomonas aeruginosa (Adman & Jensen,
1981) and Alcaligenes denitrificans (Norris, Anderson
& Baker, 1986; Baker, 1988). The three ligands are
conserved in all blue copper proteins. A fourth
ligand, a methionine, has also been indicated but it is
not at all certain to what extent this methionine is to
be regarded as a true ligand. Even if this amino-acid
residue is conserved in most of the blue copper
proteins, it is missing in at least two proteins: Rhus
vernicifera stellacyanin and Neurospora crassa lac-
case. In most of the type I copper structures now
known, the methionyl S-atom distance is very long,
in the range of 2.9-3.4 A, the only exception being
the distance of 2.76 A in pseudoazurin (Petratos,
Dauter & Wilson, 1988). In addition, there is an
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indication of a plausible fifth ligand, a carbonyl O
atom from Gly45, but once again this ligand is also
at a very long distance. Consequently, the azurin
copper site can be approximated to an irregular
trigonal bipyramid with two weakly interacting
groups in the axial positions (Nar, Messerschmidt,
Huber, van de Kamp & Canters, 1991aq,b).

The idea of the rack mechanism for proteins and
enzymes was introduced by Lumry & Eyring (1954).
According to this hypothesis, key functional groups
can be held in distorted positions by the overall
protein conformation, this in turn leading to anoma-
lous properties. This concept was further discussed
and developed by Eyring, Lumry & Spikes (1956)
and other experimental support for this concept was
soon obtained, particularly from investigations of
metalloenzymes (Lindskog & Malmstrom, 1962). It
was also found that a number of copper proteins,
active in electron-transfer reactions, could be charac-
terized by their unique spectroscopic parameters
(Malmstrom & Vinngard, 1960; Malmstrom, 1965).
A similar concept, the entatic nature of the metal
site, was later discussed by Vallee & Williams (1968).
Entatic, from the greek word ‘entasis’, literally means
a stretched state or a state under tension. Gray &
Malmstrom (1983) used the spectroscopic data
available at that time to estimate the rack- or entatic
state energy of a blue copper site, and in this case the
plastocyanin protein in particular was investigated.
They concluded their analysis with a statement that
the distorted site geometry of blue copper centres
(enforced by the protein) is not only responsible for
the high reduction potentials and facile electron-
transfer kinetics, but apparently also provides an
attractive way to tune potentials further.

In order to investigate the fundamentals of the
rack mechanism in more detail we have published
the results from cassette-mutagenesis experiments on
the methionine ligand in azurin from Pseudomonas
aeruginosa (Karlsson, Nordling, Pascher, Tsai, Sjolin
& Lundberg, 1991). The spectroscopic properties of
these mutant proteins vary considerably, and the
reduction potentials span a range of 250mV
(Pascher, Karlsson, Nordling, Malmstréom &
Vinngard, 1993). The crystal structure of the mutant
Met121Glu has, in addition, been determined
(Karlsson, Tsai, Nar, Langer & Sjolin, 1993) and the
spectroscopic properties and the reduction potentials
discussed in view of the structure of the copper site.
In particular, it was found in the latter investigation
that the exchange of the conserved methionine of the
type I copper site only induces a large change in the
geometry of the mutated side chain, and conse-
quently large changes in the spectroscopic properties
and reduction potential of the copper site, confirm-
ing the concept of the rack mechanism in the small
blue copper proteins.

ZINC-AZURIN MUTANT

Recently, Pseudomonas aeruginosa zinc azurin has
been isolated as a by product of heterologous expres-
sion of copper azurin in Escherichia coli (Nar et al.,
1992). It was inferred that, despite the high selectivity
of apo-azurin for Cu" over Zn", Zn" contamination
in recombinant azurin preparations could be as high
as 50%. The structure analysis of zinc azurin showed
that zinc binds in a distinctly different mode to
azurin, mainly because of the location of Zn'' at only
2.3 A from the carbonyl O atom of Gly45, which is
around 3 A from Cu" in copper azurin. The coordi-
nation sphere of Zn" in azurin is distorted tetra-
hedral and based on the strongly bound His46,
His117 and Cys112 ligands in addition to the O atom
of Gly45s.

