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Abstract: Resonance Raman (RR) spectra are reported for recombpugér plastocyanin, which was
isotopically labeled with cysteinezO, and #°N. Abundantly expressed protein and careful low-temperature
scanning permitted resolution of an unprecedented number of bands in the 2bfegion and determination

of their isotope shifts. These shifts confirm extensive mixing of ligand internal coordinates with the Cu
S(Cys) stretching coordinate and also reveal mixing into the mainlyNgHlis) stretching mode at 267 crh

RR scattering is observed for combinations of this mode with all of~#80 cn1! modes as well as of the
~400 cnT! modes with one another. In addition, the isotopic labeling establishes the assignment of higher-
frequency RR-enhanced fundamental mode<C Stretching, methylene twisting and scissoring, and the amide

Il mode, all of which are localized on cysteine, as well as three imidazole ring modes of histidine. The 1040
cm~1imidazole peak is definitively assigned to the ligating His87 because it shifts cleanly to 1034ipon

brief exposure to BO, which is known to permit selective NH/D exchange of the solvent-exposed imidazole
ring of His87. Selective enhancement of His87 modes is ascribed to the orientation of the imidazole ring,
which allows mixing of imidazole and sulfur orbitals in the resonant charge-transfer excited states. Support
for this mixing is provided by the RR excitation profiles, which reveal a 20-nm red-shift of the scattering
maximum for modes localized on histidine, relative to those localized on cysteine. Both coordinate mixing
and RR enhancement of internal ligand modes are ascribed to coplanarity of the atoms in the electron-transfer
pathways to the remote (Tyr83) site and their alignment with the imidazole ring of the adjacent (His87) site
for electron transfer, a geometry that maximizes the electronic coupling along both pathways.

1. Introduction

Plastocyanin (Pcy), a prototypical type 1 copper protein,
mediates long-range electron transfer in the photosynthetic
system of higher plants and green algae, shuttling electrons from
reduced cytochromddsf to the photooxidized chlorophyll-
containing pigment P700! In the X-ray crystal structure of
oxidizedpoplar plastocyanirf,the copper ion is coordinated to
the side chains of a cysteine (Cys84) and two histidine (His87
and -37) residues, plus a weakly bound methionine (Met92),
arranged in a distorted tetrahedral coordination group (Figure
1). Due to this unusual geometric structure, Pcy, like other type
1 Cu proteins, has intense blue color, which has been ascribed
to Sys to Cu charge-transfer transitioAsDetailed studies by
Solomon and co-worketshave assigned the most intense
absorption (600 nm) to &s p» — Cu de-y2 charge transfer,
with some contribution of imidazoler orbitals, and a high
energy shoulder (520 nm) to acys pseudos — Cu de-y2
transition. The Cu-ligand field transitions produce weak bands
at lower energy; the one with highest energy (717 nm) is
assigned to the Cuygly, to de-y2 transition.
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of the large effective mass of the imidazole rifjgsnd near
400 cnr! for the Cu-S(Cys) bond (because of the short-€3i
distance~2.1 A7). The former have been assigned to relatively
isolated~250 cnT! peaks’ but numerous peaks are enhanced
in the 400 cm?! region. Isotope labeling of P&yand of
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labeling was achieved by growing the saBecoli in M9 minimal
medium with*>NH,CI supplied as the sole nitrogen source.

To selectively label Cys of Pcy, the gene construction Pcy/pET3a
was transformed into thi. coli auxotroph JIM15 (DE3)/pLysc{/SE50,
trf-8) (a gift from Professor John L. Markley (University of Wisconsin,

azurin®1%using bacterial expression systems, has revealed thatMadison)) using the standard protoéblTransformants containing the

the Cu-S(Cys) coordinate mixes strongly with internal ligand

coordinates, especially of cysteine, to produce the complex

modes in the 400 crd region. Progress has been made in
modeling this mixing using a chromophore-within-protein
computational approach.

