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ABSTRACT. The Metl121Glu azurin mutant has been crystallized and the structure determined at a resolution
of 2.3 A. In the crystal structure a carboxyl oxygen of Met121Glu is coordinated to the metal at a distance
of 2.2 A. Single-crystal resonance Raman spectroscopy was used to show that the glutamic acid residue
in the copper site was in the protonated state. Titration of this residue gives rise to a number of unusual,
pH-dependent properties: as the pH is increased from 4 to 8, the S{Cysligand-to-metal charge
transfer bands are blue shifted and their intensity ratio is reversed, the EPR signal changes from type 1
copper to a new form of protein-bound copper, and the redox potential changes from 370 to 180 mV.
The spectroscopic changes in this pH interval are consistent with a two-state model. From the pH
dependence of the optical and EPR spectka,# 5.0 for the glutamic acid in the oxidized protein was
determined.

Azurin is a member of the small blue copper proteins or geometry, the carbonyl oxygen excepted, is conserved in
cupredoxins, which are found in electron-transfer chains in almost all determined structures of type 1 copper sites. The
plants and bacteria. Their molecular mass is between 9 andnteraction between copper and the axial methionine ligand
18 kDa, and they contain a single redox-active copper ion has been suggested as an important factor in the fine tuning
per molecule. In the oxidized state, the type 1 copper site of the reduction potential (Gray & Malmsimg 1983) and
found in the cupredoxins is characterized by an intense is also important for the spectroscopic properties. The near
transition near 600 nm in the optical spectrum and a unique C3, geometry of the copper site is associated with an axial
hyperfine splitting in the EPRsignal. In addition, a  EPR spectrum and a very weak transition at 450 nm in the
reduction potential in the range between 184 and 680 mV optical spectrum. A closer interaction with an axial ligand
has been found (Reinhammar, 1972). The spectroscopic andlecreases the symmetry of the copper site, and as is found
electrochemical properties of cupredoxins have been subjectfor pseudoazurin and cucumber blue protein, this interaction
to a number of studies through the years, and recently theis associated with a rhombic EPR spectrum and an additional
structures of several proteins in this class have beenstrong transition near 450 nm (Martinkus et al., 1980; Colman

determined [for a review see Adman (1991)]. et al., 1977).
The azurin copper site geometry can be described as We have previously reported the cassette mutagenesis of
trigonal bipyramidal, with the three ligandsNof His46, the ligand methionine in azurin frolseudomonas aerugi-

S of Cys112, and Rt of His117, in a plane with the copper nosa(Karlsson et al., 1991). The spectroscopic properties
ion at a distance of-2 A and two weakly interacting atoms,  of the mutant proteins vary considerably, and the reduction
the carbonyl oxygen of Gly45 and the® ®f Met121, potentials span a range of 250 mV (Pascher et al., 1993).
perpendicular to the plane at a distance~8 A. This The spectroscopic properties of the Met121Glu mutant show
a strong pH dependence. At low pH, the properties are
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a preliminary characterization was performed, has subse-1,p1c 1 statistics of Data Collection
quently been described (Karlsson et al., 1991).

Spectroscopy. Resonance Raman (RR) spectra were unit cell constants oz gg:gif{
obtained as described previously (Andrew et al., 1994) using c=81.60A
an ~15C° backscattering geometry for data collection. B =90.10
Solution samples containingé mM protein were frozen at if;‘sct;%[l%l;gidty Pgll8
15 K, exposed to~30 mW of laser power at 514 nm 6. of measurements 17678
(Coherent Innova 90-6 Ar) or 580 nm (Coherent 599-01 dye), unique reflections 17964
and analyzed with a Jarrell-Ash 25-300 spectrophotometer. nonrejected unique reflections 17222
A single crystal in a sealed capillary was analyzed at room dataacompleteness 750-7%
temperature using+15 mW of laser power at 568.2 nm L“g’ggf atoms 11'2572’
(Spectra-Physics 2025-11 Kr) and a Dilor Z-24 spectropho- protein atoms 3904
tometer. Optical spectra were recorded between 350 and solvent atoms 371
750 nm in a Shimadzu 3000 spectrophotometer. EPR spectra rms deviations A
were obtained on a Bruker ER 20D-SRC spectrometer gggldess g.cl)%s
equipped with an Oxford Instrument EPR-9 helium cryostat. resolution range 8:02.3 A
Integrations were performed as described by Aasa and no. of reflections 15836
Vanngard (1975). no. of parameters 17101

