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The change in the dipole momentgiu) and the average change in the polarizabililyd[) upon excitation

for the Cys(Sj>Cu(ll) ligand-to-metal charge-transfer (LMCT) transitions in two species of azurin, a type |
blue copper protein from l&aligenes denitrifican§AD) and Pseudomonas aerugino§aA), were determined

using Stark (electroabsorption) spectroscopy. Measurements at 77 K in a glycerol-water glassy matrix yield
a value for|Au| of between 1.3 and 2.0 D. This value |#u| is consistent with the highly covalent nature

of the S—Cu bond in the ground state and is in agreement with the predictions of previous electronic structure
calculations. The polarizability of the excited state was smaller than the ground state by ab@0t AD

This negative value dilal]which is somewhat unusual, is interpreted in the context of the two-state model.
Values for the electron-transfer matrix elemedtd and the effective charge-transfer distanRg,)(derived

from our measurements are also reported.

Introduction

Met121 Met121

Blue copper proteins are involved in respiratory and photo-
synthetic electron transpdrt2 Azurin, a 14.6-kDa type | copper
protein (“cupredoxin”), is found in denitrifying bacteria and is
thought to play a role in denitrification and the mediation of
cellular responses to redox stress. Type | cupredoxins are
characterized by an intense= 2000-6000 cnt! M~1) charge- His46
transfer absorption band a600 nm, narrow hyperfine splitting
(A = 35-63 x 1074 cm™) in the g, region, and copper(ll)
reduction potentials that range from 184 to 680 mV, significantly
higher than that of aqueous copper(ll) at 115 AF/These
unusual electronic properties are thought to arise from the unique
coordination geometry imposed on the copper site by the protein.
The structure of azurin shows a copper ion in an elongated,
distorted trigonal bipyramidal coordination environment, with charge-transfer transitions, whereas the weaker transitions at
His46, Cys 112, and His117 as the three strongly bound planarlower energy are primarily ligand-field transitions (Figure 2).
ligands, and Met121 and the carbonyl oxygen of Gly45 as the The axial ligand (Met121) appears to play a substantial role in
two weakly bound axial ligands (Figure 2). tuning the electronic properties of the copper site, but is not

Several techniques have been used to correlate electronimecessary for the formation of a blue copper site. X-ray
structure and coordination geometry with observed electron- gpsorption spectroscopy has shown that the 6u%ond in
transfer rates and driving forces (redox potential). The electronic plastocyanin is unusually covalent and it has been suggested

structure of azurin has t?een Stl.Jd'ed. extensively with Iow— that it provides a preferred pathway for biological ground-state
temperature absorption, circular dichroism (CD), and magnetic electron transfet

circular dichroism (MCD) spectroscogy’ In addition, spec-

troscopic and self-consistent-fieldbXscattered wave (SCFex Electroabsorption (Stark) spectroscopy has been applied to
SW) studies of plastocyanin, a type | cupredoxin, which has the study of intramolecular electron transfer in several organic,

been SUggeStEd to have a electronic structure similar to aZUrin,inorganiC' and bio|ogica| systems. For some examp|es of

have also been performéd Site-directed mutagenesis followed  gppjications to inorganic systems and a recent review, see refs
by complexation with exogenous ligands has been used 101515 The method involves applying an external field on the

examine the role of the axial ligands in determining the sample and monitoring the consequent shift and broadening of

electronic structure of blue copper proteifid! All of these . . i . X
studies suggest that the most intense band in the visible_the absorption band induced by the field. Analysis of the field-

absorption spectrum is a nominal S(Cys=Cu ligand-to-metal induced perturbation of the absorption spectrum of an isotropic
charge transfer (LMCT) transition. Weaker transitions at higher Sample allows both the absolute value of the change in dipole
energy are S(Cys)—Cu, S(Meto)—Cu, and N(Hisz)—Cu moment,Au (|Aul), and the average change in the polariz-

