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Abstract: The electronic spectrum of the blue copper protein plastocyanin has been studied by ab initio
multiconfigurational second-order perturbation theory (the CASPT2 method). The six lowest electronic transitions
have been calculated and assigned with an error of less than 2060 dine singly occupied orbital in the ground

state is Cu 3eScys 3pr antibonding with some Ns 2po character. The bright blue color originates from an electron
transfer to this orbital from the corresponding Cu-&tys 3pr bonding orbital. The influence of different ligand
models on the spectrum has been thoroughly studied; Cu(imida@Bhk)(S(CHs)2) T as a model of CuHiECysMet

is the smallest system that gives converged results. The spectrum is surprisingly sensitive to changes in the geometry,
especially in the CuS bond distancesa 5 pmchange in the CuScys bond length may change the excitation
energies by as much as 2000@m The effect of the surrounding protein and solvent on the transition energies has
been modeled by point charges and is found to be significant for some of the transitions (up to 2890 cm

1. Introduction resolution of the spectrum, additional bands can be discerned;
) _for plastocyanin, in total nine different absorption bands have
Blue or type 1 copper proteins have long attracted chemists’ pegan reporte@® The dominant blue band in the protein
interest by their intense blue color, distinctive electron para- gpectrum is considerably more intense than absorption bands
magnetic resonance spectra, and unusually high reductiongt normal inorganic copper complexes; the molar extinction
potentials:? A typical example is plastocyanin, a protein that  coefficient,e, amounts to 10006000 M cm* for blue copper

plays a key role in photosynthesis, being a mobile electron proteins, compared to< 100 M~ cm-1 for normal tetragonal
shuttle between reduced cytochrom@ the cytochromebsf copper complexes.

complex and pigmenP700" of photosystem | in the photo-
synthetic electron transport chain of higher plants and algae.
High-resolution crystal structures are known for plastocyafin
and several other proteins of this group, native as well as
engineered. Although C#* normally forms tetragonal com-
plexes, the crystal structure of blue copper proteins invariably
shows a trigonal copper ion bound in a distorted plane formed
by a cysteine thiolate group at an unusually short distance{207
220 pm) and two histidine nitrogen atoms at normal distances
(190-210 pm). In addition, a methionine sulfur atom, and in

some proteins also a backbone amide oxygen, binds in an axialScys pseudos orbital. Although the error in the predicted

o ) I
position at a Iarge distance (26830 pm): ) transitions is small for the four central bands, including the
The electronic spectra of several blue copper proteins are dominant blue band (less than 2000 & the calculations are
well-characterized and have been recorded by visual and nearyore approximate for the low- and high-energy bands, with

infrared absorption spectroscopy, circular dichroism, and mag- errors in some cases exceeding 10 000tm
netic circular dichroism:f-8 The spectra show a prominent

peak around 16 700 crh (600 nm) that gives rise to the blue
color, and a weaker band around 12 000~ér(830 nm). In
addition, some proteins, e.g. stellacyanin and nitrite reductase
have a third peak near 22 000 th{450 nm)é° By a Gaussian

Solomon and co-workers have studied the electronic spectrum
of plastocyanin using the density functionadscattered-wave
method®10 They obtain a ground state with a singly occupied
orbital that is an antibonding mixture of a Cu 3d orbital (42%)
and a $ys 3pr orbital (36%)2 The four bands with the lowest
excitation energies are attributed to copper ligand-field transi-
tions and the dominant blue band is assigned to a charge-transfer
transition from the bonding &s pr orbital (at 16 940 cm?).

In addition, a prominent band at 18 700 thhidden in the
dominant blue band, is assigned to a transition from a so-called

Larssonet al. have recently published a calculation of the
spectra of azurin and some blue copper protein mutants, using
the semiempirical CNDO/S methdd. They also obtain a
'ground state with a singly occupied antibonding Cu-Sdys
3pr orbital, now with 32% Cu and 50%c$ character. The
most intense transition is calculated around 13 800'camd

T University of Leuven.

# University of Lund. corresponds to an excitation from the bonding-&dys pr
€ Abstract published ilAdvance ACS Abstract®ecember 1, 1996. orbital. In variance with Solomon, they predict that three of
(1) Sykes, A. GAdv. Inorg. Chem 199Q 36, 377-408. the ligand-field transitions should have higher excitation energies

(2) Adman, E. T.Adv. Protein Chem1991, 42, 145-197. h he d . bl band
(3) Colman, P. M.; Freeman, H. C.: Guss, J. M.; Murata, M.; Norris, v. than the dominant blue band.

A.;(ze)agwshavg, ‘l]\/l Ai: M.; Venkatagpi/,l I\III.BRe}tulrg 813537186 ;7522 flgg§24. Both CNDO/S and X are semiempirical methods that
uss, J. M.; Freeman, H. G. Mol. Biol. —563. ;
(5) Guss, J. M.; Bartunik, H. D.; Freeman, H. &:ta Crystallogr 1992 d_epend on fa number OT a.dJUStable paramet_ers, and they do not
B48 790-807. give a consistent description of the electronic structure and the
(6) Solomon, E. I.; Hare, J. W.; Dooley, D. M.; Dawson, J. H.; Stephens,
P. J.; Gray, H. BJ. Am Chem Soc 198Q 102 168. (9) Liu, M.-Y.; Liu, M.-C.; Payne, W. J.; Legall, J. Bacteriol 1986
(7) Penfield, K. W.; Gay, R. R.; Himmelwright, R. S.; Eickman, N. C.; 166, 604-608.
Norris, V. A.; Freeman, H. C.; Solomon, E.J. Am Chem Soc 1981 (10) Penfield, K. W.; Gewirth, A. A.; Solomon, E.J. Am Chem Soc
103 4382. 1985 107, 4519.
(8) Gewirth, A. A.; Solomon, E. IJ. Am Chem Soc 1988 110, 3811. (11) Larsson, S.; Broo, A.; Slia, L. J. Phys Chem 1995 99, 4860.
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Table 1. Comparison of the Optimized Structure of the Different Model Complexes with the Crystal Structures of Blue Copper Proteins

distance to Cu (pm) angle subtended at Cu (deg)

complex et Scys N Swviet—Scys Sviet—N Scys—N N—N
Cu(NHs)z(SH)(SH)* 284 217 207 110 93 124 103
CU(NHs)2(SCHs)(SH)* 288 217 208 113 92 123 104
Cu(NHs)2(SH)[S(CH)2]* 258 218 209 114 98 121 102
CU(NHs)2(SCH)[S(CHa)2] 258 218 211 121 96 119 103
CU(NHs)2(SCGHs)[S(CH)2] 258 218 211 121 96 119 103
Cu(imidazole)(SH)(SHy)* 291 217 202 108 93 124 106
Cu(imidazole)(SCH)(SH,)* 297 217 203 112 91 123 108
Cu(imidazole)(SH)[S(CH)]* 262 219 203 112 97 121 104
Cu(imidazole)(SCHy)[S(CHa)J]* 262 218 205 119 95 119 105
Cu(imidazole)(SGHs)[S(CHs)2] * 262 218 205 119 95 119 105
plastocyanif 282 207 19+206 110 89-101 121132 97
experimental averafe 283 212 206 111 98 120 103

aThe experimental structure of poplar plastocyaimhe average geometry of 18 different blue copper prot&ins.

