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The double mutant H117G/N42C azurin exhibits tet-
ragonal type 2 copper site characteristics with Cys?*? as
one of the copper ligands as concluded from spectro-
scopic evidence (UV-visible, EPR, and resonance Ra-
man). Analysis of the kinetics of copper uptake by the
apoprotein by means of stopped flow spectroscopy sug-
gests that the solvent-exposed Cys?*? assists in binding
the metal ion and carrying it over to the active site
where it becomes coordinated by, among others, a sec-
ond cysteine, Cys'!'%. A structure is proposed in which
the loop from residue 36 to 47 has rearranged to form a
tetragonal type 2 copper site with Cys*? as one of the
ligands. The process of copper uptake as observed for
the double mutant may be relevant for a better under-
standing of the way copper chaperones accept and
transfer metal ions in the living cell.

In an attempt to construct dimers of the electron transfer
protein azurin from Pseudomonas aeruginosa, the double mu-
tant H117G/N42C was constructed. The properties of this
azurin variant in its monomeric form turned out to be quite
unexpected and are the subject of the present paper. Experi-
ments on the dimers that have been constructed from it will be
described elsewhere.

Azurin from P. aeruginosa is a small blue copper protein that
contains a type 1 copper site. Type 1 copper sites are charac-
terized by an intense absorption band near 600 nm (e = 3,000—
6,000 M ' cm™ ') and by EPR spectra with unusually small A,
values (A < 70 X 107* cm ™) (1). The copper ion in azurin is
coordinated by three strong ligands (S” of Cys''? and N? of
His''” and His*®) forming a trigonal plane around the copper
and two weak axial ligands (S° of Met?! and backbone oxygen
of Gly*®) (2, 3). Much has been learned about coordination
geometry in cupredoxins by removal and replacement of copper
ligands. An example is the replacement of His'!? by glycine in
azurin. The H117G mutation creates a gap in the protein
surface through which the copper-containing active center be-
comes accessible for external ligands (4—6). Type 1 character is
maintained when monodentate ligands such as imidazole and
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pyridine (derivatives), halides or azide are added. The site
reverts to type 2 character when bidentate ligands such as
histidine and histamine are added.

The introduction of an additional cysteine at position 42
produces a double mutant with unusual spectroscopic and
mechanistic properties. We demonstrate in this work that the
protein framework of the doubly mutated protein can undergo
a major rearrangement leading to a metal site in which Cys*2
acts as one of the copper ligands. This site has a unique spec-
troscopic fingerprint. Moreover, when the copper site is recon-
stituted by incubating the apoprotein with Cu(II), the Cys?*2
functions as an arm that catches the metal ion and carries it
over to the active site where it becomes coordinated by, among
others, a second cysteine, Cys!!2. This process may be relevant
for a better understanding of the in vivo process of copper
uptake and transfer by copper chaperones.

EXPERIMENTAL PROCEDURES

Materials—Iodoacetamide (IAA)' was purchased from Sigma;
Na,?**S0, was purchased from ICON Stable Isotopes. HEPES and glu-
cose were purchased from Fluka. Isopropyl-g-thiogalactopyranoside
was purchased from Eurogentec. Dithiothreitol was purchased from
Promega. All other materials were purchased from E. Merck AG,
Darmstadt, Germany.

Bacterial Strains and Plasmids—Escherichia coli strain JM109 was
used for cloning and expression of the P. aeruginosa azu gene. For the
expression of the N42C and H117G azurin, the JM109 cells were trans-
formed with the plasmids pIA02 (7) and pGKH117G, respectively. Plas-
mid pGKH117G was constructed by cloning the 390-bp Smal-HindIII
fragment of pTB46 (4, 6) into Smal-HindIII-digested pGK22 (which was
a kind gift from B. G. Karlsson, Chalmers University of Technology,
Goteborg, Sweden). The construction of plasmid pIA03, containing both
mutations (H117G and N42C) was accomplished by insertion of the
421-bp EcoRI-Xmal fragment of pIA02 containing the N42C mutation
into the EcoRI-Xmal digested fragment of pGKH117G, containing the
H117G mutation. Sequence analysis of the complete azu gene con-
firmed the mutations. Plasmid pIA03 was used for the expression of
H117G/N42C azurin.

Protein Expression and Purification—Proteins were expressed, iso-
lated, and purified in their apo forms as described previously (4, 7).
34S-Labeled H117G/N42C azurin was isolated from JM109 cells grown
on minimal medium based on a 100 mM sodium phosphate/citrate
buffer, pH 7, containing 0.3% glucose, 12 mM NH,C], 10 mm KCI, 1 mm
MgCl,, 1% thiamine (0.5 ml/liter), 50 mg/liter Na,**SO,, 2 ml/liter
mineral salts solution, and 50 ug/liter ampicillin (8). The mineral salts
solution was prepared in 0.1 M HC]; sulfates were omitted and replaced
by chlorides. Expression of the azurin was induced after 6.5 h of growth
by the addition of 0.5 mM isopropyl-B-thiogalactopyranoside. After con-
tinuation of growth for 16 h, cells were harvested, and the *S-labeled
H117G/N42C azurin was isolated using the same purification proce-
dure as for unlabeled H117G/N42C azurin.

1 The abbreviations used are: IAA, iodoacetamide; MES, 2-(N-mor-
pholino)ethanesulfonic acid; mT, millitesla.

44121


http://creativecommons.org/licenses/by/4.0/

44122

Gel Filtration and Mass Spectrometry—Gel filtration was performed
on a Superdex 75 (Amersham Biosciences) column (60 X 1.6 cm, inner
diameter), which was connected to a fast protein liquid chromatography
system (Amersham Biosciences). A solution of 20 mm HEPES, 50 mm
Na,S0O,, pH 7, was used as elution buffer. For electrospray mass spec-
trometry, samples were exchanged to water using ultrafiltration and
diluted in 50:50 water:methanol and 1% acetic acid.

UV-visible Spectroscopy—UV-visible absorption spectra were re-
corded at 20 °C on either a Shimadzu UV-2101 PC or a PerkinElmer
lambda 18 spectrophotometer. The extinction coefficient of the absorp-
tion at 385 nm in H117G/N42C azurin has been estimated from the
ratio of the absorptions at 385 nm of the Cu-H117G/N42C azurin and
280 nm of the H117G/N42C apoazurin. For the extinction coefficient at
280 nm the value of H117G apoazurin has been used (€55, = 9.1 X 10®
M~ em™?) (9). Samples were measured in 20 mmM HEPES, pH 7, unless
stated otherwise.