Cys112 Cys112

His117 His117

His46

Glya5 Gly4s
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Figure 1. Active site of AD and PA azurin.
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was chosen for our initial studies because the visible absorption
band is dominated by a single charge-transfer transttibinis
minimizes a complication that sometimes arises in the analysis
N of electroabsorption spectra, specifically the presence of multiple
LMCT Transitions closely spaced electronic states having varying responses to the
— applied field?%2! The results presented here demonstrate that
the value of|Au| for the main charge-transfer band of both
azurins is small, in agreement with electronic structure
calculationg? 25 and X-ray absorption studi2$2’ of blue
Cys(S,0) —> Cu(dy2—2) copper systems. In addition, we reporiegative value forlAo]
and discuss this unusual finding in the context of previously
published results from time-resolved measurements on the
related blue copper protein plastocyanin. Stark spectroscopic
His(N,o) —> Cu(dy2-y2) studies of plastocyanin are currently in progré&ss.
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Figure 2. Charge-transfer transitions within the absorption band of from PA was based on a modification of literature procedgrés
PA azurin. Assignments shown are from adapted from ref 6. and has been reported previoulyPurity ratios BosdAeszs)

obtained were less than 2.1, close to the reported value of 1.7.
ability (LAa.llwhere the bar underneath denotes that it is a tensor A yield of 13—56 mg PA azurin per 100 g cell paste was
quantity) between the lower and upper states of the optical obtained using this method. The yield of azurin was found to
transition to be discerned. Occasionally, field-induced changesbe greatly dependent on the growth conditions of the bacteria;
in the transition moment of the molecule are observed as well. the yield was greatly reduced when the cells were overgrown.
The value of|Au| is directly correlated to the change in the Azurin from AD was isolated and purified using a method
extent of charge transfer in the excited state, relative to that in developed folAlcaligenes xylosoxidand his protocol seemed
the ground state. This is typically the quantity of interest also to yield a purer, higher yield of protein than previously reported
in the study of optical charge--transfer and electron-transfer procedures. Azurin was purified using reported metfbis4
systems. The interpretation Bkalis somewhat more complex, — with slight modifications in the cell rupture and column
because this quantity reflects the interactions between thechromatography steps. The extraction was similar to what was
electronic states being probed and all other electronic states ofmentioned above using 0.02 M ammonium acetate, pH 6.0. A
the system. It is also often regarded as a measure of the changéwo-step ammonium sulfate precipitation was performed at 30%
in the extent of electron delocalization upon optical excitation. and 100% w/v, and the resulting pellet was dissolved in a

Stark spectroscopy provides information regarding the fun- minimal amount of water and adjusted to pH 7.0 before dialysis
damental properties of the electronic states of the blue copperagainst water. Column chromatography was performed using
protein systems, in the form dfi\u| and [Aal) that comple- Whatman CM-52{no Na[Co(EDTA)} and Sephadex G-50
ments spectroscopic and electronic structure studies currently{ with Na[Co(EDTA)]} columns until the purity ratioAzsy/As20)
in the literature. Moreover, these quantities provide critical input for azurin was<3.8, close to the literature value of 3.6. Typical
to another important class of experiments, those that probe theyields were 46-58 mg AD azurin per 100 g of cell paste.
photoinduced charge-transfer process using time-resolved optical Theory of Electroabsorption and Data Analysis Proce-
techniqued/18and to the associated theoretical models of the dures. The analysis of the electroabsorption data is similar to
protein responsé described below. what has been reporté#3® The equations shown here are

Interest in elucidating the role of the protein in determining appropriate for the experimental conditions used, that is, the
the rate, efficiency, and pathways of biological electron transfer sample is embedded isotropically in a rigid glass. Essentially,
has prompted a considerable effort in studyegited state the change in absorption due to the application of an external
charge transfer (CT) that is initiated by absorption of a photon. electric field is fit to the weighted sum of zeroth, first and second
One interesting aspect of the electron-transfer process that carflerivatives of the zero-field absorption spectrum. The overall
be probed readily using optical techniques is the contribution change in absorbance caused by the application of an electric
of the protein to the electron-transfer reorganization energy. field is described by the following equation:

