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ABSTRACT. Amicyanin fromParacoccus denitrificanis a type 1 copper protein with three strong equatorial
copper ligands provided by nitrogens of His53 and His95 and the sulfur of Cys92, with an additional
weak axial ligand provided by the sulfur of Met98. Met98 was replaced with either GIn or Ala. As isolated,
the M98A and M98Q mutant proteins contain zinc in the active site. The zinc is then removed and replaced
with copper so that the copper-containing proteins may be studied. Each of the mutant amicyanins exhibits
a marked decrease in thermal stability relative to that of native amicyanin, consistent with the weaker
affinity for copper. Crystal structures were obtained for the oxidized and reduced forms of M98A and
M98Q amicyanins at atomic resolutiox{.0 A). The crystal structure of oxidized M98A amicyanin
exhibits a type 1 ligation geometry but with the axial ligand provided by a water, which fills the void left
by the mutation of Met to Ala. The protein undergoes a reversible switch in ligation geometry when
going from the aqueous to the frozen state. The visible absorption spectrum in solution is characteristic
of type 1 copper, consistent with the crystal structure. On freezing, the blue color is lost, and EPR
spectroscopy reveals that the copper is primarily type 2. The crystal structure of reduced M98A amicyanin
exhibits an unprecedented ligation geometry in which the His®% coordination is broken, and copper

is left with only two ligands from His53 and Cys92 in an almost linear coordination. The replacement of
Met98 with GIn yielded a type 1 copper site with increased rhombicity evident from its EPR and visible
absorption spectra, and an increase in distance from Cu to the trigonal equatorial plane seen in the crystal
structure. GIn98 coordinates more strongly with copper than Met, and the oxidized and reduced forms
each exhibit two alternate conformers. EPR and metal analysis of oxidized M98Q amicyanin indicate that
a small population of the protein contains weakly bound type 2 copper, which may be removed by washing
with EDTA. These results demonstrate that the identity as well as position and rigidity of the axial ligand
of the type 1 copper site has a profound influence in the uptake specificity of metal ions, protein stability,
and determination of the active site geometry and its spectroscopic properties.

Copper proteins are abundant in nature and exhibit a widespectrum of the oxidized protein. Type 1 copper sites are
range of catalytic and electron-transfer functions. The protein- found in a wide range of electron-transfer proteins, including
bound copper centers are classified according to their amicyanin and azurin in bacteria and plastocyanin in plants,
spectroscopic properties as type 1, type 2, or type 3. Type 1and in multicopper proteins, such as ascorbate oxidase and
(also called blue) copper proteins exhibit an intense blue ceruloplasmin, which are found in animals as wé)l. (The
color relative to that of inorganic copper complexes and active site of type 1 cupredoxins typically consists of three
unusually small hyperfine coupling constants in the EPR strong equatorial ligands, two N of two His and S of a Cys,

forming a trigonal plane plus an additional axial ligand,
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include phytocyanins such as stellacyanin, which possesse€G-3 and its complementary DNA. For M98Q amicyanin,

a glutamine in this positiorj, and the multicopper proteins  the oligonucleotide sequences used to construct the site-
laccase 4) and ceruloplasming]), which possess a leucine directed mutant weréd &ACTATCACTGTACCCCGCATC-

in this position in their type 1 centers. Depending on the CCTTCGCGCGCGGCAAGGTCG And its complemen-
nature and presence of an axial fourth ligand, the extent totary DNA. The underlined bases are those that are changed
which the copper is out of the equatorial plane varies. to create the desired mutation. The entire 555-lvageC-
Structural and spectroscopic characterization of the coppercontaining fragment was sequenced to ensure that no second
site in relationship to the equatorial plane have classified site mutations were present, and none were found. M98A
type 1 copper sites into axial and rhombic forms. In the axial and M98Q amicyanins were expressedtircoliand initially
form, exemplified by amicyaning), azurin ), and plasto- isolated from the periplasmic fraction described for other
cyanin @), a strongly in-plane trigonal copper coordination recombinant amicyanin mutant1).

predominates with a long, weak bond to the axial ligand. In  Protein ReconstitutianAs will be discussed later, the
the rhombic form, exemplified by stellacyanin and phyto- majority of the as-isolated M98A and M98Q amicyanins
cyanins 0), the copper ion is pulled away from the equatorial contained zinc rather than copper in the active site. A method
plane by a strong axial ligand.Q). of reconstitution 23) is required to unfold the protein,

In this article, site-directed mutagenesis was used to alterremove any metal ions, refold the protein, and incorporate
the axial ligand of amicyanin and determine the precise CW?". MO8A and M98Q amicyanins were incubated in 10
contributions of the identity and position of the axial ligand MM HEPES buffer at pH 8.0, contairgré M guandinine-
in dictating the structure and spectroscopic properties of type HCl, 50 mM EDTA, and 2 mM dithiothreitol (DTT). The
1 copper proteins. Amicyanin is the central component of unfolded apoproteins were then diluted 50-fold into 10 mM
one of the best characterized physiologic electron-transfer HEPES buffer at pH 8.0 containing 5 mM DTT. The proteins
Comp|exes of proteins that is formed by methy|amine were then dialyzed against 100 mM ammonium acetate at
dehydrogenase (MADH)1@), amicyanin {2), and cyto- pH 8.0, at 4°C for 4 h, followed by overnight dialysis against
chromec-551i (13) from Paracoccus denitrificansX-ray 250 mM ammonium acetate at pH 8.0. The dialyzed protein
crystal structures are available for the binary complex of solution was then brought to room temperature and titrated
MADH and amicyanin {4) and for a ternary protein  With copper sulfate while monitoring the increase in absor-
complex, which includes cytochrome551i, the electron ~ bance at 595 nm. Any excess copper sulfate was removed
acceptor for amicyaninl6). Site-directed mutagenesis of by buffer exchange and ultrafiltration with a 10 kDa cutoff
amicyanin has been performed previously to elucidate the membrane. For the preparation of fi€u-containing M98A
roles of specific amino acid residues in determining its redox and M98Q amicyanins, the aforementioned dialyzed protein
and electron-transfer properties¢-20). In P. denitrificans solution was brought to room temperature and titrated, while
amicyanin, Met98 provides the axial S ligand with the three monitoring the increase in absorbance at 595 nm, #Giu
equatoria| |igands provided by His53, Cys92, and H|§95 ( oxide that had been dissolved in HCI and brought to pH 3.0.
In the present study, Met98 of amicyanin is changed to GIn Any excess copper sulfate 8Cu oxide was removed by
and Ala via site-directed mutagenesis to determine the buffer exchange and ultrafiltration using a 10 kDa cutoff
influence of the axial ligand on the structure and spectro- membrane.
scopic properties of type 1 copper proteins. X-ray Structure DeterminatiarStructures of the copper-