The RR spectra are also of interest with respect to the
mechanism of electron transfer (ET) in type 1 Cu proteins,

Pcy/pET3a plasmid were selected by their antibiotic resistance to
ampicillin and chloramphenicol. The protein was then expressed in
M9 minimal medium supplemented with 1 mM cupric citrate, the 20
amino acids (Sigma) and five nucleotides (A, C, G, T, and U) according
to the literaturé® The cysteine was supplied as DL-3, 3-Dys (98%)

or I->N-Cys (95-99%) (Cambridge Isotope Laboratories). One liter
of medium was inoculated with a colony from an agar LB plate and
incubated at 28C in a shaker to ORy= 0.6—1.0 before being induced

because the charge-transfer excited states, whose charactgfith 100 mg of IPTG. After further incubation for 6 h, the bacteria
determine the RR enhancement pattern, represent virtual stepsvere pelleted by centrifugation at’€. Proteins were released from

in the ET pathway? RR intensities have recently been analyzed
for Pcy from this point of viewl> However, there is still much

the cells by three freeze/thaw cycleand dissolved in 15 mL of 0.5%
MgCl, solution containing 1 mM cupric citrate. The crude protein

to be determined about the nature of these states, as the presemsplution was separated from the cell debris by centrifugation and

results illustrate. We have labeled Pcy wifiN- and GD--

containing cysteine and have carried out selective NH/D
exchange of the His87 imidazole. The isotope shifts confirm
that the~400 cnt! vibrations are heavily admixed with cysteine
internal coordinates. Surprisingly, they also reveal that the 26
cm™1 Cu—N(His) mode likewise has significant cysteine
contributions. More importantly, the isotope shifts permit

assignments of high-frequency RR bands to internal vibrations

of His87 as well as of Cys84. Finally the RR excitation profiles
(EP’s) are found to distinguish between His87 and Cys84 modes
The EP maximum is red-shifted by 16 nm (450 dijnfor the
His87 modes, indicating that the 600-nm absorption band
contains multiple transitions, involving His87 as well as Cys84
donor orbitals. This mixing is attributed to alignment of the
imidazole and S(Cysjr orbitals. This alignment extends to
the Tyr83 residue adjacent to Cys84, which is the “remote” site
of ET from the physiological reductant. The extended align-
ment, which is expected to maximize the electronic coupling

dialyzed exhaustively against 0.5% MgQolution before it was
purified to an absorption ratifs7¢/Ase7 of 1.1-1.227 by HPLC. The
concentrated purified plastocyanin was divided into aliquots and stored
at—20°C and then exchanged with appropriate buffers by ultrafiltration

7 (Amicon centriprep) just prior to spectroscopic measurements. The

final protein concentration was determined from the absorptivity at 597
nm (esg7 = 4500 M1 cm™1).12

H/D exchange experiments were carried out in two ways to achieve
different extents of exchange. Th&H on His87 was selectively
exchangetf with D by dissolving lyophilized protein in 20 mM bis-

“Tris buffer (pH 6.0) and by quenching the resulting mixture y©Dn

a liquid nitrogen dewal? More extensive H/D exchange was achieved
by incubation in a sealed vial (4C for 5 days) after 50-fold dilution
of protein in D,O (pD 6.0, 20 mM bis-Tris buffer with 150 mM NaCl)
followed by reconcentration by ultrafiltration.

Resonance Raman SpectroscopyRR spectra were collected in
backscattering geometry-(L35°) from frozen drops of protein solution
(20uL, 3—5 mM) on a liquid N coldfinger!® This technique minimizes
sample requirements and produces sharpened RR spectra. Signals were

along the ET pathway, accounts for the extensive coordinate collected with a triple monochromator (Spex 1877, 3-&rspectral

mixing in the ground-state vibrations as well as for the
vibrational structure of the CT excited states.

2. Experimental Section

Protein Preparation and Selective Labeling. The Pcy was
produced by overexpressing the clongdplar gene Pcy/pET3a in
Escherichia coli X90 (DE3), as reported previously.Uniform N

(5) (@) Woodruff, W. H.; Dyer, R. B.; Schoonover, R. B. Riological
Application of Raman SpectroscoBpiro, T. G., Ed.; Wiley: New York,
1988; Vol. Ill, pp 413-438. (b) Sanders-Loehr, J. Bioinorganic Chemistry
of Copper Kalin, K. D., Tyeklar, Z., Eds.; Chapman Hall: New York,
1993, pp 5+63. (c) Blair, D. F.; Campbell, G. H.; Schoonover, J. R.; Chan,
S. |.; Gray, H. B.; Malmstrom, B. G.; Pecht, I.; Swanson, B. |.; Woodruff,
W. H.; Cho, W. K.; English, A. M.; Fry, H. A.; Lum, V.; and Notron, K.
A. J. Am. Chem. S0d.985 107, 5755-5766.
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G. Biochemistry1l984 23, 1084-1093.
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Chem. Soc1995 117, 6443-6446.