R-value 18.4%

Crystallization. The crystallization procedures for the
azurin Met121Glu mutant can be described in the following
way. Following the last gel filtration step in the purification,
at pH 5.7, the protein was brought to a final concentration
of 15 g/L, dialyzed against distilled water, and subsequently
centrifuged at 200Gto remove aggregates. After a large-
scale screening, the optimum conditions were established,2nalyzed using the program LOAD from the PROTEIN
and the Met121Glu mutant crystals could be obtained from System (Steigemann, 1974), and some of the data collection
three different recipes. The largest crystals, about2®4  statistics are shown in Table 1.

x 0.1 mn? in size, were grown at room temperature froma  X-ray Structure Solution.The crystallographic solution
solution containing 25% PEG 4000, 80 mM sodium acetate, of the Met121Glu mutant structure was obtained using
and 80 mM CaGl The crystallization took on the average rotation-translation functions. The azurin monomer used in
about 14 days. Crystals could also be grown from 25% PEG the calculations was selected from the wild-type structure
4000 at 25°C, and in this case crystals appeared after only solution by Nar et al. (1991b). For the rotational search the
7 days. The dimensions of these crystals were roughly 0.8 model was placed in a triclinic cell with orthogonal axes of
mm x 0.3 mmx 0.15 mm. Finally, well-formed prismatic  length 150 A. The Fourier transform and the Patterson
crystals, around 0.8 mm 0.5 mmx 0.2 mm in size, were  function were calculated from this model in the range of
also obtained in 10 days from a solution composed of 25% 8.0—3.5 A resolution. Subsequently, the 6200 highest peaks
PEG 4000, 0.24 M Cagland 0.26 M LiNG, pH 6.0, in of the Patterson synthesis with vector length-20.0 A

the temperature interval of 225 °C. These crystals were  were selected, and the product correlation function of crystal
used in the data collection of the Met121Glu mutant. The and model Patterson functions was calculated at the Eulerian
final protein concentration in all crystallization experiments angles6s, 62, and 03 in the interval from 0 to 180 and
was 7.5 g/L. with a A@ of 5° using PROTEIN (Steigemann, 1974). In

Data Collection. X-ray intensity data for the Met121Glu  addition, a fine search usinfy¢ = 1 was performed around
mutant were collected on a micro Vax Ill controlled FAST the highest peaks.
television area detector diffractometer (ENRAF-NONIUS,  The positions of the four correctly oriented monomers in
Delft) in a thermostated room at 1®@. The crystal was  the asymmetric unit were determined by calculating transla-
cooled by a stream of cold air to 4C. Cu Ko radiation tion functions (Crowther, 1967) using programs written by
from a rotating anode generator (RIGAKU) operating at 5.4 Lattman and modified by Deisenhofer and Huber. The
kW was used. Complete data sets were obtained by rotatingmodel Fourier transform (resolution 8-@.0) was calculated
the crystal 100 about thec axis. Measurements were on the correctly oriented monomers shifted with their centers
recorded in frames of 0°1with 80 s exposure time and to the origin of the cubic cell with axes of 150 A. The top
evaluated on-line using MADNES (Messerschmidt & Plugrath, four peaks in the peak list of the rotation function calculation
1987). The structure factors were scaled and corrected forproved to be the correct solutions. Consistent solutions could
absorption effects by applying the program ABSCOR (Huber then be obtained from the output of the translation function
& Kopfmann, 1969; Messerschmidt et al., 1990) and merged calculations. The peak heights were in the range of-3.45
by means of PROTEIN (Steigemann, 1974). One crystal 5.61 rms from the translation function calculations. The
was used to collect data extending to 2.3 A resolution. The correctly oriented and positioned monomers for the Met121Glu
mutant Met121Glu crystals belong to the monoclinic system, mutant were now subjected to a rigid-body refinement using

ARy = TSN MH)D — I(H)/S,SN,I(H), wherel(H); is theith
measurement of reflection H arid(H)Uis its mean value, and the
summation extends over all reflections measured more than once in
the set’ R = S |F, — Fel/3|Fol.

and the space group has been determined tBhe The
cell parameters ar@= 50.58 A,b = 60.94 A,c = 81.60 A,
and g = 90.°. The final data set after internal scaling

