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Spectroscopic Characterization of an Engineered Purple Cu Center in Azurin
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Spectroscopic characterization of a purplea@enter engineered into the blue copper protein azurin from
Pseudomonas aeruginogealled purple Cw azurin hereafter) is presented. Both electrospray mass spectrometry
and copper analysis indicated the protein binds two copper ions per protein. The electronic absorption (UV
vis), magnetic circular dichroism (MCD), multifrequency electron paramagnetic resonance (EPR), and X-ray
absorption (XAS) spectra of the purple LCazurin are strikingly similar to other native or engineered Centers,
indicating that they all share similar geometric and electronic structures. It has the characteristis dbsorption
spectrum of a Cu center with absorption bands at 485« 3730), 530 ¢ = 3370), 360 ¢ = 550), and 770 nm

(e = 1640 M1 cm™1). The MCD spectrum of purple Guazurin is dominated by a pair of intense, oppositely-
signed features occurring at 480 nfe(= —118 deg Mt cm™1 T1) and 530 nmAe = 155 deg Ml cm™1T71)

and a negative feature occurring at 810 me & —52 deg Mt cm™1 T-1). Multifrequency EPR spectra show

a well-resolved seven-line hyperfine structure in gheegion, typical of a delocalized mixed-valence [Cu(1.5)
Cu(1.5)] binuclear center. Compared with other delocalized mixed-valenge&hiers, this purple Guazurin

has a relatively high energy near-IR €Gu ¢ — o* absorption at 770 nm, the large&tat 55 G, and the shortest
Cu—Cu distance at 2.39 A. These results may reflect a more sterically compresseér@er in azurin, perhaps

as the result of forcing the normally mononuclear blue copper center in azurin to accept a binugleanteu,

and are consistent with the general trend between the near-tRCGCw — o¢* absorption and the degree of
Cw(SRY), core contraction.

Introduction ain COX and from cytochrome to the catalytic Cg center in
. N2OR. The similarity between the Gucenters in COX and in
_Purple Cu centers are a new cla_tss of copper cgnters i NLOR was established by both MED16 and multifrequency
biological system&:# They are found in cytochromzoxidase EPR studied” 20 These and other spectroscopic studhe®
(COX)>™® a terminal oxidase in the respiratory chain of paye shown that the purple Gienter is different from the
eukaryotic mitochondria and some aerobic bacteria, and nitrous ggiaplished three types of copper cer¥ef¥ound in biological
oxide reductase (pJOR)1%1 an enzyme responsible for the
reduction of NO in denitrifying bacteria. The purple Geenter (12) Ramirez, B. E.; Malmstra, B. G.; Winkler, J. R.; Gray, H. EProc.
is involved in biological electron transfer (ETf12 and is Natl. Acad. Sci. U.S.AL995 92, 11949-11951.

believed to be responsible for ET from cytochrom heme (13) Greenwood, C.; Hill, B. C.; Barber, D.; Eglinton, D. G.; Thomson,
A. J. Biochem. J1983 215 303-316.

(14) Dooley, D. M.; McGuirl, M. A.; Rosenzweig, A. C.; Landin, J. A;;

T University of lllinois at Urbana-Champaign. Scott, R. A.; Zumft, W. G.; Devlin, F.; Stephens, Pldorg. Chem.
* Stanford University. 1991, 30, 3006-3011.
I'National Biomedical ESR Center, Medical College of Wisconsin. (15) Thomson, A. J.; Greenwood, C.; Peterson, J.; Barrett, C. IRorg.
U Oregon Graduate Institute of Science and Technology. Biochem.1986 28, 195-205.
(1) Malmstram, B. G.; Aasa, RFEBS Lett.1993 325 49-52. (16) Farrar, J. A.; Thomson, A. J.; Cheesman, M. R.; Dooley, D. M.; Zumft,
(2) Lappalainen, P.; Saraste, Biochim. Biophys. Acta Bioener§994 W. G. FEBS Lett.1991 294, 11-15.
1187 222-225. (17) Riester, J.; Zumft, W. G.; Kroneck, P. M. Bur. J. Biochem1989
(3) Dennison, C.; Canters, G. \Rec. Tra. Chim. Pays- Ba§996 115 178 751-762.
345-351. (18) Antholine, W. E.; Kastrau, D. H. W.; Steffens, G. C. M.; Buse, G.;
(4) Beinert, H.Eur. J. Biochem1997, 245 521-532. Zumft, W. G.; Kroneck, P. M. HEur. J. Biochem1992 209, 875~
(5) Saraste, MQ. Re. Biophys.199Q 23, 331—-366. 881.
(6) Malmstram, B. G.Chem. Re. 199Q 90, 1247-1260. (19) Kroneck, P. M. H.; Antholine, W. E.; Riester, J.; Zumft, W.EBS
(7) Babcock, G. T.; Wikstrom, MNature 1992 356, 301—309. Lett. 1988 242 70-74.
(8) Musser, S. M.; Stowell, M. H. B.; Chan, S.HEBS Lett.1993 327, (20) Kroneck, P. M. H.; Antholine, W. E.; Kastrau, D. H. W.; Buse, G.;
131-136. Steffens, G. C. M.; Zumft, W. GFEBS Lett.199Q 268 274-276.
(9) Garcéa-Horsman, J. A.; Barquera, B.; Rumbley, J.; Ma, J.; Gennis, R. (21) Beinert, H.; Griffiths, D. E.; Wharton, D. C.; Sands, R. H.Biol.
B. J. Bacteriol.1994 176, 5587-5600. Chem.1962 237, 23372346.
(10) Kroneck, P. M. H.; Riester, J.; Zumft, W. G.; Antholine, W.Hiol. (22) Peisach, J.; Blumberg, W. Erch. Biochem. Biophy4974 165 691—
Met. 199Q 3, 103-109. 708.
(11) Zumft, W. G.; Kroneck, P. M. HAdv. Inorg. Biochem.1996 11, (23) Mims, W. B.; Peisach, J.; Shaw, R. W.; Beinert, H Biol. Chem.
193-221. 1980 255, 6843-6846.

