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Bridging cysteine ligands of the Cua center in an engineered Cu, azurin were replaced with serine, and the variants
(Cys116Ser and Cys112Ser Cu, azurin) were characterized by mass spectrometry, as well as UV-vis and electron
paramagnetic resonance (EPR) spectroscopic techniques. The replacements resulted in dramatically perturbed
spectroscopic properties, indicating that the cysteines play a critical role in maintaining the structural integrity of the
Cu center. The replacements at different cysteine residues resulted in different perturbations, even though the two
cysteines are geometrically symmetrical in the primary coordination sphere with respect to the two copper ions.
The Cys112Ser variant contains two distinct type 2 copper centers, while the Cys116Ser variant has one type 1
copper center with slight tetragonal distortion. Both the UV-vis and EPR spectra of the Cys116Ser variant change
with pH, and the pK, of the transition is 6.0. A type 1 copper EPR spectrum with A, = 26 G was obtained at pH
7.0, while a type 2 copper EPR spectrum with Ay = 140 G was found at pH 5.0. Interestingly, lowering the
temperature from 290 to 85 K resulted in conversion of the Cys116Ser variant from a type 1 copper center to a
type 2 copper center, suggesting rearrangement of the ligand around the copper or binding of an exogenous ligand
at low temperature. This difference in mutation effects at different cysteines may be due to different constraints
exerted on the two cysteines by hydrogen-bonding patterns in the ligand loop.

Introduction
Met123
Copper thiolate centers, found in redox-active copper Cys116 -

proteins commonly called cupredoxins, have been of great
interest to both inorganic chemists and biocheniidtswo

such copper thiolate centers, the mononuclear blue (type 1)
copper and the dinuclear purple Care unigue in inorganic
coordination chemistry because few examples existed before
the discovery of these centers in nature. The type 1 blue
copper center contains a C§Nnis)2 in a distorted tetra-
hedral geometry, while the purple £uenter contains a
mixed-valence Ci{Scys) core with two sulfurs bridging the Figure 1. Active site structure of the Gusite in Cw azurin.

two coppers (Figure 1). Both copper centers function as

electron-transfer (ET) centers in proteins such as plastocyaninynderstanding of these unique copper thiolate centers can
and azurin (in the case of the blue copper center) andenrich our knowledge of inorganic coordination chemistry
cytochromec oxidase (€O) and nitrous oxide reductasexN  yhile enabling the design of ET centers with tunable redox
OR) (in the case of the purple Ewenter).™® A detailed properties for biological functions. Toward this goal, bio-
chemical and biophysical studies of the Ciwcenter
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The bridging cysteine residues in the purples@enter
play crucial roles in defining its structure and function. They
are important for the spectroscopic characteristics of the
dinuclear copper center. The optical spectra of the €&unter
are characterized by two intensgyS— Cu charge-transfer
(CT) bands around 480 and 530 nm and a near-IR band
around 800 nm, originating from a class Ill mixed-valence
¥ — W* transition. A small hyperfine splitting constant in
the g, region of the electron paramagnetic resonance (EPR)
spectra of purple copper proteins is the result of high-degree
delocalization of the unpaired electron onto the bridging
cysteine ligand4® Furthermore, sulfur K-edge X-ray absorp-
tion spectroscopy indicated a relatively high -€%¢,s co-
valency in the Cp center (~23% per sulfur) when compared
to a normal (type 2) copper thiolate centerl6%)4”4° This
large copper thiolate covalency is responsible for both the
mixed-valence character and the efficient ET properties of
the Cu, center.