X-PLOR (Bringer, 1992). After 50 steps of refinement the
initial R-value dropped from 44.3% to 29.6%, based on
reflections in the resolution range of 8:8.0 A resolution.

consisted of 17 964 reflections to 2.3 A resolution. There After conventional energy-restrained positional refinement
are four molecules in the asymmetric unit, and the calculated using X-PLOR and data between 10.0 and 2.3 A resolution,
Vi value is 2.25 ADa. The unique reflections were theR-value dropped to 26.1%. Finally, individual isotropic
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Table 2: Distance to Copper in the Four Molecules in the
Asymmetric Unit

molecule His46Rt His117N! Cys1123 Glul210 045

A 2.08 2.00 2.16 2.37 3.43
B 1.98 1.97 2.15 212 3.23
C 2.20 1.83 2.00 2.06 3.35
D 1.80 2.26 2.12 2.28 3.67
average 2.02 2.02 2.11 221 3.42

temperature factors were subjected to refinement as well,
and theR-value decreased to 22.9%. After inclusion of 371
water molecules the final crystallograph®evalue became
18.4% with an rms deviation on the bonds of 0.013 A and
3.18 for the angles.

RESULTS

Crystal Structure.The final model consists of 3904 atoms
in four molecules and, in addition, 371 water molecules. The
final crystallographidr-value is 18.4% for 15 836 reflections -
to 2.3 A resolution. The average temperature factor for the FIGURE 1. Trace of the backbone for two molecules located around
protein atoms is 19.7 Athe average temperature factor for mgti‘gfglﬁsﬁﬁﬂ?ggﬁ?gc 2-fold axis in the wild type (A) and the
the solvent atoms is 33.62Aand the average temperature '
factors in the four monomers are 16.6, 17.6, 21.7, and 21.3 5
A2, respectively. Most of the structure is well-defined,
especially thgg-strands, the loop around the copper site, and
all internal side chains. The regions around the N- and
C-termini and the loops between thestrands have, in
general, higher temperature factors. Also, the side chain of
Met121Glu is somewhat more mobile than are the other
ligands to the copper atom. However, a comparison of the
four monomers in the asymmetric unit suggests that the
deviation from the main-chain atom positions is relatively
small in the structure. The rms deviations for thearbons
and all heavy atoms are 0.35 and 0.54 A, respectively. This
is similar to the values found in the wild-type crystal structure 0 : . . .

(Nar et al., 1991b). The distance between the side chains 350 450 550 650 750
to the copper atom in the metal site for the four molecules Wavelength (nm)
in the asymmetric unit is given in Table 2. FicURE 2: pH dependence of the optical spectrum of Met121Glu.

The four crystallographically independent molecules in the Splectra_l W(;?'re Obft%ir%edén 1'(t)'mt'\r/1| HEPESbth‘JAf)‘ef at ﬂil;fe(;entdeH
asymmetric unit form a dimer of dimers. As in other azurin VaU€s In Steps ot ¥.5 pri unit In the range between pr 4.0 and p
structures, the intermolecular contact is mediated via the S: g%c?gmgr% pp:ég)((,:A))’ pH 4.5 (B), pH 5.0 (C), pH 5.5 (D),
hydrophobic patch (Norris et al., 1983; Nar et al., 1991a), ’ R
but the molecules are differently packed compared to other found for protein-bound copper (Wiagard, 1972). From the
reported structures. In this case, the contact takes place apH dependence in the optical and EPR spectkapfor
Met64, Alall9, and Leul20, surrounding the copper ligand the titration of the glutamic acid residue in the oxidized
His117. Compared to the molecules in the wild-type azurin, protein can be determined to be 5.0.
the dimers in the Met121Glu mutant are rotated°l#tative Optical and EPR parameters at pH 3.5 and 7 are sum-
to each other and tilted by approximately°1%vhich is marized in Table 3. The absorption coefficients have an error
similar to the situation in the Phel14Ala mutant and also in of ~10% because of the uncertainty in the determination of
the Alcaligenes denitrificangzurin (Figure 1). the copper concentrations from integration of the EPR