Toward this goal, the response of the protein plastocyanin to

the change in charge distribution from the ground to the excited = - 7] o [AW

state has been followed by monitoring the transient absorption AA®) = erff[axA(V) + bxﬁ{ %(%)}

signal following excitation either into thé—d transitions” or . > [ nrm

into the main CT bané® The resulting spectral evolution L{ 9 (A(V))}
presumably contains contributions both due to protein ‘solvation’ “30h

of the excited-state charge distribution and from population

relaxation within the complex electronic manifold of the system. TheA(¥) represents the unperturbed absorption as a function
However, the measuretj: for excitation into the charge-transfer  of frequency 7) and Fer represents the field at the sample in
band allows the contribution to the ultrafast dynamics that is volts per centimeter. This effective field includes the enhance-
due to dielectric relaxation of the protein to be modeled ment of the applied field due to the cavity field of the matrix.
accurately. The subscripy represents the angle between the direction of

Here we report the results of electroabsorption spectroscopythe applied electric field and the electric field vector of the
on the most intense LMCT transition for azurin frétaligenes polarized light. The expressions fay, b,, andc, are given
denitrificans(AD) and Pseudomonas aeruginog@A). Azurin below:
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)
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Charge-Transfer Transitions in Azurin
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2mA;Aw)+(3 cosy — 1)] + Emam 5[Amm — [Aal-
(3cody — 1) (3)

¢, = 5lAul® + [Aul*[(3 cosE — 1):(3 cody — 1)] (4)

Here, & is the angle betwee@ and m, the transition

moment vector. In each case, if the experiment is performed at
the magic angley = 54.7) the expressions are simplified

because (3 c8g — 1) is equal to zero.

In this work we quotefAal] which represents the average
change in electronic polarizability between the ground an

excited state [i.e[AalF Y5TrlAal] and Aoy is its projection
along the transition moment direction. The tens@rand B

represent the transition polarizability and hyperpolariza_lt)ility,

respectively. These describe the effectgf on the molecular
transition moment: M(Ferr) = M + A-Fer + Feft B-Ferr.

Generally, this term can be neglected for strongK/ allowed
transitions. Moreover, for a smallAu|, such as is measured
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In the expressions fdigo andbss 7 (egs 8 and 9), the terms
containing the transition moment polarizability tens@r,can
be neglected because they are expected to be small compared
with the other terms (see below). Hence the expressiontsgor
andbs, 7 are reduced to the form:

15

bgo ™ STAalH JAal- Ad,] (10)
Dgy 7~ 17593_0‘5 (11)

It can be shown that ifAam = Tr(Aa) (i.e., only the
components ofAa. along the transition moment direction are
nonzero),bgg is reduced to the form shown in eq 12.

bgy g@m if Aa, ~ Tr(Aq) = 3Dal  (12)

Under these circumstances, the ratios of boftandc, at
54.7 versus 90 (using eqs 6, 7, 11, and 12) are equal to 1.667.
Therefore, we have reported this ratio for the two azurins
(Results section) studied here to show that, for the main charge-

d transfer transition,Ax is parallel to the direction of the

transition moment and that the only nonzero componentsoof
are those along the transition moment, within our experimental
error.

The coefficientsa,, b,, andc,, are extracted by means of a
linear least-squares (LLSQ) fit of the electroabsorption signal
to the sum of the derivatives &{(¥). If the resultant fit to the
absorption line shape (a single setaf b,, andc,) is not of
high quality, this indicates that there is more than one transition

here fOI’ the aZUI’inS (See Results), the cross-terms inVO.IVing the(electronic or Vibronic) underlying the absorptigrl band, each
elements of the tensgk can be neglected compared with the  of which has different electrooptical propertig\g| and/or

other terms in the expression fokal(eq 3).
Information regardingAu| for the molecule is contained in

[AoD). This is the case for the electroabsorption spectra of both
PA and AD azurin presented here. In such instances, the fit to

thec, term (eq 4). For an isotropic sample such as those studiedthe electroabsorption spectrum can be improved by modeling

in this work, only the magnitude and not the sign &f is

the underlying transitions in the absorption band as Gaussians.

measured. For a more detailed discussion of these effects, seqo implement this method, it is helpful to have independent

refs 14 and 35.