S0020-1669(97)01232-9 CCC: $15.00 © 1998 American Chemical Society
Published on Web 01/01/1998



192 Inorganic Chemistry, Vol. 37, No. 2, 1998

systems. In particular, the observation of a seven-line hyperfine
splitting in the multifrequency EPR studies of the Ceenter
in both COX and NOR by Antholine, Kroneck, Zumft, and
co-workers provided strong support for the existence of a mixed-
valent [Cu(1.5):-Cu(1.5)] centet’~20

More thorough study of the purple Geenter was aided by
the availability of water-soluble proteins containing only a single
Cua center, such as DR V (an NOR mutant protein that
contains only the Cucenter)l” the CyoA construct (a soluble
domain ofEscherichia colguinol oxidase in which a Gucenter
has been introducedj;**and soluble domains of subunit Il of
Paracoccus denitrifican® Bacillus subtilis®® and Thermus
thermophilug’ COX expressed ik. coli. It is now known that
all of the purple Cy centers display an intense purple color
with strong electronic absorption bands around 480 and 530
nmt7:333537 and a characteristic resonance Raman—8u
stretching frequency around 340 cth#® 4! These and other

Hay et al.

L
%

¥
-

B Cu \

Asarin

Figure 1. Structure of the blue copper azurin frofh aeruginosa

spectroscopic studies on water-soluble proteins containing theThe loop containing the ligands to the blue copper center (highlighted

purple Cy center by EPRS42-45 MCD,*546 XAS,4"~49 and
paramagnetic NMR-52 of COX and NOR have established
the existence of the mixed-valence [Cu(1.8}u(1.5)] binuclear
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in the circle) has been replaced by a ligand loop sequence similar to
that of the purple Cu center in COX fromP. denitrificans (see
Table 1).

center in the Cp sites. Amino acid sequence analysis and site-
directed mutagenesis have identified the conserved amino acids
(two cysteines, two histidines, and one methionine) as potential
ligands to the copper cent&>3 Three crystal structures of
proteins containing the purple Geenter at 2.8 A (COX from
bovine hea*55and fromP. denitrifican§®) and 2.3 A (CyoA
construct’) have been published. They have confirmed the
protein engineering and spectroscopic studies, and established
the mixed-valence binuclear €% structural core (see Figure
1)458°60  Molecular orbital calculations and spectroscopic
assignments have also been carriedétt:4561

Azurin is a classic blue (type 1) copper proté¥nlt has an
intense blue color with a strong absorption around 62%53nm
and a characteristic resonance Raman-Sustretching fre-
quency around 408 cm.%* Extensive spectroscopfé X-ray
crystallographie®=%8 and protein engineering studi#s,? as
well as electronic structure calculatioffyave made azurin one
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Table 1. DNA Primers and Amino Acid Sequences of the Ligand Loop
Pstl-21

Pstl
5'- CGT ARG CTG GCT GCA GTG TCT

Bak-72
Cys Ser Glu Leu Cys Gly Ile Asn His Ala Leu Met Kpnl
5'-GAA CAG TAC ATG TTC TTC TGC TCC GAA CTG TGC GGT ATC AAC CAC GCT CTG ATG AAA GGT ACC CTG ACT CTG
CTT GTC ATG TAC AAG AAG ACG AGG CTT GAC ACG CCA TAG TTG GTG CGA GAC TAC TTT CCA TGG GAC TGA GAC-5'

of the best understood copper centers in biological systems. Asthe same protein framework will offer insight into the contribu-
shown in Figure 1, the blue copper is in a trigonal-pyramidal tion of the different metal-binding sites in biological electron
center with one cysteine and two histidines in the trigonal plane, transfer.

and one methionine and one long nonbonded carbonyl oxygen Here we present spectroscopic studies of this engineergd Cu
from the peptide backbone in the axial positions. Despite a center in azurin. Results from UWis, ES-MS, MCD, mul-
poor amino acid sequence homology, the blue copper and purpletifrequency EPR, and XAS of the engineered purple copper
Cua centers share strong structural homology of the Greek key azurin show striking similarity to the Gusites in COX and
p-barrel fold as indicated by amino acid sequence alignfént.  N,OR. When compared to the other delocalized mixed-valence
This similarity has been confirmed by the availability of the Cu, centers studied to date, the purplesGzurin has one of
crystal structures of proteins containing the purplg ites>*>° the highest-energy near-IR E€u o — ¢* absorption features
The major difference resides in the ligand loop shown in Figure at 770 nm, the largesd, at 55 G, and the shortest ECu

1. Therefore we have taken advantage of this difference anddistance at 2.39 A. These results will be presented, together

converted the blue copper protein azurin frétseudomonas
aeruginosanto a purple copper center by replacing the ligand
loop of azurin with that of the Gucenter in COX fromP.
denitrificans™ Using the same approach, Canters and co-
workers have introduced the purple {zenter into another blue
copper protein amicyanin frofhiobacillusversutus’®76 Metal

ion substitution study by Hg(ll) and Ag(l) on the engineered
purple Cy azurin showed that Hg(ll) replaces Cu(ll) prefer-
entially and HYAg' is the most stable derivative, suggesting
that the purple Cu center is built so that a net4-charged
[M(I1) ---M(I1)] in the binding site is less favored than tHe3-
charged [M(lI}-M(1)] (or [M(1.5)---M(1.5)]) derivative’’ The
ability to incorporate either a blue copper or a purple Center
into the same protein framework facilitates comparison of the

with a discussion of their relationship with the structures of both
blue and purple Gy centers.