Optical and EPR Spectroscopylhe pH dependence in  spectra. The ratio of the experimentally determined absorp-
the optical and EPR spectra of the Met121Glu azurin mutant tion coefficients corresponds to the observed absorbance ratio
is shown in Figures 2 and 3, respectively. The strong at Amax at pH 4 and 7 of the strong bands.
transition in the optical spectrum at 614 nm at low pH is  Resonance Raman Spectra of the Copper Stevious
shifted to a weaker 570 nm transition at high pH, and the studies of Met121Glu azurin at pH 3.5 have shown it to have
460 nm transition shifts to a strong, higher energy transition a resonance raman (RR) spectrum characteristic of a rhombic
at 416 nm. Thus, at pH 4 the protein in solution is blue, at type 1 copper site (Andrew et al., 1994), in agreement with
pH 5itis greenish, and at pk6 the color changes to brown. its optical and EPR spectral properties. Excitation within
The EPR signal is strongly affected by changes in pH. At the 614 nm absorption band leads to intense RR features at
pH 3.5, a typical rhombic EPR spectrum for a type 1 copper 400 and 409 cmt (Table 4). The intensity arises from
is obtained. At higher pH, the spectrum changes, and thesubstantial CtS(Cys) stretching character in each of these
parameters are different from the combinations normally vibrational modes (Dave et al., 1993). The high frequencies

€ (mM'cm™)
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Magnetic flux density (gauss)

Ficure 3: pH dependence of the EPR spectrum as obtained at pH
7.0 (A), 4.9 (B), and 3.9 (C) in 100 M MES.

Table 3: EPR and Optical Absorption Parameters of Azurin
Met121GI§

€416 €614

M~ (M7!

sample g AG) o & g cm?) cm?
Met121Glu (pH 3.5) 2.29 <30 2.09 2.03 200 4500
Met121Glu (pH7) 2.298 90 2.060 2500 1100

a gy andgp areg values in the parallel and perpendicular directions,
respectively, andy, is the hyperfine coupling in the parallel direction.

Table 4: Resonance Raman Spectral Properties of Azurin
Met121Glu

RR frequencies

sample 360/l 41
Metl121Glu (pH 7.5) 345 358 393 409 2.8
Metl21Glu (pH3.5) 348 359 400 409 0.4
Met121Glu (crystal) 348 359 400 412 0.5

aRR spectra obtained with excitation near 570 nm. Boldface
numbers indicate peaks with greatest intensity. Frequencies are accurat
to +1 cnmt for solution samples antt2 cn* for the crystalline sample.
b Relative intensity of peaks at360 and~410 cnt™.

are indicative of a short CuS(Cys) bond distance 0f2.16

A (Andrew et al., 1994). In contrast, the RR spectrum of
azurin Met121Glu at pH 7.5 is indicative of a species with
a longer Cu-S(Cys) bond, due to the influence of the
deprotonated carboxylate ligand. Excitation within either the
416 or 570 nm absorption bands produces maximal RR
intensity at 345 and 358 crh (Table 4). The lower
frequencies for the CuS(Cys) stretches suggest a -€u
S(Cys) bond distance of2.21 A. These properties are in
keeping with a copper site in which copper is coordinated
to four strong ligands.

The Met121Glu protein was crystallized in the oxidized
state from a protein stock solution which was extensively
dialyzed against distilled water. However, the presence of
25% PEG alters the effective pH of the crystallizing solution.
The crystals used for X-ray structure determination were
greenish blue in color, suggesting that they contained mainly
the component with a protonated carboxylate ligand. This
finding is supported by the RR spectrum obtained from a
single crystal of this protein (Table 4). The appearance of
two intense spectral features at 400 and 412 'chs

Karlsson et al.

characteristic of the protonated form. The weak bands at
348 and 359 cmt, due to residual deprotonated species, yield
an intensity ratio £360~410 cnT?) of only 0.5. This is
similar to the 0.4 value for the pH 3.5 form and markedly
different from the 2.8 value for the pH 7.5 form. In addition,
the major peak in the crystalline sample at 400 s at

the same frequency as the pH 3.5 sample and distinctly
different from the 393 cmt frequency for the pH 7.5 sample.
We conclude that the Glu121 ligand in the crystalline sample
was ~80% protonated.