The zinc-azurin mutant Asn47Asp represents a
group of mutants where the mutation site is thought
to affect the metal site indirectly via an elaborate
hydrogen-bond pattern and consequently the reduc-
tion potential will also be changed if the Asn47 side
chain is mutated. Asn47 was also of interest as a
mutation site since this amino-acid residue is
invariant and conserved in all blue copper proteins
sequenced so far (Chothia & Lesk, 1982; Rydén &
Lundgren, 1976; Ambler & Tobari, 1985; van
Beeumen, van Bun, Canters, Lommen & Chothia,
1991). The Asn47 side chain forms two strong hydro-
gen bonds with the neighbouring residue Thr113 NH
and O”H, thereby connecting two ligand-bearing
B-strands of the eight-stranded azurin B-barrel.
These hydrogen bonds are probably important for
the rigidity of the metal site and thereby any change
would ultimately lead to a difference in the entatic
state or rack energy. In this respect, the replacement
of copper in the metal site with zinc also contributes
to the understanding of the nature of the rack
mechanism.

A report has recently been published on the
Alcaligenes denitrificans azurin mutant Asn47Leu in
which both hydrogen bonds have been abolished
(Hoitink & Canters, 1992). The mutant retains most
of the characteristic spectroscopic features of wild-
type azurin, but has a lower thermal stability and a
sharply increased midpoint potential (4E = 110 mV).
In Asp47 azurin, the two hydrogen-bond acceptors
are still available leaving the possibility of an
isosteric structure. However, we decided to study the
effect of a negative charge introduced into the pro-
tein interior close to the metal-binding site by the
Asn47Asp mutation.

Here we describe the crystallization, crystallo-
graphic analysis and the refinement of the Pseudo-
monas aeruginosa zinc-azurin mutant Asn47Asp at
2.4 A resolution. The structure is compared with the
wild-type azurin structure and the differences are
viewed against the differences in some of the bio-
physical properties for the Asn47Asp mutant.
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Materials and methods
Site-directed mutagenesis and preparation of azurins

Escherichia coli K12 strain TG1 (Carter, 1986) was
used both for cloning and protein production. The
plasmids pUCI18/19 and M13mpl8/19 were pur-
chased from Boehringer-Mannheim. The plasmid
pUGH4 has been described earlier (Karlsson, Pascher,
Nordling, Arvidsson & Lundberg, 1989) as have the
DNA technique, the production and the purification
of the recombinant Pseudomonas aeruginosa azurin
and mutants (Pascher, Bergstrom, Malmstrom,
Vinngard & Lundberg, 1989).

Optical and EPR spectra and reduction potential

Optical spectra were recorded with a Shimadzu
3000 spectrophotometer. EPR spectra were obtained
on a Bruker ER 20D-SRC spectrometer equipped
with an Oxford Instruments EPR-9 helium cryostat.
The optical spectra were recorded at a temperature
of 20 K. Integrations were performed as described by
Aasa & Vianngard (1975).

The reduction potentials were determined by
Karlsson, Pascher, Nordling, Arvidsson & Lundberg
(1989), but at 298 K and with the redox media-
tor tris(1,10-phenanthroline)cobalt(III) perchlorate.
Both azurin and the mediator had a concentration of
1 mM (Sailasuta, Anson & Gray, 1979). A detailed
presentation has been published by Pascher (1992).

Crystallization and data collection

Prism-like Asn47Asp crystals were formed from a
solution containing 3.6 M ammonium sulfate, 0.5 M
lithium nitrate and 0.1 M acetate buffer at pH 5.7
and at the temperature of 297-298 K in about 10 d.
The largest crystal of this form was about 0.4 x 0.2
x 0.1 mm. This crystallization procedure is similar
to the one used by Adman, Stenkamp, Sieker &
Jensen (1978).