Experimental Section

Materials and Methods. Copper(ll) sulfate, 2-propanol, acetonitrile,
30% hydrogen peroxide, hydrochloric acid, 88% formic acid, am-
monium hydroxide, sodium hydroxide, sodium chloride, and ammonium
acetate were all purchased from Fischer Scientific (Pittsburgh, PA).
Copper(ll) chloride was purchased from Aldrich (Milwaukee, WI), and
CU(CH:CN)sBF, was a gift from Professor John Shapley at the
University of lllinois. The Bradford protein assay dye solution was
purchased from Bio-Rad (Hercules, CA). All chemicals were used
without further purification. Ultrafiltration stirred cells and centricon-
10 concentrators were purchased from Amicon, Inc. (Beverly, MA).

structural properties of these two important classes of copperSP Sepharose FF media, prepacked disposable PD-10 gel filtration
centers. In addition, since both copper centers are involved in €0lumns, and a Resource Q anion-exchange column were purchased

biological electron transfée; 880 studies of both centers under

(64) Andrew, C. R.; Yeom, H.; Valentine, J. S.; Karlsson, B. G.; Bonander,
N.; van Pouderoyen, G.; Canters, G. W.; Loehr, T. M.; Sanders-Loehr,
J.J. Am. Chem. S0d.994 116, 11489-11498.

(65) Solomon, E. I.; Hare, J. W.; Gray, H. Broc. Natl. Acad. Sci. U.S.A.
1976 73, 1389-1393.

(66) Adman, E. TAdv. Protein Chem1991, 42, 145-197.

(67) Baker, E. N.J. Mol. Biol. 1988 203 1071-1095.
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G. W.J. Mol. Biol. 1991, 221, 765-772.
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1996 240, 342-351.

(70) van Pouderoyen, G.; Andrew, C. R.; Loehr, T. M.; Sanders-Loehr, J.;
Mazumdar, S.; Hill, H. A. O.; Canters, G. \Biochemistry1996 35,
1397-1407.

(71) Karlsson, B. G.; Nordling, M.; Pascher, T.; Tsai, L.-C.; Sjolin, L.;
Lundberg, L. G.Protein Eng.1991 4, 343-349.
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L. G. FEBS Lett.1989 258 266-268.

(73) Solomon, E. I.; Baldwin, M. J.; Lowery, M. @Chem. Re. 1992 92,
521-542.

(74) Steffens, G. J.; Buse, Gloppe-Seyler’'s Z. Physiol. ChedB79 360,
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(75) Hay, M.; Richards, J. H.; Lu, YProc. Natl. Acad. Sci. U.S.A996
93, 461-464.
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G. W. FEBS Lett.1995 365 92—94.
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from Pharmacia Biotech. Low-pressure protein purification was
performed on a GradiFrac system from Pharmacia Biotech. High-
pressure protein purification was performed on a BioCad Sprint
perfusion chromatography system from PerSeptive Biosystems.

Construction of the Purple Cux Azurin by Loop-directed
Mutagenesis. The mutant DNA was construct&bn a recombinant
azurin gene fronP. aeruginos& using a PCR mutagenesis methéd.
Two primers were used in PCR mutagenesis (see Table 1). The forward
primer (For-21) covers the azurin gene where a unique Pst | restriction
site is located. The backward primer (Bak-72) contains the new loop
sequence and a unique Kpn | site. The PCR-amplified fragment
containing the azurin gene with the new loop sequence was digested
with Pst | and Kpn | restriction enzymes. This fragment can then
replace the corresponding Pst I-Kpn | fragment in the wild-type azurin
by molecular cloning. The mutation was confirmed first by a restriction
digest because the use of Bak-72 primer also eliminated a Xma | site.
The mutant DNA sequence was further verified by the dideoxyribo-
nucleotide method using an ABI 373 automated sequencer in the
Biotechnology Center at the University of lllinois.

Expression and Purification of the Purple Cux Azurin. The
apoprotein was over-expressedtn coli as described previoushs?
with minor modifications. Briefly, after acidification of the protein
extract with 1/10 volume of 0.5 M sodium acetate (pH 4.1) solution,

(81) Chang, T. K; lverson, S. A.; Rodrigues, C. G.; Kiser, C. N.; Lew, A.
Y. C.; Germanas, J. P.; Richards, J.Pfoc. Natl. Acad. Sci. U.S.A.
1991, 88, 1325-1329.

(82) PCR Protocadl Innis, M. A., Gelfand, D. H., Sninsky, J. J., White, T.
J., Eds.; Academic Press: San Diego, CA, 1990; pp-183.