The experiment is normally performed at two angless
54.7 (magic angle) ang = 90°. The utility of the measure-
ments aty = 90° andy = 54.7 in the context of the results
presented here is as follows. At= 90° andy = 54.7, the
coefficientsc, are reduced to:

Coo = 51Aul” — |Auf*(3 cody — 1) (5)
Cos7™ 5|E£|2 (6)

The expression focgg is reduced to eq 7 fof = 0,
Coo=3lAul? if £=0,i.e.if Au parallel tom (7)

Similarly, aty = 90° andy, = 54.7, the coefficientd, are
reduced to:

3
Bgo = ﬁ Z[4mAijA//‘j — MA A — mA; A
m|©

15 3
+ Emam E[maD— Aa,] (8)

10 15
D5y 7= —_ ZmAijA:“j + E@D )
||~ T

data regarding the number, positions, and widths of the

electronic transitions underlying the absorption band. These data
allow the properties of the Gaussians representing the individual
transitions to be constrained so as to minimize the number of
free parameters in the fitting.

The starting parameters for the bands used to fit the absorption
spectra of PA azurin were chosen using, as a guide, the MCD
data by Solomon et &lfor PA azurin at 35 K. Those for AD
azurin were generated by shifting the positions of each Gaussian
by ~310 cnm! to account for the difference in the absorption
maxima between the two proteins. These initial parameters were
varied using a simplex routine to obtain the best fit to the PA
and AD azurin absorption spectra. The final parameters for all
Gaussians are summarized in Tabl& Values ofa,, b,, and
¢, for each Gaussian were then found through the fitting process.
Using these coefficients and eqs-2 above, a value ofAu|
and [Aolwas assigned to each transition. We have used this
method previously, and it is explained in detail in ref 21.

Results

Figure 3 contains the electroabsorption spectra of both PA
and AD azurins obtained gt = 90° and 54.7 (solid lines,
Figures 3a and 3b, respectively). Overall, the absorption and
electroabsorption spectra of the two species are similar in
appearance. Likewise, both proteins exhibit a response to the
applied field (total signal) that is similar in magnitude. The fits
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TABLE 1: Parameters of the Gaussians Used to Model the Absorption Spectra of AD and PA Azurin in Glycerol/Buffer Glass

at 77 K
AD azurin PA azurin
Gaussians | Il 1} \% | Il I v
centef 13215 16148 18239 21793 12975 15865 17800 20500
relative height 0.1331 1.0 0.1608 0.0499 0.0787 1.0 0.1241 0.037
half-width at half-maximurh 970 994 975 1320 700 935 900 1200
2 Reported in cm?.
4} AD Azurin AD Azurin . AD Azurin PA Azurin
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Figure 3. Electroabsorption spectra and the fit to the electroabsorption ﬁ 4 (@ (h) i
signal for both AD (a) and PA (b) azurins are shown as a function of & - /\ ) N\ 3
the angley (see Experimental Section). For both the azurins, the 2 o S S °'5
electroabsorption signal normalized with the square of the applied field - 2z
aty = 90° (dotted lines) angt = 54.7 (solid lines) and the fit to the -4
electroabsorption signal gt= 90° (dashee-dot lines) andy = 54.7 -8 -6
(dashed lines) are shown. The zeroth derivative (dotted lines), first -8

12000 14500 17000 19500 22000
Wavenumbers (cm™)