d containing reconstituted M98A and M98Q amicyanins were
determined. The crystals of M98A and M98Q amicyanins

resolution. Effects of these mutations on the metal selectivity Were grown by macroseeding using a 9-to-1 mixture of
of the metal-binding site and stability of the protein are Monobasic sodium (3 M) and dibasic potassium (3 M)

documented. Novel spectroscopic properties of each mutant?n0Sphate solutions as precipitants, as described previously

are described and correlated with the new structures. ThefO @micyanin @4). The crystals of each mutant protein are

results provide new insight into the roles of the axial ligand Monoclinic, space group2;, containing one molecule per
of the type 1 copper site with regard to the uptake specificity asymmetric unit and are isomorphous with crystals of the

of metal binding during assembly and protein stability, and Wild-type protein. The cell dimensions are given in Table 1.
the factors that dictate active site ligation geometry. X-ray diffraction data from crystals of oxidized and reduced

M98A amicyanin and reduced M98Q amicyanin were
EXPERIMENTAL PROCEDURES recorded at the Biocars beamline14BM-C of the Advanced

Photon Source (APS) with an ADSC-Q4 CCD detector. Data

Protein Expression and IsolatioiWild-type amicyanin from reduced M98Q amicyanin crystals were recorded at

was purified fromP. denitrificansas previously described, the NE-CAT beamline 8-BM of the APS using an ADSC-
and protein concentrations were calculated from known Q315 CCD detector. In all cases, the data were recorded at
extinction coefficients for oxidized amicyaniasfs = 4610 100 K, using paratone oil (Hampton Research, Laguna Hills,
cmt M~1) (12). Site-directed mutagenesis to create M98A CA) as a cryoprotectant. In each case, two data collection
and M98Q amicyanins was performed on double stranded passes were made, one rapid with & &tep size per frame
PMEG (21), which containsmaluC (22), which encodes  to limit detector saturation by strong reflections and the other,
amicyanin, using forward and reverse mutagenic primers with slow with a 0.23 step size to record weaker reflections at a
the Quickchange Site-directed Mutagenesis Kit (Strategene).higher signal-to-noise ratio. The maximum resolution for the
For M98A amicyanin, the oligonucleotide sequences used data recorded from the four crystals ranged from 0.9 to 1.0
to construct the site-directed mutant wereGACTAT- A (Table 1). Data from the reduced forms of the M98A and
CACTGTACCCCGCATCCCTTCCAGCGCGGCAAGGT-  M98Q amicyanins were recorded from crystals that had been

Crystal structures were obtained for the oxidized an
reduced forms of M98A and M98Q amicyanins at atomic



1902 Biochemistry, Vol. 46, No. 7, 2007

Carrell et al.

Table 1: Data Collection and Refinement Statistics

samples oxidized M98A reduced M98A oxidized M98Q reduced M98Q
data collection
wavelength (A) 0.90000 0.90000 0.9794 0.90000
space group P2; P2; P2; P2;
a(h) 28.57 28.21 28.41 28.56
b (R) 56.10 55.10 55.48 55.40
c(A) 26.97 26.90 27.04 27.09
B 96.63 95.14 95.17 96.13
beamline APS BM-14-C APS BM-14-C APS BM-8-C APS BM-14-C

resolution limits
(outer shell) (A)

50—0.90 (0.91-0.90)

50-1.0 (1.02-1.00)

50-1.0 (1.02-1.00)

40-0.95 (0.91-0.90)

# of observations 349433 170339 131528 181720
# unigue 52731 41110 35092 47487
Rmergé 0.086 (0.279) 0.069 (0.297) 0.067 (0.093) 0.048 (0.082)

(outer shell)
I/o(1)°

(outer shell)
completeness
(outer shell)

21.1(2.7)

84.3% (37.5%)

16.0 (2.7)

92.9% (74.3%)

31.1(7.8)

77.7% (38.0%)

18.4 (10.0)

90.0% (37.3%)

redundancy 6.6 4.1 3.7 3.8
refinenent

resolution (A) 26.79-0.90 28.2-1.0 25.2-1.0 18.6-0.95
[Fllo(|F) >0 >0 >0 >0

Ruork/ Riree® 0.108/0.130 0.125/0.164 0.124/0.158 0.129/0.162
reflections 50058/2630 38987/2051 33422/1761 45108/2373
(working/test)

protein atoms 813 820 815 816
solvent/other 201 133 175 123

atoms

BLproteirf 9.0 15.6 11.0 12.4
(Bsolvent 22.9 28.9 25.9 23.3

rmsAB (m/my+5 1.54 2.17 1.60 1.89

(A?)

rmsAB (m/s)e 2.69 3.35 2.62 3.26

(A2)

rmsAB (s/s)® 4.76 5.36 4.05 4.58

(A2)

3 Rmerge= 22 [1(h) — li(h)|[/=:Zili(h), whereli(h) is theith measurement, ari¢h) is the mean measurement of reflectior? 1/0(1) is the average
signal-to-noise ratio for merged reflection intensitieR = = |Fo — F¢|/Zh |Fo|, whereF, andF¢ are the observed and calculated structure factor
amplitudes, respectively, of reflectidnRyee is R for the test reflection data set (5% of the observed reflections) for cross-validation of the refinement
(37), Ruork is R for the working reflection set The B-values shown refer to the isotropic equivalent of the anisotropic thermal parameters used
during the refinement Root-mean-square difference in tBefactor for bonded atoms; m/m, m/c, and c/c represent main etmain chain, main
chain—side chain, and side chaitside chain bonds, respectively.