spectrum. It would, therefore, be satisfying if a more stringent differs slightly from B3LYP defined in the Gaussian softw/diia that
method could be used. The recently developed ab initio it uses the CeperleyAlder solution to the uniform electron gas in the
CASPT2 method (multiconfigurational second-order perturba- Vosko—Wilk—Nusair correlation functional (this is the fit recommended
tion theory) has shown to be very promising for the interpreta- Y the authors). Hybrid density functional methods have been shown
tion of electronic spectr&13a large number of chromophores to give as good or better geometries isg correlated ab initio methods
have been investigated with this method, and the error in the for first-row transition-metal qompleXéé'. The full geometry of the
transition energies is less than 2000@mith few exceptions. mrggieelitsw V?,ng %2?;@932 :rr:t(ljl fg % r:,]néxr:?ﬂ rgng r;rc]ie r:qc;t;%ie:;l-:ggare
The method has been used in a number of successful studies o oot-mean-square changes in geometry were below 0.079 and 0.053
ligand-field and charge-transfer spectra of transition-metal pm, respectively, using the standard fine dfid.
complexes3 These results have shown that accurate excitation  The basis set for copper was the doublbasis (62111111/3111/
energies can be obtained also for complex systems. We311) of Sctifer et al.?° enhanced with diffuse p, d, and f functions
therefore expect to obtain results of the same quality. with exponents 0.174, 0.132, and 0.390, and 6-31G* for the other
This paper presents results from CASPT2 calculations of the atomsz* Only the pure 5d and 7f functions were used. Both the basis
electronic spectrum of several realistic models of the active- sets and the grlq have been thoroughly tested and show.n .to.glve accurate
site copper ion in the blue protein plastocyanin. The sensitivity rcisr;‘gzt:t)i;nsa'lm?fgrtc?ﬁaﬁ; ggmg::;i(fﬁ's'r(‘)&;?;;&g@'g“ﬂ'ﬁe?ye
of the reSU'FS to the choice to_ the ”.‘Ode' system, the gepmetry,was imposed during the geometry optimizations. However, some
and the basis sets have been investigated, as well as the influen

. - CEalculations using the experimental geometry without symmetry were
of the surrounding protein on the spectrum. The results are isg performed.

encouraging: the six lowest transitions in the spectrum are  some geometry parameters of all optimized model systems used in

predicted with an error of less than 2000 ©m A full the spectrum calculations are listed in Table 1. The optimized structure

assignment of the spectrum is provided in the energy range upof Cu(imidazole)(SCHs)(S(CHs),)* is shown in Figure 1. All systems

to 20 000 cnrl. are in the conformation most similar to the crystal structure, i.e. with
the dihedral angle Wg—Cu—Scys—Ccys = 0°. As we have discussed

2. Methods and Details of the Calculations before, the structures optimized in vacuum are very similar to the

experimental structure. This indicates that hypotheses suggesting that
the protein strains the cupric geometry are not corect.
Throughout the discussion, a coordinate system is defined in the
lowing way: the copper ion is at the origin, tlzeaxis is along the
* Cu—Syet bond, and the CuScysbond is situated in thezplane. Thus,
the coordinate system is defined in the same way as made by Larsson
et al,!* but thex axis is turned 45around thez axis compared to the
coordinate system used by Solometal.®
2.2. Calculations of the Spectrum. The calculations of the

2.1. Geometry Optimizations. The copper coordination sphere
in plastocyanin consists of two histidines, one cysteine, and a more
distant methionine ligand. These ligands were modeled in several fol
different ways: histidine was modeled either as ammonia or imidazole
cysteine as SH SCH;~, or SGHs~, and methionine as Stér S(CH),.
The structures of the different model complexes were optimized with
the hybrid density functional method MB3LYP as implemented in the
Mulliken-2.31h software (unrestricted formalisfd). This method

(12) Andersson, K.; Malmqvist, P.-ARoo0s, B. OJ. Chem Phys 1992 electronic spectra of the model complexes were performed by the
96, 1218. 3 CASSCF/CASPT2 method (second-order perturbation theory with a
(13) Roos, B. O.; Andersson, K.;'Begher, M. P.; Malmqvist, P.-A
Serrano-Andrs, L.; Pierloot, K.; Mercha, M. In Advances in Chemical (16) Vosko, S. H.; Wilk, L.; Nusair, MJ. Chem Phys 198Q 58, 1200-
Physics: New Methods in Computational Quantum Mechamdgogine, 1211.
I, Rice, S. A., Eds.; John Wiley & Sons, New York, 1996; Vol. XCIII: (17) Ricca, A.; Bauschlicher, C. W. Phys Chem 1994 98, 12899
2109. 12903.
(14) Rice, J. E.; Horn, H.; Lengsfiels, B. H.; McLean, A. D.; Carter, J. (18) Ricca, A.; Bauschlicher, C. Wheor. Chim Acta1995 92, 123~

T.; Replogle, E. S.; Barnes, L. A.; Maluendes, S. A,; Lie, G. C.; Gutwski, 131.
M.; Rude, W. E.; Sauer, S. P. A; Lindh, R.; Andersson, K.; Chevalier, T. (19) Holthausen, M. C.; Mohr, M.; Koch, WChem Phys Lett 1995
S.; Widmark, P.-O.; Bouzida, D.; Pacansky, G.; Singh, K.; Gillan, C. J.; 240, 245-252.

Carnevali, P.; Swope, W. C.; Liu, Bvulliken™ Version 225b, internal (20) Schéer, A.; Horn, H.; Ahlrichs, RJ. Chem Phys 1992 97, 2571
release IBM Corporation: Almaden, CA, 1995. 2577.

(15) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; (21) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JARinitio
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G. molecular orbital theory Wiley-Interscience: New York, 1986.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, (22) Ryde, U.; Olsson, M. H.; Pierloot, K.; Roos, B. @.Mol. Biol.

V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; 1996 261, 586-596. .

Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; (23) Andersson, K.; Malmqvist, P.-ARoos, B. O.; Sadlej, A. J,;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; Wolinski, K. J. Phys Chem 199Q 94, 5483.

Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-  (24) Andersson, K.; Roos, B. O. IModern electron structure theary
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94, Résion D.1; Gaussian, Yarkony, R., Ed.; Advanced Series in Physical Chemistry; World Scientific
Inc.: Pittsburgh, PA, 1995. Publishing Co. Pte. Ltd.: Singapore, 1995; Vol. 2, Part I:55.
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@l Table 2. ANO Basis Sets Used for the Calculation of the Spectra

\ \ basis Cu S N C B H?

L 1:‘__‘_"__" primitive 17s12p9d4f 13s10p4d 10s6p3d 10s6p3d 7s3p 7s3p
¢ } Ly contracted to
= A 6s4p3d1if  4s3pld  3s2p 3s2p 2s 2s

B 6s4p3d1f 4s3pld 3s2p 3s2p 2s 1s

C 6s5p4d2f  5s4p2d 4s3pld 4s3pld 2slp 2slp

Db 8s7p6dlf  4s3pld  3s2p 3s2p 2s  2s
‘if 2H, = hydrogen bound to S; ¢4+= hydrogen bound to N, With

uncontracted s,p,d functions in the Cu core-valence region.