Crystal Structure of the Copper Siteln the crystal
structure, the average distance betweennfthe Glul21
and the copper is 2.21 A, and the glutamic acid residue is
directly coordinating the metal ion. It is similar to the value
of 2.27 A for the bond from Cu to the carbonyl oxygen in
the GIn121 mutant of\. denitrificansazurin (Romero et al.,
1993). The relative weakness of this bond is consistent with
a predominantly protonated carboxylate ligand. The short
Cu—S(Cys) average distance of 2.11 A is not very different
from that of the wild-type copper site, and also the interaction
with the His46 N* and His117 N'is maintained. However,
the distance to the Gly 45 carbonyl oxygen has increased to
3.4 A, and a four-coordinated copper site geometry shown
in Figure 4 is observed in this mutant. The temperature
factors for Glu 121 indicate a slight increase in flexibility in
the orientation of the side chain, possibly due to the presence
of a small amount of deprotonated ligand in the crystals
(Figure 5). The average temperature factor of the side chain
of Glul21 is 20.1 A whereas the average temperature
factors of the side chains of the liganding histidines 46 and
117 are 15.1 and 17.1%Arespectively.

The short distance between the copper and the glutamic
acid side chain is made possible through the movement of
the copper 0.3 A in the direction of the glutamic acid side
chain, and copper is coordinated insgn fashion with a
glutamic acid @, the copper being 0.36H0.09) A above
the plane defined by the three main ligands. The increase
in distance to the carbonyl oxygen is explained by the
govement of the copper ion, but an additional distance is
gained by a slight conformational change in the peptide
backbone, effectively rotating the carbonyl oxygen away
from the copper (cf. Figure 6). The copper site distances
are listed in Table 2.

DISCUSSION

Copper Site Geometry at Low pHThe pH dependence
of the spectroscopic properties has previously been observed
(Karlsson et al., 1991), and in a modeled copper site the
distance between the glutamic acid residue and the copper
was estimated to 2.4 A. The shorter distance observed in
the crystal structure depends on the movement of the copper
atom in the direction of the fourth ligand. The mobility
observed in the glutamic acid residue side chain may indicate
a conformational heterogeneity in the copper site due to the
limited protonation of the Glu121 side chain.

A carboxylatesyn coordination in metal sites is often
connected with the presence of a water molecule in a five-
membered ring (Chakrabarti, 1990), but in this structure no
water molecule is present. Instead, the side chain is here
ordered by the hydrophobic environment in the outer
coordination sphere, and a lone pair of the nonligating
glutamic acid residue Onteracts with ther-electrons of
the aromatic side chain of the Phel5 residue.
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Ficure 4: Stereoview of the electron density map of the copper site. The map is contouredi@vell

K

His117

Hisd6

Ficure 5: Stereoview of the copper site in the Met121Glu mutant. The four molecules in the asymmetric unit have been superimposed,
illustrating the mobility of the glutamic acid residue side chain.

Copper Site Structure at High pHThe copper site of  the protein fold, the rack mechanism, was proposed by
Met121Glu azurin at pH 4 and 8 has previously been Eyring et al. (1956) and was extended to blue copper proteins
investigated with EXAFS (Strange et al., 1996). At pH 4 by Malmstian (1965) and Vallee and Williams (1968).
the interaction between copper and the glutamic acid side Although the negative charge of the dipole of the glutamic
chain could not be observed, probably due to a locally acid carboxyl group tends to pull the copper out of the plane,
disordered side chain. At pH 8, however, a very close the His—Cys interaction with Cu remains almost unchanged.
interaction is present between the copper and one of theSimilar results have been observed in the zinc protein (Nar
oxygens of the glutamate side chain with a distance as shortet al., 1992). In this case, the zinc ion favors a more
as 1.90 A. To achieve this conformation, the copper has to tetrahedral conformation, and an interaction with the glycine
be pulled up further, out of the plane, toward the glutamate 45 carbonyl oxygen is observed. The Hi€ys ligation is
side chain. This requires that the distance to Cys112 S also in this structure almost unchanged, which lends firm
increases by about 0.06 A as observed in RR. support to the rack mechanism. The difference between the

Copper Site Structure Compared to Wild-Type Copper and structures lies primarily in the position of the metal ion along
Zinc Proteins and to the Met121GIn Copper Proteifhe an axis perpendicular to the HisCys plane. This is
idea that the metal coordination in a protein is governed by illustrated in Figure 6, where a stereoview of the superim-
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Met121\

/@:&

QX

His117

His46

FIGURE 6: Stereoview of the superimposed metal sites in zinc azurin (green), wild type (blue), and the Met121Glu mutant (red).