(83) Mizoguchi, T. J.; Di Bilio, A. J.; Gray, H. B.; Richards, J. Bl. Am.
Chem. Soc1992 114 10076-10078.
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the clear supernatant was purified on a SP Sepharose FF column usingvere diluted with glycerobl; (66% v/v) and injected into a sample

a GradiFrac system and a pH gradient from 100% 50 mM ammonium cell comprised of two quartz disks separated by a Viton O-ring spacer.
acetate buffer pH 4.1 to 100% 50 mM ammonium acetate buffer pH Negligible depolarization €5%) by the sample at liquid helium
5.8. Apo-Cu-azurin was eluted at pH 5.2. After purification, the temperatures was confirmed by monitoring the CD signal of a nickel
apoprotein was stored in a Schlenk flask under an atmosphere of argon(+)-tartrate solution placed before and after the sample compartment.
at 4°C. The protein is stable up to 3 months under this condition. The MCD Ae values reported are obtained by scaling the low-
Holoprotein can be prepared either by addition of Cu&one or by temperature absorption and MCD intensities measured on the same
addition of approximately 1 equiv of Cu(GBN),BF, in a 50/50 sample byesgs nm= 3730 M~ cm™1. All MCD intensities are reported
mixture of buffer/acetonitrile first, followed by addition of another 1  on a per tesla scale in the linear (low-field) region of he= Y/,

equiv of CuSQ. The buffer of the holoprotein was exchanged to 1 saturation curve.

mM bis-tris propane (pH 7.0) using a PD-10 gel filtration column. The Multifrequency Electron Paramagnetic Resonance (EPR).X-
holoprotein was then purified to homogeneity through a Resource Q band spectra were obtained on a Varian Century Series spectrometer
column, on a BioCad/Sprint system using a salt gradient from 5 mM (Varian, Palo Alto, CA). S-band (3.4 GHz) and C-band (4.5 GHz)
bis-tris propane (pH 7.0) to a buffer containing 5 mM bis-tris propane spectra were obtained with an S-band bridge or a C-band bridge, loop-
(pH 7.0) and 20 mM NaCl. Fractions were immediately diluted with gap resonators, and supporting equipment developed at the National
200 mM ammonium acetate (pH 5.1) in order to store the purified Biomedical ESR Centéf. Temperatures were maintained with a
protein at a stable pH. The purple holoprotein was concentrated to an helium-flow system (Air-Products, Allentown, PA). The first harmonics
appropriate volume using a stirred-cell ultrafiltration apparatus. The of spectra were obtained using the program SUMSPC92, which is
buffer was exchanged to 50 mM ammonium acetate (pH 5.1) using a available upon request from the ESR Center in Milwaukee, WI.
PD-10 gel filtration column. The purified holoprotein was then flashed X-ray absorption (XAS). XAS data were collected at the Stanford

frozen in liquid nitrogen and stored under liquid nitrogen or in80 Synchrotron Radiation Laboratory (SSRL) on beam line 7.3, with beam
°C freezer for several months, with little detectable decomposition.  energy of 3 GeV and maximum stored beam currents between 100
Protein Analyses. The protein concentratiomzo= 7830 M* cm* and 50 mA. The Si(220) monochromator was detuned 50% to reject

for holoprotein) was determined by quantitative amino acid analyses, harmonics. Protein samples were measured as frozen aqueous glasses
by a Bradford assay method using a dye solution from Bio-Rad and in 20% glycerol, at a temperature of 420 K. The Cu K-absorption
bovine serum albumin as a standard or spectrophotometry at 265 nm. spectrum was obtained by measuring the Qufliorescence using an

The extinction coefficient at 485 nn4s nn= 3730 M* cm™*) was appropriately windowed 13-element Ge detector. To avoid detector
estimated by two methods: (a) froggeo nm= 7830 M™* cm™* for a saturation, the count rate of each detector channel was kept below 100
homogeneous holoprotein sample and the ratidefAuss, (b) from a kHz. The count rate was controlled by adjusting the hutch entrance

careful titration of apoprotein with CuSO Upon saturation of the  slits or by moving the detector in or out from the cryostat windows.
visible spectrum of the Guazurin, the volume and concentration of  Under these conditions, no dead-time correction was necessary. The
the CuSQ consumed was used to determine the concentration of summed data for each detector were inspected, and only those channels
holoprotein, assuming two copper ions per protein. The extinction that gave high-quality backgrounds free from drop outs, glitches, or
coefficient at 485 nm was then calculated on the basis of the absorptionice diffraction peaks were included in the final average. Seven scans
at 485 nm and the concentration of the holoprotein. The above methodswere included in the averaged spectra. The averaged data were
of estimation agree with each other within experimental error. background subtracted and normalized to the smoothly varying
Copper Analyses. The copper content was analyzed by integrating background atomic absorption using the EXAFS data reduction package
the Cu(ll) EPR spectra of denatured and fully oxidized holoprotein EXAFSPAK# The experimental energy threshold= 0) was chosen
and comparing those with standard CuGblutions¥ The protein as 8985 eV. Energy calibration was achieved by reference to the first
concentration was estimated using thgs nm = 3730 M* cm™. inflection point of a copper foil (8980.3 eV) placed between the second
Aliquots of holoprotein (10@L) were dissolved in denaturing solution  and third ion chambers. In any series of scans, the measured energy
(60% HCOOH, 30% 2-propanol, and 10% water) (389 and 30% of the first inflection of the copper foil spectrum varied by less than 1
H20, (10uL). The X-band EPR was measured at 77 K, and the total eV. Averaged EXAFS data were referenced to the copper calibration
spin due to copper (Il) was integrated. The integrated spin was then of the first scan of a series, since the energy drift in any series of scans
calibrated against a standard curve from the integrated Lap@is of was too small to perturb the EXAFS oscillations. However, this drift
known concentration to give the number of copper atoms per protein. led to broadening of edge features when a series of scans was averaged.
The Cu/protein ratio was determined to be 1.8, based on the averageConsequently, for edge analysis a single scan was used. Data analysis
of three trials. was carried out by least-squares curve fitting utilizing full curved-wave
Electrospray Mass Spectrometry (ES-MS). The ES-MS datawere  calculations as formulated by the SRS library program EXCUR
acquired in the continuum mode using a Quattro instrument capable using methodology described in detail previouiy¥3 The parameters
of unit mass resolution below 2000 molecular weight (50% valley refined in the fit were as follows:E,, the photoelectron energy
definition). The mass scale was calibrated with Csl. The electrospray threshold;R the distance from Cu to atoin 20% the Debye-Waller
ionization was performed with a 100% water flow system alb term for atomi. Coordination numbers were fixed at the values
min into the ion source, and the sample was in ammonium acetate (pHdetermined from the crystal structures.
5.1) buffer. No counterions were introduced into the mass spectrom-  The quality of the fits was determined using a least-squares fitting
eter’s analyzer. Multiple charged ions (typically 6, 7, and 8 positive parameterF, defined as
charged species) were observed under the condition employed. The

multiple charged data were then transformed into the singly charged g5y Froncisz, W.; Hyde, J. S. Magn. Resonl982 47, 515-521.