EPR Spectroscopy—EPR spectra were recorded at 77 K with a JEOL
JESRE2X spectrometer operating at X-band frequency (within a range
of 8.997 and 9.000 GHz) and interfaced with a JEOL ES-PRIT330 data
manipulation system. EPR spectra were recorded in continuous wave
mode with instrument settings as follows: center field, 290 mT; sweep
width, 75 mT; field modulation width, 1 mT; field modulation fre-
quency, 100 kHz; time constant, 0.1 s; sweep rate, 12.5 mT/min; micro-
wave power, 1 mW. The magnetic field was calibrated with an external
sample of 1,1-diphenyl-2-picrylhydrazyl (g = 2.0036). Protein samples
were freshly prepared by adding 0.5 molar eq of a Cu(NO,), solution (10
ul 25 mm) to H117G/N42C apoazurin (200 pl 2.5 mMm in 20 mm HEPES
buffer, pH 7, with 40% glycerol). After mixing by pipetting back and
forth the solution was immediately frozen, and the EPR spectrum was
measured. Subsequently, the sample was quickly defrosted to add an-
other 0.5 molar eq of Cu(NO,), and measure the EPR spectrum follow-
ing the same procedure.

Resonance Raman Spectroscopy—H117G/N42C apoazurin at a con-
centration of 0.3 mm in 20 mm HEPES, pH 7.5, and 5 mM dithiothreitol
(to prevent formation of dimers) was reconstituted with Cu(II) as fol-
lows. All buffers and solutions were flushed with argon for 30 min
before use. Dithiothreitol was removed by repeated dilution and con-
centration under anaerobic conditions. Concentrating the sample was
performed in a Centricon 10, which was loaded into a Nalgene 250-ml
centrifuge bottle with an O-ring sealing cap in the glove box and then
centrifuged for 1.5 h at 5,000 rpm. After addition of 1 molar equivalent
of Cu(NO,), the samples were concentrated to a final concentration of 3
mM. The samples were then inverted, spun into an Eppendorf, and
transferred aerobically to capillary tubes for the measurement of ab-
sorption and resonance Raman spectra. The resonance Raman spectra
of H117G/N42C azurin were collected in a 90° geometry with the cap-
illary mounted in a wiggler (to minimize photodamage) with a stream of
ice-cooled N, gas. For recording the spectra a custom McPherson 2061/
207 spectrograph (0.67 m, 2400 groove grating) and a Princeton Instru-
ments (LN-1100PB) liquid N, cooled CCD detector was used with a
150-um slit width. Rayleigh scattering was attenuated with a Kaiser
optical holographic supernotch filter. The excitation source was pro-
vided by a Coherent Innova 302 krypton laser for 413 nm (25 mW
power). Absolute frequencies, accurate to at least = 1 cm™!, were
obtained by calibration with aspirin. The sample was stable toward
laser irradiation, and Raman spectra on the same sample could be
recorded for 1.5 h.

Stopped Flow Spectroscopy—Kinetic measurements were performed
on an Applied Photophysics SX.18MV stopped flow spectrometer
equipped with either a PD.1 Photodiode Array detector or an absorption
photomultiplier (for single wavelength). Reactions were carried out
aerobically at 20 °C in 20 mMm HEPES, pH 7. Reactions were initiated by
mixing equal volumes of the apoazurin (50-100 uM) and a Cu(II) solu-
tion. Copper solutions were made from a 0.5 M stock solution of
Cu(NO,),. Data were analyzed with PC Pro-K, Global Analysis and
Simulation Software (Applied Photophysics).

Modeling—Modeling was started by taking the crystal structure of
wild type azurin and replacing His''” for a glycine and Asn*? for a
cysteine using Swiss-Pdb Viewer version 3.51.% Using the GROMACS
simulation package (11) and GROMOS 43a2 force field (12) Cys*? was
moved inward in nine steps by putting a restraint on the distance
between copper, which was constrained to sulfur(Cys*?) at 2.2 A, and a
dummy atom, which was placed at the average position between sul-
fur(Cys''?) and nitrogen(His*®). Alternately, the sulfur(Cys''?) and ni-

2N. Guex, M. C. Peitsch, T. Schwede, and A. Diemand (1996) Swiss-
Pdb Viewer 3.51, www.expasy.ch/spdbv/mainpage.html.
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trogen(His*6) atoms were fixed, whereas the distance restraint between
copper and the dummy atom was shortened; or the copper atom was
fixed, and the protein was allowed to relax. Each step was run for 20 ps.
After nine steps the copper-dummy distance had decreased from 12 to
1 A. Subsequently, bonds were added between copper and the ligands
(Cys*2, His*®, Cys''?, and Met'?'), but they were not constrained (input
distance parameters were 2.0 A for copper-nitrogen and 2.2 A for
copper-sulfur bonds with force constants of 10° kJ/molnm*). An im-
proper dihedral between the copper and His*® was added to ensure that
the copper remained in the plane of the imidazole ring (ideal improper
dihedral angle: 0° with force constant of 500 kJ/mol-rad?®). During a
1.1-ns molecular dynamics run the structure appeared to be stable (root
mean square deviation = 1.8 A for all heavy atoms relative to structure
at 100 ps). Water was not included in this simulation.

RESULTS

UV-visible Spectroscopy—When Cu(Il) is added to a solution
containing H117G apoazurin (single mutation), the mixture
turns green (4-6). The absorption spectrum of Cu-H117G
azurin, taken after about 30 min when the maximum intensity
in absorption is reached, is shown in the inset of Fig. 1A (solid
line). Two absorption maxima at 420 and 628 nm are observed
because of a mixture of type 2 and type 1 species, respectively
(5, 6). Because water is the most abundant ligand present, it
has been assumed that water coordinates the copper at the
vacant position of His''? (5, 6), which was later shown to be
correct (13, 14). The optical spectrum changes dramatically
upon addition of external ligands: the addition of imidazole
(and derivatives), pyridine (and derivatives), chloride or bro-
mide to the oxidized form of the H117G mutant restores the
characteristic type 1 features. For example, when imidazole is
added a decrease in intensity at 420 nm and an increase near
630 nm is observed as shown in the inset of Fig. 1A (dashed
line). Molecules such as histidine and histamine create copper
sites with spectroscopic features characteristic of type 2 copper
sites, as in H117G(H,0) (4-6).