12000 14500 17000 19500 22000

derivative (solid lines), and the second derivative (dashed lines) 3
Wavenumbers {(cm™')

components of the absorption spectruny & 54.7°, normalized with
respect to the square of the applied field for AD (c) and PA (d) azurins Figure 4. Absorption and electroabsorption spectra of AD and PA
are shown. azurins. Panels a and e contain the absorption spectra of AD and PA
to these spectra, obtained from taking derivatives of the a2urins ti” dwh;?\/tfge GEUSS”".”S utseld to tqegog‘;ﬂ‘ég tgiﬁg?gﬁgiﬁre
. . . esignated a see eXperimental section).
_experlr_‘nental absorptlon spectra (dashed Ilnt_es), are also sho_wrfhe gxperimental eIectrant)Jsorption spectra normalized by the square
in the figure. These fits are then decomposed into their respectiveyt the applied electric field (solid line) and the fits to these spectra
zeroth, first, and second derivative contributions that are shown (dashed lines) obtained using eqs4l (see text) and a single set of
in Figures 3c and 3d. To improve the quality of the fits to the electrooptical parametera,( b,, c,). Panels ¢ and g show the results
electroabsorption spectra, two additional fitting strategies were of fitting the central band of the normalized electroabsorption spectra
used (shown in Figure 4). This figure contains fits to the _ofAD and PA azurins to the segment o_f the absorption spectra shown
electroabsorption spectra at= 54.7 that were obtained by :(_n darI?] pen in p:_anzlsla andt;a, respectively. Pabne_ls czljan_d h GShOW the
truncating the experimental absorption bands (Figures 4c andlIltS to the normalzg ee_zctroa sorption spectra obtained using Gaussians
. ) > and lll as described in the text.
4g) and by using Gaussians (Figures 4d and 4h) to model the
absorption bands. The details of the procedures used to producenethods to account for such heterogeneity in the absorption
these fits are described below. bands which can be used to improve the fits to the electroab-
Because the absorption spectra of both species are dominatedorption spectra presented here.
by a single CT transition, the Cys¢@-—Cu (Il) LMCT band, One method to extract the properties of the predominant CT
we initially modeled their electroabsorption spectra using transition of the azurins is to fit only the most intense region of
weighted derivatives of their respective absorption spectra overtheir electroabsorption spectra using the portion of their absorp-
the full wavenumber range~(11 000-24 000 cnl), as de- tion spectra that lies within the same wavenumber region. By
scribed in the Experimental section. The resulting fits are shown this means, the contributions of the weaklerd and CT bands
as the dashed lines in Figures 4b and 4f. Although the quality to the fit are effectively minimized. This fitting method yielded
of the fits to the largest feature of both electroabsorption spectrareliable results if the transitions underlying the absorption band
is quite reasonable, deviations are seen in the higher-energyare not overlapped too strongly or if, as is the case here, a single
portions of the spectra. These deviations are most likely due totransition dominates the spectrum. The segments of the absorp-
the presence of weaker CT transitions that lie within the main tion spectra used here are depicted in heavy pen in Figures 4a
absorption band of both AD and PA. If these transitions have and 4e. The resulting fits to the main feature of the electroab-
values of|Au| and/orfAathat are significantly different from  sorption spectra of AD and PA azurin are shown in Figures 4c
those of the main CT band, they will exhibit a measurably and 4g, respectively. For AD azurin, the resulting fit in the most
different response to the applied field. Below we describe two intense region of the electroabsorption spectrum is substantially
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TABLE 2: Electroabsorption Results for the observed for inorganic mixed-valence charge-transfer com-
Cys-Sm—Cu(ll) Transition of AD and PA Azurin in plexes!® In the azurins studied here, the relative contribution
Glycerol/Buffer Glass at 77 K of the zeroth-derivative term is magnified because their overall
Truncated absorption ~ Gaussians to fit the field response is small. This term will be discussed in more
spectrum absorption spectrum detail in the Discussion section.
Azurin |Aul® Aal |Au? Aal From the standpoint of molecular parameters, two notable
A. deinitrificans 1.4 (0.1) —10.4(0.2) 2.0(0.3) —14(4) results of the electroabsorption studies presented here can be
P.aeruginosa 1.3(0.1) —9.8(0.5) 1.8(0.3) —-15(4) summarized as follows. For the CygS=Cu LMCT band of