incubated for~30 min with 10 mM sodium ascorbate in 4 containing 1.0 mM EDTA for 15 min, and then EDTA and
M sodium/potassium phosphate buffer in the ratio 4:1 (pH any low molecular weight species were removed by buffer
~5.5). All four data sets were processed using DENZO and exchange and ultrafiltration with a 10 kDa cutoff membrane.
SCALEPACK @5). The data collection statistics are pre- Metal contents are reported as per amicyanin molecule on
sented in Table 1. the basis of sulfur content, which is predicted from the amino
The structures of the oxidized and reduced forms of M98A acid sequence and also determined by ICP-OES of the same
and M98Q amicyanins were refined directly from the samples.
oxidized wild-type protein structures, after the removal of  Differential Scanning CalorimetrySolution DSC was
solvent molecules and alternate amino acid conformationsperformed, and data was analyzed as described previously
using SHELX @6). No restraints were placed on the copper  for native amicyanin Z8) with a Calorimetry Sciences
ligand distances. Alternating cycles of refinement and model Corporation 6100 Nano Il DSC with tantalum cells with a
building in XtalView (27) were carried out. Hydrogen atoms, nominal volume of 0.33 mL. The buffer and the sample were
positioned as a riding model, were included in the refine- scanned from 15 to 108C. As was reported for native
ments in SHELX. The temperature factors of all non- amicyanin, it was not possible to obtakH values for the
hydrogen atoms were refined anisotropically. The refinement calorimetric enthalpy of unfolding because of the irrevers-
statistics can be found in Table 1. ibility of the thermal denaturation, but it was possible to
Metal Analysis Metal contents were determined by accurately determin@, values, which define the midpoint
inductively coupled plasma optical emission spectroscopy temperature for the thermal transition.
(ICP-OES) using a Spectro Genesis spectrometer. Protein Electron Paramagnetic Resonance Spectroscdpyr
samples of native and mutant amicyanins {0 uM) were multifrequency EPR, three spectrometers were employed.
washed and dialyzed in low metal 20 mM Tris-HCI at pH Between 3 and 35 GHz, Varian E109 and E-9 systems
7.4 (Fluka) prior to analysis. To determine whether metals operating at 9 GHz (X-band) and 35 GHz (Q-band),
were tightly bound, protein samples were incubated in buffer respectively, and a low-frequency 3.3 GHz (S-band) system
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Ficure 1: Visible absorption spectra of (A) M98Q amicyanin as-isolated (---) and after reconstitutipand (B) M98A amicyanin
as-isolated (---) and after reconstitutiorr)( (C) Overlay of the visible absorption of oxidized native (---), M988) (and M98A ¢-+)
amicyanins.

based on the loopgap resonator designed by Froncisz and 0.6+
Hyde 9) at the National Biomedical ESR Center, Medical
College of Wisconsin, were used. The Q-band bridge was
modified with the addition of a GaAs field-effect transistor 0.4

signal amplifier and low-noise Gunn diode oscillat80) '

At Q-band, the parameters were as follows: microwave j

frequency, 35.1 GHz; power, 0.2 mW; modulation amplitude,

5 G; temperature, 50 K; and usually 10 scans averaged. The 0.2

X-band spectra were collected using a Varian E-9 ESR |
spectrometer with the following instrumental parameters: I

microwave frequency, 9.2 GHz; power, 5 mW; modulation M
amplitude, 5 G; temperature, 133 K; and usually 4 scans 00— 00 550 80 700
averaged. The S-band system consists of a Varian E-9 ESR

spectrometer fitted with a low-frequency microwave bridge Wavelength (nm)
operating at 3.3 GHz (S-band). The instrument parametersFIGURE 2: pH titration of spectral changes of M98A amicyanin
for the Sband specira were as follows: miciowave fre- (2240) 1 50 Tl BITIE repene e The arous et
quency, 3.33 GHz; power, 0.25 mW; modulation amplitude, ¢ o P 9 P '

5 G; temperature, 133 K; and 4 scans averaged. Microwave

frequencies were measured with an EIP model 331 counter o \g8A and M98Q amicyanins decreased to approximately
5 and 4, respectively. The exact ratio varied with preparation,
RESULTS L . ) .
which is why approximate values are given. The visible
Visible Absorption Spectroscopiiative amicyanin ex-  absorption spectra that were obtained for these mutant
hibits a major absorbance maximum centered at 595 nm andamicyanins were similar but not identical to that of native
a minor absorbance maximum at 464 nff?)( For pure amicyanin (Figure 1 C). The minor absorbance maximum
native amicyanin, the ratio of absorbance at 280 to 595 nm at 464 nm also exhibited by native amicyanin shows a ratio
(e28d€s95) is approximately 4. Surprisingly, thegdesgs for of esog/es64 OF 8.9 (12). MO8Q exhibited a minor absorbance
the as-isolated M98A and M98Q amicyanins were each maximum at 464 nm as well; however, it was more intense
greater than 10 (Figure 1A and B), despite each appearingthan that of native amicyanin with a ratio efys/es64 0f 5.9.
pure on the basis of SDSPAGE. Incubation of the proteins  The spectrum of the reconstituted M98A amicyanin exhibited
with ferricyanide did not alter this ratio, indicating that the a minor absorbance maximum at 464 nm with a ratiesef
lack of absorbance at 595 nm was not because the proteiresss Of 8.0, which is closer to that of native amicyanin than
was in the reduced state. It is known that apoamicyanin, to that of M98Q amicyanin. In addition, M98A amicyanin
which lacks copper, may be readily converted to amicyanin exhibited some weak, broad absorbance between 300 and
by stoichiometric addition of Cu (31). However, the 400 nm, which was not consistently seen in each preparation.
addition of C@" to the as-isolated M98A and M98Q The visible absorption spectrum of native amicyanin does
amicyanins caused no change in the absorption spectranot change significantly with pH. In contrast, the absorption
indicating that the protein was not lacking absorbance spectrum of oxidized M98A amicyanin exhibits a decrease
because it was an apoprotein. Treating the as-isolated mutanin absorbance at 595 nm as pH is increased from 7.0 to 9.0
amicyanins with EDTA followed by the addition of €u (Figure 2). In addition to this change in the major peak, the
also had no effect on the spectra. It was possible to obtainminor peak centered around 464 nm increases in absorbance
absorption spectra for these mutants more characteristic ofand shifts to a lower wavelength. These spectral changes
type 1 copper proteins by unfolding the M98A and M98Q are irreversible. No such pH-dependent spectral changes are
amicyanins usig 6 M guanidine-HCI in the presence of seen with M98Q amicyanin.
EDTA and DTT and then adding €uto the refolded protein The visible absorption spectrum of native amicyanin does
(Figure 1A and B). After this procedure, tlgsesgs ratios not change significantly on freezing. In contrast, a change

Absorbance
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Table 3: Stabilities of Oxidized and Reduced Native, M98A, and
M98Q Amicyaning

Tm values {C)
protein oxidized reduced

native amicyanin 67.% 0.1 (major) 62.0£ 0.1
75.5+ 0.2 (minor)