/ ]\‘ ! model systems, the size of the hydrogen basis set was further reduced

o Rg BY ‘ to [1s] for all hydrogens except those directly bound to sulfur (basis
__:-' i " B). Basis C consists of considerably larger contracted sets on all atoms
: L \‘]\ \ and was used to estimate the basis set truncation error. Finally, basis
i o o o D was constructed with the purpose of providing a more accurate
Figure 1. The optimized structure of Cu(imidazo}§CH)(S(CH)2)* description of the Cu 3s,3p correlation effects, by uncontracting the
in Cs symmetry. appropriate primitives in the 3s,3p,3d region.

For the six lowest excited states in the spectra, oscillator strengths
. . were calculated using the CAS Statfateraction method@ The
(Sb't_').(szk); v(\j/!trthgt t_synln?:letlry, tthe .CASSC': wave funfczgn \t,)V?SI transition moments were obtained at the CASSCF level, while CASPT2
obtaned by distribuling L5 leclrons in an active space o oroitass, excitation energies were used in the expression for the oscillator
consisting of the five Cu 3d orbitals, five correlating Cu 4d orbitals, strength. The CASSCF/CASPT? calculations were performed with the

and the $ys 3po and lone-pair orbitals. This active space can be MOLCAS-3.1 quantum chemistry softwai®and all calculations were
used to describe the ground state and the six lowest excited states iq'un on IBM RS6000 workstations

the spectrum. The need for a second d shell in the active space has 2.3. A Model of the Surrounding Protein and Solvent. A
been discussed in earlier applications to transition-metal spectrosScopy. calculation of the spectrum was also performed on Cu(imidazole)

o e s of e sotes can be St o COELEE 1 (SHYSH) wihout symmey, using he expermentl geomety cf
S Sm>r/net )I/:’orythe comglexes containin iFr)nidazoIe 13 electrons were poplar plastocyanin at 133 pm resolution (PDB file 1PECJhe system

Y! | 0('1 in 12 act P bital nng fC 3’d d 4d and was truncated by hydrogen atoms placed at standard bond lengths in
Igorredate b'ml bacltlve_or ltas,hconSIStlng ortu and 4 anf t\;]vo the direction of the removed carbon atom.
égﬁ:rrjlat?erd I;?aste eF%T%'Qg Ct:mt ng:gn;g]nig% ir:epm‘lenfltl(;r::tiSe the In order to estimate the effect of the surrounding protein, a second
orbitals were uséd for the caIcuRation of thé Mategs& sinc):a the highest set of calculations was performed on this model surrounded by 5232
PA” state is an imidazole to Cu 3d charge-transfer state that is?absent point charges, representing the remaining protein atoms, all crystal water

molecules, and a sphere of solvent water molecules with a radius of

in the NF systems. In all cases, only one gtate-averaged CASSCF 2.4 nm. Each atom was assigned a point charge taken from the Amber
calculation was Qerforn:e_d forall states bel'onglng to the_ same symmetry 4 3 force field2 Al Asp and Glu residues were treated as anions,
representation (Aor A™in Cs, A in Cy) with equal weights for all and all Lys and Arg residues as cations. The first and last amino acids
stateshlncluded. culati el ininating f of the protein were also charged. The only two His residues in the
c I2nst2 pe CNAZSSP;pz %af: aatlr?dnsé: 3 3‘2%‘;"ggS\/\/Z':g";?:'rg?atg’dm(f’lgs‘ifﬂ;eprotein are copper ligands, and it is clear from the crystal structure
14D, <My ) OF, that the protons are bound to the?toms. The only Cys residue is

:;?:?rsgnzyv?/taesr?ri'velgeatzf(fiei%t n?(f)rgodr;?;rlfr:)% éte semlcgﬁ +Clé 3s.3p also a copper ligand and was treated as an anion. The charge of atoms
9 NESH)(SH)™, by directly connected to the junction carbon atoms (the atoms that are

cthpa:]réng_ttr;e r?fﬁlts.noﬁta'nid ffC)tr;h%CéSP;I'Z teerngtrl]otrtl]enerr?leistpor:h converted to hydrogen atoms in the quantum chemical calculations,
;N' ta ;N' 'tﬁu | el %us!o Ot F\? lst’. psee 0 St! elgo ela 'Od i.e. @ in Cys and His and Cin Met) were set to 0, and the charges of
reatment with a large basis set. Relativistic corrections (Darwin an the rest of the atoms in the amino acid were uniformly scaled, so that

mass—\silc_)ut()j/) W_eref_adtde%to all nCAbS I;TZ t(axc|tat|ct)rtlhenggsless(.:|:'l'lheyl the total residue charge vanishes (a change of less than 0.006 e/atom).
were obtained using lirst-order perturbation theory at the EVEL " The positions of the solvent water molecules and the protein

t -Lh(.e CASPTi catlculatlons Wired perf(t);%rggd Tl;]SIng a Ievel-sfhlft hydrogen atoms were determined by a 22.5 ps simulated annealing by
techniqué In order to remove intruder s - [N€ presence o molecular dynamics (hydrogen atoms are present in the PDB file, but
|ntr_uder'states is mapn‘ested by a sudden drop of th_e CASSCF refere_ncqhey make several unphysically short bonds: therefore all hydrogen
weight in the final flrst_-order CASPT2 wave functlon_. Qn the basis positions were recalculated). The temperature was kept at 300 K during
of the gfsu'ts of a series of test calculations on Cu(imidag&e))- the first 7.5 ps and was then decreased linearly with tor@ K at the
L ) . ; ; .

(SHe)",  a level shift ?f 03 e_V was used in all calculat_lons (in the end of the simulation. The time constant for the temperature coupling
calculations for the %' state in the two largest models it had to be to a heat bath was kept at 0.2 ps during the first 7.5 ps, it was then
increased to 0.35). The effect of the level shift on the second-order increased to 1.0 ps for 7.5 ps' decreased to 0.5 ps for 4 5 ps, and was
energy was removed by a back-correction technique (the LS correc- set to 0.05 ps, during the Iast’ 3 ps of the simulation. The si‘mulated

tion).2° annealing was concluded by a 10000 step molecular mechanics
The CASSCF/_CASPTZ calc_ulatlons were performed using ge'?era"y minimization. In all simulations, a nonbounded cutoff of 2.0 nm was
contractgd atomic natural orbital (ANO) type ba5|§ §ét§.our basis applied (nonbonded interactions between 1.5 and 2.0 nm were calculated
f:tfhcg ds'giregft ?th:SnV]\:)edr;gsset% di‘gge;(/uaretdeggrlbfd in Table d2. DueonIy once every 25 time steps), the neighbor list was updated every 25
- . p o sb a oms), mo era_te- time step (the time step was 1.5 fs), a dielectric constantl was
size contracted basis sets were employed, lncludlng an.f-type pc.)la”za'used, and the bond lengths were kept at their equilibrium values with
tion function on Cu ad a d function on S, but no polarization functions
on C, N, and H. For the models involving NHa [2s] contracted set (28) Malmqvist, P.’A; Roos, B. O.Chem Phys Lett 1989 155, 189.

was used for all hydrogen atoms (basis A), while for the imidazole  (29) Andersson, K.; Racher, M. P.; Karlstim, G.; Lindh, R.; Malmgvist,
P.-A; Olsen, J.; Roos, B. O.; Sadlej, A. J.; Blomberg, M. R. A.; Siegbahn,

multiconfigurational reference wave functid&$32* For Cu(imidazole)