aDipole moments are reported in DebyeRolarizabilities are both AD and PA azurin, a value g\u| of ~1.3-2.0 D is

reported in A. The standard deviation in the reported values derived Measured, which is significantly smaller than what would be
from measurements of three to four independent samples are reported?redicted for the transfer of one full electron between the ligand

in parentheses. and the metal. The measured vaIue|Ef4| is compared with
the value predicted by electronic structure calculation in the

improved as seen by comparison of Figures 4b and 4c. The pjscussion section. For both azurins, this same CT band exhibits
improvement in the quality of the fit for PA azurin is less g value offAalthat isnegatie and~10—20 A3 in magnitude.
significant. (Compare Figures 4f and 4g.) The resulting values possible implications of this fairly unusual result are also
of |Au| and[Aalare compiled in Table 2. outlined in the Discussion section.

A second method for fitting overlapping spectra, described
in the Experimental section, is to deconvolve the absorption piscussion
band into Gaussians that each represent one of the underlying ) — —
electronic states. The Gaussians chosen to model the absorption Interpretation of |Au|. Similar values for|Au| are found
bands of AD and PA azurin are shown in Figures 4a and 4e, for both AD and PA azurin, essentially independent of the fitting
respectively, and the parameters defining each are summarizedn€thod used. Moreover, measurements at two angles of the
in Table 1. The weak transition at low energy in both the AD angle y show thatAu is nearly parallel to the transition
and PA absorption spectra corresponds tb-d transition and ~ Mmoment for the main charge-transfer transition (raticqf/
the two higher-energy transitions are both CT in character. G0~ 1.67, see Experimental section) which lies along the-Cu
Because thel—d transitions respond weakly to the field, the S bond®In contrast, a value fofAu| of ~10 D is expected if
Gaussians corresponding to these states (Gaussians | and IV§ full electron charge were to be transferr_ed between the donor
are not included in the fitting. Therefore the fits shown in @nd acceptor orbitals with the separation estimated as the
Figures 4d and 4h represent the results of using only the two crystallographlc distance of 2.153&.‘I’herefqre,. it |s.clear that
dominant CT transitions (Gaussians Il and Ill) to fit the only partial charge transfer occurs on excﬂaﬂqn, in agreement
electroabsorption spectra of both proteins. The advantage of thigWith the results of the semiempirical calculations and X-ray
fitting technique over the truncation method described above absorption experiments reporté¢t 2" These earlier studies
is that it allows us to obtain high-quality fits for both Predict~0.2 e transferred over a maximum of 2.15 A, yielding
electroabsorption spectra over a wider wavenumber range@n estimate for/Au| of ~2.1 D, which is in reasonable
(compare Figures 4c with 4d and 4g with 4h, respectively). The agreement with the value reported here. However, to compare
extracted molecular parameters are summarized in Table 2. With & gas-phase calculation, our experimenfal| should be

It is important to point out here that the various fitting ;caled furthedoyvnwardbyalocal field factor that, in proteins,
methods used yield fairly consistent values|[—af¢| and Aol is I|kel_y to be shghtly larger than 1_(3,41 However, because the
for the main CT band (Table 2), as would be expected when a local field factor in these systems is not known, no attempt was
single transition dominates a complex absorption band. Specif- Made to perform this scaling. _ _ _
ically, for both azurins, the fits to the truncated absorption  In short, our agreement with previous workers is essentially
spectrum (Figures 4c and 4g) yield values of-1134 D for quantitative and provides a good independent measure of the
|Au|, whereas the fits obtained using Gaussians (Figures 4ddegr_ee of charge transfe_r associated with the optical transition
and 4h) yielded values of 1-8.0 D. Therefore, a primary  ©f this system. The relatively small degree of charge transfer
advantage of using the Gaussian fitting method described aboveof this transition has been rationalized by the observation that
is that it allows us to assess the field response of the weakerthe electron in the ground statedBeadystrongly delocalized
electronic transitions, albeit in a semiquantitative fashion. From because of the high degree of covalency of the-Gubond.
inspection of the electroabsorption spectra of both azurins, itis  Interpretation of [Aal]Because it is unusual to measure a
evident that both of the CT transitions make the largest substantial negative value dAallas we have reported here
contribution to the electroabsorption but the field response of for both PA and AD azurins, this observation warrants further
the d—d transitions is negligible. Indeed, the weaker CT discussion. Itis important to remember that, althoghitself
transitions at higher energy exhibit the strongest field response.is a tensor quantity, the experiment yields its average value or
However, because of the inherent uncertainty in fitting such YsTr(Aa). Therefore, it is helpful to make some simplifying
weak and/or broadly overlapping transitions, the values are notassumptions to interpret this result. The first is that the