In addition to biochemical and biophysical studies of the
Cu(Scy9)2 center, replacement of the residues in the coor-
dination sphere can be a powerful tool in elucidating the
role of each residue around the metal-binding site. For
example, in contrast to small perturbations of the spectro-
scopic properties when one of the active site histidines or
the axial ligand methionine was replaced with other resi-
dues??3436.43.45.50.5¢kaplacing one of the two cysteine residues
has resulted in greatly perturbed structural, functional, and
spectroscopic characteristies® or even in loss of copper-
binding capability?>5¢ To provide further insight into the
role of cysteines in the purple &iwcenter, we report here
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the preparation and spectroscopic characterization of two  aAg Ab
variants where the bridging cysteines in an engineered Cu 12
center in azurin are replaced by a serine (Cysl12Ser and
Cys116Ser). In addition to confirming the importance of both 08
cysteines in defining the spectroscopic signatures of the Cu £
center, we have observed different effects of Cys to Ser  ** 02
mutation at the two locations and interesting pH- and o
temperature-dependent conversions between different types o o o 00 a0 w00

of copper thiolate centers in one of the variants (Cys116Ser). Wavelength (nm) Wavelength (nm)
Ba 14279.0 Bb 14218.5

0.8

06

Abs

04

0.0

Materials and Methods

Protein Preparation. Construction, expression, and purification
of the Cys112Ser and Cys116Ser variants ofy @Gaurin were
carried out using procedures reported previogsfy. *

Spectroscopic MeasurementdJV —vis absorption spectra were 00 1300 1240 R Y R YT TR
obtained at £C on a Varian Cary 3E spectrophotometer. X-band Ca Da Cb Da
EPR spectra were collected at 35 K on a Varian-122 X-band
spectrometer operating at 9.05 GHz and employing 100-kHz field
modulation. For the Cysl12Ser variant, a buffer of 50 mM
ammonium acetate (pH 5.1) was used for both-ti6 and EPR
measurements, with 50% glycerol added as a glassing agent in EPR
studies. For the Cys116Ser variant, pH titrations were first carried
out using a mixed buffer system [50 mM sodium acetate, 50 mM
2-(N-morpholino)ethanesulfonic acid (MES), 50 mM I8-(nor- 24 22 20 24 22 20
pholino)propanesulfonic acid, and 50 mM Tris]. Once the pH range g value g value
where the variant was stable was determined, a mixed buffer of 50 Figure 2. (A) UV —vis spectrum of Cys112Ser (Aa) and Cys116Ser (Ab).
mM sodium acetate and 50 mM MES was used for EPR and low- (B) ESI-MS of Cys112Ser (Ba) and Cys116Ser (Bb) variants of &awrin.
temperature studies, with 25% glycerol added as a glassing agentThe douple'da_gger indicates a peak from a species with one copper, and

A the asterisk indicates a peak from the apo protein. (C) X-band EPR spectrum

Electrospray ionization mass spectrometry (ESI-MS) data were of Cys112Ser (Ca) and Cys116Ser (Cb). s and EPR spectra were
acquired using a Quattro mass spectrometer (Micromass, Manchesrecorded in a pH 5.0 ammonium acetate buffer. EPR parameters: microwave
ter, U.K.). The ESI was performed with a 100% water flow system Power 0.2 mW, modulation amplitude 4 G, and temperature 35 K.

with an applied cone voltage of 30 V. The mass scale was calibrateda peak corresponding to a species with two copper ions (obsd

with Csl. Typical protein concentrations were 0.1 mM in a 50 mM 14279.0 Da: calcd, 14281.09 Da; Figure 2Ba), while a single '
H 5.1 ammonim acetate buffer. . ’ ’ . ' . L ?