(25) Roos, B. O.; Andersson, KChem Phys Lett 1995 245 215. P. E. M.; Kellg V.; Noga, J.; Urban, M.; Widmark, P.-OLCAS Version
(26) Roos, B. O.; Andersson, K.;'lBeher, M. P.; Serrano-AndselL.; 3: Dept. of Theor. Chem., Chem. Center, Univ. of Lund, P.O.B. 124, S-221
Pierloot, K.; Mercha, M.; Molina, V. J. Mol. Struct (Theochem}1996 in 00 Lund, Sweden, Lund, 1994.
press. (30) Cornell, W. D.; Cieplak, P.; Bayly, C. |.; Gould, I. R.; Merz, K.
(27) Pierloot, K.; Dumez, B.; Widmark, P.-O.; Roos, B. Theor. Chim M.; Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman,

Acta 1995 90, 87. P. A.J. Am Chem Soc 1995 117, 5179-5197.
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Figure 2. The singly occupied natural orbitals for the ground stat®\(X and the eight lowest excited states of Cu(imidaz¢&FH)(S(CH),)*.

the SHAKE algorithm. All heavy atoms present in the PDB file were Table 3. Main Atomic Orbital Components of the Singly
kept fixed and no bonds between copper and the ligands were defined. Qccupied Orbital for the Different Excited States in
The charges on the copper ion and its ligands were taken from a Cu(imidazole)(SCH)(S(Chb)2)

guantum chemical calculation on Cu(imidaze{8CHs)(S(CHs)z)" state molecular orbital

- 5 g
gtgrlitgsgggggfﬁe}rdrﬁvsghggéz Amber version 44with the Cornell XA 51% Cu3d, + 3% Cu3g, + 45% Soyo+ 1% Im

) ’ A’ 3% Cu3a + 19% Cu3q, + 44% Cu3¢k_2 +
. . 5% Cudst 3% Cudpt 1% Suet + 25% Sys
3. Results and Discussion b2A 85% Cu3e + 9% Cu3gh_y2 + 5% Se + 1% Im
; ; b2A" 19% Cu3dy, + 74% Cu3¢,+ 6% Stys

|3.tl. Thet Eltectror}lcI Sttructurg Qf tElastocyac?lnt. tThe i PN 3% CU3d: + 69% CU3d, + 27% CU3ch_,2
electronic structure of plastocyanin in the ground state and in  5px 29% Cu3dy + 24% Cu3g, + 46% Sys+ 1% Im
the Iqwest exmte_d states can best be characterized _by analyzing qea’ 4% C3d: + 11% Cu3d, + 20% Cu3gk_, +
the singly occupied orbital in each state. These orbitals for Cu- 4% Cu4st 3% Cudp+ 58% Sys
(imidazole}(SCH)(S(CHs)2) " are shown in Figure 2 and their eiA'” 5% Cu3e + 2% Cudst 2% Cudp+ 91% Syet
main atomic orbital components are listed in Table 3. The A 100% Im
singly occupied orbital in the ground state?AX, is az-anti- 2 Seys = Cysteine, et = methionine, Im= imidazole.

bonding orbital involving the Cu 3¢ and &ys 3p, atomic . _ o ) _
components. It also forms weakantibonding interactions ~ the antibonding combination and irfAl the corresponding
between copper and the two nitrogen ligands. The orbital is bondmg combination. These two orbitals are also strongly
strongly delocalized over the EtBcys bond (54% Cu 3d and ~ delocalized along the CtScysbond. _ _
45% Sys character). It does not, however, contain any IntheFA”, bPA’, and €A’ states, the singly occupied orbitals
contribution from S, Which indicates that the bond between are almost pure Cu 3d:yg dz, and d, respectively. In BA’
the methionine residue and copper is purely electrostatic in it contains a small amount of @ antibond t0 et 3p,. The
nature. The A" state has the correspondibgndingorbital corresponding bonding interaction is found in ti&estate,
between Cu 3¢ and s 3p7 singly occupied. This orbital is which is mainly Iocalllzed on yr:t (except in Cu(imidazole)
also strongly delocalized over the bond, and has the same(SH)(SH)", where this state represents a charge transfer from
percentage §sand copper character as the ground-state orbital. imidazoles; the SH — Cu transition appears at even higher
Similarly, the lowest state in the other symmetrfAaand  €nergy). The 8A" state, finally, has an almost pure imidazole
the A’ state have a single electron in thecombination of 7 orbital singly occupied.
Cu 3dz-y2 and Sys 3py; the singly occupied orbital in?A’ is Formally, thg c,8A" and the d,8A’ states represent charge-
transfer transitions and the other four states represent ligand-
o) Pearlman, Fz-rgﬁ-s;or(‘:ase“'?'Sg\i't;)elcid"{?"’sif@ gV Ross, W S.field transitions. This interpretation is confirmed by the Cu 3d
n p.. Versior iversit Aliforni """ occupation numbers for the different states listed in Table 4.

K.; Kollman, P. A. Amber Version 4; University of California: San )
Francisco, CA, 1995. The ground state and théd states have a population around
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Table 4. Occupation Numbers of the Cu 3d Orbitals in the Ground State and the Different Excited States of the Model Complexes

CU(NH:),SXSY; (C) Cu(Im)SXSY: (Co)

X=H X=CH; X=H X=CH; X=CHs X=H X=CH; X=H X=CH; X=CHs CUlmySHSH (Cy)
statt Y=H Y=H Y=CHs Y=CH; Y=CH; Y=H Y=H Y=CHs Y=CH; Y=CH: _ opF expt
X2A"  9.38 9.47 9.34 9.43 9.44 9.39 9.49 9.36 9.47 9.47 9.24 9.29
@A 9.38 9.54 9.36 0.43 0.43 9.33 9.46 9.31 9.37 0.36 9.30 0.34
b?A’  9.09 9.08 9.11 9.10 9.10 9.04 9.05 9.09 9.08 9.08 9.06 9.05
b2A"  9.07 9.08 9.08 9.09 9.09 9.04 9.06 9.06 9.08 9.08 9.05 9.05
CA’ 9.04 9.05 9.04 9.04 9.04 9.03 9.04 9.03 9.03 9.03 9.04 9.05
CA"  9.69 9.58 9.71 9.60 9.60 9.58 9.45 9.58 9.46 9.51 9.81 9.74
@A 9.68 9.52 9.71 9.64 9.64 9.69 9.56 9.72 9.66 9.66 9.75 9.70
eA’ 9.97 9.95 9.94 9.95 9.95 9.99 9.94 9.93 9.94 9.94
A" 9.97 9.97 9.97 9.97 9.97

2 opt = at the optimizedCs geometry, but calculated without symmetry; expusing the experimental structure.