spectra presented in the paper. (86) George, G. NEXAFSPAK George, G. N., Ed.; Stanford Synchrotron
Electronic Absorption (UV—Vis). The UV-vis spectra were Radiation Laboratory: Stanford, CA, 1990.

recorded on a Cary 3E spectrophotometer (Varian, TX) at ambient (87) Binsted, N.; Gurman, S. J.; Campbell, J. Baresbury Laboratory

temperature. EXCURV88 ProgramDaresburg Laboratory: Daresburg, U.K., 1988.

Magnetic Circular Dichroism (MCD). The 42 K 7 T mcp (88 Surman, 8. J. ISynchrotron Radiation and E'Oﬁgég."?%sgza'”' S
spectra of the purple Guazurin were collected using Jasco J500 (UV/ (gg) Gurman, S. J.; Binsted, N.: Ross,)I.Phys. C1984 17, 143-151.
vis/near-IR, S1 and S20 PMT detection) and J200 (near-IR, InSb (90) Gurman, S. J.; Binsted, N.; RossJlPhys. C1986 19, 1845-1861.
detection) CD spectropolarimeters with sample compartments modified

to accommodate Oxford Instruments SM4-7T cryogenic superconduct- (91) Strange, R. W.; Blackburn, N. J.; Knowles, P. F.; Hasnain, S. S.
ing magneto-optical dewars. For MCD measurements, 1 mM samples ©92) grlg'cl((:bhuerrr?'l\?oﬁgli;sln%?h?éms_?lli%ﬁn il T. M- Strande. RIW
of purple Cw azurin in 50 mM ammonium acetate buffer (pH 5.1) Biol. Cherr’].lé9i' 266 23120-23127. g, 1. M. g€, '
(93) Sanyal, I.; Karlin, K. D.; Strange, R. W.; Blackburn, N.JJ.Am.
(84) Stoscheck, C. MMethods Enzymoll99Q 182, 50-67. Chem. Soc1993 115 11259-11270.
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Figure 2. Chromatogram of HPLC purification of the purple Cu
azurin. The first peak exhibited both 280 nm)(and 485 nm {--—)
absorption under a salt gradiest-J and was collected for further study
(see Experimental Section for detailed conditions). X | . |
14000 14200 14400
FZ — (1/N)Zk6(xitheor_ Xiexp)z
mass
referred to as the fit index, whemd is the number of points in the
spectrum.
o Lo
Results and Discussion 1.5% formic acid
Construction, Expression, and Purification of Purple Cu, 14170.7
Azurin. The purple CW azurin was constructed and expressed
in E. coli as described previousy. The holoprotein was 14299.1
purified to homogeneity by HPLC (Figure 2). The peak
displaying both the 280- and 485-nm absorption bands was ! | . |
collected. Its homogeneity was confirmed by either SDS-PAGE 14000 14200 14400
(data not shown) or by ES-MS (Figure 3). The holoprotein mass

displayed one ES-MS peakye) at 14 295, consistent with the
calculated molecular weight of apoprotein (14 168) plus two
copper ions (127). Upon addition of increasing amounts of

formic acid, the intensity of the parent peak decreases and a

Figure 3. ES-MS spectra of the holo-purple Cazurin in the presence
of 0% (a), 0.5% (b), and 1.5% (c) formic acid.

new peak, one with the molecular weight of apoprotein (14 168), 8000 | WT Azurin

was detected. The ES-MS results indicate that the protein — Cu, Azurin | (8)Absorption

sample is homogeneous, and contains two copper ions in the _ 5000 |

resting form. Similar results have been obtained on othar Cu e

containing proteing Copper analyses by EPR spectral integra- < 4000

tion of denatured holo-purple Guazurin (see Experimental <

Section) confirmed that the Cu/protein ratio is around 2.0. We ©

chose EPR spectral integration over other copper analysis 2000

methods such as induction coupled plasma or bathocupreine

sulfonate because Slutter al3” have shown that, among those

copper ion analysis methods, the EPR spectral integration 150

method gave more precise measurements of total copper =

contents in the Gy domain of T. thermophilus 7“ 100 ¢
Spectroscopic Characterization. UV-Vis Absorption and f—, 50 |

MCD. The UV-vis absorption spectra of wild-type azurin and s 0

the engineered purple &@azurin are shown in Figure 4a. The §’

absorption spectrum of wild-type azurin displays a typical blue w 50 T

copper spectrum with a strong absorption band at 625w ( < 100 |

5700 Mt cm™1) and weaker absorption bands at 466+350

M~1cm™1) and 765 nmd = 1200 M~ cm™1). The engineered
purple Cy azurin center exhibits a dramatically different
spectrum, with two strong absorption bands at 485 (3730
M~1 cm™1) and 530 nm { = 3370 M* cm™1), and weaker
absorption bands at 368 £ 550 M~ cm™) and 770 nm{ =
1640 M1 cm™1). The purple Cw azurin absorption spectrum
is strikingly similar to that of the native Gufrom P. denitri-
ficansas well as to other native and engineerech €enters
(see Table 2).