P major peak corresponding to a species with one copper ion

Low-Temperature UV —Vis Measurements.Optical spectra at . .
low temperature were obtained using a Cary 3E-i spectro- ~ Was observed in ESI-MS of the Cys116Ser variant (obsd,

photometer and a homemade cryostat with liquid nitrogen as a 14218.5 Da; caled, 14217.54 Da; Figure 2Bb). _
cooling agent. A sample in 75% glycerol was placed in a disposable It has now been established that the copper(ll) thiolate in
UV-enhanced methacrylate semi-microspectroscopic cell (Fisher a type 2 normal copper center often displays a strong yellow
Scientific, Pittsburgh, PA) with a 4.3-mm path length, and the cell or red color because of an intense ligand-to-metal CT band
was mounted on the cuvette holder of the cryostat. The protein around 400 nm. The typical tetragonal geometry and normal
solution was cooled without direct contact with liquid nitrogen to copper-thiolate bond of the type 2 copper center orients one
prevent cracking and to maintain the high optical quality of the |ghe of the ¢, orbital along the ligandmetal bond,
frozen glassy solid solutions. producing an intense, high-energy,Spseudos to Cu(ll)

CT transition and a weak, low-energy,$x to Cu(ll) CT
transition®® Therefore, from optical spectra, it can be

Results and Discussion

The two bridging cysteine variants of Euazurin, concluded that the Cys112Ser variant contains a type 2
Cys112Ser and Cys116Ser, were constructed, expressed, antbpper center.
purified using a protocol previously report&d! The muta- In contrast to the type 2 copper center, a type 1 copper

tions were confirmed by sequencing of the variant DNA (data center has a distorted tetrahedral geometry. Because of the
not shown) and ESI-MS of the purified proteins. (Cys112Ser distorted tetrahedral geometry, the short copiikiolate
variant: calcd, 14154.99 Da; obsd, 14153.0 Da. Cys116Serbond rotates the Cu,d? orbital such that its lobes are
variant: calcd, 14154.99 Da, obsd, 14155.1 Da). The addition bisected by the CuScys bond rather than being aligned with
of CuSQ to the apo Cys112Ser variant at pH 5.1 resulted the bond, resulting in better overlap with theysSt orbital

in the appearance of an intense yellow color with a strong than with the pseudo-orbital ©° As a result, the lower energy
absorption band at 390 nm and a broad band at 713 nmband (i.e., $ys 7 orbital to Cu CT, around 600 nm) is much
(Figure 2Aa). In contrast, the addition of Cu$St the apo more intense than its higher energy band (i.eys Sseudos
Cysl16Ser variant resulted in an intense blue color with a orbital to Cu CT, around 400 nm). Therefore, the raRo,
strong absorption band at 623 nm and a weaker band at 424=¢(higher energy band){lower energy band)], is a good
nm (Figure 2Ab). ESI-MS of the Cys112Ser variant shows measure of different types of copper centers, with a Rw
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indicative of a type 1 blue copper center and a high
indicative of a type 2 copper centef?>7

Green copper proteins with intermedi&eexist between
the above two extremes, and they are due to tetragonal
distortion of the type 1 blue copper center and elongation of
the copper-thiolate bond. With aR. ~ 0.23, the copper
center in the Cys116Ser variant can be described as a type
1 blue copper center with some degree of tetragonal
distortion.

Further information on the geometry of the active site can
be obtained from EPR spectra. The X-band EPR spectrum
of the Cys112Ser variant was found to be axial with a large i i i
hyperfine coupling constant in thg region (Figure 2Ca). 400 600 800
Two sets of hyperfine structures were observed Wth= Wavelengthinm)

155 G andA] = 145 G, respectively. The observation of B

two sets of hyperfine structures is consistent with the

o . . pH 5.0
presence of two coppers in this variant, as confirmed by MS.
The large hyperfine constants are typical of type 2, normal
copper centers where the geometry around the copper center pH 6.0
is tetragonal. Therefore, the EPR spectrum of the Cys112Ser
can be best interpreted as the presence of two distinct type