Table 5. The Spectrum of Cu(Ng(SH)(SH)™ (in cm™), Calculated at the CASPT2 Level with Different Basis seAf = AEq + AEre
+ AEss3d

AEvaI AErel AEG‘>S,3p AE
state A C D A C D A C D A C D
A’ 4353 4158 4330 +144 +127 +126 =70 —73 —58 4427 4212 4398
b?A 13 447 13161 13187 —236 —239 —230 —555 —509 —553 12 656 12 413 12 404
c2A' 15685 15398 15404 —290 —291 —282 —594 —547 —598 14 801 14 560 14524

b?A" 15452 15 306 15217 —263 —257 —262 —353 —296 —369 14 836 14753 14586
c?A" 13214 12 805 13084 +277 +258 +263 +622 +613 +689 14 113 13676 14 036
d?A’ 19137 18 600 19047 +430 +404 +417 +536 +539 +613 20103 19543 20077
eAn’ 31229 29 292 30684 +546 +505 +523 +722 +395 +759 32 497 30192 31966

a AEa includes no relativistic effects and only correlation of valence electrons; the effects of adding relativistic corrections and Cu 3s,3p correlation
on the excitation energies are givenArfte and AEss 3, respectively.

9.4, indicating a delocalized orbital with mainly Cu character.  The sensitivity of the charge distribution of the -€Qys bond
The states with the corresponding bonding orbitals singly makes it very hard to arrive at a conclusive value for the polarity.
occupied (A" and ¢A’) have, in general, largeic character  Such a calculation would require a much larger MCSCF wave
and thus a higher Cu 3d population, around 9.6. However, only function, which includes the majority of the dynamic electron
a small amount of charge (0.2 electrons) is transferred in thesecorrelation effects. It might be worth mentioning that the

excitations, so the term charge transfer is a bit misleading. They MB3LYP calculations gives a 3d population close to 9.5 for
are better characterized as transitions from a bonding to anthe ground state.

antibonding orbital (with only a small shift in the polarity),
which also explains the large intensity. On the other hand, the
almost pure ligand-field states (B and IFA") have Cu 3d
populations around 9.1 and the almost pure charge-transfer T
transitions (A’ and #A") have around 9.95 Cu 3d electrons. mophores where the size is a moderate probferhiowever,

For these states, the classification as ligand-field and charge-th€ Size of the chromophore in the blue copper proteins is so
transfer transitions is more appropriate. large that all reasonable approximations to redgce the size of
3.2. The Copper-Cysteine Bond. The Cu-Cys bond the sy_stem_ are necessary. In order to verify that th_ese
seems to be the crucial factor for the spectral properties of the @Pproximations do not affect the result, several test calculations
blue copper proteins and probably also for several other unusualon the smallest model were performed.
characteristics of these proteins. It turns out that the polarity  First, the influence of the basis sets was examined. Table 5
of this bond in plastocyanin strongly depends on the method shows the energies of the seven lowest transitions for CggNH
used in the calculation. The problem is illustrated by the data (SH)(SH,)™". It can be seen in the last three columns that when
in Table 4. Column 7 gives the Cu 3d populations for Cu- the large basis set C is truncated to the smaller basis set A
(imidazole}(SH)(SH)* in Cs symmetry. The orbitals were  (which is used for the other systems) the transition energies
obtained from two state-average CASSCF calculations including jncrease for all transitions. However, the change is small for
all states ofA" and?A" symmetry, respectively. This gives 8 | states (108250 cnt for ligand-field transitions, and about
3d population in the ground state of 9.39 electrons and 9.58 5o cnr1 for charge-transfer transitions), except for the highest

elt:act.ronds _incthe a3 state.h Co'”{}“” 12 Sh,OWS, thledre(;sult:s state (EA") where it is 2300 cml. Thus, the small basis sets
obtained InC, symmetry where the averaging included the ., safely be used for the six lowest transitions.

lowest seven electronic states. The 3d population of the ground ) L .

state has now decreased (a more ionic bond) to 9.24 electrons. " calculations on the model systems with imidazole ligands,
and that of the charge-transfer state has increased to 9.81. Ofhe slightly smaller basis set B was used. Ithas a 1s contraction
the other hand, using fully optimized orbitals (single-state for all hydrogens, ex_ce_pt those directly bound to sulfur. Test
CASSCF calculations) leads to two different stationary CASSCF calculations on Cu(imidazolgsH)(SH)" showed that the
solutions for the XA" state with very similar energies, €ffect on the computed spectrum of reducing the basis set for
corresponding to Yand d° respectively, while the?A" state the imidazole hydrogens was small (less than 200%or all

now obtains a 3d population close to 9.5. Unfortunately, this transitions except?A’ and ¢A" (charge-transfer transitions
approach cannot be used to compute the electronic spectrumfrom the imidazole rings), where it was 76800 cntl.
since it is impossible to converge single-state CASSCF wave Reduction of the basis set on the methyl hydrogens gave a
functions for all the excited states. somewhat larger effect: calculations on Cu@HISCH)-

3.3. Influence of the Basis Sets, Correlation of the Cu 3s
and 3p Electrons, and Relativistic Effects on the Spectrum.
The CASPT2 method has mainly been used on small chro-
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Table 6. The Spectrum of Different Blue Copper Models Cu(NESXSY-, Calculated by the CASPT2 Methdd

J. Am. Chem. Soc., Vol. 119, No. 1, DI/

excitation energy (oscillator strength)

final state X=H;Y =H X =CHg Y =H X =H:Y =CH, X = CHs Y = CH, X = CoHs; Y = CHs
@A’ 4427 4782 2716 3182 3322
b2A” 12 656 15 504 9002 11558 11 598
b2A" 14 836 (0.0046) 16 924 (0.0118) 12 495 (0.0049) 14 218 (0.0111) 14 264 (0.0113)
CA 14 801 17 340 12 768 15 148 15 192
A" 14 113 (0.1370) 15 276 (0.1600) 13 308 (0.1211) 14 092 (0.1445) 14 135 (0.1456)
®A' 20 103 (0.0005) 20 144 (0.0004) 18 998 (0.0005) 17 851 (0.0004) 17 840 (0.0004)
A’ 32497 36 346 26 200 29177 29 185

a Excitation energies are given in cf

Table 7. The Spectrum of Different Blue Copper Models Cu(imidaz@)SY,, Calculated by the CASPT2 Methbd

excitation energy (oscillator strength)

final state X=H;Y =H X =CHs Y =H X =H;Y =CHs X = CHs, Y = CHs X = C,Hs; Y = CHs
@A’ 5237 5561 3762 4302 4520
b2A” 13330 15 835 9162 11 647 11 767
b2A" 14 776 (0.0034) 16 650 (0.0082) 12 751 (0.0042) 14 243 (0.0091) 14 337 (0.0094)
A 14 636 16 815 12 630 14 890 14 894
A" 15 403 (0.1345) 16 650 (0.1651) 14 908 (0.1202) 15 933 (0.1500) 16 004 (0.1517)
®A' 21 506 (0.0007) 20 890 (0.0006) 20 143 (0.0007) 18 861 (0.0005) 18 949 (0.0006)
A’ 33037 38283 27 899 31264 31272
A" 33127 35802 32611 34992 35083

a Excitation energies are given in cf

[S(CHg)2]* with basis set B resulted in excitation energies that S(CH)2. In order to examine the influence of the choice of
were between 140 and 560 chlower than those obtained with  the models on the spectrum, all combinations were tested. The
basis A. results are gathered in Tables 6 and 7.