400 600 800

Wavelength (nm)

Figure 4. Room-temperature U¥vis absorption (a) and 4.2 K MCD
(b) spectra of wild-type azurin fron®. aeruginosa(-:-) and the
engineered purple Guazurin ).

Figure 4b shows the low-temperature MCD spectra of wild-
type azurin and purple Guazurin. The MCD spectrum of
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Table 2. Electronic Absorption Data for Selected PurpleaCu
Centers

Hay et al.

Table 3. EXAFS-Derived Cu-N(His), Cu—S(Cys), and CtCu
Distances for Purple GuAzurin at 10 K

protein source abs (nm) ref

Cua in NoORR Pseudomonas 350, 480, 540, 780 17
stutzeri

Cua in N2OR2 Achromobacter 350, 481, 534, 780 27
cycloclastes

Cu, from caa® B. subtilis 365, 480, 530, 790 36

Cua from bag? T. thermophilus 360, 480, 530, 790 37

Cun from aag® P. denitrificans 354, 485, 530, 808 35

Cua in azurirf P. aeruginosa 360, 485, 530, 770 75, ﬂllis

wor
Cuain T. versutus 360, 483, 532, 790 76
amicyaniri
Cua in CyoA° E. coli 358, 475, 536, 765 33

2Native Cu, protein.” Soluble Cy domain.cEngineered Cu
protein.

purple Cuy azurin is dominated by a pair of intense, oppositely-
signed features occurring at 480 nixe(= —118 deg M cm™?!
T~ and 530 nmAe = 155 deg M1 cm™1 T71), and a negative
feature occurring at 810 nmAé = —52 deg Mt cm1T—1),

An additional weaker positive feature is observed at 360 nm
(Ae = 6 deg Mt cm~t T1), with other unresolved transitions
also evident in the region betweer560 and 800 nm. As with
the UV—vis absorption, the spectral features observed in the
purple Cw azurin MCD spectrum differ dramatically from those
of the wild-type azurin but are similar to those observed in wild-
type Cw.#546 Most noticeably, although the UWis absorption
intensities of the wild-type azurin and purple LCazurin in the

Cu—N(His) Cu—S(Cys) Cu-Cu
fit R 202 R 20?2 R 20?2
index A A A Ay AYH A

192 0.002 2.28 0.007 2.39 0.003
196 0.004 229 0.011 2.43 0.002

purple Cw azurin 1.47
T. thermophiluCu, 0.84

aThe coordination numbers in the simulations were fixed at 1.0 N,
2.0 S, and 1.0 Cu scatterers persGbsorber. Distances are accurate
to £0.02 A. Data for the mixed-valence gaenter ofT. thermophilus
are included for comparison.

energies that mixia spin—orbit coupling. On the basis of
previous resonance Raman studies of this and relatec?%#&%,
this pair of transitions is assigned as two S(CysCu charge-
transfer (CT) transitions.

MCD C-term intensities derived from out-of-state spiorbit
coupling between an excited state and the ground state deviate
from the “sum rule” observed for pseudeterms, and this
behavior is evident in the remaining transitions in the purple
Cua azurin MCD spectrum, as well as in the wild-type azurin
MCD spectrum, where significantly more negative than positive
MCD intensity is observed in the UV/vis/near-IR range mea-
sured. Therefore, MCD spectroscopy implicates significant out-
of-state spir-orbit coupling of the ground state with low-lying
excited states in each of these systems. Previous EPR affalysis
of the Cwy center in NOR also suggests the presence of
significant spir-orbit coupling between the ground state and a

range of 450 and 650 nm are comparable, the MCD intensities low-lying excited state, and from these data this excited state

observed in the purple Guazurin are significantly greater than
those observed in wild-type azurin.
The MCD signals shown in Figure 4b all sho@term

is estimated to occur at3500 cnT! above the ground state.
The similarity between the U¥vis absorption and MCD
spectra of purple Guazurin, shown in Figure 4a,b, and those

temperature dependence (data not shown). Expansion of theof native Cu sites in both COX and JOR (Table 2j>4¢.%8
MCD C-term expression shows that such intensity requires the argues strongly not only for their similar geometric structures,

presence of two perpendicular nonzero componevifsdf the
electric-dipole transition moment that are additionally both
perpendicular to the Zeeman directibi.e., Ae O g;MM, +
oMM, + gyMM,). In low-symmetry protein sites such as

as demonstrated by the EXAFS datédé infra), but also for

very similar bonding characteristics and electronic structures.
The differences, primarily in the specific energies and intensities
of the observed transitions, therefore provide a useful link

these, all electronic states are nondegenerate and consequentfjetween geometric and electronic perturbations within the

at most one electric-dipole component may be nonzero for any valence-delocalized G-Cys-S), unit.

given electronic transition. The observation @term MCD
intensity therefore implicates out-of-state sporbit coupling
in these systems. Out-of-state spirbit coupling allows
additional components of the electric-dipole transition moment

In particular, the
electronic transition responsible for the near-IR absorption
maximum at 770 nm in purple Guazurin has been assigned
on the basis of previous resonance Raman studies of other Cu
sites as involving a one-electron promotion between symmetric

to become nonzero through mixing of the nondegenerate statesind antisymmetric dimer orbitals having significant-Gou o

and in this way provides a mechanism for low-symmetry sites
to gain MCD C-term intensity2>
The two limiting cases for such out-of-state sporbit