Abs

2 copper centers. This EPR result is consistent with the-UV pH7.0
vis spectral studies of the same variant described above. In
contrast, the X-band EPR spectrum of the Cys116Ser variant
at pH 5.0 (Figure 2Cb) exhibited axial character with a large
parallel hyperfine splitting constant-(40 G), suggesting

the presence of a type 2 copper center at this pH. This result 24 22 20

is inconsistent with the UVvis spectral studies described g value

above because blue copper proteins normally display smallerFigure 3. (A) pH dependence of the UWis spectrum of the Cys116Ser
parallel hyperfine splitting constants. variant in the pH range of 5:07.0. The arrow indicates the direction of

) 7 . increasing pH. Inset: changes in the peak intensities at 623@)nar{d
To provide further insight into the structure of the 603 nm Q) as a function of pH. The solid lines represent the best fit of the

Cysl116Ser variant, the pH dependence of its Wi experimental data. (B) X-band EPR spectrum of Cys116Ser at various pHs.
spectral changes was examined (Figure 3A). As the pH
increased from 5.0 to 7.0, the band at 623 nm was blue
shifted to 603 nm with a concomitant increase in intensity,
while the higher energy band around 424 nm was shifted to

lightly | . This t ition i ibl o
SIghtly lower energy s transition is reversible, and a and the position of the band around 625 nm changed only

single protonation/deprotonation equilibrium model gives a .
ood fit with the experimental data and Kjvalue of 6.0  moderately at pH 5.0 (Figure 4R (essd/eszq) Changed from
9 " Xper aval 0.26 at 290 K to ae417€q26 ratio of 0.62, suggesting an

can be obtained (Figure 3A, inset). Furthermore, EPR spectra, . !
of Cys116Ser at various pHs were also collected (Figure 3B). mcr_eased interaction between the_ Gudand Sy p_seudos

As the pH increased from 5.0 to 7.0, the type 2 copper orbital at _Iower temperatures. This result _explams the Iarge
features disappeared and a new feature with a small hyperfineA“' value in EPR spectra at PH 5.0 obtained at cryogenic
splitting constant in the, region (26 G) emerged. This small temperatures because lowering the temperature resulted in
hyperfine constant is characteristic of type 1 blue copper an increase iR, toward a more tetragonally distorted green
centers, originating from a highly covaleng,S-Cu bond. copper center. The temperature dependence of the s/

Therefore, pH-dependent Uwis and EPR spectra of the spectrgm is more drastic at pH 6.0 (Flgqre 4B). e/
Cys116Ser variant could be interpreted as a change in thec62 'atio increases from 0.42 toeay/ee1 ratio of 1.8 as the
geometry around the copper ion, thus affecting the-Gys temperature decreases from 290 to 85 K. At pH 7.0, both

interaction upon protonation/deprotonation of a neighboring ba_nds around 420 and 620 nm increase in |nte_n5|ty and blue
residue. shift as the temperature decreases. dgeqi7 ratio of 0.41

. . . slightly increases to @&aodesgr ratio of 0.52 in the same
To reconcile the inconsistency between t¥s and EPR temperature range (Figure 4C).

S;?d'?s of th.f CJ\S/}l_GSer vatrlant at th? Sa”l_e p!{-Ldtek;nperature Potential reasons for the spectral changes observed at low
ettects on 1ts VIS spectra were investigated because temperatures arise either from the rearrangement of the

(57) Lo, Y.: LaCrobe L B L Do Sol 1 Bonder C.3 ligands to give a different geometry around the metal site or

u, Y.; LacCroix, L. b.; Lowery, M. D.; Solomon, E. |.; benader, C. J.; . . .