Cu(II), when added to the colorless monomeric form of the
H117G/N42C apoazurin, reacts instantaneously with the pro-
tein as can be seen from the immediate development of a yellow
color. This color is caused by a strong absorption band in the
optical spectrum at 385 nm with an extinction coefficient of
(3.0 = 0.5) X 103 M~ ! em ™! (Fig. 1A) and is characteristic of a
type 2 copper site. It can be assigned as a RS™ — Cu(Il) 0 — #*
band (15-18). These features are strikingly different from the
spectroscopic characteristics of Cu-H117G azurin mentioned
above (Fig. 1A, inset, solid line). Remarkable is that the addi-
tion of an excess of external ligands such as imidazole (50 eq) or
chloride (100 eq) after copper binding does not influence the
spectroscopic features (dashed lines in Fig. 1, B and C, respec-
tively). Preincubation with a large excess of imidazole before
Cu(I) is added slightly affects the spectroscopic properties. An
increase in absorption at 630 nm is observed as well as a slight
decrease in 385 nm absorption. The gain in 630 nm absorption
agrees stoichiometrically with the loss of 385 nm absorption as
calculated from the extinction coefficients of 385 nm ((3.0 =
0.5) X 10° M ' em™ 1) and 628 nm ((5.3 = 0.1) X 10> M ' ecm ™},
imidazole-bound H117G azurin (9)) (Fig. 1B, dotted line). Pre-
incubation with chloride has hardly any effect on the spectro-
scopic features (Fig. 1C, dotted line). These observations are in
contrast to H117G azurin, which changes its spectroscopic
properties dramatically upon adding exogenous ligands as de-
picted in Fig. 1A (inset, dashed line). From this, it can be
concluded that in the case of H117G/N42C azurin externally
added ligands do not significantly compete for copper binding.
The open site in the coordination sphere of the copper, there-
fore, must be occupied by another ligand, the obvious candidate
being Cys*2.

The involvement of cysteine 42 in copper binding was con-
firmed by inhibition studies with IAA, a blocking reagent that
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Fic. 1. UV-visible spectra of H117G/N42C azurin monomer and inhibition studies. Spectra were taken in 20 mm HEPES, pH 7, at 20 °C;
H117G/N42C azurin samples were at protein concentrations of 30 um. A, Cu-H117G/N42C azurin. Inset, Cu-H117G azurin; solid line, 0.1 mM in
20 mm HEPES, pH 7, at 20 °C; dashed line, imidazole-reconstituted Cu-H117G azurin. B, effect of imidazole. Solid line, Cu-H117G/N42C azurin;
dashed line, Cu-H117G/N42C azurin after addition of 50 eq of imidazole; dotted line, Cu-H117G/N42C azurin after preincubation of H117G/N42C
apoazurin with 50 eq of imidazole. C, effect of chloride. Solid line, Cu-H117G/N42C azurin; dashed line (which coincides with the solid line),
Cu-H117G/N42C azurin after the addition of 100 eq of NaCl; dotted line, Cu-H117G/N42C azurin after preincubation of H117G/N42C apoazurin
with 100 eq of NaCl. D, partial TAA inhibition (70%). Dashed line, Cu-H117G/N42C azurin; dotted line, Cu-H117G/N42C azurin after preincubation
of H117G/N42C apoazurin with 10 eq of IAA for 30 min; solid lines, Cu-H117G/N42C after preincubation with IAA and addition of 3.3 eq of

imidazole followed in 0, 5, 15, 20, and 35 min.

reacts specifically with surface-exposed cysteine residues. The
addition of copper after preincubation of the apo monomer of
H117G/N42C azurin with IAA restores the characteristic prop-
erties of the H117G mutant as shown in Fig. 1D. Depending on
(a) the amount of IAA used, (b) the protein concentration, (c)
the incubation time, and (d) the temperature, the absorption at
385 nm decreases to a smaller or larger extent, whereas the
absorptions at 420 and 630 nm, typical for Cu-H117G azurin,
increase (Fig. 1D, dotted line). Under the conditions as used in
Fig. 1D about 70% of the Cys*? in the H117G/N42C apoazurin
has reacted with IAA after 30 min, making binding of this
cysteine to the copper impossible. The dotted line in Fig. 1D
(after IAA) has decreased relative to the dashed line (no IAA);
the apparent slight shift of the absorption maximum to longer
wavelength is caused by overlap of the remaining 385 nm
absorption with the newly appearing 420 nm absorption. Thus,
the original green copper site as observed for the H117G azurin
mutant is partially recovered. A free position has become avail-
able in the coordination sphere of the metal site, which can be
filled by externally added ligands: upon adding imidazole a
decrease in 420 nm absorption and an increase in 630 nm
absorption are observed (solid lines, Fig. 1D). Under the con-
ditions used in Fig. 1D, a remaining absorption at 385 nm is
observed caused by the presence of H117G/N42C azurin that
has not reacted with TAA (about 30%).

Dimer Formation—Previous studies have demonstrated that
the addition of Cu(II) (1.1 molar eq) to the apo form of the N42C
single mutant catalyzes the formation of dimers (7). The copper

occupies the metal site but is partially reduced as it partici-
pates in the oxidation of the cysteines 42 when they form a
disulfide bond. It is thus expected that copper addition to the
H117G/N42C double mutant will result in the accelerated for-
mation of dimers. To analyze this feature an experiment was
performed, in which 1.1 molar eq of Cu(Il) was added to apo
monomer of H117G/N42C azurin. The resulting yellow protein
solution was subjected to size exclusion column chromatogra-
phy. From this, two fractions were eluted with masses of
13,853 * 2 and 27,698 = 4 Da, respectively, as determined by
mass spectrometry. This agrees with the expected mass of the
apo forms of mono- and dimer, calculated as 13,852 and 27,702
Da, respectively.® The experiment shows that during a gel
filtration experiment at least 20% of the total amount of protein
is converted into a dimer, independent of the protein concen-
tration. We found that at high protein concentrations and lon-
ger incubation times, up to 80% of the total amount of monomer
could be dimerized at ambient temperatures.