— o* character’®°” From Table 2, this absorption maximum
is seen to occur at higher energy in purpleaGzurin than in
the majority of other Cp sites, and this behavior may be

coupling are (a) between pairs of excited states and (b) betweerforrelated to the contraction of the £8R), core observed by

an excited state and the ground sf&eMICD C-term intensity
dominated by out-of-state spitorbit coupling between two
excited states manifests itself as a pseAderm MCD feature,
in which the MCD bands associated with the two interacting

EXAFS spectroscopy for this system (Table/ste infra), which
would increase the splitting between the €tu ¢ and o*
molecular orbitals. Further support for this observation has been
provided by the study of Tolman’s model complex, which has

excited states have equal magnitudes but opposite signs. Thigt Cu-Cu distance of 2.92 A and a near-IR band of 1466*f.

is clearly the case for the two features at 485 and 530 nm in
the MCD spectrum of purple Guazurin, where the ratio of
integrated intensities in these transitions~i4.2:—1.0. The
unusually large MCD intensities observed in purple Gystems

around 500 nm are therefore attributable to the presence of two

intense, perpendicularly-polarized transitions at very similar

(94) Peipho, S. B.; Schatz, P. NGroup Theory in Spectroscopy
Wiley-Interscience: New York, 1983.

(95) Rivoal, J. C.; Briat, BMol. Phys.1974 27, 1081-1108.

(96) Gerstman, B. S.; Brill, A. SJ. Chem. Phys1985 82, 1212-1230.

However, close comparison of the absorption and MCD spectra
in this regior®>1% reveals the presence of a second, weaker
absorption feature in the same energy region that is more
apparent in the near-IR MCD spectrum of purpleaGizurin

(97) Wallace-Williams, S. E.; James, C. A.; de Vries, S.; Saraste, M.;
Lappalainen, P.; van der Oost, J.; Fabian, M.; Palmer, G.; Woodruff,
W. H. J. Am. Chem. S0d.996 118 3986-3987.

(98) Scott, R. A.; Zumft, W. G.; Coyle, C. L.; Dooley, D. NProc. Natl.
Acad. Sci. U.S.A1989 86, 4082-4086.

(99) Houser, R. P.; Young, V. G., Jr.; Tolman, W. B.Am. Chem. Soc.
1996 118 2101-2102.
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Figure 5. X-band (9.2 GHz), C-band (4.5 GHz), and S-band (3.4 GHz) 0.0
EPR spectra aligned abagit Vertical lines mark the center of a seven- 0 S, 1 6 8 10
line pattern, i.eg,, and the seven-line pattern with relative intensities Distance (A)

1:2:3:4:3:2:1 for a single electron delocalized over two equivalent

coppers. The concentration of purple Cazurin was 0.8 mM. Figure 7. Experimental versus simulated Fourier transform and EXAFS

(top inset) of the purple Guazurin. Solid lines are experimental data,
and dashed lines are simulated data. Bottom inset compares the Cu K
absorption edges of purple £azurin (solid) and th&@. thermophilus
(dashed) Cu centers. The concentration of purple Carurin was 1.5

mM.

XBand the center of the pattern gi = 2.17 confirms the existence of
o the seven-line pattern. The low frequency spectra are similar
‘ | to spectra obtained for the mixed-valence [Cu(®:8u(1.5)]
= centers in COX and POR1I® One difference in the EPR
parameters is tha, is 55 G in the purple Guazurin spectrum,
while Ay is 38 G in COX and NOR. Also, the high-field lines
C-Band are better resolved at 9.2 GHz than the high-field lines of the
spectra for COX and pOR. Better resolution is consistent with
good homogeneity of the sample and lgsand A-strain.
Multifrequency EPR spectra confirm the delocalized, mixed-
S-Band valence, binuclear properties of the modified azurin site. Spectra
from earlier studie® are not as well-resolved. Assuming the
poor resolution is a result of sample heterogeneity, several
possibilities exist. First, superposition of type 1 (blue) copper
sites with the mixed-valence (purple) signal would result in
poorer resolution of the hyperfine lines. Second, microwave
Figure 6. First harmonics of spectra in Figure 5 aligned alang power used in the earlier EPR study was unusually high. Third,
a second mixed-valence signal could account for the poorer
than in the spectrum dP. denitrificans Therefore, although resolution. Such a signal has been uncovered @R and
the general trend between the near-IR-@Qu ¢ — o* hypothesized to exist in CO¥! Assuming a second mixed-
absorption and the degree of £&R), core contraction is  yalence signal accounts for the poor resolution in earlier samples
observed, quantitative correlation cannot be made until a Carefu'requires a change in the EPR parameters for the second signal.
deconvolution of the near-IR absorption bands and a firm gyidence for changes in the EPR parameters of the [fHis-
assignment of the CuCu o — o* transition are accomplished. Cu(1.5)-(SCysk—Cu(1.5)-N-His] center already exists. The
Further studies to clarify the spectroscopic properties of this copper hyperfine is decreased by about 20% from 38 to 30 G
and other Cu-type sites are in progress and will be reported in cytochromebag from T. thermophilug84344and the copper
a separate publicatiof? hyperfine of the engineered ®site in amicyanin fromT.
Multifrequency EPR. Multifrequency EPR spectra show  yersutugtincreased by about 30% to 50 G in a synthetic model
well-resolved hyperfine structure in both theandgn regions comple®® and about 50% to 55 G in this work.
(Figures 5 and 6). Five of the seven lines expected for a mixed- XAS. The phase-corrected Fourier transform (FT) and
valence [Cu(1.5)-Cu(1.5)] S = Y/, delocalized center are  EXAFS (inset) for purple Cuazurin is shown in Figure 7. The
apparent in they region of the X-band spectrum. While the FT shows a single peak arourRl= 2.4 A similar to that
and gp regions overlap more extensively at low frequencies, observed for the Gu sites of the soluble domain of.
thermophilussubunit Il. Results presented in this paper, together