M98A amicyanin 48.0 0.1 50.3+ 0.1

M98Q amicyanin 58t 0.1 (major) 52.0+ 0.1 (major)
64.0+ 0.1 (minor) 63.0£ 0.1 (minor)

a Samples were scanned at a rate 6CImin from 15 to 105°C in
0.1 M potassium phosphate at pH 7.5.

surface-bound metal or metal that might be weakly bound
to the active site. The zinc content of the as-isolated proteins
did not significantly change after the EDTA wash, indicating
that it was tightly bound in the metal site. After protein
unfolding and zinc removal and copper reconstitution (see
Experimental Procedures), each mutant contain@d. zinc
and>1 copper per molecule. No significant amounts of other
metals were detected. After the reconstituted proteins were
subsequently washed with EDTA, the copper content de-
creased to 0.89 per molecule of M98A amicyanin and 0.61
per molecule of M98Q amicyanin. The visible absorption
C D spectra of M98Q and M98A amicyanins before and after
FIGURE 3: Effe_ct of freezing on the color Qf amicyanin. (A) Solution washing with EDTA did not show any significant changes.
of native amicyanin; (B) A after freezing; (C) solution M98A 4 js ot surprising that some nonspecifically bound copper
amicyanin; (D) C after freezing. Samples were in 10 mM potassium . . .
phosphate at pH 7.5 containing 10% ethylene glycol. Samples were!S removed af,ter treatment with EDTA because the pmte',ns
frozen by placing them in &80 °C freezer. are treated with excess copper during the copper reconstitu-
tion procedure. It is surprising that the M98Q amicyanin
in color of M98A amicyanin was observed when it was copper content is markedly less than 1 per molecule after
frozen. Like native amicyanin, M98A amicyanin appears blue EDTA treatment. Because the absorption spectrum of M98A
in solution at room temperature; however, upon freezing, amicyanin does not significantly change after the EDTA
the blue color of M98A amicyanin diminishes, and the frozen treatment, this suggests that no type 1 copper was removed
sample appears gray, whereas native amicyanin remains bludy EDTA. This means either that the reconstitution of M98Q
(Figure 3). This color change is reversible, and M98A amicyanin resulted in only partial loading of the metal
amicyanin returns to blue after thawing. binding site or that some population of the metal binding
Metal Analysis Wild-type amicyanin contains a single sites contained copper that was not in the type 1 geometry.
copper per protein molecule. This was confirmed by ICP-  Thermal Stability. The thermal stabilities of the reconsti-
OES spectrometry, which yielded a value for native ami- tuted M98A and M98Q amicyanins are greatly reduced
cyanin of 0.89 Cu per molecule and no evidence of relative to that of native amicyanin (Table 3). Solution DSC
significant presence of any other metals (Table 2). Given has been used previously to characterize the thermal stability
the relatively wealesgs of MO8A and M98Q amicyanins as  of amicyanin 28). The DSC profile of native, oxidized
isolated and the increase uyos after the reconstitution  amicyanin is characterized by two thermal transitions with
protocol, it was of interest to determine the metal content of T, values of 68 and 78C. The first transition corresponds
these mutant proteins as-isolated and after copper reconstituto the temperature-dependent disruption of the copper
tion. ICP-OES spectrometry indicated that the as-isolated coordination sphere, whereas the second transition represents
mutant amicyanins each containe@.1 copper per molecule, the further irreversible unfolding of the protein. At pH 7.5,
consistent with their weak absorbance. The predominantthe DSC profile of reduced amicyanin exhibits a single
metal that was present instead was zinc. Each mutanttransition at 62°C as the temperature dependence of these
amicyanin contained about 0.9 zinc per molecule. The two processes become indistinguishable. The major transi-
proteins were washed with 1 mM EDTA to remove any tions for oxidized and reduced M98Q amicyanin each

Table 2: ICP Analysis of Native, M98A, and M98Q Amicyanins

native amicyanin M98A amicyanin M98Q amicyanin
protein form Cu Zn Cu Zn Cu Zn
as-isolated
—EDTA wash 0.894+ 0.130 <0.003 0.065t 0.006 0.92+ 0.01 0.097+ 0.019 0.90+ 0.01
+EDTA wash 0.858+ 0.170 <0.002 0.065 0.870 0.0660 0.950
copper-reconstituted
—EDTA wash 1.77 0.0 1.130.14 0.084+ 0.017

+EDTA wash 0.890 0.015 0.608 0.17 0.052+ 0.034
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Ficure 4: Oxidized M98A amicyanin structure. (A) Stereoview of the copper center of oxidized M98A amicyanin withFthje-2|Fc|

electron density map contoured at Li2evel. Carbon atoms are green, nitrogen atoms blue, oxygen atoms red, sulfur atoms yellow, and
copper atoms brown. (B) Configuration of the copper center of the oxidized form of the M98A mutant of amicyanin (brown) superposed
on the 1.30 A structure of wild-type oxidized amicyanin (cyan). For M98A amicyanin, the carbon and copper atoms are violet and blue,
respectively, whereas for the wild type, they are both cyan. For both structures, nitrogen atoms are blue, oxygen atoms are red, and sulfur
atoms are brown.