The eluted monomer fraction still shows absorption at 385
nm, demonstrating that the yellow compound is a monomeric
form of the protein, and excluding the occurrence of a possible
dimer, in which a cysteine of one monomer ligates to the copper
of the other monomer. The eluted dimer fraction was colorless,
compatible with the copper being in the reduced state. The
copper could not be reoxidized with potassium ferricyanide to

3 Under the acidic conditions used for electrospray mass spectrome-
try, the copper falls out (see also Ref. 58).
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Fic. 2. UV-visible spectra of H117G/N42C azurin dimer. Spectra
were taken in 20 mm MES, pH 6, at 20 °C. Samples were at a protein
concentration of 55 uMm. A, H117G/N42C apoazurin dimer (dashed line)
and H117G apoazurin (dotted line) reconstituted with a stoichiometric
amount of Cu(NO,),/copper site (solid lines as indicated). B, Cu-H117G/
N42C dimer (solid line) after the addition of 1 M NaCl (dashed line)
resulting in the appearance of a blue type 1 copper site as in H117G
azurin (analogous to Fig. 14, inset).

the Cu(Il) form as could have been expected for a H117G azurin
variant (6, 9). The possibility for the dimer being in its apo form
is not likely because reconstitution with copper could not be
achieved. The possibility of partial oxidation of the cysteine
sulfur preventing binding of copper, however, cannot be ruled
out. The possibility of zinc, instead of copper, occupying the
metal site is ruled out because Zn-H117G/N42C azurin was
removed prior to the gel filtration experiment by anion ex-
change chromatography.

The formation of disulfide dimers of H117G/N42C azurin
also occurs by exposure to air, in the absence of copper. This
apo dimer can be reconstituted with copper by the addition of a
stoichiometric amount of Cu(Il) per copper site. Addition of
Cu(I) to the apo dimer produces a green color with an absorp-
tion spectrum that is identical to that of the H117G single
mutant (Fig. 24, solid lines), although the intensities of absor-
bances of the double mutant are slightly lower (the absorbances
at 420 and 630 nm amount to 76 and 57% of the H117G
absorbances, respectively). Thus, upon the formation of the
disulfide bond, the cysteines 42 are no longer available for
copper binding, and the original spectroscopic features of the
H117G mutant are restored. Just as with H117G azurin the
vacant position can be filled by external ligands such as imid-
azole and chloride resulting in the appearance of a blue type 1
copper site (Fig. 2B). In addition, a weak absorption band
around 320 nm is observed, which is also present in the apo-
protein (Fig. 2A, dashed line). This feature might be related to
the decreased intensity at 420 and 630 nm (see “Discussion”).

Resonance Raman Spectroscopy—The resonance Raman
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Fic. 3. Resonance Raman spectrum of H117G/N42C azurin at
pPH 7.5 with deconvolutions. A, low frequency range (fundamentals).

B, high frequency range (combination bands). The spectrum was ob-

tained using 413 nm excitation (25 mW), spectral resolution of 1 cm ™%,

and 30 min of data collection. The Raman spectrum of the apoprotein
was subtracted to remove the protein and glass contribution. Curves
were fitted with (Gaussian) peak widths at a half-height of 21 cm™'. The
individual peaks and the sum of the individual peaks as well as resid-
uals are shown.

spectrum of the yellow monomeric form of H117G/N42C shows
fundamentals at 300, 323, 341, and 359 cm ™! which originate
from modes involving the Cu-S(Cys) stretching vibration (Fig.
3A), similar to the spectra of copper cysteinates (Table 1) with
tetragonal type 2 copper sites, like the His — Gly mutants of
azurin (5, 19-21) and various superoxide dismutase mutants
(19, 22). In addition, higher frequency vibrations are observed
at 665 and 693 cm !, which are assigned as combination bands
of the 341 cm ™! fundamental with the 323 and 359 cm™!
vibrations, respectively (Fig. 3B). Weaker are the vibrational
modes at 618 and 641 cm !, which can be assigned as combi-
nation bands of the 300 cm ™! fundamental with the 323 and
341 cm™! vibrations, respectively. There are no strongly en-
hanced overtone bands or S-C stretch vibrations of cysteine
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TABLE 1
Resonance Raman frequencies of type 2 copper proteins

Spectra were obtained with 413 nm excitation. Frequencies in boldface denote the most intense peak(s) in the spectrum.
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Protein A

max

Fundamentals

Combination bands

nm

H117G/N42C azurin 385
H117G azurin (His)*

H117G azurin (H,0)°

H46G azurin (imidazole)*
H46G azurin (H,0)°
SOD-H46C (CuyZn,) (pH 5.5)¢
SOD-H120C (CuyZn,)*
SOD-H80C (Cu,Cu,) (yellow)?
SOD-H46R*

Cu-LADH (imidazole)’

cm

323
319
317
325
330
320

335
322
325

-1

341
350
352
337
339
342
341
348
348
336

359

362

353

359

357
364

404

403

401
403

411

665

675
ND

em™!

693

698
ND

“ Refs. 19 and 20.

® Ref. 5.

¢ Ref. 21.

< Ref. 19. SOD, superoxide dismutase.
¢ Ref. 22.

7 Spectrum was obtained with 514.5 nm excitation; Ref. 36. ND, not determined LADH, liver alcohol dehydrogenase.

present. However, the predominance of combination bands
in the higher frequency region is typical of Cu-S(Cys)
chromophores.