(9) (a) Dave, B. C.; Germanas, J. P. and Czernuszewicz, R. An.
Chem. Soc1993 115 12175-12176. (b) Czernuszewicz, R. S., private
communication.

(10) (a) Andrew, C. R.; Han, J.; den Blaauwen, T.; van Pouderoyen, G.;
Vijgenboom, E.; Canters, G. W.; Loehr, T. M.; Sanders-Loehd, Biol.
Inorg. Chem 1997, 2, 98—107. (b) Andrew, C. R.; Yoem, H.; Valentine,
J. S.; Karlsson, B. G.; Bonander, N.; van Prouderoyen, G.; Canters, G. W.;
Loehr, T. M.; Sanders-Loehr, J. Am. Chem. Sod994 116, 11489
11498.

(11) Qiu, D.; Dasgupta, S.; Goddard, W. A,, llI.; Spiro, T. G., submitted.

(12) Myers, A. B.Chem. Re. 1996 96, 911—926.

(13) Fraga, E.; Webb, M. A.; Loppnow, G. R. Phys. Chem1996
100, 3278-3287.

slit width) with an intensified diode array detector (Princeton Instru-
ments). Excitation was provided at several™Aand Kr" laser
wavelengths. For accurate comparison of spectra, the samples were
loaded side by side. Absolute peak positiorsl (cnm? estimated
accuracy) were calibrated with the known spectra of indeneNaNel
dimethylformide. For excitation profiles, deconvoluted peak areas were
measured relative to the ice peak at 225 tiflow-frequency region,
267440 cn1?) or to the 990 cm?® peak of S@ internal standard
(high fregency region). The intensities were converted to absolute cross
sections using @d<2), = Ip/lsoz~ x (do/dQ)sos- where (&/dQ2), is

the cross section of a protein bandg{d2)so#- is the cross sectigh

for SO~ corrected for the* dependenc® andl/Iso# is the intensity

ratio of the protein band and the $O band. The ice peak was
normalized against the sulfate peak.
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Laboratory Manual Cold Spring Harbor Laboratory: Cold Spring Harbor,
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Biochem. Biophysl995 316 619-635.

(16) Ybe, J. A.; Hecht, M. HProtein Expression Purifl994,5, 317—
323. Johnson, B. H.; Hecht, M. HBiotechnologyl994 12, 1357-1360.

(17) (a) Katoh, S.; Shiratori, |.; Takamiya, A. Biochem1962 51, 32—
40. (b) Nordling, M.; Olausso, T.; Lundberg, L. GEBS Lett.199Q 276,
98-102.

(18) (a) Markley, J. LAcc. Chem. Red975 8, 70—80. (b) Markley, J.
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4428-4433.
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Figure 3. Deconvolution of the RR bands around 400 ¢rfor N. A.

Figure 2. RR spectrum of 1.5 mM Pcy on scanning spectrometer. Pcy at 77 K. Experimental conditions are the same as in Figure 2. Solid
The sample was held in a copper block which was connected to a line denotes actual spectrum; dashed line denotes curvefit; dotted line
Displex cryotip. Temperature was maintained at 12.6 K during the denotes subpeaks.

experiment. Spectral conditions: lasdr,= 647.1 nm (140 mW);
spectral slit width= 3 cnT?; scan speed= 0.5 cntY/s; 180
backscattering geometry; 12 scans averaged together. Solution condi-
tions: pH= 6.0, 20 mM bis-Tris buffer with 150 mM NaCl. The *
denotes a plasma line overlapped with the 227 cive peak.

To precisely determine positions of the RR peaks around 400,cm
we collected the data with a scanning double monochromator (Spex1404,
with a RCA31034A photomultiplier tube detector) at 3¢rslit width.

Eight to twelve scans were accumulated and averaged for each
spectrum. The spectrum of carbon tetrachloride was collected before
and after the protein spectra. Band positions were determined by
deconvolution with Labcalc (Galactic Industries Corp.) using isotope-
independent bandwidths. The precision is estimated from repeated
experiments to be better thaim0.2 cm™.