Peisach, J.; Roe, J. A; GraI)I/a, E. B.; Valentine, JJSAm. Chem. Trom the .blndlng of an exogenous |.|gand. At all pHS_’ an
Soc.1993 115 5907-5918. increase irR. was observed, suggesting a tetragonal distor-

UV —vis spectra were obtained at room temperature while
EPR spectra were taken at 35 K. As the temperature
decreased from 290 to 85 K, the intensity of the band around
430 nm increased and was blue shifted, while the intensity

Inorganic Chemistry, Vol. 45, No. 1, 2006 105
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A all temperatures; mutations of these ligands can result in
changes of both copper centers into a type 2 copper center.
Furthermore, binding of an exogenous ligand,;OH, to a
Metl21Ala azurin variant was found to be temperature-
dependent® Binding of an alcohol to Metl21Ala was
observed at temperatures below freezing. On the basis of
these observations, it is quite possible that the hydroxyl group
of Ser116 coordinates to copper at low temperatures, causing
rearrangement of the ligand set to give a tetragonal geometry
as found in type 2 copper centers. Alternatively, an exog-
enous ligand, such as water or hydroxide may contribute to
the ligation at low temperatures.

Abs

400 600 800 Given that the two cysteines in the Licenter are
Wavelength (nm) geometrically symmetrical in the primary coordination sphere
B H6.0 with respect to the two copper ions, it is rather surprising
P : that Cys112Ser and Cys116Ser mutation resulted in entirely
/F different species. This difference might be explained by the

different constraints exerted on the two cysteines by the
ligand loop. Inspection of the X-ray crystal structure of;Cu
azurirf! revealed that the position of Cys112 is restrained
by a series of hydrogen-bonding interactions (Figure 5).
Strong interactions are present between Serl113 hydroxyl
group and Asn47 side-chain amide nitrogen and Serl13
amide nitrogen and Asn47 side-chain amide oxygen (denoted
as A in Figure 5A). These interactions have been recognized
; ‘ , previously inAlcaligenes denitrificansizurin® Additional
400 WavelenZ?t?(nm) 800 interactions between the Cys112 thiolate and Ser113 and
Glul14 amide nitrogens (denoted as B), Ser113 hydroxyl
group and Asp71 backbone carbonyl (denoted as C), as well
as Cysll12 amide nitrogen and Metl123 carbonyl oxygen
(denoted as D) further constrain the position of Cys112 in
the ligand loop. Restricted movement of Cys112 and His46
could force tetrahedral geometry around the copper, thus
creating a type 1 like site in the Cys116Ser variant. Cys116
is, however, likely to be more flexible with fewer such
hydrogen-bonding interactions, with interactions between
Cys116 amide nitrogen and Glul1l4 carbonyl oxygen,
Asnl1l9 amide nitrogen and Gly117 carbonyl oxygen,
denoted as E and F, respectively. As a result, rearrangement
of the ligand set (including Cys116 and His120) could
happen to yield a tetragonal environment around the copper,
Figure 4. Temperature dependence of bVis spectra of the Cys116Ser ylelql,ng a 'pre 2 like center in the Cysll2Ser variant.
variant (A) at pH 5.0, (B) at pH 6.0, and (C) at pH 7.0. Arrows indicate the Additional ligands from backbone carbonyl or exogenous
direction of decreasing temperature from 290 to 85 K. Glycerol (75%, v/v) ligands such as water or buffer molecules can also coordinate
was used as a glassing agent. to the copper ion through the open binding site.

tion around the metal center at low temperatures. Interest- It iS interesting to compare our results with the bridging
ingly, a temperature-induced type 1 to type 2 transition was CYStéine mutagenesis studies on the, Center fromPara-
also observed for His46Asp and His117Gly variants of blue ¢occus denitrificans Both Cys224Ser (corresponding to
copper azurifi®s In both cases, lowering the temperature CyS112Ser in Cuazurin) and Cys228Ser (corresponding
favors type 2 copper centers. These results, combined witht® Cys116Ser in Cuazurin) variants in the soluble Gu
the observations described in this paper, indicate that thePinding domain exhibited very V‘ngak transitions in the visible
highly conserved ligands to either the blue copper (e.g., His46 "€9i0n, Withima = 400-420 nm>* Metal analyses revealed
and His 117 in azurin) or the purple £aenter (e.g., Cys116) the copper content of 1 Cu per protein for Cys224Ser and 2