To demonstrate the involvement of two cysteine ligands
(Cys*? and Cys''?) in copper coordination 34S-labeled H117G/
N42C azurin was produced to identify multiple Cu-S stretching
modes by their high frequency shifts. This method has been
applied successfully for example in the study of the dinuclear
copper cysteinate sites (Cu, in cytochrome ¢ oxidase and N,O
reductase) (23-26). However, the 3*S-labeled H117G/N42C
azurin could be reconstituted with copper only to a very small
extent, most probably because for the majority of the azurin
molecules oxidative damage of the thiol group of Cys'!? had
occurred (see below). Interestingly, the UV-visible spectrum of
the 34S-labeled H117G/N42C azurin showed a strong increase
in absorption around 320 nm (Fig. 4A). Furthermore, the mass
spectrum showed multiple peaks all differing from the parent
compound by multiples of 16 on average, corresponding with
the mass of one oxygen (Fig. 4A, inset; the calculated mass of
the unmodified 34S-labeled H117G/N42C azurin equals 13,872
Da). It appears that the absorption at 320 nm in the optical
spectrum is related to the degree of oxidation in the sample as
determined by mass spectrometry. Samples with a relatively
high absorption around 320 nm show mass spectra with a high
degree of oxidation products resulting for example from the
oxidation of cysteine thiols giving products such as sulfonic
(Cys-SOH) or sulfinic acid (Cys-SO,H), or the oxidation of the
thioether sulfurs of methionines giving products such as sul-
foxides (Met-SO) or sulfones (Met-SO,) or the oxidation of the
Cys®-Cys?® cystine to various extents, i.e. monooxo, dioxo, tri-
oxo, tetraoxo, pentaoxo, and the fully oxidized form (27, 28). In
contrast, samples without absorption at 320 nm give a single
peak with the expected mass as shown for a 32S-H117G/N42C
azurin sample (Fig. 4B, calculated mass of 13,852 Da).

Kinetics of Copper Incorporation—The absorption at 385 nm
which appears upon addition of copper to the apo monomer of
H117G/N42C azurin, reaches its maximum when 1 eq of copper
is used. Addition of more than 1 eq of copper does not increase
the absorption any further (Fig. 5), indicative of a strong bind-
ing site with one copper per monomer. Remarkable is that at
copper/protein ratios lower than 1 the wavelength of the ab-
sorbance maximum (measured after 2 min) is slightly shifted to
higher energies (see inset, Fig. 5). With time, the peak maxi-
mum shifts to 385 nm.

To examine the mechanism of copper uptake of the H117G/
N42C apoazurin monomer, stopped flow UV-visible spectros-
copy was performed. Multiple phases can be distinguished on
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Fic. 4. UV-visible spectra and reconstituted molecular weight
profile of electrospray mass spectra (insets) of H117G/N42C
apoazurin. UV-visible spectra were taken in 20 mm HEPES, pH 7, at
20 °C; protein concentrations were 20 uM. Note the intensity of the 320
nm absorption (arrow) and the high degree of oxidation of the protein
(mass spectra). A, 3*S-H117G/N42C apoazurin. B, *2S-H117G/N42C
apoazurin. The calculated masses of **S-H117G/N42C apoazurin and
328-H117G/N42C apoazurin are 13,872 and 13,852 Da, respectively.
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Fic. 5. Reconstitution of H117G/N42C apoazurin with
Cu(NOy),. H117G/N42C apoazurin in 20 mm HEPES, pH 7, was mixed
with small amounts of a 10 mM Cu(NO,), solution at 20 °C. The con-
centration of H117G/N42C apoazurin ([apo-azu]) was kept constant at
50 puM. Absorption spectra were taken 2 min after adding Cu(NO,),. The
maximal absorbance around 385 nm is plotted against the [Cul/[apo-
azu] ratio. The inset shows the wavelength of maximal absorbance
(Ama) @s a function of the [Cul/[apo-azu] ratio.

max-

different time scales. The first step is very fast: addition of 20
eq of Cu(NOy), to 100 um H117G/N42C apoazurin monomer
resulted in the formation of an intermediate with an absorption
maximum around 385 nm, which developed within 10 ms (Fig.
6A). The rate depends on the copper concentration, indicating
that this is a bimolecular reaction. In the second, slower step a
slight increase (10-20%) in absorption occurs as well as a shift
in the absorption maximum to A, ,, = 369 nm (Fig. 6B). This
phase is independent of copper concentration and lasts less
than 1 s. Presumably, a rearrangement takes place in which
the loop containing Cys*? moves inside the cavity. Subse-
quently, the absorption starts to decrease again in several
steps: 1) a decrease in absorption as well as a shift back to 385
nm within 4 s; 2) a further decrease in absorption at a time
scale of 1 min (Fig. 6C); and 3) a further decrease in absorption
at a time scale of 1 h and longer (days).

Interestingly, stopped flow data analysis of the N42C single
azurin mutant also shows the very fast formation of a species
that absorbs around 385 nm, which is then followed rapidly by
the disappearance of this intermediate and the simultaneous
appearance of the typical 628 nm absorption, known for type 1
copper proteins (Fig. 6D).

EPR Spectroscopy—EPR spectra of H117G/N42C azurin in
the presence of 0.5 and 1.0 eq of copper recorded at 77 K are
shown in Fig. 7, A and B, respectively. The EPR spectrum of
H117G/N42C azurin with 0.5 eq of copper shows at least three
species. The relatively large hyperfine coupling constants (>
140 X 10~ * cm 1) are characteristic of type 2 copper sites. The
experimental EPR conditions (temperature of 77 K) plus the
addition of only 0.5 molar eq has slowed down the uptake of
copper, thereby trapping the different intermediates that are
formed during this process possibly corresponding with the
type 2 copper intermediates observed during stopped flow spec-
troscopy (see above).

In the EPR spectrum of H117G/N42C apoazurin to which 1
eq of copper is added two species can be distinguished, again
with type 2 copper site characteristics (A; = 160 X 10 4cem ™
g =223and A; =170 X 10 * em ™ '; g, = 2.28). After 3 days at
—20 °C the latter species has almost disappeared, leaving the
more stable species (AH =160 X 10 *cm ™ 1 g = 2.23) as can be
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seen in Fig. 7C. It is likely that this more stable species corre-
sponds with the final species that absorbs at 385 nm in the
optical spectrum. The intermediate absorbing at 369 nm might
correspond to the species with A = 170 X 10 *cm ! and g =
2.28. The third less well defined species in the EPR spectrum
(Fig. 7A) possibly represents the first intermediate absorbing
at 385 nm.