3. Results

3.1. Low-Frequency Fundamentals at 256470 cnt™
Extensive Coordinate Mixing. With the large quantities of
protein available from the overexpression systémie were
able to obtain Pcy spectra of unprecedented quality. They are
consistent with published spectra in the 24D0 cnr?!
rangé&c6.821put reveal additional weak features at 181, 201,
312, 341, 464, 484, 497, and 525 cm(Figure 2). In the
crowded 356-450 cnt! region, the number of peaks has been
variously reported as three or five, but the high-resolution data

obtained with the scanning double monochromator require seven

peaks for an accurate fit to the spectrum (Figure 3). To
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Figure 4. RR spectra of N. A. and®N-Cys andp-D,-Cys labeled

determine isotope shifts (Figure 4 and Table 1), these sevenPcy’s collected on the double monochromator. The samples were
peaks were fit to each spectrum using isotope-independentma'”ta'”ecj at 77 K with a liquid nitrogen dewar. The samples were

bandwidths.
As with previously measured isotopethe shifts are found

to be spread throughout the low-frequency modes, and provide

additional evidence for extensive mixing of internal ligand
coordinates with the metaligand stretching coordinatég?!
Interestingly, even the 267 crhband, long assigned to Gu
N(His) stretchingdf, shifts appreciably when the Cys ligand is
labeled at the gand amide N atoms, establishing that internal

(21) Woodruff, W. H.; Norton, K. A.; Swanson, B. I.; Fry, H. Rroc.
Natl. Acad. Sci. U.S.AL984 81, 1263-1267.

exchanged to pH 5.5 20 mM piperazine buffer containing 300 mM

NaCl with Amicon centriprep. The spectral conditions are the same as
in Figure 2.

cysteine coordinates are also mixed into this mode. Moreover,
the band shifts 1 crmt when Pcy is quenched inD, resulting

in selective NH/D exchange for the His87 imidazole rifiput

it shifts 3 cnm! after 5 days of incubation in . Under these
conditions there is no NH/D exchange into the other imidazole
ligand, His37 (nor is there any CH/D exchange in either
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Table 1. Isotopic Shifts and Assignments for the Fundamental Vibrations of Plastocyanin
N. A. A3,3-D,-Cys A™N-Cys AN/SN2 ASSCufC? A3SPIS major contribution mode
267.3 -1.2 -0.7 -1.6 -0.3 vCu—N(His)
375.0 -1.8 -1.0 -1.8 -0.1 -1.0 vCu—S + 0CSCaN + 6CACaS
386.3 -2.3 -1.4 —-2.2 -0.2 -0.3 0CSCaN
395.4 -0.9 -0.2 -0.2 -0.3 0CSCaC(O)
403.8 -3.2 -0.2 -15 -0.2 -0.8 0SC5Ca
422.0 -1.3 -1.4 —-2.4 -0.2 —-2.2 vCu—S + 0CSCaN + 6CACaS
430.4 -0.4 -0.2 -1.6 -0.7 -2.3 vCu—S
440.2 -1.1 +0.2 -2.0 -1.0 -0.9
463.5 -0.2 -12 —2.2 -0.2
total shift —-12.8 -6.5 —15.5 -3.2
2Data from ref 8. Estimated uncertainty for all the isotope shifts+0.2 cnt™.

imidazole ligandf? Consequently the extra 2 crhmust result
from amide exchange of the ligating or of nearby residues.

Within this context of extensive mixing, however, one can
see some selectivity in the collected isotope shifts, permitting
qualitative assignments (Table 1). Thus the 430 and 440 cm
peaks exhibit the large&§#65Cu isotope shifts, ovel/, of the
total shift for this isotope, and therefore qualify as-€3
stretching modes. Since, however, there is only one £hond
and since almost half of the tot&F/%*Cu isotope shift is
distributed over other peaks, it is evident that the 430 and 440
cm~! modes must have important contributions from other
coordinates. The Cy®N shifts are small, but the alPN shifts
are substantial, indicating that the mixing coordinates have major
contributions either from the histidine ligands (there are out-
of-plane imidazole coordinates with natural frequencies in this
region¥? or from amide groups other than that of the cysteine
ligand.