reported here. polarizability is highly anisotropic along the €% direction
One notable feature of the electroabsorption spectra of bothin both the ground and excited states. This in turn implies that
azurins is the largenegatve contribution from thezeroth-  the largest diagonal component At is predicted to be that

derivative of the absorption spectrum that is required to fit the lying along the direction defined b@q. Because therefore
data obtained gt = 54.7 (see Figures 3c and 3d, dotted curve). we need not explicitly consider changes in the components of
The average value of theg, 7 parameter for both azurins derived  the polarizability in the remaining two axes directions, we may

from the fits shown in Figure 3 is- —1.5 x 10716 (cm/V)2 directly equate a negative value ohoOwith a decrease in
This value is an order of magnitude smaller than those that havepolarizability in the excited state. Given that the greatest change
been reported for organic doreacceptor moleculé$ and in electron density is expected along the—€31 bond, this

similar in magnitude,although opposite in signto those assumption is entirely reasonable and is common in the reports
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of Stark spectroscopy on MLCT and LMCT states in inorganic of the corresponding main charge-transfer absorption bands.
complexes. Moreover, one can extract the value of the com- Fraga et af? have shown that, for parsley plastocyanin, the
ponent ofAa parallel to the transition moment (which also lies  optically prepared state decays in roughly 20 fs based on the
along the Cu-S bond) by measurements at a second angle of measurement of a fluorescence quantum yield of>2.807".

the applied field relative to the direction of polarization of light Because the ground-state recovery time is on the order of 250
(). Experimentally, we find values diss 7/bgo that are close fs, as measured independently by Book éf and by Edington

to 1.67, which indicates that Tk() ~ Ao (See Experimental et al!® it can be surmised that the initial relaxation populates

section). one or more of the Cd levels before the return of the molecule
The second simplifying assumption made here is that the to the groynd state. Unfortunately, to our knowledge, there is
contribution of the transition moment polarizabilit;{ term no clear signature of a strong absorption between one af the

in the expression fofAall(the first term in eq 3) may be levels and the charge-transfer state in the published time-
neglected. Such an assumption seems reasonable on sever&solved measurements that would lend further support to this
grounds. Although there is a nonnegligible zeroth-order con- picture.

tribution to the electroabsorption spectrum for both azurins, the ~ An interesting perspective on this issue is presented in the
corresponding, value derived from the fit of the data at= work of Shin et al%®* who measured the Stark spectrum of a
54.7 is negatve. This implies that the value @&, is predomi- series of LMCT and MLCT transitions in small inorganic
nantly due to the contribution of the term proportional to the complexes entrained in solvent glasses. These authors performed
transition moment hyperpolarizabilityBf). This may be electroabsorption spectroscopy on a series of 23 inorganic
concluded because, in principle, this term may be negative, ruthenium and osmium complexes and compared their results
whereas the term proportional & appears as the square (eq With the predictions of the two-state approximatfén?® The

2). Therefore, the term proportional &g contributes to a lesser ~ two-state approximation says that the sum describing the
extent to the value of, than does that proportional ;. In polarizabilities of the ground and optically excited states can
some cases, symmetry arguments can also be made to derivée reduced to only the contributions made by those two states.
the same conclusict.Furthermore, the term in eq 3 containing  This analysis gives rise to the following expressions Aar,