Modeling—Because the stability of the yellow species of
H117G/N42C azurin is limited, structure determination with
regular methods is prohibited. To obtain insight in the possible
structure of this form of the protein, a model was built using
molecular dynamics calculations. The calculations were not
meant to simulate the formation of or to establish unequivo-
cally the structure of the copper site. The purpose was to see
whether a strain-free model of the copper site might be ob-
tained with the most likely set of ligands and what rearrange-
ment of the protein might be needed. The simulations were
performed on the basis of the following experimental observa-
tions. The data show that cysteine 42 is acting as one of the
copper ligands in a tetragonal type 2 copper site. In addition,
resonance Raman spectroscopy provides a strong indication
that two cysteine residues are involved (see below), which
makes Cys''? a second ligand. Two other possible ligands are
His*® and Met'?!, which are coordinating to the copper in the
native site. To model a copper site with these supposed ligands
(Cys*?, Cys''?, His*®, and Met'?!) residue Cys*?, with the cop-
per ion bound to it at 2.2 A distance, was pulled into the cavity,
and the protein structure was allowed to relax (for details, see
“Experimental Procedures”). The result is illustrated in Fig. 8.
In Fig. 8A the structure of wild type azurin is shown; Fig. 8B
shows a model of H117G/N42C azurin with Cys*?, Cys!'!?,
His*, and Met!'?! providing the copper ligands. The surface
representations in Fig. 8, C and D, are viewed from above
displaying the hydrophobic patch before and after the moving
in of the loop (red) with Cys*? (yellow), respectively. From these
figures it is clearly seen that the loop (residues 36-47) has
rearranged, enabling Cys*? to participate in copper binding.
Although the overall structure is stable during the molecular
dynamics run (1.1 ns), there is some slight residual strain in
the loop around residue 42, as residue Lys*! occurs in a disfa-
vored region of the Ramachandran diagram. The participation
of Met'?! in copper binding is uncertain because the distance
between S’(Met'?!) and copper stays relatively large. Prelimi-
nary results of further molecular dynamics and quantum me-
chanics/molecular mechanics calculations indicate that the in-
volvement of water as a copper ligand, instead of Met!?!,
should be considered as a possibility.

DISCUSSION

Cys*? as a Copper Ligand—The introduction of the N42C
mutation in the H117G azurin mutant causes a dramatic
change in the absorption spectrum of the copper-reconstituted
protein relative to H117G azurin. Instead of two absorption
maxima at 420 and 630 nm, as in H117G azurin, a single
absorption maximum at 385 nm is observed, which is attrib-
uted to an RS™ — Cu(Il) o — #* band typical for type 2 copper
sites. Although addition of external ligands such as imidazole
and chloride changes the optical spectrum of Cu-H117G azurin
dramatically, hardly any effect is observed in the case of Cu-
H117G/N42C azurin. However, it turns out that blocking Cys*2
can restore the H117G characteristics, either by reaction with
IAA or by dimer formation. These observations together show
that Cys*? is involved in copper binding in the yellow form of
the double mutant.

Although it seems that Cys*? is far away from the copper in
the three-dimensional structure, it is in fairly close proximity
to the gap created by the removal of the histidine side chain
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Fic. 6. Kinetic traces of the incorporation of copper in H117G/N42C apoazurin at 20 °C, 20 mm HEPES, pH 7. A, formation of first
intermediate with absorption maximum at 385 nm. Concentrations of H117G/N42C apoazurin and Cu(NO,), are 100 uM and 2 mM, respectively.
B, formation of second intermediate with absorption maximum at 369 nm. Absorption at 385 nm is decreased. Concentrations of H117G/N42C
apoazurin and Cu(NO,), are 100 and 400 uM, respectively. Data are taken from kinetic profiles produced after data acquisition over the wavelength
range 300—1,100 nm for 1 s (integration time, 2.56 ms). C, kinetic spectral profiles for the incorporation of copper of H117G/N42C azurin for the
first 32 s. Concentration of H117G/N42C apoazurin and Cu(NO,), are 100 and 200 uM, respectively. Integration time acquisition is 0.16 s. The first
spectrum taken at 0.08 s is shown as a dotted line. Maximal absorbance is reached after 2.4 s at A, .. = 369 nm (dashed line), which is followed
by a decrease in absorption and a shift back toward 385 nm (solid lines). D, kinetic spectral profiles for the incorporation of copper of N42C azurin
for the first 32 s. Concentrations of N42C apoazurin and Cu(NO,), are 50 and 100 uM, respectively. Integration time acquisition is 0.08 s. The first
spectrum taken at 0.04 s is shown as a dotted line. Maximal absorbance is reached after 1.3 s at A, = 380 nm (dashed line), which is followed
by a decrease in absorption at 380 nm and an increase in 628 nm absorption (solid lines).

(Fig. 8). The loops in the hydrophobic patch surrounding resi-
due 117 have an increased mobility compared with wild type
azurin (13, 27). Apparently, the loop containing residues 36—-47
is flexible enough to enable Cys*? to move toward the cavity
where it can act as a copper ligand. The fact that Cys?*? is
covalently attached to the protein framework increases its “ef-
fective concentration” with respect to copper binding and helps
to increase the binding constant compared with noncovalently
linked ligands.

The idea of filling a gap that has been created in the coordi-
nation sphere of a metal in a metalloenzyme has been reported
for other metalloproteins, for instance in sperm whale myoglo-
bin (29-31), iso-1-cytochrome ¢ (32), and cytochrome ¢ peroxi-
dase (33) (for a review, see Ref. 34). In some cases replacement
of a metal-coordinating amino acid side chain by a smaller one
results in a rearrangement of the protein structure to make a
new ligand available for binding which is positioned nearby.
For example, mutation of Cys?° of Azotobacter vinelandii ferre-
doxin I, which is a ligand of the [4Fe-4S] cluster in the native
protein, into an alanine results in a new [4Fe-4S] cluster that
derives its fourth ligand from Cys2%, a free cysteine in the
native protein (35). The formation of this [4Fe-4S] cluster
drives the rearrangement of the protein structure. Similarly, in
H117G/N42C, a rearrangement enables Cys*Z to occupy the

vacant coordination position created by the removal of the
His''7 side chain.