Relatively large Cy$®N shifts are seen for the 375, 386, 422,
and 464 cm? peaks, suggesting important contributions from
the cysteine gCN bending coordinate. These bands also show
appreciable cysteine D, shifts, as expected. However, the
395 and 404 cmt bands show large /D, but small Cys*N
shifts, suggesting major contributions from other cysteine
coordinates, probably $C, and GC,C(O) bending.

Interestingly, the most intense peak, at 422 ¢nhas only a
small®3/65Cu shift but substantial shifts for all the cysteine labels
and for the all'>N sample. The peaks with lar§&%Cu shifts,
430 and 440 cm', have substantial intensities but are not
stronger than the bands at 375, 386, 395, and 404-awhich
have smalP365Cu shifts. Cu-S stretching has generally been
assumed to be the intensity-generating coordi&#€since the
Cu—S bond is expected to be directly affected in the charge-
transfer excited state. However, this assumption was found not
to work very well in the Pcy modeling effott. It is evident
that other coordinates of the protein contribute at least as much
to the RR intensities as the €% stretch.

3.2. Overtones and Combinations at 5001000 cnt?,
vS—C and Duschinsky Rotation. As noted by Woodruff and
co-workerd Pcy exhibits RR enhancement of overtone and
combination bands of the peaks in the 400¢émegion (Figure
5). These cluster around an additional band at 762 amfich
was suggested to be the-8 stretching modeyS—C, of the
bound cysteine®2° This assignment is confirmed by the large
downshift, to 702 cm?, in the GD, sample. The scattering
envelope in this region can be understood as arising from

overtones and combinations of all seven fundamentals between

375 and 440 cml, contributing with comparable intensities.

(22) (a) Chazin, W. J.; Wright, P. B. Mol. Biol. 1988 202, 623-636.
(b) Badsberg, U.; Jgrgensen, A. M. M.; Gesmar, H.; Led, J. J.; Hammerstad,
J. M.; Jespersen, L.-L.; and Ulstrup Blochemistry1996 35, 7021-7031.

(23) Woodruff, W. H.; Norton, K. A.; Swanson, B. |.; Fry, H. A. Am.
Chem. Soc1983 105, 657-658.
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Figure 5. Middle frequency range of RR spectra of Pcy. (a) N. A.
Pcy, 647 nm excitation; (b-D.-Cys Pcy, 530 nm excitation.

The intensity is highest in the middle of the envelope, corre-

sponding to the highest density of states. This profuson of
combination modes has been interpreted as evidence for
Duschinsky rotation of the normal coordinates in the excited

state, as a result of a large geometry chaiige.

Additional evidence of Duschinsky rotation can be observed
in the 600-700 cnt?! region, where our spectra reveal a set of
peaks, whose relative intensities mirror those of the 400'cm
region peaks (Figure 5). These are combinations of the 267
cm~1 mode with all the~400 cn1! fundamentals.

3.3. Enhancement of Cysteine and Histidine Internal
Modes. It has long been known that the high-frequency region
of type 1 Cu protein RR spectra contain additional peaks, which
are weak but are nevertheless resonance-enhdhcétiese
peaks are displayed in Figure 6, where the enhancement may
be gauged from the very weak peak at 1003 §nwhich is the
strongest Raman peak of phenylalarifieThere are seven Phe
residues in Pcy, so that unenhanced Raman scattering from the
protein is seen to be negligible.

Moreover, all the peaks may now be assigned to internal
modes of cysteine and histidine residues, because of the shifts

(24) Harada, |.; Takeuchi, H. Ildvances in Infrared and Raman
SpectroscopyClark, R. J. H., Hester, R. E., Eds.; John Wiley and Sons:
New York, 1986, Vol. 12, pp 11:3183.
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observed upon isotope labeling (Table 2). The bands at 1122

and 1404 cm? are twisting and scissors modes of cysteipelC
groups, as revealed by the large shifts (to 953 and 1103)cm
upon selective deuteratidh. Also, the 1287 cm! band arises
from the cysteine amide Ill mode; it shifts appropriatélin

the 15N-Cys spectrum, and doe®t shift any further in the all-
15N spectrum, establishing that the amide 1l of cysteine has

been selected for RR enhancement from among all the other

peptide bonds. This frequency is within the amide Il frequency
range found for3-turn structures of polypeptici¢ consistent
with the position of Cys84 at the beginning ofaurn227The
selective enhancement of the three cysteine modes is direc
evidence for the involvement of cysteine ligand coordinates in
the charge-transfer excited state.