occurred at temperatures about °ID lower than those for  site is different from that of wild-type amicyanin with respect
native amicyanin (Table 3). M98A amicyanin exhibited even to the identity and position of the axial ligand. The three
lower thermal stability withT, values of 48 and 50C for equatorial ligands are the same, His53, Cys92, and His95,
the oxidized and reduced states, respectively. DSC of thebut the fourth ligand, methionine in the wild-type, is replaced
as-isolated Zn-containing M98Q and M98A amicyanins by alanine, whose £side chain is 5.5 A from the copper.
yielded similar profiles each witfi,, values approximately ~ However, a water molecule (#264) is located near the site
4 °C higher than those of the respective reconstituted Cu- (within ~0.8 A) of the $ atom of methionine of the wild-
containing proteins (data not shown). type protein (Figure 4A) and is 2.41 A from the copper
Crystal StructureThe structures of the crystals of oxidized (Table 4), thereby forming the fourth ligand. The copper ion
Cu-containing M98A and M98Q amicyanins were refined is displaced from its position in the wild-type protein by
at atomic resolution (0.901.00 A resolution). An analysis  about 0.3 A in the direction away from the Met98. The
of the structural quality of these crystals using PROCHECK distances from the copper to the three retained ligands are
indicates that all of the residues for the four crystals are in similar to those in wild-type amicyanin (Table 4), and the
either the most favored or the additionally allowed regions ligand arrangement is also similar to that of the wild type
of the Ramachandran plo8%). For M98A amicyanin, the  (Figure 4B). The electron density of Wat264 is considerably
oxidized crystal contained two residues each in two alternateweaker than that of other waters (Figure 4A), and the B-value
conformations (Lys38 and Met72), whereas the reduced (30.2 A) is considerably higher than those of other internal
crystal had four residues (Ser9, Met72, Asp89, and His95). waters that are typically between 6 and 11 Aowever,
For M98Q amicyanin, the crystals in both oxidation states Wat264 makes no hydrogen bonds to any protein ligand or
had only one residue in two alternate conformations (GIn98), other water and is poorly stabilized in comparison with other
and the reduced form also had the copper ion occupying twointernal waters that usually form hydrogen bonds to two or
alternate conformations. three other atoms. This probably results from the hydrophobic
Structure of MO8A AmicyaninThe overall conformation  surroundings normally found for methionine side chains and
of oxidized M98A amicyanin is very similar to that of the may be the basis for changes in geometry of the metal site
wild-type protein, exhibiting 0.20 A rmsd between equivalent and corresponding spectral changes that are observed at high
Co atoms for all 105 residues. However, its copper binding pH and upon freezing (discussed earlier, Figures 2 and 3).
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Table 4: Bond Lengths from the Copper Center of Oxidized and Reduced Native, M98A, and M98Q

native oxidized

oxidized M98A reduced M98A oxidized M98Q reduced M98Q amicyanii

His95—-Cu (A) 2.0054+ 0.009 3.506+ 0.127 2.023+0.013 2.062+ 0.01C 2.03
2.927+ 0.084

Cys92-Cu (A) 2.1414+0.003 1.904+ 0.013 2.16H4- 0.005 2.220+ 0.002 2.08
2.096+ 0.009

His53-Cu (A) 1.949+ 0.008 1.738+ 0.022 1.98G+ 0.010 2.052+ 0.008 1.96
1.784+ 0.01F

axial ligand 2.4144 0.104 e 2.1234+0.028 2.087+ 0.016f 291

—Cu (A) 2.447+ 0.04% 2.588+ 0.0849

trigonal plane 0.14 € 0.42 0.55 0.30

—Cu (A

21.30 A structure (pdb code 1AACY Distance to the major copper atofrDistance to the minor copper atofDistance to oxygen from water
WAT264. ¢ No axial ligand or equatorial plane preseristance to GIn98 OE2, major conformatidrDistance to GIn98 OE2, minor conformation.
h Distances from the major copper center to the equatorial plane defined by atoms Mis&3/882 SG, and His95N

[Ala]o8

Ficure 5: Reduced M98A amicyanin structure. (A) Stereoview of the copper center of reduced M98A amicyanin witRathe 2Fc|

electron density map contoured at the & l@vel. The atom coloring scheme is the same as that in Figure 4A. (B) Oxidized M98A amicyanin
(carbon and copper, yellow) superposed on reduced M98A amicyanin (carbon and copper, cyan). All nitrogen, oxygen, and sulfur atoms
are blue, red, and brown, respectively.

The overall structure of reduced M98A amicyanin is also the copper ion to provide additional coordination. The
similar to that of the wild-type protein, except for the segment electron density for the copper ion is also very weak and
from residues 1720, which are known to vary in conforma- was refined to about 40% occupancy, suggesting that some
tion among various amicyanin structurds), leading to an loss of copper had occurred upon reduction of the crystal.
rmsd of 0.49 A for 105 @ atoms. Omission of these four ~The water structure around His95 also indicates that this side
residues results in a rmsd of 0.35 A. However, when chain has two alternate conformations.
compared to the oxidized M98A amicyanin structure, a  Structure of M98Q AmicyaniThe overall structures of
dramatic change is seen in the coordination of the copperboth oxidized and reduced M98Q amicyanins show differ-
ion (Figure 5A). Only His53 and Cys92 remain bound to ences from that of the oxidized wild-type amicyanin, similar
the copper (Table 4). The copper moves by dtiod in a to those discussed for reduced M98A amicyanin. The largest
direction away from His95, which itself moves away from differences (+2 A in Co position) are localized to the
the copper to a distance of about 3.5 A from the side chain variable 1720 segments and drop to a rmsd of 0.32 and
(Figure 5B). No water molecules are seen in the vicinity of 0.25 A, respectively, when this segment is omitted. However,
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Ficure 6: Oxidized M98Q amicyanin structure. (A) Copper center of oxidized M98Q amicyanin Wkt 2 |Fc| map contoured at the

1.80 level. The atom coloring scheme is the same as that in Figure 4A. (B) Configuration of the copper center in the oxidized form of the
M98Q mutant of amicyanin. The two alternate conformers of GIn98 are shown as [A], the major one (54%)sAtiykiidgen bonded to

Met28 O and [B], the minor one (46%), with“Nocated 3.6 A above the plane of Tyr30. The atom coloring scheme is as follows: carbon,
yellow; nitrogen, cyan; oxygen, red; and sulfur, green. Coordination and hydrogen bonds are shown as black dashed lines, an¢ the GIn98
Tyr30 interaction is shown as a thick red dashed line.

in contrast to what was seen with M98A amicyanin, the in oxidized M98Q amicyanin (Figure 7B). The side chain
oxidized and reduced M98Q amicyanin structures are closerof GIn98 is also disordered, its two conformations being very
to each other, differing by a rmsd of 0.19 A for alk@toms. similar to those in the oxidized mutant, differing by90°