-
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+

(100) Gamelin, D. R.; Randall, D. W.; Hay, M. T.; Houser, R. P.; Mulder,
T. C.; Canters, G. W.; de Vries, S.; Tolman, W. B.; Lu, Y.; Solomon, (101) Antholine, W. E.; Kroneck, P. M. H.; Zumft, W. G. Manuscript in
E. I. J. Am. Chem. Socsubmitted for publication. preparation.
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with those reported previously have provided strong evidence  XAS spectroscopic characterization presented in this paper, as
for structural homology between the purplearurin and the well as by the RR study published earl#r.

crystallographically characterized £aenter of COX*>® and 4. When compared to the other delocalized mixed-valence
the re-engineered quinol oxidase (CydA)We have therefore  cy, centers studied to date, the purpleaCazurin has one of
used the CyoA ligand atom donor set as the basis for our the highest-energy near-IR €€u o — o* absorption features
EXAFS analysis but have excluded the more distant methionine 5t 770 nm, the largesd, at 55 G, and the shortest EGu

and main-chain carbonyl ligand atoms, as these did not con-gjstance at 2.39 A. These results may all relate to a higher
tribute to the EXAFS data of eithdr. thermophilur B. sub- — gegree of steric compression of theQtenter in azurin than
tilis.# The best fit to the data was obtained with the parameters i gther Cy sites, which could perhaps occur as the result of

given in Table 3piz. 1 Cu-N(His) at 1.92 A, 2 CerS(cys) at  forcing the normally mononuclear blue copper center in azurin
228 A, and 1 Cu-Cu at 2.39 A. The CuS(cys) distance is ¢, accept a binuclear Gucenter.

comparable to that found ifi. thermophilus but the Cu-N Further study of this engineered purples&enter in the same
and Cu-Cu are 0.04 and 0.05 A shorter, respectively. In fact, : y 9 purpiess L .
protein framework of the blue copper protein azurin, including

the Cu-Cu distance of 2.39 A is the shortest distance yet electron transfer studies, is in progress and should contribute

determined for any of the Gucenters. This may reflect a more to our understanding of copper centers in biological systems
sterically compressed Gueenter, perhaps as the result of forcing 9 PP 9 y )

the normally mononuclear blue copper center in azurin to accept

a pinuclear CN'center, and is ponsistent with thg MCD results at Caltech for providing the azurin gene, Professor John Shapley
(vide su_pra whlch_suggesta higher energye_(Iu Interaction. at the University of Illinois for the gift of Cu(CECN)4BF,,

bThe Inset tjo Flgurfe ZI ShO\.’(\f adcomparlsgn ?jf tEe TCU K Drs. Richard Milberg and Rong Huang at the University of
absorption edges of the oxidized azurin LCand the T. lllinois Mass Spectrometry Center for collecting ES-MS spectra,

thermpphnusCuA dtelzrlva}IEL\{es. It Ij e""ffd'?tt. thalt thgd SpECt:ﬁ tDrs. Paige Goodlove and Nancy Lan-Fei Chang at the University
superimpose exactly. IS provides additional evidence that ¢ yingis Genetic Engineering Facility for DNA sequencing

g‘gfi?g?g'tch:nszfrlﬁﬂg%n'f: di?ggggr?nsugntthgigsg:er;r:?ilar and amino acid analyses, Dr. Louis B. LaCroix for providing
P y " the MCD spectrum of wild-type azurin frorR. aeruginosa,

Conclusion Professor Hartmut Michel for providing crystallographic coor-
dinates of cytochrome oxidase fromP. denitrificans and Mr.

Copper centers in biological systems have b_een classified i“toJeffrey A. Sigman for help in generating Figure 1. This material
three types:-*2 The type 1, blue copper center is a mononuclear s pased upon work supported by the National Science Founda-

Cu(ll)—thiolate center in a distorted tetrahedral geometry. The o0 under Award Nos. CHE 95-02421 to Y.L. (CAREER

type 2, normal copper center has a mononuclear copper centely a4y and CHE-9217628 to E.I.S. The multifrequency EPR
in a tetragonal geometry. The type 3 copper center contains,, . yas supported by the National Institutes of Health under
an anti-ferromagnetically coupled binuclear copper. The mixed- ,o award No. RR01008 to W.E.A. The XAS work was
valent blngclear.purp!e G\Ecenterlls a hew glasshof coppler supported by grants from the Murdock Charitable Trust and
centers. %’ engineering the purphepa:etrﬁte:c "I]Ito t e.type the National Institutes of Health (under Award No. GM52830)
coi)pe_lr_hpro e|n|azgr|n, Wte gvets c:wn” e IOtO\(,jwtngih i to N.J.B. We gratefully acknowledge the use of facilities at the
) € purpie LN center IS structurally refated 10 tne ype g4 56 Synchrotron Radiation Laboratory (SSRL), which is
1 blue copper center and it is possible to convert a blue COIDpersupported by the National Institutes of Health Biomedical

cegterLgl)to g.r%lértgf n?ut(;:n;ﬁgs's is a natural extension of site Research Technology Program, Division of Research Resources,
dire.cted r?1-utla enesisuan%l is e: Iowerfu:Jwa Xof erll ineeriln ,and by the Department of Energy, Office of Health and
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striking similarity to other native and engineeredsQenters,
as evidenced by the UWis, MCD, multifrequency EPR, and  1C971232A
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