The remaining three bands, 1039, 1192, and 1314'care
all assignable to histidine residues. They shift to lower
frequencies in the af®N spectrum but not in thé>N-Cys
spectrum, as expected for imidazole ring motlegAlthough
a peptide G-C—N skeletal mode is also expectédear 1039
cmL, its 15N shift is much less than the observed 2872@m
Importantly, the 1039 crt band shiftsup, to 1054 cn1!, when

(25) (a) Li, H.; Wurrey, C. J.; Thomas, G. J., Jr. Am. Chem. Soc.
1992 114, 7463-7469. (b) Susi, H.; Byler, D. M.; Gerasimowics, W. V.
J. Mol. Struct.1983 102 63—79.

(26) (a) Krimm, S. InVibrational Spectra and Structur®urig, J. R.,
Ed.; Elsevier: New York, 1972; Vol. 16, pp-I72. (b) Suzuki, S.; lwashita,
Y.; Shimanouchi, T.; Tsuboi, MBiopolymers1966 4, 337-350. (c) Tu,
A. T. In Spectroscopy of Biological Syster$ark, R. J. H., Hester, R. E.,
Eds.; John Wiley & Sons Ltd.: New York, 1986; pp4¥12.

(27) (a) Caswell, D. S.; Spiro, T. @. Am. Chem. S0&986 108 6470-
6477,. (b) Tasumi, M.; Harada, |.; Takamatsu, T.; Takahashl, Raman
Spectr 1982 12, 149-151. (c) Ashikawa, |.; Ttoh, KBiopolymers1979,
18, 1859-1876.
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the protein is exposed briefly to,D, and this shift is reversed
upon back-exchange with,®. This upshift is a consequence
of altered mode composition due to the ring NH/D replacement,
which lowers the N-H/D bending frequency below the natural
frequency of the ring mode. Since only the His87 NH group,
which is exposed to solvent, is exchanged on the time scale of
the experiment® enhancement of the 1039 cfnband is
specifically associated with His87; if the second His37 ligand
contributed significantly, then a remnant 1039 érhand would

be seen in the ED spectrum since its NH group is not
exchanged? Moreover, extended exchange, which produced
an added shift in the 267 cthCu—N(His) mode but no further
effect on the 1054 cmi band, confirmed the lack of His37
involvement. It seems likely that the 1192- and 1314-tnng
modes are likewise associated with His87.

Why should RR enhancement in the CT absorption band be
specific for His87? Figure 1 shows that the His87 imidazole
ring is nearly orthogonal (72 to the CuNS plane, while the
His37 imidazole lies in this plane. Thus thes/Norbital for
His87, but not His37, is correctly aligned for overlap with the
cysteine St orbital, and the half-filled orbital on Cu {d.?),
which is the acceptor orbital for the-S Cu CT transitions. To
the extent that there is imidazote Cur donation in the ground
state, the imidazoler bonding will be affected by the CT
transition, thus providing a mechanism for RR enhancement of
the imidazole ring modes.

3.4. Raman Excitation Profiles. Although enhancement
of all RR peaks within the CT absorption band has long been
recognized, we find that relative intensities depend on the
excitation wavelength within the band envelope. As seen in
Figure 7, the 267 crt peak steadily gains intensity relative to
the ~400 cnt! peaks as the wavelength is changed from the
blue side of the absorption band to the red side even though
the overall scattering strength follows the absorption band
contour (see the unenhanced 225 ¢rice band). This effect
is quantitated in the excitation profiles (Figure 8). For the group
of peaks near 400 cmd (whose overlapped intensities are
integrated for this purpose), the EP maximum is slightly to the
blue (590 nm) of the strong 600 nm absorption band, which
has been assignétb Sz — Cu CT. The EP also displays a
shoulder at~520 nm, where a weaker S pseud@T transition
has been assignédEssentially the same profiles are observed
(albeit with much lower cross sections) for the 762¢@—S
stretching peak, and the 1223 thCys GHj twist peak, both
of which arise from cysteine coordinates. However, the EP
maximum is shifted to the red of the 600 nm absorption band
for the 267 cm! Cu—N(His) stretching peak (602 nm), and
for the 1039 cm? His87 imidazole ring peak (608 nm). Thus,
the RR peaks associated primarily with the His87 ligand have
distinctively red-shifted EPs, relative to those associated pri-
marily with the cysteine.