Second, the size of the relativistic correctiodsEfe) was When ammonia is replaced by imidazole the excitation energy
examined. They are shown in the second section of Table 5. of all states increase by 86a900 cnt?, except for the ligand-
The corrections are rather small for all states, positive for the field transitions BA’, b?2A", and @A’, which are barely affected
charge-transfer transitions (26650 cn?), and negative for (<700 cnt?). It is notable that only complexes including
the ligand-field transitions£230 to —290 cm?), except for imidazole give the correct order of the two most intense
the lowest transition£130 cnt!). The basis sets effect is transitions, BA” and @A"".
minimal; the maximum difference is 40 cth . When SH is replaced by SCki all excitation energies

Third, the Cu 3s,3p correlation was studied by including these jncrease by 3005200 cnrl, except for @A’. On the other
electrons in the CASPT2 treatment of dynamic correlation nang, substituting S(C#b for SH, decreasesll excitation (by
effects. Since all pair excitations are included, the calculations 500-6800 cnt?; consequently, the results obtained with Cu-
include both core-core and corevalence effects. In general,  (imidazole}(SH)(SH)* and Cu(imidazole]SCH)(S(CHs),)*
normal basis sets are too small to give an appropriate descriptiong e quite similar, except for2d’ (the difference is less than
of the correlation of the electrons in the Cu 3s and 3p orbifals. 1900 cnl). Further replacing SC¥ by SGHs™ has a very
In order to estimate the size of this correlation, calculations with smgaj| effect on all excitation energies (less than 220%9nThis
larger basis sets that are decontracted in the Cu 3s,3p,3d regiofs g pit surprising, since Zernet al. report appreciable changes
have to be used. Basis set D in Table 2 was constructed within the spectrum (2100 cr down shifts) when the chromophore
this aim. The size of the 3s,3p-correlation correction is shown i rypredoxin is modeled by Fe($8s), instead of Fe(SCh.32
in the third section in Table 5. Again, the effect is smal70 ; e

. . L In conclusion, Cu(imidazolg)SCH)(S(CH)2)t seems to the
1 _ — . . . .
to :600 ent for ligand-field transitions and-610 to 769 smallest system that gives converged excitation energies.
cm™! for charge-transfer transitions. Moreover, the basis set Unfortunately, such a large system can be treated by the
effect is small, maximally 80 cnt, indicating that for our blue CASPT2 method only if it is forced to have a plane of symmetry
copper models_, the small effect .Of Cu 3s,3p correlatlon can be (as was done for the systems in Table 6 and 7). This is not the
reasonalc?iy istlmzted aI;eao:y ‘,N',th, the smaII. basis szt 'g 3 optimal structure, however; a more stable structure is obtained

Even_l the effect of relativistic corrections and 38,3p ¢ne two imidazole rings are tilted with respect to each other,
correlation is small, they act in the same direction and their and this is also the conformation found in the proteins.
effects differ between the ligand-field and charge-transfer Therefore, the spectrum was also calculated for Cu(imidazole)

transitions (both effects favor the states with the lowest Cu 3d (SH)(Sh)* at the experimental geometry without symmetry
populatu_)n). Thus, their comb_lned effect may significantly _al_te_r The results were corrected for the ligand truncations using the
the relative energy of the excited states. Therefore, relativistic data in Table 7

corrections, calculated at the CASSCEF level are included in all

cnerie an e afctof he Cu 3 an 3p ol re nlude, 5 1.5 55571 e e shanl ol b
in the correlation treatment. P

3.4. Influence of the Choice of Model System and the (it must, although, be remembered that there is appreciable

Geometry on the Spectrum. In the blue copper proteins, the uncertainty |n.the experimental structure a!so). For example,
L) X o ) the Cu-Scys distance seems to be a few picometers too long

copper ion is coordinated to two histidines, one cysteine, and and the Ct- Sy, distance is about 20 pm too short in the larger

one methionine. These ligands were modeled in several et P 9

different ways; histidine was modeled as Nbr imidazole;
cysteine as SH SCH;~, or SGHs~; and methionine as Stor

(32) Stavrev, K. K.; Zerner, M. ClInt. J. Quantum Chem Quantum
Biol., Symp 1995 22, 155-159.
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Table 8. The Spectrum of Cu(Nk(SH)(S(CH).)" at Different (Partially Optimized) Geometries, Calculated using CASPT2

excitation energy (oscillator strength)

r(Cu—Scyg) =218 pm

r(Cu—Scy9 = 213 pm

r(Cu—Scyg = 208 pm

r(Cu—Scyg) = 203 pm

final state r(Cu—Sver) = 258 pm r(Cu—Syver) = 259 pm r(Cu—Swver) = 263 pm r(Cu—Syver) = 265 pm
a2A’ 2716 3261 3744 4092
A’ 9002 10210 11 208 12 201
b?A" 12 495 (0.0049) 13516 (0.0047) 14 449 (0.0043) 15 400 (0.0042)
c?A 12768 14 002 14864 15780
c2A" 13 308 (0.1211) 14 243 (0.1261) 15 950 (0.1378) 17 753 (0.1490)
d’A’ 18 998 (0.0005) 19 871 (0.0007) 21 408 (0.0007) 22 956 (0.0009)
A’ 26 200 25418 25593 25907
excitation energy (oscillator strength)
r(Cu—Svey) = 258 pm r(Cu—Svey) = 268 pm r(Cu—Sve) = 278 pm r(Cu—Swer) = 288 pm
r(Cu—Scyg =218 pm r(Cu—Scyg =218 pm r(Cu—Scy9 = 217 pm r(Cu—Scy9 = 217 pm
A’ 2716 3261 3744 4109
A’ 9002 10 267 11 091 11898
b?A" 12 495 (0.0049) 13 303 (0.0045) 13876 (0.0041) 14 398 (0.0034)
c?A 12768 13698 14141 14543
c?A" 13308 (0.1211) 12 825 (0.1173) 13 065 (0.1202) 13 084 (0.1220)
a’A’ 18 998 (0.0005) 18 709 (0.0005) 19 052 (0.0005) 19 346 (0.0005)
eA’ 26 200 24138 23353 22 492

a Excitation energies are given in cfa

systems. Furthermore, these two distances vary considerablyopposite to what could be expected from the concomitant

between different types of blue copper proteéin3herefore,

changes in the CuSye distance.

we decided to examine the effect on the excitation energies when The strong dependence of the excitation energies on the Cu

these distances were changed systematically.
The effect of the CuS bond lengths on the excitation

Scys bond length is notable. Measured excitation energies of
the dominant blue band for plastocyanin and other normal (not

energies can be seen in Table 8. The structures were obtainedhombic) type 1 blue copper proteins (e.g. azurin and amicyanin)

with the MB3LYP method by a constrained optimization of Cu-
(NH3)2(SH)(S(CH)2)* with either the Cu-Scys distance fixed
to 213, 208, and 203 pm, or the EBve: distance fixed to 268,

from different sources range between 16 000 and 16 800.&m
According to the results in Table 8, such a range corresponds
to a variation in the CttScys bond length of less than 4.3 pm.