Resonance Raman Spectroscopy, Two Cysteinate Ligands—
The resonance Raman spectrum of the yellow H117G/N42C
mutant is similar to that of other copper cysteinates (Table I)
with tetragonal type 2 copper sites, such as the His — Gly
mutants of azurin (5, 19-21) and superoxide dismutase mu-
tants (19, 22). The appearance of two to four fundamentals in
the 295-365 cm ! region is characteristic for these proteins
and is regardless of whether there is a single cysteinate ligand
(as in the azurin single mutants) or whether there are two
cysteinate ligands (as in copper-liver alcohol dehydrogenase
(36) and as suggested in superoxide dismutase H46R (22)). The
observation of combination bands, however, is not observed for
the single thiolate tetragonal sites of azurin and superoxide
dismutase (19, 21). As in superoxide dismutase H46R (22), the
combination bands in the H117G/N42C azurin are indicative of
two cysteinate ligands. Such combination bands are observed
in copper-substituted liver alcohol dehydrogenase (36) and
other metal cysteinate proteins with multiple cysteinate li-
gands such as Cu, (24, 26), rubredoxin (37), and ferredoxin (38)
as well as in the copper-sulfide cluster Z , in N,O reductase
(26) (Table II).

348 substitution, which can be used, in principle, to identify
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Fic. 7. EPR spectra of 2.5 mm H117G/N42C azurin in 20 mMm
HEPES, pH 7, 40% glycerol at 77 K. A, after the addition of 0.5 eq of
Cu(NO,), frozen within 20 s of mixing. B, sample from A refrozen after
1 min of thawing and remixing with a total amount of 1.0 eq of
Cu(NO,),. C, sample from B after 3 days at —20 °C. All copper signals
in A-C represent protein-bound copper; no signal is observed from
inorganic copper.

multiple Cu-S stretching modes, was not successful. The bind-
ing of copper in the active site was inhibited because of the
oxidative conversion of the sulfur cysteines and/or methionines
into S(0),, in the 3*S-substituted H117G/N42C. The possibility
of such a modification of the Cys''? sulfur is supported by
crystallographic data on the H117G azurin, which show that
Cys!!2 can be oxidized leading to the loss of copper (27). Be-
cause the Cys''? residue is relatively exposed in the apo form it
is likely that in the H117G/N42C azurin not only the highly
exposed Cys*2, but also Cys!!? is oxidized. The degree of oxi-
dation appears to be related to the absorption around 320 nm in
the optical spectrum (Fig. 4). The extensive oxidation of 34S-
labeled H117G/N42C in the bacteria likely results from the
oxidative stress during the relatively long aerobic growth con-
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ditions on minimal medium (39-44). The same oxidation pat-
tern was observed for 32S-H117G/N42C azurin when grown on
minimal medium. Slight oxidation of 32S-H117G/N42C azurin
(grown on rich medium) during storage may explain the small
variations in intensity of the 385 nm absorption observed for
the yellow compound as well as the less intense 420 and 630 nm
absorption bands in the H117G/N42C dimers compared with
H117G azurin.

Copper Incorporation—The monomeric form of the H117G/
N42C azurin exhibits very intriguing kinetics of copper uptake.
The first step is very fast: under pseudo-first order conditions
an intermediate is formed within 10 ms with an absorption
maximum at 385 nm, indicative of a RS~ — Cu(Il) o — #* band
in a Cu(Il)-thiolate center with a tetragonal geometry (15-17).
The formation of such an intermediate has been observed dur-
ing the incorporation of copper in a Cu, azurin (45). Upon
addition of Cu(II) to the apoprotein an intermediate containing
a tetragonal Cu(II)-S(Cys) center was identified, characterized
by an absorption around 386 nm which developed within 10 ms,
similar to our case.

Interestingly, stopped flow data analysis of the N42C single
mutant of azurin also shows the very fast formation of a species
that absorbs around 385 nm, which is then followed rapidly by
its disappearance and the simultaneous appearance of the typ-
ical 628 nm absorption, known for type 1 copper proteins (Fig.
6D). The formation of the yellow intermediate is not observed
in wild type azurin (46—48). Apparently, the surface-exposed
cysteine in the N42C mutant is responsible for the development
of the intermediate species. Previously, it has been concluded
that the incorporation of copper in wild type apoazurin is ac-
complished by a mechanism by which His!!” scavenges the
Cu(II) from the solution and thus effectively increases the local
concentration of the Cu(Il) in the vicinity of the metal binding
site (swinging door mechanism (46, 47, 49)). The high affinity of
copper for cysteines together with the fact that Cys*2 in N42C
azurin is even more exposed than His''” is in agreement with
the cysteine taking over the role of His!!” in picking up the
copper from the solution. In the case of the H117G/N42C azurin
the Cys*? subsequently transfers the copper to the metal bind-
ing site inside the protein by a rearrangement of the protein
and is able to act as a ligand itself. In the N42C variant the
His'!7 is still present, and no space is available for Cys*? to
adopt a copper-coordinating role amid the regular copper
ligands.

The findings described here show similarities with the way
copper chaperones bind and transfer their copper ions in the
living cell, although copper is bound as Cu(I) instead of Cu(II)
in these cases. Proposed mechanisms for the exchange of Cu(I)
involve both two- and three-coordination geometries in which
at least two thiolate ligands are involved. Copper binding in-
duces a conformational change that is followed by the transfer
of copper by ligand exchange involving amino acids in or near
the metal binding site of the target protein (for reviews, see
Refs. 50-55).

The study of the copper incorporation into H117G/N42C
apoazurin shows that different intermediates can be distin-
guished at different time scales. At low temperature the copper
incorporation is slowed down, and consequently, intermedi-
ates, which all show type 2 characteristics, can be trapped as
demonstrated by the EPR data. The experimental observations
fit into a scheme whereby in the first step Cys*2 scavenges the
Cu(I) from the solution. This leads to the formation of an
intermediate tetragonal Cu(I)-S(Cys*?) center, displaying a
strong absorption at 385 nm. Subsequently, this intermediate
converts into a second longer lived intermediate (with an ab-
sorption maximum at 369 nm) by the rearrangement of the loop
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A

Fic. 8. Modeling of yellow form of
H117G/N42C azurin. A, representation
of wild type azurin, showing loops with
residues 36—47 and 112-121 in red and
blue, respectively. The side chains of cop-
per ligands His''?, His*® (both in blue),
Cys''? (yellow), Met'?' (green) and the
backbone oxygen of Gly*® as well as Asn*?
(both in red) are shown in ball and stick
representation. Copper is depicted as an
orange sphere. B, modeled structure of
H117G/N42C azurin, in which Cys*? (yel-
low) has moved inward to act as a copper
ligand. Together with the other ligands,
Cys''? (yellow), His*® (blue), and Met'?!
(green), a tetragonal copper site is formed.
Orientation is similar to that in A. C,
space-filled model of H117G/N42C azurin
viewed perpendicular to the hydrophobic
patch before modeling. The structure is as
wild type azurin (A) with Asn*? replaced
by Cys (yellow) and His''” replaced by
Gly, which makes the copper (orange) ac-
cessible to the outside. Loops with resi-
dues 36—47 and 112-121 are shown in
red and blue, respectively. D, space-filled
model of H117G/N42C azurin after mod-
eling (as in B) viewed perpendicular to
the hydrophobic patch. Colors are as in
C. All images were generated with
MOLSCRIPT (59) and RASTER3D (10).