posed metal sites in the zinc and wild-type azurin and the and the copper atom. This interaction is in addition stabilized
Met121Glu mutant is presented. by the negative charge on the Glul2l side chain. The
In the A. denitrificans Met121GIn mutant azurin the introduction of an extra free electron pair into the copper
distance between the glutamine &hd the copper ionis 2.27  site consequently imposes a change in the—Cuys(S)
A in the oxidized form. A copper site geometry, similar to interaction, thereby shifting the LMCT band to higher energy.
the geometry observed in the protonated form of Met121Glu, A similar change is also observed in the previously studied
is in addition observed (Romero et al., 1993). Metl121Ala mutant where the axial interaction is mediated
Influence of Structure on Spectroscopic Propertidhe through an exogenously added ligand (Bonander et al., 1996).
experimental data for the pH dependence between pH 3.5The crystal structure of Alal2%+ N;~ (Tsai et al., 1996)
and 7.5 can be accounted for in a two-state model involving shows that the azide binds in the cavity formed when the
the two states of protonation of the Glu121 side chain. At amino acid methionine is replaced with the smaller alanine
even higher pH the titration of both His35 and His83, as residue and subsequently interacts with the copper atom from
well as of a number of basic side chains, would be expecteda similar position compared to Glul21. The copper in the
to interfere. Alal21—-azide complex is coordinated by theNand the
At low pH the added proton to the side chain effectively His117, Cys112, and His46 residues (Tsai et al., 1996), the
neutralizes the charge, and as a consequence the interactionopper being 0.3 A from the major ligand plane. The
there is a weaker coordination than at high pH. The similarities in optical and EPR parameters of the copper
coordinating ligand in Met121Glu azurin at low pH induces coordination between Alal2t+ Nz~ and Glul21, pH 7.0,
the increase in the 450 nm region of the visible spectrum clearly indicate an analogous structure change in the
and the change from an axial into the rhombic EPR spectrumMet121Glu mutant upon changing the pH from 3.5 to 7.0.
observed in this mutant. A free rotation of the Glu121 side  When this mutant protein is compared with the Met121Lys
chain then becomes more likely due to the geometric mutant, a similar very strong change in spectroscopic
arrangements in the vicinity, which is indicated by the properties takes place at high pH where the lysine side chain
flexibility in the orientation of this side chain in Figure 5. would be expected to be uncharged (Karlsson et al., 1991).
Almost identical spectral properties have been found in In the Metl21Lys mutant, we also interpret the observed
stellacyanin and also in th®& denitrificansazurin Met121GIn effect as a result of an interaction between the metal and
mutant. The properties at low pH of the Met121Glu mutant the free electron pair of the nitrogen. This interaction is, in
protein are also similar to the properties observed for this case, supported by the geometry in the metal site not
cucumber blue protein (Colman et al., 1977) and pseudo-imposing any strains on the nonbranched lysine side chain.
azurin (Martinkus, 1980), and in these cases the distance toThis is in contrast to the properties observed for most other
the corresponding ligand is in the range between 2.6 andMet121 mutants (Karlsson et al., 1991; Murphy et al., 1993),
2.7 A (Fields et al., 1992; Adman, 1991). where a direct side-chain interaction with the metal is
At high pH, however, the most striking change is the shift precluded for steric reasons.
of the ligand-to-metal charge transfer (LMCT) band at 614  Reduction PotentialsThe pH dependence in the reduction
and 460 nm to higher energy, which effectively changes the potential is well-known in azurin (Pascher et al., 1993) and
color of the protein from blue to brown. Several other has been attributed to an electrostatic effect caused by the
weaker transitions are also shifted as a result of the changeprotonation state of the two nonliganding histidines, His35
in pH, and there is a very clear change in the EPR spectrumand His83 (Nar et al., 1991b), but a contribution from pH-
as well. The main reason for this strong effect can be dependent structural changes to the reduction potential cannot
explained by the interaction between the free electron pair be excluded in azurin (Lu et al., 1993). I aeruginosa
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wild-type azurin, a change from350 mV at pH 4.5 t6~290

mV at pH 8.5, resulting in a total span of 60 mV, has
previously been reported (Pascher et al., 1993; St. Clair
1992). In the Met121Glu mutant, reduction potentials of
370 mV at pH 4 (unpublished results), 220 mV at pH 7, and
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reduction potential at pH 8 is an effect of the stabilization
of the Ci#* by the glutamate negative charge. An equally
low reduction potential is observed when the protein is
truncated before position 121 and the?Cform is stabilized

by a water molecule, which now has access to the copper

ion (Murphy et al., 1993).