We propose that the 600 nm absorption band actually contains
CT transitions from both cysteine and His87. The imidazole
ring has two close-lying HOMOs; andx,.22 Calculations by
Solomon and co-worket$place ther; energy close to those
of the Cu 4, and d; orbitals; the orbital energy order is,Ad,
~ Hismy > Cyst > Hismty. Since the Cu gy, — dz-y
transition has been assigned at 717 nm and since,thg t
the acceptor orbital for the CT as well as thedtransitions,
it follows that the imidazoler; CT should be somewhat lower
in energy than the & CT transition. The imidazoler; CT

(28) Del Bene, J.; JaffeH. H. J. Chem. Phys1968 48, 4050-4055.
(29) Guckert, J. A.; Lowery, M. D.; Solomon, E.J. Am. Chem. Soc.
1995 117, 2817 2844.
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Table 2. RR Bands of Plastocyanin between 950 ¢rand 1450 cm?!
analogous modes in
N.A. AN  ABN-Cys AfS-D,-Cys AN.A.inD;O assignment L-Cystand Cu(Im)?t®
1003 Phe ring breathing (F1)
1039 28 +15 His87 symmetric NC—N stretch+ N—H bending 1081
1192 -7 His ring mode 1191
1122 —169 Cys84 CHtwist 1273
1286  —4 —4 +3 amide Il of Cys84
1314 -7 -2 His ring mode 1332
1404 —331 Cys84 CHscissor 1427
aReference 25° Reference 27.
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Figure 7. Low wavenumber range of N. A. Pcy RR spectra excited at H 197 12230m™
different wavelengths. Spectra were normalized to the peak at 422 cm § 81 cH, twist |
(@) 676 nm; (b) 647 nm; (c) 530 nm. The same protein droplet was 9 6 |
used for all of the spectra. Protein was dissolved in 20 mM pH 6.0 ° 4 —
bis-Tris buffer with 150 mM NaCl. The spectral slit was kept at 3 © 21 |
cm ! for all three spectra. 0 . . '| '
. - . , 2001 267cm™ 60nm
transition was originally assigned to a weak 480 nm absorption 150] Veu-ncuin)
band?#23%31put in view of the more recent calculatioffsthis 100
higher-energy transition should instead involve CT from the
deeper-lyingr, transition2°32 The closely spaced transitions 501
in the 600 nm absorption band, suggested by the RR EPs, could 01 . , . .
then arise from CT transitions to Cu involving a combination 57 1040cm™ I 608nm
of S & and imidazoles; orbitals. Recent calculations by 41 His ring mode
Solomon and co-worketsindeed predict a 7% contribution 31
from the imidazole to the mainly 3 CT transition. Since the 21
Cu—S bond is more covalent than the €N (imidazole) bond R
and since ther; orbital has a smaller contribution from the N o . . ' .
than the C atoms on imidazot® the overall contribution of 450 500 550 600 650 700

thesr; orbital to the 600 nm absorption strength is undoubtedly

Wavelength, nm

small. Nevertheless, the distinguishability of the Cys-based and Figure 8. Excitation profiles for the indicated RR peaks, compared

His-based EPs does support the view that imidazole is involved yjth the absorption spectrum (top). Intensities were obtained from band
in the absorption and that there are two closely spaced CT areas after background subtraction and baseline correction. Uncertainties

transitions with contributions from both Cys and His
orbitals. This inference may affect the quantitative modeling
of the EP’$3 since the contributions from the two transitions
are expected to interfere.

(30) Gewirth, A. A.; Solomon, E. J. Am. Chem. So988 110, 3811~

3819.

(31) LaCroix, B.; Shadle, S. E.; Wang, Y.; Averill, B. A.; Hedman, B.;
Hudgson, K. O.; Soloman, E.J. Am. Chem. So4996 118 7755-7768.