play a critical role in keeping the integrity of the centers at (60) Bonander, N.; Karlsson, B. G.: Wagard, T BiochemistryL996 35,
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2429-2436.
(58) Germanas, J. P.; Di Bilio, A. J.; Gray, H. B.; Richards, J. H. (61) Robinson, H.; Ang, M. C.; Gao, Y.-G.; Hay, M. T.; Lu, Y.; Wang, A.
Biochemistry1993 32, 7698-7702. H. J. Biochemistryl1999 38, 5677-5683.
(59) den Blaauwen, T.; Hoitink, C. W. G.; Canters, G. W.; Han, J.; Loehr, (62) Machczynski, M. C.; Gray, H. B.; Richards, J. H.Inorg. Biochem.
T. M.; Sanders-Loehr, Biochemistryl993 32, 12455-12464. 2002 88, 375-380.
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Cua Azurin Bridging Ligand Variation

Met123

PD. CcO

Cua Az
Ser113

Figure 5. (A) Cua ligand loop in Cy, azurin with hydrogen-bonding interactions shown as dotted lines. See the text for details. (B) Superimposed structure
of the Cw ligand loop inP. dentrificansCcO (Cys216-Met227) and the Culigand loop in Cy azurin (Cys112Met123). The structure d?. dentrificans
CcO was generated from a PDB file (1AR1) using Insight Il (Accelrys, San Diego, CA) software.

Cu per protein for Cys228Ser. EPR spectra consisting of a In conclusion, spectroscopic properties of the purplg Cu
mixture of two signals with large hyperfine coupling azurin were completely lost upon replacement of either of
constant, typical of a type 2 copper center, were detectedthe two bridging cysteines, Cys112 and Cys116, with serine,
for both variant$® The Cys216Ser variant in a deletion strain  demonstrating the critical roles played by these two residues.
of P. denitrificanswas also studied, and the loss of the near- Substitution of Cys112 with Ser produced a dinuclear copper
IR peak in the optical spectrum and the four-line EPR species with a type 2 like optical spectrum. The existence
spectrum was reportéd lt is very intriguing that the same  of two separate type 2 copper centers was deduced from EPR
mutation in Cy azurin yielded different species because the spectra. Replacement of Cys116 with Ser resulted in a mono-
Cua azurin ligand loop was based on the Jigand loop in nuclear copper species. On the basis of spectroscopic data,
P. denitrificansCcO.* The sequence of the ligand loop is  the geometry around the copper is close to distorted tetra-
the same as those for £azurin andP. denitrificansCcO hedral and it maintains one of the strong-€3ys interac-
except one amino acid (Leul22 in Cazurin in place of  tjons. It also exhibits interesting pH and temperature depen-
Tyr226 in P. denitrificansCcO), and two loop structures  dence, possibly because of rearrangement of the ligand set
overlay very well (Figure 5Bj-%* A noticeable difference  around the copper or binding of an exogenous ligand. Even
was detected in the position of Ser113 fGzurin number-  though the two cysteines are geometrically symmetrical in
ing). The hydroxyl group in Serl13 orients in different the primary coordination sphere with respect to the two
directions in the two loop structures, and hydrogen-bonding copper ions, the Cys112Ser and Cys116Ser mutations exert
interaction present in the Guazurin (with Asn47, see Figure  ifferent effects on their spectroscopic properties. This
5B) is absent in the Gufrom P. denitrificans These subtle  ifference may be due to different constraints exerted on the

differences might render more flexibility in the ligand loop cysteines by hydrogen-bonding patterns in the ligand
around Cys216 (corresponding to Cys112) in thg €am loop.

P. denitrificans Therefore, formation of the type 1 copper
center in the Cys116Ser G@zurin is probably due to the
residual structural features of the scaffold protein, azurin,
that hold the Cys112 in position via strong hydrogen-bonding
interactions as described above.
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