278, and 288 pm. The rest of the geometry was optimized. Of This is much less than the variation found in crystal structures,
course, a change in one €8 distance affects the other distance, which is probably due to the relatively low accuracy of measured
but the effect is not very large; when the €8cys distance is distances (about 12 pf). The small variation is a natural
decreased, the CtBye distance increases slightly, butthe-€€u  consequence of the strong €8cys bond if the copper complex
Scys distance hardly changes at all when the-Gy; distance is in a relaxed equilibrium state as we have sugge&ted.
is changed. However, it is hard to explain if the cupric geometry is imposed
When the Cu-S distances are changed from the optimized by the protein, as frequently has been assumed béfdfe.
values (left column) to the near-experimental values (right 3.5. Comparison with the Experimental Spectrum. We
column), the 8A’ transition energy increases about 1300ém  are now prepared to collect the results and compare them to
both by the change in the Eicysand Cu-Syet distances. The  the experimental spectrum. This is done in Table 9 for the six
ligand-field states 4A’, b?A"”, and @A’ increase about 3000 lowest transitions. The most reliable results are obtained with
cm ! when the Cu-Scysdistance is decreased and 17@E900 Cu(imidazole)(SH)(SH)™ at the crystal geometry (column C),
cm~! when the CuSye distance increases. For the two including the effect of the surrounding protein and solvent by
cysteine to copper charge-transfer statéd'dand A", point charges (column D), and correcting for the truncation of
naturally, the effect of changing the E&y.: distance is limited the cysteine and methionine models (using the results in Table
(<500 cn1?), while a very strong effect of the Ct&c,s distance 7, column E). The resulting excitation energies are in agreement
is found: 40006-4500 cntl. Similarly, the A’ state (charge  with the experimental energies (column®i)) no instance is
transfer to &) is indifferent to the Cu-Scysdistance, but very  the difference in the energies greater than 1800%cniThe
sensitive to the CaSye; bond length (it decreases by 3700¢m largest error occurs for the charge-transfer transitf#d,dvhile
when the distance increases with 30 pm). TRAa'dstate is the ligand-field transition energies are almost exactly reproduced
not present in the ammonia complexes, but judging from the by the calculations.
results for the other charge-transfer transitions, the effect of a This excellent agreement is probably somewhat fortuitous,
change in the CuS bond lengths can be expected to be small, however. The computed CASPT2 energies depend somewhat
since the state involves a imidazole to copper charge transfer.on the choice of orbitals. The excitation energies were obtained
Overall, the excitation energies depend strongly on the with orbitals optimized in state average CASSCF calculations,
geometry. For most states the effect of the geometry is moreas discussed above. The first-order wave function includes
important than the effects due to the model substitutions shownsingle excitations and the method should therefore to some
in Tables 6 and 7. It is notable that the different optimized extent correct for the use of nonoptimal orbitals. Still, the
geometries have very similar Eibcys distances, so that the (33) Andrew, C. R.; Yeom, H.; Valentine, J. S.; Karlsson, B. G..
effect of the Cu-Scys distance and the ligand substitution are  Bonander, N.; van Pouderoyen, G.: Canters, G. W.; Loehr, T. M.; Sanders-

separable. This is not the case for the—-Gye: distance,
however. It strongly depends on whether the methionine ligand
is modeled as Sibr S(CHy),. Oddly enough, the effect of the
ligand substitution on the excitation energy for tRA’estate is

Loehr, J.J. Am Chem Soc 1994 116, 11489-11498.

(34) Fields, B. A.; Bartsch, H. H.; Bartunik, H. D.; Cordes, F.; Guss, J.
M.; Freeman, H. CActa Crystallogr 1994 D50, 709-730.

(35) Malmstran, B. G.Eur. J. Biochem 1994 223 207-216.

(36) Williams, R. J. PEur. J. Biochem 1995 234, 363—381.
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Table 9. The Spectrum of Cu(imidazolgpH)(SH)* Calculated by the CASPT2 Methdd
excitation energy (oscillator strength)

final state A B C D E F
2A' 5237 3880 5441 4 836 4119 5000
b2A’ 13 330 11577 14 475 12 537 10974 10 800 (0.0031)
b2A" 14 776 (0.0034) 12 996 (0.0014) 15 356 (0.0028) 13 556 (0.0015) 13117 (0.0015) 12800 (0.0114)
Cc2A! 14 636 12 821 15 084 (0.0004) 13 235 (0.0003) 13 493 (0.0003) 13 950 (0.0043)
A" 15403 (0.1345) 12 393 (0.0886) 15948 (0.1189) 16 970 (0.1032) 17 571 (0.1032) 16 700 (0.0496)
d?A’ 21 506 (0.0007) 20 243 (0.0008) 22093 (0.0010) 23 156 (0.0014) 20599 (0.0014) 18 700 (0.0048)

a(A) optimized geometry @); (B) optimized geometry@); (C) experimental geometryC{); (D) experimental geometry with surrounding
point charges; (E) same as D but corrected for the effects of replacing SH 145 868d SH by S(CH;). (corrections taken from Table 7); (F)
experimental excitation energies and oscillator strengths [8]. All excitation energies are giventin cm

energies are affected. Thus, increasing the number of states irsystem to copper and the 23 440 chband to a §et to copper

the average from four to seven, the ground state CASPT2 energycharge-transfer excitation. Our calculations include both the
increases by 2200 cmh, while that of the 8A" state decreases  Suet — Cu and the lowest imidazole> Cu transitions (A’

by 1100 cnmtl. The other states are much less affected. and dA", respectively), but only for the models with a
Consequently, the increasing ground state energy decreases alymmetry plane. The24' excitation is predicted at 31 300
excitation energies by between 1000 and 2000 cmThe cm~! for the best model system, but the excitation energy
relative energy of the?d"" state is even more severely affected, depends strongly on the GBvet bond length; if this distance

by about 3000 cm* (compare columns A and B in Table 9). was corrected to the experimental value, the excitation energy
As a coincidence, the effect on the excitation energies due towould decrease by almost 4000 ch{Table 8). Furthermore,
the increase in the number of states in the average CASSCFthis transition suffers quite a bit from the basis set incomplete-
calculations at the optimum geometry is of the same size but ness; as shown in Table 5, a better basis set would also decrease
with reversed sign compared to the difference in excitation the energy of this transition. Therefore, Solomon may be right
energies between the experimental and the optimum geometryin attributing the ®e: to Cu charge-transfer transition to the

As a result, theCs spectrum obtained for Cu(imidazojé3H)- 23 440 cnm! band.

(SHy)* at its optimum geometry (column A) and tle spectrum The A" transition, on the other hand, is calculated at 35 083
at the experimental structure (column C) are only slightly cm~!for the best model system, and it seems to be much more
different. stable to changes in the geometry and basis sets. Therefore,

The difference in the excitation energies between the optimal this transition most likely corresponds to the band observed
and the experimental structure of Cu(imidazgl8H)(SH)* around 32 500 crm.
(columns B and C) is mainly due to the change in the-Ggis Thus, the 21390 cmt band remains unassigned. Our
distance. The change in the €8ye distance is rather small.  calculations indicate that Solomon'’s interpretation of this band
Consequently, all energies increase. The influence of theas an imidazoler to copper charge-transfer transition is
surrounding protein on the spectrum should be noted. It variesincorrect, but give no clue to its actual character. Furthermore,
between—1938 cnt? for b?A’ to +1063 cnt! for d?A’. The there is strong experimental evidence that this transition involves
excitation energies of the ligand-field states decrease while theythe cysteine sulfur rather than imidazole: the resonance Raman
increase for the two charge-transfer states. Thus, the effect isspectrum of several blue copper proteins resulting from excita-
considerable and cannot be neglected. tions around 460 nm (21 700 cH) is very similar to those