The diffraction data were collected using a
Siemens electronic area detector. X-rays (Cu Ka
radiation) were generated with a Rigaku RU200 BH
rotating anode operated at 40 kV and 80 mA with a
0.3 x 0.3 mm focal spot. A graphite monochromator
together with a 0.5 mm collimator were also used.
During the data collection the area-detector chamber
was mounted 9 cm from the crystal and the data set
was collected at room temperature. The individual
frames were contiguous in that the beginning of each
small oscillation range (0.1°) coincided with the end
of the previous range. The determination of the
unit-cell parameters, crystal orientation and the inte-
gration of reflection intensities were performed with
the XENGEN program system (Howard, Gilliland,
Finzel, Poulos, Ohlendorf & Salemme, 1987). The
mutant Asn47Asp crystals belong to the ortho-
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rhombic system and the space group has been
determined as P2,2,2,. The cell parameters are a =
578, b=81.5and c=112.6 A, V= 531000 A>. The
final data set after internal scaling consisted of 17 198
reflections to 2.4 A resolution. The data set repre-
sents 83% of the expected number of reflections at
this resolution. In the entire data set 14916 reflec-
tions had intensities greater than o, 13633 reflec-
tions had intensities greater than 20, and 12549
reflections had intensities greater than 3o, the stand-
ard deviation o, being derived from statistical calcu-
lations in the XENGEN system. The merging R,
factor, R, =2,/I,— I'/>,I (I; is the intensity of an
individual measurement, / the mean value for that
reflection and the summations are over all measure-
ments), was 6.6% for all that data to 2.4 A resolu-
tion. The fraction of the number of observed
reflections with intensities /> o, as a function of
resolution, is given in Fig. 1. The Wilson (1949)
distribution is illustrated in Fig. 2 for the total of
17198 reflections. The fit to the theoretical straight
line is satisfactory for a protein data set with the
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Fig. 1. Fraction of the number of reflections with intensities
I> 30, as a function of resolution.
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Fig. 2. The Wilson plot for the area-detector data extending to
2.4 A resolution.
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Table 1. Data-collection parameters and statistics,
final model and refinement results for the Asnd7Asp
zinc derivative mutant

Unitcell constants (A) a 57.8
81.5
¢ 112.6
Space group P2,2,2,
No. of molecules in asymmetric unit 4
Crystal mosaicity (') 0.2t
Total No. of measurements 80786
Total No. of unique reflections 17198
Data completeness (%) 83
Reflection averaging (%) R,,* 6.6
No. of atoms used in refinement 4169
Protein atoms 3895
Solvent 274
Resolution range used in the 8.0-2.4
refinement (A)
No. of reflections in the 15541
resolution range
No. of parameters 16677
Root-mean-square deviation
bonds (A) 0.016
angles (") 29
R value (R = Z|F, = FI/5:F)) (%) 17.1

* R, = 2|l(k) — {I)/21(k), where I(k) and (/) are the intensity values of
individual measurements and of the corresponding mean values of indepen-
dent Friedel pairs and symmetry-related reflections.

expected deviations in the range 4.0-10.0 A. The
overall temperature factor obtained from the slope of
the least-squares line, 22.7 A2, is somewhat higher
than the B value obtained later in the refinement,
17.8 A2 on average. The unique reflections were also
analyzed using the program LOAD from the PRO-
TEIN system (Steigemann, 1974), and some of the
data-collection statistics are presented in Table 1.
There are four molecules in the asymmetric unit and
the calculated V,, value is 2.37 A® Da~' (Matthews,
1968).

Structure solution and refinement

The crystal structures of both the oxidized Pseudo-
monas aeruginosa wild-type azurin in addition to the
azurin mutants His35Leu and His35GIn have been
reported (Nar, Messerschmidt, Huber, van de Kamp
& Canters, 1991a,b) and the wild-type crystal form in
these investigations was found to be isomorphous
with the His35Leu crystal form. Since our crystal
form for the oxidized mutant Asnd47Asp is also
isomorphous with the wild-type azurin solved pre-
viously and the His35Leu mutant, the coordinates
from the His35Leu mutant, because of their greater
accuracy, were selected to be used as the starting set
for the subsequent refinement and modelling analysis
of the Asn47Asp azurin mutant. Before the crystallo-
graphic refinement was initiated the amino-acid resi-
due Leu35 was changed back to histidine and the
amino-acid residue Asn47 was consequently changed
to aspartic acid. In the first step of the refinement the
four molecules in the asymmetric unit, consisting of
3895 non-H atoms in 512 amino acids, were subjec-