The K, 5.0, for the glutamic acid residuesl pH unit
higher than for the free side chain, which is somewhat
surprising since the close proximity to the polar metal ion
would be expected to decrease the€,.p The increase is
probably due to the inaccessibility of the copper site in
combination with a rather hydrophobic environment, which

destabilizes the anionic form and favors a net increase in

pKa. The hydrophobic effect is even more pronounced in
the Metl21Asp mutant whereKgP* of the aspartic acid is
6.2 (Murphy et al., 1993), being2 pH units higher than
for the free side chain.
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1 copper sites can induce large changes in geometry,
spectroscopic properties, and reduction potential of the
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copper site. The concept of rack mechanism in the small Murphy, L. M., Strange, R. W., Karlsson, B. G., Lundberg, L. G.,

blue copper proteins is again confirmed. In the azurin mutant

Met121Glu, the glutamic acid residue is directly coordinating
the copper ion at a distance of 2.2 A. The blue shift of the

Pascher, T., Reinhammar, B., & Hasnain, S. S. (188them-
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Nar, H., Messerschmidt, A., Huber, R., van de Kamp, M., &
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optical transitions at 614 and 460 nm to higher energy and Nar, H., Messerschmidt, A., Huber, R., van de Kamp, M., &
the strong pH dependence in the reduction potential are Canters, G. W. (1991h). Mol. Biol 221, 765-772.
attributed to the introduction of a negative charge very close Nar, H., Huber, R., Messerscmidt, A., Fillipou, A. C., Barth, M.,

to the copper ion and a simultaneous movement of the copper

atom out of the major ligand plane.

ACKNOWLEDGMENT

We thank Professors Bo G. Malmatno and Tore
Vanngard for valuable discussions. We also thank Drs.
Thomas M. Loehr and Colin R. Andrew for assistance in
obtaining RR spectra.

REFERENCES

Aasa, R., & Vangard, T. (1975)). Magn. Reson. 1808-315.
Adman, E. T. (1991Adv. Protein Chem. 42145-197.
Andrew, C. R., Yeom, H., Valentine, J. S., Karlsson, B. G.,

Bonander, N., van Pouderoyen, G., Canters, G. W., Loehr, T.

M., & Sanders-Loehr, J. (1994) Am. Chem. Soc. 1161489
11498.

Arvidsson, R. H. A, Nordling, M., & Lundberg, L. G. (198%ur.
J. Biochem. 179195-200.

Bonander, N., Karlsson, B. G., & Viagard, T. (1996Biochemistry
35, 2429-2436.

Jaquinod, M., van de Kamp, M., & Canters, G. W. (19€2j.

J. Biochem. 2051123-1129.

Norris, G. E. E., Anderson, B. F., & Baker, E. N. (198B)Mol.
Biol. 165 501-521.

Pascher, T., Karlsson, B. G., Nordling, M., MalnistroB. G., &
Vanngéard, T. (1993Eur. J. Biochem. 21,2289-296.

Reinhammar, B. (1972Biochim. Biophys. Acta 27245-259.

Romero, A., Hoitink, C. W. G., Nar, H., Huber, R., Messerschmidt,
A., & Canters, G. W. (1993). Mol. Biol. 229 10071021.

St. Clair, C., Ellis, W. R., & Gray, H. B. (1992horg. Chim. Acta
191, 149-155.

Steigemann, W. (1974) Thesis, Technische Univé&gdifdinchen.

Strange, R. W., Murphy, L. M., Karlsson, B. G., Reinhammar, B.,
& Hasnain, S. S. (1996Biochemistry 3516391-16398.

Tsai, L.-C., Bonander, N., Harata, K., Karlsson, B. G.nwgard,
T., Langer, V., & Sjdin, L. (1996)Acta Crystallogr. D52950—
958.

Vallee, B. L., & Williams, R. J. P. (1968proc. Natl. Acad. Sci.
U.S.A. 59 498-505.

Vanngard, T. (1972) irBiological Applications of Electron Spin

ResonancéSwartz, H. M., Bolton, J. R., & Borg, D. C., Eds.)

pp 411447, John Wiley & Sons, Inc., New York.

B19624160