The calculated oscillator strengths are reasonable, althoughobtained from excitation of the bright blue band around 600
far from perfect. Still, they are accurate enough to confirm the nm (16 700 cm?), which undoubtedly originate from ag—
assignment of the experimental bands based on the calculatedCu charge transfe¥.
excitation energies. The strongest band in the spectrum It is notable that the 21 390 crhband directly corresponds
undoubtedly corresponds to théA¢ state, i.e. the transition  to the bright line observed around 450 nm in the spectra of
from the z-bonding Cu 3d-Scys 3p orbital. This excitation  some blue copper proteins, e.g. nitrite reductase and stellacyanin.
gains its high intensity from the extremely large overlap between This leads us to suggest that the 21 390 &iine is due to

the singly occupied orbitals in the?X" and @A" states ¢.f. some sort of intrinsic contaminant, i.e. a copper center in
Figure 2). This interpretation is in accord with earlier assign- plastocyanin with a modified structure. This modification may,
ments811 for example, be a water molecule replacing one of the normal

The second most intense band corresponds to the ligand-fieldigands. However, some evidence points to an even more
transition to the Cu 3d orbital (?A"") which gains intensity suggestive explanation.

by mixing in a small amount of §s 3pr (they are of the same Nitrite reductase is an interesting protein, having exactly the
symmetry). The band at 18 700 cicorresponds to the?d’ same copper ligands, but a different coordination geometry,
state, the excitation from thec@ o-bonding orbital. This  spectrum, and EPR characterisfié8. Our preliminary resulf
transition becomes slightly more intense in t@e structure, indicate that this is because nitrite reductase has a different
probably as the result of some mixing between the-Ggys 0 ground state, viz. a strongly distorted square-planar structure
and Cu-Scys w bonds. The remaining three bands are weak arising from the #A’ state with a CtrScys o bond. The
ligand-field transitions, namely Cu 3dy2 (+ Scys 3po), 3dz, structure is distinctly unsymmetric so that tréaand XA

and 3d,, ordered by increasing energy. This order of theg 3 . . - ~Valor s 0 .
and the ¢ states differs from the one suggested by Solowion Sa%erSH_?_g'eﬁ'r' IJ_]oeAner’ ghe'\{ln”slbuc' lYg'é?:/ "i‘fgt"{‘zes'ei'“éép‘ver' » BAS
al. B but their excitation energies support our assignment. (38) Adman, E. T.. Godden, J. W.. Turley, 5.Biol. Chem 1995 270,
There are three weak bands in the experimental spectrum, at27458-27474.
21390, 23 440, and 32 500 c#) that are outside the range _ (39) Pierloot, K.; De Kerpel, J. O. A.; Olsson, M. H. M.; Ryde, U.;
: s . he 21 390 and 32 500 Eriksson, L.; Roos, B. O. Degeneracy in blue copper proteiastheoretical
shown in Table 9. Solomoet al® assign the investigation of the structure, spectrum and EPR parameters of nitrite

cm! bands to charge-transfer transitions from the imidazole  reductase. To be published, 1997.
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states can mix. As a result, at least four transitions gain a good representation of the true wave function. The situation
significant intensities. here is more difficult, since the polarity of the €6cys bond
Furthermore, the two structures are almost degenerate; thedepends strongly on electron correlation. The problem can be
energy difference seems to be less than 5 kd/mol. This meangesolved by allowing the reference function to relax under the
that both structures may be occupied at ambient temperaturesjnfluence of the electron correlation terms. Such approaches
and therefore the spectrum could be a mixture of the two spectrahave been devised, but are not yet at the stage where they can
arising from different geometries. Since the band around 21 700 be applied to systems of the present size.
cm ! is so bright in the nitrite reductase spectrum, it might ~ Most of the approximations introduced in the calculations
become visible also in the plastocyanin spectrum. Because ithave been tested by careful studies of the smaller models. This
originates from a &sto copper transition in the nitrite reductase includes studies of effects due to the basis sets, geometry
spectrum, it will have cysteine character also in the plastocyanin changes, the influence of the surrounding protein and solvent,
spectrum. Furthermore, this would explain why more lines have etc. Some of these effects were found to be small but others
significant intensity in the experimental spectrum of plastocyanin influence the spectrum strongly. On the basis of these model
than in the theoretical spectrum. These points will be thoroughly studies and our experience from earlier studies, we expect the

discussed in a forthcoming publicati&h. present results to give an adequate description of the electronic
. spectrum of plastocyanin and enable an assignment of the
4. Conclusions experimental spectrum in the energy range30000 cntl,

We have presented results from a theoretical study of the Plastocyanin has been found to have a ground staté'of
electronic spectrum of the blue copper protein plastocyanin. symmetry (assuming an approxima@ symmetry for the
Geometries were optimized using the MB3LYP density func- structure), where the cysteine sulfursisbonded to the metal
tional method and the spectrum was computed using multicon- center. This property determines the structure of the coordina-
figurational wave functions with dynamic correlation effects tion sphere (distorted trigonal pyramid) and also the main
estimated by second-order perturbation theory (CASPT2). Thefeatures of the electronic spectrum. In a forthcoming publication
calculated spectrum is in agreement with experiment. The we shall discuss the structural and spectral properties of a similar
comparison between theory and experiment is not without protein (nitrite reductase), where,gis insteads bonded to
problems, however. The excitation energies have been foundCu3® This results in a structure that is distorted square planar,
to depend strongly on the geometry, and uncertainties in theand it also affects the spectral properties. Thus, the &ys
experimental determination of the structure as well as possible bond, which has a polarity that can be easily modified by the
errors in the computed geometries affect the result. surrounding, and which can give rise to two different ground

It should also be emphasized that the theoretical methods usedstate symmetries with closely similar energies, is the key
are afflicted with uncertainties. The size of the system has madeproperty for the understanding of the electronic and structural
it necessary to limit the basis sets; the effect from the part of characteristics of the blue copper proteins.
the protein not included in the quantum chemical treatment and
the solvent are only approximately taken into account; the — Acknowledgment. This investigation has been supported by
flexibility of the structure introduces some uncertainty in the grants from the Belgian National Science Foundation (NFWO),
theoretical geometry optimizations, and the CASPT2 method the Belgian Government (DPWB), the Swedish Natural Science
has an inherent error of about 2000 @m However, the most ~ Research Council (NFR) and by the European Commission
serious problem encountered during this study is the difficulty through the TMR program (grant ERBFMRXCT960079).
in describing the polarity of the CtScys bond. The results
strongly depend on the theoretical method used and this
ambiguity will also affect the spectral properties. Problems of
this type occur in systems where the character of the wave
function strongly depends on dynamic electron correlation.
Normally, such effects do not have a large influence on the
electronic density. The CASSCF/CASPT2 approach is devised
to deal with situations where the CASSCF wave function gives JA962381F

Note Added in Proof: More recent results obtained from a
comparative study of the spectrum of different type 1 blue
copper proteins with the same copper ligands indicate that the
Scys 3po — Cu excitation (state Z\' in Table 9) should be
assigned to the band at 21 390 dnmather than to the one at
18 700 cn! in the plastocyanin spectrum.