ZINC-AZURIN MUTANT

ted to a rigid-body least-squares refinement using the
X-PLOR program (Briinger, 1990). The refinement
was performed on 8448 reflections in the resolution
range of 6.0-3.0 A. The crystallographic R value was
initially 0.415 but was lowered in 30 successive cycles
to 0.241. At this point the resolution range was
extended to become 8.0-2.4 A and the individual
atomic positions and temperature factors for the
non-H atoms in the model were released. After 80
cycles of Powell refinement of the atomic positions
followed by an additional 30 cycles of individual
temperature-factor refinement, the R value dropped
from 0.301 to 0.213. The model was kept close to
standard geometries throughout the refinement by
correct weighting.

A regular 2F, — F. Fourier map was subsequently
calculated and the density and the corresponding
model were visually inspected. Solvent molecules
were now introduced into the model and the water
molecules were placed in densities which gave
reasonable hydrogen bonds to the protein atoms or
to other solvent molecules. In total, 274 water mol-
ecules were added after a series of Fourier-map
calculations and modelling cycles using the program
FRODO (Jones, 1978). Side chains that motivated
minor modelling were also changed at this stage of
the investigation. The final model was then subjected
to an additional 80 cycles of Powell positional
refinement followed by 30 cycles of individual
temperature-factor refinement and the crystallo-
graphic R value was lowered to 0.171. The final
r.m.s. deviations from ideal bond lengths and angles
are 0.016 A and 2.9°, respectively.
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Fig. 3. Ramachandran (¢.¢) plot of Asn47Asp azurin mutant.
Dihedral angle regions for a-helices, B-sheets and left-handed
a-helices are indicated. Glycines are represented by rectangles.
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The quality of the refined structure is also
indicated in the Ramachandran plot, Fig. 3, in which
the values of the main-chain torsion angles ¢ and ¢
are plotted pairwise. The sterically allowed regions
for all amino acids except glycyl residues are
indicated by dashed lines (Ramakrishnan &
Ramachandran, 1965). Almost all residues of the
protein lie in the allowed regions.

An upper limit for the average coordinate error
can be assessed according to Luzzati (1952) by plot-
ting the R factor as a function of resolution (Fig. 4).
The data points follow satisfactorily the line drawn
for a mean coordinate error of 0.20 A. However, it is
known that the Luzzati plot overestimates the error
in the model because it assumes that the dis-
agreement between F, and F, is only as a result of the
coordinate error.*

Energy-dispersive X-ray fluorescence

The mutant Asnd47Asp crystals have been analyzed
for trace elements by energy-dispersive X-ray fluore-
scence, a sensitive non-destructive method (Stand-
zenieks, Rindby & Selin, 1978; Standzenieks & Selin,
1979). In this method, the primary Cu Ka radiation
from an X-ray tube impinges on a secondary target
of molybdenum, the characteristic radiation of which
then excites characteristic radiation from the
elements in the sample. The X-ray fluorescence spec-
tra of the azurin mutant Asn47Asp is presented in
Fig. 5.

* Atomic coordinates and structure factors have been deposited
with the Protein Data Bank, Brookhaven National Laboratory
(Reference: 1AZR, RIAZRSF). Free copies may be obtained
through The Technical Editor, International Union of Crystallog-
raphy, 5 Abbey Square, Chester CH1 2HU, England (Supplemen-
tary Publication No. SUP 37087). A list of deposited data is given
at the end of this issue.
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Fig. 4. Plot of R factor versus resolution after Luzzati (1952). All
reflections with F, > 30 were used.
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Results