The copper coordination in the oxidized M98Q amicyanin by rotation about the &—-Cf bond. The conformation in
structure is the same as that in wild-type amicyanin except which N2 is hydrogen bonded to the carbonyl of Met28 is
that the axial ligand, Met98, is now replaced by GIn98 the major one (alse-70% occupancy). On the basis of the
(Figure 6A). GIn98 exists in two conformations. In the major structure, the copper in the major site can be considered to
conformer (54% occupancy), GIn98 is oriented so that OE1 have a more rhombic symmetry, whereas the minor site is
is coordinated to the copper ion (2.12 A), and Nonates a ~ more similar to that in the reduced M98A structure, having
hydrogen bond to the carbonyl oxygen of Met28 (2.68 A) two strong ligands (His53 and Cys92) and considerably
(Figure 6B, Table 4). In the minor conformation (46% weaker coordination (Table 4 and Figure 7C)
occupancy), where GIn98 differs by approximately ®§ In both the oxidized and reduced crystals of M98Q
rotation about its @—Cp bond, one side chain atom (most amicyanin, the sulfur atom of Met51 was found to contain
likely OE1) is coordinated to the copper ion (2.45 A, Table an oxygen atom covalently attached to itsa§om, thereby
4), whereas the other atom @\ projects into the protein  forming the sulfoxide form of the side chain. In each case,
interior but forms no hydrogen bonds. It is, however, located the oxygen site appears to be fully occupied, and its thermal
above the ring of tyrosine 30 at a minimal distance of 3.5 A parameters are similar to those of other well ordered side
from the plane of the ring (Figure 6B). This situation is chains. The oxygen atom is close enough to tFeatbm of
analogous to the orientation of GIn99 in stellacyanin, where His95 to form a strong hydrogen bond of 2.68 A in length
the N2 atom is located 3.3 A above the plane of TrpBR ( in the oxidized structure (Figure 3B) and 2.70 A in the
Regardless of the conformation of GIn99, the distances from reduced structure. One other mutant crystal of amicyanin has
the copper to the three retained ligands are similar to thosebeen reported to contain an oxidized methionine at position
in wild-type amicyanin. However, the copper is further 51, that of the P94A mutantl®), and oxidized forms of
removed from the trigonal plane formed by these ligands Met51 have been observed occasionally in wild-type ami-
(Table 4). This is notable given the observed increase in cyanin crystals that have undergone extensive X-ray exposure
rhombicy of the type 1 copper that is observed in its EPR (unpublished results). To determine whether the oxidation
spectrum (discussed later). of Met51 had occurred prior to crystallization as a conse-

In the reduced M98Q amicyanin structure, the copper ion quence of the mutation or afterward as a consequence of
is disordered, occupying two positions separated by 0.89 A X-ray exposure, the same preparation of M98Q amicyanin
(Figure 7A). The major copper site~f0% occupancy) that was used for crystallography was subjected to analysis
corresponds closely in position (0.33 A) to the copper site by mass spectrometry. The results showed that the observed
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[GIn]98 1 Cys92 [GIn]o8 // Cys92
His95
C P
Sj
s His53
, ...... %
[GIn]98 C'J*
Cy592

[Ala]98
Ficure 7: Reduced M98Q amicyanin structure. (A) Copper center of oxidized M98Q amicyanin \Fibh-2 |Fc| map contoured at the
1.00 level. The atom coloring scheme is the same as that in Figure 4A. (B) Skeletal diagram of reduced M98Q amicyanin (yellow carbons)
superposed on oxidized M98Q amicyanin (cyan carbons). The two reduced copper atoms are red, and the oxidized copper is blue. All
remaining nitrogen, oxygen, and sulfur atoms are blue, red, and gold, respectively. (C) Skeletal diagram of reduced M98Q amicyanin
(yellow carbons and copper) superposed on reduced M98A amicyanin (cyan carbons and copper). The colors of the remaining atoms are
the same as those in Figure 4B.

molecular mass is that expected for M98Q amicyanin with  M98Q AmicyaninThe X-band spectrum of reconstituted
no modified methionine residues or any indication of M98Q amicyanin exhibited both type 1 and type 2 copper
modifications of other amino acids (data not shown). signals (Figure 8A). The type 2 signa, & 2.32,A, = 150
Therefore, the presence of oxidized Met51 in the M98Q G) was lost after the EDTA wash, which removes weakly
amicyanin structures appears to be an artifact of the crystal-bound copper following the reconstitution procedure, leaving
lographic investigation and should have no effect on the atype 1 copper signal witly = 2.27 (Figure 8B). Naturally
solution properties of the mutant. occurring Cu consists of a mixture of 69.28€u and 30.8%

Electron Paramagnetic Resonance Spectroscoflye 65Cu. To obtain a better resolution of the copper hyperfine
X-band EPR spectra of M98A and M98Q amicyanins were lines in the high field region, M98Q amicyanin was prepared,
clearly different from that of native amicyanin (Figure 8). which contained onlf¥*Cu. The X-band EPR spectrum of
The X-band EPR spectra of the native amicyanin shows a%Cu M98Q amicyanin (Figure 10) allowed the assignment
single type 1 copper signal with nearly axial symmetry of A; = 64 G and the high field line in thgO region is
characterized by four hyperfine lines centeredjat 2.24 assigned t@,=2.04. The middle of the three lines in tgel
separated by, = 53 G (Table 5 and Figure 8). After native region @ = 2.09) may be due to some residual type 2
amicyanin was washed with EDTA, the spectrum was copper as well as type 1 copper. After washing with EDTA,
unchanged, except for a little better resolution of the copper the ratio of the total peak-to-peak height in the region
hyperfine lines in theg, region. Q-band and S-band EPR divided by the peak-to-peak height for the middle line
spectra were also acquired for each protein (Figure 9). increased to 2.5 from 1.7.
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Ficure 8: X-band EPR spectrum of oxidized native amicyanin
(200 uM), reconstituted M98A amicyanin (200M), and recon-
stituted M98Q amicyanin (200M) in 10 mM potassium phosphate
at pH 7.4 containing 5% glyercol. The spectra of the proteins were
recorded before (A) and after (B) washing the samples in buffer
containing EDTA.
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Table 5: X-band EPR Parameters of Native, M98A, and M98Q
Amicyanins

type 1 signal type 2 signal

amicyanin g A(G) g A(G)
native 2.24 53

M98A? 231 2.24 179

M98Q 2.27 23 2.32 150
stellacyanif 2.28 34

aType 1 signal is a minor component not observed in all preparations.
b Type 2 signal is a minor component, which is lost after the EDTA
wash.¢ Estimated value from line width (Figure 10)Taken from ref
33.

The Q-band EPR spectrum of M98Q amicyanin (Figure
9A) shows an increase in the separationgefand gy, and
also broadening due to the strain gf and g,. The three
g-values (Table 6) indicate a change from the nearly axial
type 1 copper configuration to a more rhombic configuration
upon switching Met to GIn. This is consistent with the crystal
structure of oxidized M98Q amicyanin, which exhibited an
increase in distance from €uto the trigonal plane defined
by the three equatorial ligands (Table 4). Tddine (2.27)
in the Q-band spectrum and broad peaks indgheregion
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Ficure 9: Q-band (A) and S-band (B) EPR spectra of oxidized
native amicyanin (20@M), M98A amicyanin (20Q:M), and M98Q
amicyanin (200uM) in 10 mM potassium phosphate at pH 7.4
containing 5% glyercol.