(32) Penfield, K. W.; Gay, R. R.; Himmelwright, R. S.; Eickman, N.
C.; Norris, V. A.; Freeman, H. C.; Solomon, EJ..Am. Chem. S0d.981,
103 4382-4388.

associated with these corrections are estimated to be less than 15%,
even for the weakest bands, and are usually much less. The intensities
were referenced to the ice or sulfate peaks, as described in the
Experimental Section. The profile maxima were obtained by fitting a
Gaussian function to the data points (which are connected by spline
lines in the figure).

4. Discussion

The ET mechanisms of Pcy have been investigated exten-
sively from both experiment&#33and theoreticdf perspectives.
Two ET pathways have been established, one through the His87



10440 J. Am. Chem. Soc., Vol. 120, No. 40, 1998 Dong and Spiro

ligand and the other through the Cys84 ligand. The His87  The coplanarity also helps explain the complex nature of the
imidazole ring is exposed to solvent and provides a short route low-frequency RR mode®:*! RR enhancement by CT elec-
(~6 A) for the transferring electron; however, the Cys84 ligand tronic transitions is normally dominated by mettiband

is buried, and the electron travels a long distaneg3 A) via stretching modes, with only secondary involvement of ligand
the remote Tyr83 side chain, which is solvent exposed (Figure coordinate$? But in all type 1 Cu proteins, CuS stretching

1). This remote site has been established by chromium affinity js heavily mixed with internal ligand modes. Strikingly, this
labeling® and Tyr83 mutatioff to be the route for reduction  njying is preserved, although its nature is altered, even when

of Pcy by its biological partner, cykf, while His87 is the route 5 ¢\, stretching frequency is lowered via bonding changes
for oxidation by photosystem |, as shown by mutatfoand resulting from mutagenest3. As the Cu-S bond is weakened,

hotolysis studie®® : U
P TheyCT transitions of Pcy are closely associated with the ET intensity is shifted to lower frequency RR bands, but the spectra
retain multiple peaks. Thus the €& coordinate appears to

mechanism since the resulting electronic configuration has a . . . o .
hole on the Cys84 (Ct5™) and/or His87 (CllmH*") ligands. _select dlffe_rent Ilgan_d coordlr_lates f_or mixing as its frequen_cy
In fact these represent the dominant virtual states in the IS brought into coincidence with theirs. This unusual behavior
superexchange model of the ET proc&sConsequently the must reflect the multiple coupling opportunities afforded by the
RR enhancement pattern is directly relevant to the elucidation coplanarity of the extensive atomic framework connected to the
of the ET mechanism, as emphasized recently by Loppnow andligating S atom. Thus, this coplanar framework, which may
co-workerd® and by Scherer and co-workefs. The Franck have evolved to maximize the ET rate from the remote site, is
Condon factors that determine the scattering cross sections arelso responsible for the complex RR spectral pattern.
also those involved in the hole-transfer integrals. Thus, the
identification of resonance-enhanced internal modes of the
Cys84 and His87 ligands provide direct evidence for electronic
g%l;f“r\]/ghzlﬁ n(?hzfgtg tigetrr;g?é?r:(;] (:Oalgzﬁgn:eggltﬁ]a;hr\:\ﬁgs n qrbital through the interv.en.ing Cugdyz. orbital. I\./Iqreove.r,. the
extends to the imidazole ring on one side and to the cysteine'i9and  orbitals have similar energies, permitting mixing of
side chain and its amide bond on the other. the CT transitions. This mixing is evident in the enhancement
Redox reactions of Pcy with small molecules have similar of imidazole ring modes, which are specifically associated with
rates through the remote and adjacent sites, despite the largd1is87 and the shifted excitation profiles for imidazole vs
difference in the ET distanc®. Thus, the remote site has a cysteine vibrations. The His87 orientation may also explain
larger electronic coupling factor. This long-range electronic the unusual mixing of the CtN(His) stretching coordinate with
coupling is undoubtedly faciliatated by the strong—S Cu the cysteine coordinates, as evidenced by the isotope sensitivity
donation and by the coplanar CuUSCCN framework (Figure 1). of the 267 cm! band.
This coplanar arrangement provides optimum overlap of orbitals
for either electron or hole transfer.

The present work emphasizes that orbital alignment extends
to the adjacent His87 site as well. The orientation of the
imidazole ring permits overlap of its orbital with the Cys84
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