The protein sample of Asnd47Asp azurin obtained
displayed an unusually weak colouration which
could not be increased by the addition of Cu" ions.
Considering the results from Pseudomonas aeru-
ginosa zinc azurin, we applied energy-dispersive
X-ray fluorescence for the analysis of the relative
content of Cu" and Zn" in the Asn47Asp sample.
The spectrum from the azurin crystal is shown in
Fig. 5 and it is clearly seen that the copper content in
this particular single crystal of the Asn47Asp zinc
mutant is about 3%. However, we considered this
impurity of copper to be sufficient to enable further
spectroscopic measurements to be performed and
also to measure the reduction potential for the
copper-containing Asn47Asp mutant. As indicated
by Nar et al. (1992), zinc azurin, generally called
‘azurin®’, will not show any reduction potential
because of the electronic properties of the Zn atom.
Further, the zinc azurin is spectroscopically silent in
the visible region of the absorption spectra. From the
copper impurity of the crystal, however, the spectro-
scopic properties for this mutant have been
determined and these properties are summarized in
Table 2. While spectroscopic and kinetic properties
are unchanged with respect to the wild-type azurin,
the redox potential in the mutant is slighly increased
by 20 mV.

The final model for the Asn47Asp zinc mutant
consists of 3895 protein atoms in four crystallo-
graphically independent molecules in the asymmetric
unit and, in addition, 274 water molecules and the
crystallographic R value became 0.171 for 15541
reflections in the resolution interval 8.0-2.4 A. The

2000 |
i Zn Ka

CuZn = 31%
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500" -
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Channel number
Fig. 5. Results from the analysis of the zinc/copper content in the

protein crystal used for the crystallographic data collection
using the energy-dispersive X-ray fluorescence technique.
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Table 2. Optical and EPR properties and reduction
potentials of wild-type azurin, Asnd7Asp mutant and
zinc azurin
gyand g, are field vectors and 4, is the hyperfine coupling in the parallel

direction. ¢ is the optical absorption coefTicient.

(a) Optical and EPR properties

EPR parameters Amax 3

8 4, g (om)  (M7'em™Y)
Wild type 2.259 50 2.059 627.0 5500
Asnd47Asp 2.253 53 2.053 623.5 5600
Zinc azurin — — - 628.0* —
(b) Reduction potentials

E° (mV)
Phosphate pH 7.0
Wild type 310
Asnd7Asp 333

* From Nar er al. (1992).

average isotropic temperature factor for the protein
atoms was calculated to be 15.7 A2 while the average
temperature factor for the solvent atoms became
35.8 A% (see Table 1). Further inspection of the
temperature factors reveals that most of the
Asn47Asp-mutant structure is well defined, especially
the B-strands, the loops around the metal site and all
internal side chains. The other regions consisting of
the N and C terminus and the loops between the
B-strands all have higher average temperature
factors.

Another measure of the quality of the model is to
determine the position of plausible errors in the
structure by calculating how well the structure fits
the electron-density map on a per-residue basis as
suggested by Wirenga, Kalk & Hol (1987) and Jones,
Zou, Cowan & Kjeldgaard (1991). The quality of the
structure solution as determined by this technique is
presented in Fig. 6. A comparison of the four mono-
mers in the asymmetric unit indicates that the devia-
tion of the main-chain atoms in Asn47Asp from the

0.30 ST T n T 1 T =T T ]
—A
B
—0cC
....... D !
- 0.256 .
P
Q
®
a
®
-3
0.20 i
|
|
(05 - J50 S S S T NN WU [NV S N S SR | J

0 10 20 30 40 50 60 70 80 90 100 110120130
Residue number

Fig. 6. Plot of main-chain residue real-space-fit residuals for the
Asn47Asp azurin mutant. 4, B, C and D curves represent the
four monomers in the asymmetric unit.
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Table 3. R.m.s. deviations calculated from a superpo-
sition of each of the four monomers A-D in the
Asnd41Asp azurin mutant

The four r.m.s. values per block indicate values for C* atoms, main-chain
atoms, side-chain atoms and all atoms.

A-B A-C A-D BC B-D C-D
C atoms 0.3562 0.4497 0.3496 0.3409 0.3787 0.3791
Main chain 0.4391 0.5145 0.3605 0.34%0 0.4595 0.4887
Side chain 1.1503 L1511 1.2002 0.9161 1.2297 1.2521
All atoms 0.8535 0.8758 0.8661 0.6795 0.9093 0.9315

Table 4. Metal-site geometry in the zinc-azurin
mutant Asnd1Asp compared to wild-type azurin and
zinc azurin

Zn-ligand bond length (A)