6). The EPR parameters reported for stellacyaningare
2.282,9, = 2.075,g« = 2.018 (Table 6), ané" = 60 G

(33), which are similar to those of M98Q. Even though the
signals from the S-band EPR spectrum of M98Q amicyanin
(Figure 9B) overlap more than those at the X-band, the
S-band spectrum is consistent with tpgalues determined

at the X-band. Even at the S-band, the copper hyperfine lines
for M98Q were not resolved in thg region, which may be
attributed to the presence of more than one type 1 copper
signal. This is consistent with the observation of two
conformers of GIn98 in the crystal structure of oxidized
M98Q amicyanin (Figure 6).

M98A AmicyaninX-band EPR spectra of M98A consis-
tently showed a type 2 copper signal before and after EDTA
washing withg, = 2.24 andA, = 179 G (Table 5, Figure
8). In particular, the largéy, value compared to that of a
normal type 1 copper center clearly indicates the presence
of primarily a type 2 copper site. In one of the samples
examined, it was also possible to observe a minor signal
attributed to a type 1 copper signal (Table 5). At higher
microwave frequency, 35 GHz, in the Q-band EPR spectrum,
gl was observed but not resolved irgpandgy (Figure 9A),

were observed (Table 6 and Figure 9A). Q-band EPR spectranor were these signals resolved®icu M98A amicyanin.

of 83Cu M98Q vyields a higher resolution of hyperfine lines
(Figure 10) and confirms the values @f g,, andg, (Table

The g, region was not detected because the intensity of the
lines was too weak. This is typical for a square planar
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A Table 6: Q-band EPR Parameters of M98Q Amicyafi6y M98Q
27 Amicyanin, and Stellacyanin
Ox Oy Oz A(G)
. M98Q 2.04 2.08 2.26 poorly
> resolved
‘® 63Cu M98Q 2.04 2.08 2.27 65
§ stellacyanin 2.02 2.08 2.28 60
£ aTaken from ref 33.
2
© . . o
- cytoplasm. However, our recombinant amicyanin is ex-
e pressed in the periplasn2l), and the growth medium is
1st harmonic supplemented with 12@M CuSQ,.. No evidence for zinc-
2 bound amicyanin has ever been observed during the expres-
T T T - T sion of recombinant wild-type or several other mutant
2000 2600 oL 200 2400 [ i hich we have previously expressed and
Magnetic Field (G) amicyanins, w P y exp

characterized. Thus, the M98A and M98Q mutations have
significantly increased the preference for the incorporation
65G of zinc relative to copper during the assembly of the protein
in vivo. When the axial methionine ligand of two other type
1 copper proteins was mutated to glutamine, M121Q azurin
(34) and M92Q plastocyanin8], each also showed an

increased affinity for zinc after initial isolation.
n For amicyanin, the identity of the distal axial ligand plays

0.0 =
-05

-1.0

a significant role in determining the metal specificity of the
metal binding site. On the basis of the similar observations
with the azurin and plastocyanin mutarés34), this appears
to be a general feature of type 1 copper proteins. An
exception to this rule, however, is stellacyanin, which is
atypical of type 1 copper proteins in that the native protein
T T T T T T T T uses a glutamine residue rather than a methionine to provide
11000 11400 11800 12200 . . . .
o the axial ligand. Even so, stellacyanin binds copper and not
Magnetic Field (G) : . A ) ! -
. 10: X-band (A) and Q-band (B) EPR r#4U MOBO zinc. Because there is no significant difference in the ionic
IGURE . A-Dan an -ban Spectr u i 2 2
amicyanin (270uM) in 10 mM potassium phosphate at pH 7.4 rbad” (73 prr]n foir Cd gnd 4 pm' f(_)r Z1v) (|34) an;i charge
containing 5% glycerol. The values fa, g,, and g« and the etweer_1 t ? ;Inc_ an coppe_r, itis not Cear what aCCOP”tS
hyperfine splittings forACU are marked in both the X-band and  for the discrimination. According to the rack-induced bonding
Q-band spectra to show the precision of the values from the two concept 85), the bound metal ion in cupredoxins is forced
frequencies. The spike on the high field side of the Q-band spectratg adopt a coordination geometry determined by a rigid
is due to a background signal. peptide conformation. The data for the Met98 amicyanin
mutants suggest that the ligand geometry of the active site
can accommodate a range of metals and that the identity of
the axial ligand is a significant determinant of the metal that
is to be incorporated. In the case of stellacyanin, the rack-
induced folding may be more rigid such that it contributes

-15

-20

Relative Intensity

Tl

-25 —

-3.0 —

configuration under these conditions. At a lower 3.36 GHz
(S-band) frequencyg,, A;, andgl could be obtained but no
nitrogen superhyperfine was resolved (Figure 9B). The EPR
results that describe M98A amicyanin as having primarily a
type 2 copper are in apparent conflict with the crystal more to metal specificity than the axial ligand.
structure and visible absorption spectra, which are charac- i . )

teristic of a type 1 copper site. This apparent discrepancy | N€ observation that M98A and M98Q amicyanins have
may be explained by a temperature-dependent change in thé reduced affinity for copper relative to native amicyanin is

copper center, as indicated by the observation that oxidizedCOnsistent with the observation that the copper-containing
M98A amicyanin exhibits a change in color on freezing forms of these mutant amicyanins also exhibit significantly
(Figure 3 and discussed later). lower thermal stability than native amicyanin. We have