TaBLE II
Combination bands in resonance Raman spectra of metal
cysteinate proteins

Metal site Combination band 1 Combination band 2
em ™! em ™!

Cu(Cys),

H117G/N42C azurin 665 (341 + 323) 693 (341 + 359)

SOD-H46R“ 675 (357 + 322) 698 (357 + 348)
Cu,(Cys),

Cu, of CCO® 598 (260 + 339) 680 (339 + 339)

Cuy, of N,O reductase® 602 (259 + 347) 684 (347 + 347)
Fe(Cys),

Rubredoxin® 627 (314 + 314) 689 (314 + 376)
Fey(S),(Cys),

Ferredoxin® 563 (282 + 282) 650 (282 + 367)

622 (282 + 339) 675 (339 + 339)
Cu,S

Z,, of N,O reductase® 691 (347 + 347)

“ Ref. 22. SOD, superoxide dismutase.
® Ref. 24. CCO, cytochrome c oxidase.
° Ref. 26.
< Ref. 37.
¢ Ref. 38.

755 (347 + 408)

containing Cys*2. Finally, the absorption maximum shifts back
to 385 nm, completing the formation of the copper site by
ligation of Cys''2, and possibly, His*® and Met!'2!, which are the
regular copper ligands in the native site.

Because the rate of the formation of the first intermediate
depends on the copper concentration, the rate of formation of
subsequent intermediates also depends indirectly on the cop-
per concentration. This effect is clearly seen in Fig. 5, where at
a copper/protein ratio lower than 1 the formation of the final
copper site after 2 min is not completed, and the absorption
maxima have not reached their final position at 385 nm. The
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decrease in absorption after the formation of the second inter-
mediate (Fig. 6C) most likely results from the formation of
dimers. As shown previously, disulfide formation results in the
reduction of Cu(Il) to Cu(l) (7). From our gel filtration experi-
ments we have shown that dimers are formed when Cu(Il) is
added to the H117G/N42C apoazurin. On the longer time scale
(hours/days) a further decrease in absorption is observed be-
cause of reduction of Cu(II) to Cu(I) at the site. This phenom-
enon has been observed in the type 2 Cu(I)-substituted H46C
and H80C Cu,Zn-superoxide dismutase mutants as well (56).
However, in the case of H117G/N42C the reduction of copper is
accompanied by the formation of dimers as shown by gel filtra-
tion experiments, suggesting that the metal site is still avail-
able as a sink for electrons produced during the formation of
the disulfide bridge. The reduction of copper might be enhanced
by the preference of the copper for a three-coordinated Cu(I)
site as observed in H117G azurin (13) and similar to copper
chaperones (50-55). However, the formation of an internal
disulfide bond between Cys*2 and Cys!!? cannot be ruled out as
an alternative.

Modeling—The experimental data have demonstrated that
Cys*? plays a dominant role in binding copper and participates
in the formation of a new type 2 tetragonal copper site. Al-
though we do not want to attach too much weight to the results
of the modeling studies in view of the “brute force” method used
to convert the native azurin structure (Fig. 84) into the struc-
ture depicted in Fig. 8B, the latter, with Cys*?, Cys!!2, His*,
and Met!2! as copper ligands, demonstrates that it is possible,
indeed, to obtain a more or less strain free form of the protein
that allows for binding of these four ligands to a single copper.
The results once again (13, 27, 57) illustrate the increased
fluxionality of the loops that make up an important part of the
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hydrophobic patch, upon the introduction of the H117G muta-
tion. There remains an uncertainty regarding the involvement
of Met!2! in copper binding. The possible involvement of water
as a copper ligand, instead of Met!2!, is under investigation.

CONCLUSION

In conclusion we have shown that the monomeric H117G/
N42C azurin exhibits intriguing copper binding properties rel-
ative to wild type and H117G azurin. The double mutant uses
its solvent-exposed Cys*2 for the uptake of copper and forms a
new yellow type 2 copper binding site in which Cys*? serves as
one of the copper ligands. Resonance Raman spectroscopy pro-
vides strong evidence that the copper site is coordinated by two
cysteines, which is exceptional for copper proteins. We propose
a rearrangement of the loop surrounding Cys*?, which directs
the copper toward Cys!!'? inside the protein cavity and which
leads to the formation of a tetragonal copper site. His*® and
Met!?! are possible additional copper ligands, although their
involvement is not proven.

How a living cell takes up copper from the environment and
transports it to the locations inside where the metal is needed
are intriguing questions that are the subjects of intensive re-
search at the moment. It is known that transport inside the cell
is often mediated by copper chaperones in which the metal, in
the reduced form, is held fixed by two or three ligands, two of
which consist of cysteines. The mechanism by which the metal
is transferred to or from the chaperone is largely unknown. The
azurin variant that has been the subject of the present study
unexpectedly may constitute a model to study the mechanism
of copper transfer even though the metal in this case is bound
in the oxidized instead of the reduced form. The advantage of
the copper being oxidized is that the metal is much more
tractable, spectroscopically, than the Cu(I) form. What we have
observed in the present study is that a cysteine placed on a
flexible loop may quite well serve as the initial point of attach-
ment of the copper, after which the copper may be moved by the
loop to a site in the protein structure where it is temporarily
stored in a more stable configuration. From there it may be
mobilized for further use or transport by the reverse of this
process. The data of the present study show that these pro-
cesses may easily occur on the millisecond time scale.
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