Wild-type Zinc
Asnd7Asp azurin derivative
mutant (pH 5.5) azurin

Zn—0(45) 2.36 297 232
Zn—N?®'(46) 2.09 211 207
Zn—S7(112) 227 2.25 2.30
Zn—N’'(117) 2.04 2.03 2.01
Zn—S%121) 34 3.15 3.38
Co(45—C=(121) 11.50 11.65 11.38
O(45y—C=(121) 9.19 9.42 9.09

main-chain atoms in the wild-type protein is very
small. The mean deviation from the main-chain atom
positions ranges between 0.348 and 0.514 A. When
the side chains are included into the optimized-fit
calculations, the r.m.s. deviation of atomic positions
rises to 0.852 A on average. A more complete
description of the r.m.s. differences is presented in
Table 3.

The metal coordination found in the Asn47Asp
mutant is very similar, if not indentical to the one
seen in the Pseudomonas aeruginosa wild-type zinc
azurin (Nar et al., 1992); a distorted tetrahedral
array of four strongly bound ligands, the carbonyl O
atom of Gly45, the N°® of His46 and Hisl17, and
finally the S” atom from Cysl112 (see Table 4 and
Fig. 7). Zinc binding to azurin, however, causes a
structural adjustment of the polypeptide atoms in its
immediate surroundings. More significant shifts are
observed for residues 44 and 45. In particular, 045
moves ca 0.3 A towards the Zn atom making the
metal cage in the apical direction compressed. These
differences between the Asn47Asp structure and the
wild-type structure are shown in Fig. 8. The pro-
nounced differences are statistically significant
viewed against the measured precision in the Luzzati
plot (Fig. 4).

The site-specific mutation was introduced at
residue 47, which was determined to be a conserved
asparagine residue (Rydén & Lundgren, 1976) in all
the azurins and their analogues and, as a compari-
son, Asn38 is invariant in all the different plasto-
cyanins. This residue is located directly in the
proximity of the Cysl12 ligand, at a distance of
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about 5.5A from the metal site in the wild-type
structure (Fig. 7). The side chain of Asn47 makes
three hydrogen bonds, one with the main-chain
group Thr113 NH(O%'—NH), one with the side
chain of Thr113(N°>—0"") and a third hydrogen
bond with one solvent water molecule, the latter two
hydrogen bonds being bifurcated. The Asp47 side
chain is tilted slightly with respect to Asn47 in the
wild-type protein (Fig. 8), while both hydrogen
bonds formed with the Thr113 moiety are preserved.
A difference to the wild type is apparent in the
solvent structure around the mutation site. While in
the wild-type structure a third hydrogen bond to a
water molecule is formed, we find, in addition,
another ordered water molecule in the 8 A-deep
cavity (at the bottom of which lies Asp47). This

’

s His117
Zn'

1227

547 ¢ Cys112
'y
13.44
N

"

His46

(b)

Fig. 7. (a), (b) Presentations of the mutation site Asp47 and the Zn
atom and its binding pattern to the three major ligands His46,
Cys112 and Hisl17.

Fig. 8. A presentation of the differences in the metal site between
wild-type azurin and mutated Asn47Asp zinc derivative. The
superposition is based on a least-squares fit of the main-chain
atoms.
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second water molecule forms one hydrogen bond to
the first water molecule. A more extensive hydrogen-
bond network is then formed as shown in Fig. 9.
This difference might be because of the extra
negative charge which makes a charge delocalization
via hydrogen bonds necessary. Other differences such
as the decreased distance of Asp47 O°' to Cys112 S”
(3.44 versus 3.52 A) are within the limits of positional
error and should, therefore, be considered insigni-
ficant.

Discussion

The metal coordination in zinc Asn47Asp azurin is
identical to that previously determined for wild-type
zinc azurin and is different compared to the copper
site of wild-type azurin and other azurin mutants.
The distance between the Zn atom and the carbonyl
O atom of Gly45 is reduced to 2.36 A (2.97 A for
Cu—O045) while the NNS coordination is retained.
This results in a distorted tetrahedral coordination
sphere around Zn'. According to the rack-induced
bonding concept as formulated by Gray & Malstrém
(1983), the bound metal ion in metalloproteins is
forced to adopt a coordination geometry determined
by the rigid-peptide conformation. However, this
structure and the previous zinc-azurin structure by
Nar et al. (1992) show that, although the tight cluster
of hydrogen bonds around the metal site in azurin
prevents major conformational changes some smaller
distortions of the backbone are seemingly allowed.