previously shown Z8) that two thermal transitions are
DISCUSSION observed in the DSC profile of oxidized native amicyanin
that are initially associated with the disruption of the copper
Metal Specificity and Protein StabilityCP-OES spec-  site, followed by the subsequent denaturation of the overall
trometry indicated that the as-isolated M98A and M98Q protein. That is why for native amicyanin, the apoprotein
amicyanins contain tightly bound zinc rather than copper. that already lacks copper exhibits a single thermal transition
After unfolding of the protein, the removal of zinc, and at 52°C (28), which is much lower than that of oxidized
incubation with C&", copper-containing mutant proteins amicyanin and similar to the values obtained for M98A and
could be generated and studied. Recombinant type 1 coppeM98Q amicyanins. Because the copper center is the focus
proteins are sometimes isolated with zinc bound rather thanfor the initiation of the temperature-dependent unfolding of
copper when they are expressed in the cytoplas& abli. amicyanin, the weaker affinity for the copper of M98A and
That is because there is virtually no free copper in the M98Q amicyanins, relative to that of native amicyanin,
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facilitates the loss of copper at lower temperature, and this providing the axial ligand for Ct?. The color change
is reflected in decreased thermal stability (Table 3). observed with M98A amicyanin upon freezing (Figure 3)
Effects of the Introduction of Glutamine as an Axial may be attributed to changes in the lattice matrix upon
Copper Ligand in M98Q Amicyanifror M98Q amicyanin,  freezing where the relative flexibility of the ligand environ-
the increase in absorbance at 464 nm relative to 595 nmment around Ala98 allows the entry of solvent molecules
(Figure 1) is indicative of a more rhombic siteQdj. This is prior to freezing but locks the solvent molecule into a more
supported by the crystal structures that show that the sterically immobile lattice that contributes to the alterations
coordination of the copper by the amide O of GIn98 moves in the Cys92-Cu™? charge transfer. Such flexibility that
the copper away from the equatorial plane defined by the allows the movement of a water molecule within the ligand
other three ligands (Table 4). A similar change is suggestedenvironment could account for the appearance of type 2
by the altered absorption spectra of M121Q azus#) énd copper signals upon freezing. It is possible that the axial
M92Q plastocyanin§). The increased rhombicity is still  water movement within the matrix upon freezing creates a
consistent with a type 1 coordination, although the change geometry that appears more square planar than the typical
in geometry causes an increase in the splitting and broadeninglistorted tetrahedral coordination in solution. Clearly, this
of g« andgy, which is observed in the EPR spectra. For M98Q transition to a type 2 copper site is reversible because M98A
amicyanin, the appearance of thrg@alues at 2.27, 2.08, amicyanin exhibits a distinct type 1 copper absorbance peak
and 2.04 indicates a change from the normal more axial typeat 595 nm in the aqueous form before freezing and after
1 copper configuration to a more rhombic configuration upon thawing. The irreversible decrease in the 595 nm peak with
the replacement of Met with GIn (Table 6). a concurrent increase in the 464 nm peak as a function of
In the Q-band spectrum, thg line (2.27 + 0.01) and increasing pH observed in the absorption spectra of M98A
broad peaks in thgl region were observed (Figures 9A amicyanin (Figure 2) suggests that the protein undergoes a
and 10B). The middle, sharper line in Figure 9A is attributed pH-dependent transition with a more rhombic appearance
in part togd from a residual small population of M98Q and concurrent loss of copper from the active site. It is
amicyanin that possesses type 2 copper (discussed earlier)nteresting that the minor peak centered on 464 nm undergoes
The broad lines afy, = 2.08 andgx = 2.04 are attributed to  a shift to a lower wavelength while its magnitude increases
the configuration with a rhombic distortion. The lines are with increasing buffer pH. The data suggest that during the
broad due to an increase in strain for M98Q amicyanin process of pH dependent denaturation of M98A, the protein
relative to that for native amicyanin. The poorly resolved undergoes a conformational change that moves copper away
copper hyperfine lines ig, and g, may be attributed to a  from the equatorial plane, resulting in the appearance of
second rhombic geometry that likely arises from the second, increased rhombicity. In contrast to the effects of freezing,
less populated conformation of GIn98 as determined from this process is irreversible. The ability to reversibly switch
the crystal structure (Figure 6). Even at the S-band, the from a type 1 geometry in the agueous state to a type 2
copper hyperfine lines for M98Q amicyanin in theregion geometry in the frozen state is a novel observation for a
were not resolved. Assuming a line shape similar to the line native or mutant cupredoxin. The geometry of the copper in
shape for native amicyanin in thg, region, A, for the the reduced M98A amicyanin of a nearly linear coordination
unresolved copper hyperfine lines from M98Q amicyanin between only two ligands is also unprecedented for a
was about 23 G, that is, about half of the value Apfrom cupredoxin.
native amicyanin. To our knowledge, this is the smallest SummaryThe replacement of the axial S ligand normally
value reported foA,°! from a type 1 copper site, albeit from  provided by Met with an axial O ligand provided either by
a rhombic distorted type 1 site. GIn or water significantly increased the preference for the
The reconstituted M98Q amicyanin also contains a sub- incorporation of zinc relative to copper during the assembly
population of type 2 copper as revealed by the EPR of this of amicyanin in vivo. The replacement of Met98 with GIn
sample. However, it is more weakly bound than the type 1 yielded a type 1 copper site with increased rhombicity as
copper as evidenced by its selective removal by the EDTA evidenced by an increase in distance from Cu to the trigonal
wash. Type 2 copper centers exhibit square planar geometryequatorial plane seen in the crystal structure, the appearance
with visible absorption spectra that lack distinctive features of threeg-values in its EPR spectrum, and an unusually small
(36) and, therefore, do not contribute to the absorbance A value for a type 1 copper site. The replacement of Met98
maxima centered around 595 nm. This explains why after with Ala yielded a type 1 copper site with water providing
EDTA treatment the copper content of the reconstituted the axial ligand. The geometry of this site reversibly changed
M98Q amicyanin decreased to 0.61 per molecule, with no to type 2 on freezing. The crystal structure of reduced M98A
concomitant decrease fygs. The fact that the metal binding  amicyanin exhibits an unprecedented ligation geometry in
site of M98Q amicyanin exhibits multiple copper geometries, which the His95-Cu coordination is broken, and copper is
two type 1 conformers and a weakly bound type 2 copper, left with only two ligands from His53 and Cys92 in an almost
indicates that it is not only the identity of the axial ligand linear coordination. These results indicate that the identity
that dictates ligation geometry but also its position. The as well as position and rigidity of the axial ligand for the
flexibility of the GIn98 side chain in M98Q amicyanin is type 1 copper site has a profound influence on its metal
allowing multiple ligation geometries to exist. specificity, ligation geometry, stability, and spectroscopic
Effects of the Introduction of Water as an Axial Copper properties. It follows that relatively subtle changes in the
Ligand in M98A AmicyaninThe sensitivity of the copper nature of a metal ligand or its environment, even in the
binding site of oxidized M98A amicyanin to pH and absence of significant overall protein structural changes, may
temperature likely reflects the fact that a potentially mobile play critical roles in the assembly and properties of metal-
water molecule and not a fixed amino acid residue is loproteins in general.
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