In general, the divalent zinc ion can be found in
small-molecule structures with a variety of coordina-
tion numbers from coordination number 2 in
Zn(CH,), to coordination number 8 in (Ph,As),-
Zn(NO;), (Drummond & Wood, 1970). Since there
is no ligand-field stabilization effect in the Zn>* ion
because of the completed d shell, its stereochemistry
is determined solely by consideration of size, electro-
static forces and covalent-bonding forces. In most
cases the divalent Zn atom tends to assume the
coordination number of 4.

Fig. 9. A stereo plot of the 8 A deep water-containing cavity in the
proximity of the side chain of amino-acid residue Asp47.
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Tetrahedral zinc coordination in proteins and
enzymes by Cys, His and oxygen-donor ligands is
relatively common (Vallee & Auld, 1990) but as was
found from the zinc-containing azurin structure by
Nar et al. (1992) the mixed NNSO coordination
sphere in this structure is novel. In fact, this coordi-
nation sphere is seemingly rare for organometallic
zinc structures in general. Consequently, in the
Cambridge Structural Database (1992), there are
only five crystallographic structures listed with a
similar coordination motif (Liles, McPartlin &
Tasker, 1977, 1987; Bourne & Taylor, 1980).

The mutation performed on the amino-acid resi-
due Asn47 to become an aspartic acid was initiated
because we were interested in finding out the impact
of the hydrogen-bonding pattern and charge distri-
bution in the vicinity of the metal site. Other
mutations have previously been performed on the
amino-acid residue Asn47 and, in the case of the
mutation Leu47, it has not been possible to make
copper bind in the metal site, a rather peculiar result
for which we have no explanation as yet. The
Asnd47Leu mutant of Alcaligenes denitrificans azurin
has, however, been isolated and characterized by
Hoitink & Canters (1992). In their case, the Cu atom
did bind to the protein and the protein consequently
turned blue. The altered hydrogen-bonding pattern
in this mutant did not affect the structure of the
molecule nor its metal site. The most striking result
was, however, the sharply increased reduction
potential. These findings have led us to construct a
double mutant (Asn47Leu, Metl21Leu) showing the
highest reduction potential so far measured on
Pseudomonas aeruginosa azurin mutants (Pascher,
Karlsson, Nordling, Malmstrom & Vidnngard, 1993).

While in the Asn47Leu case the hydrogen-bond
network was altered but charge effects were
excluded, we have largely preserved the hydrogen-
bonding scheme in the Asn47Asp azurin mutant
while introducing a negative charge at roughly 5.5 A
from the metal site. The slight increase in reduction
potential which we observe in Asn47Asp azurin is
contradictory, however, to what should be expected
in terms of a simple electrostatic model in which the
effect of an additional negative charge close to the
copper should stabilize the oxidized form of the
protein and lower the midpoint potential. In order to
determine statistically the most important physico-
chemical factors that are related to the variations of
the reduction potential in different mutants, an
investigation using the quantitative structure—
property relationships method (Wold, 1979;
Hellberg, Sjostrom, Skagerberg & Wold, 1987) has
been initiated and the results will be presented else-
where.

Finally, it must be stated that the Asn47Asp
mutation does not have any major effect on the

ZINC-AZURIN MUTANT

zinc-site geometry, since the zinc coordination in our
structure is very similar to the coordination in the
wild-type azurin. Thus, compensatory effects of
charge delocalization via hydrogen bonds might only
play a role in tuning the redox potential in the
present case.

In order to elucidate further the role of various
amino acids in different positions in the peptide
chain and their influence on the strain of the metal
site and consequently the reduction potential we will
continue the molecular biology program including
cloning, expression and mutagenesis of the genes for
blue copper proteins in connection with spectro-
scopic and diffraction measurements.

We would like to thank the Swedish Natural
Science Research Council and the Bio-Vist Founda-
tion for Biotechnology (Goteborg) for financial sup-
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