Ay is multiplied by|Au/|, which is also known to be small both  the excited-state polarizabilityof), and the ground-state po-
based on the measurements presented here and othe¥3#@fk.  larizability (ag) where, again, only the component of the
Finally, within the context of the two-state model (see below), polarizability parallel to the transition moment is considered.
Vance and co-workers have shown that the hyperpolarizability Therefore, each polarizability reported here is effectively the
contribution tolAa[lis given as 4 |Au|)%/Eeg WhereEgis the trace of the corresponding tensor with the only nonzero diagonal
optical gap of the systeft.Using this expressida yields a elements being those parallel to the transition moment.

value of 3 B with the parameters appropriate for azurin. Again,

this represents a relatively small correction to the experimental (,uge)2

value of ~—15 A, Aa = —4ﬁ (13)
To explain the negative values @athat we have measured ¢ ¢

for both AD and PA azurins, we adopted the following approach. 2

In the sum-over-states, expression (one-dimensional case) for o= _zﬂ (14)

the polarizability of a statein a multilevel system is given as = (Ec— By

Y i |%(Ei — E) in which u;; represents the transition moment

] 2

between electronic statend all other states andE represents —9 (ugo (15)

the energy of the respective states. Hence, the polarizability of % (Ee—Ey

each state is determined by its transition momeraltmther

electronic states of the system weighted by the inverse of the  Here,uqe represents the transition moment between the ground
energy difference between them. This sum usually is dominatedand excited states, anfl; and E. represent their respective
by interactions with electronic states higher in energy than those energies. The necessary implication of this model is that
involved in the electronic transition, resulting ipasitive value will alwaysbe negative (see eq 13), although this was the case
for each component oAa due to the effect of the energy in only oneof the complexes studied in ref 13. Moreover, the
denominator. However, for azurins, as for other blue copper model predicts the somewhat unphysical result that the excited-
proteins, there are severmt-d transitions that lie between the  state polarizability isalso negative (eq 14). Nonetheless, one
main charge transfer state and the ground $taevidenced  can say that the value of the polarizability of the charge-transfer
by the weak oscillator strengths of tde-d bands (see Figure  state () derived from eq 14 represents the (negative) contribu-
2), the transition moments between these states and the groungion of the ground state to the expected valuéof a quantity
state are small. As a result, they will contribute negligibly to that is useful in interpreting the results presented here. A
the ground-state polarizability despite the small energy gap calculation based on the spectroscopic parameters of the azurins
involved. In contrast, there is indirect evidence from the (the transition moment of AD azurin is 0.73 éAand the
literature on plastocyanins that the interaction between at leastabsorption maximum in the glasses used here is 16 108)cm
some of thesel—d states and the charge-transfer excited state and eq 15 shows that the ground state contributes a value of
may be substantial. If one or more of thebed levels also lie ~—2.5 A3 to the average polarizability of the charge-transfer
at lower energy than the Franelcondon region of the optically  states, yielding a predictédaof —5 A3 (eq 13). To compare
excited state, these could contribute in a negative sense to itswith our experiments, the result of eq 13 must be divided by 3
polarizability, making the value diho.[negative. li.e., Ao= Y3Tr(Aa)] because we have reportéolhere.

The evidence for a strong coupling between the Franck Realistically, interactions with higher-lying states will con-
Condon and the low-lyingl—d states is that the fluorescence tribute in a positive sense to the polarizability of both the ground
intensities of both azurin and plastocyanin are substantially state and the charge-transfer state. As a result, the valiexf
weaker than would be expected based on the oscillator strengttor the transition is likely to béncreasedmade more positive)
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compared with the prediction of the two-state model. Counter- expression of Cave and Newton (eq 1 in ref 48) for the matrix
acting this effect are the interactions between the charge-transferelement and the values of 1.7 D fphu|, 0.73 eA for the
state and lower-lying ligand-field states, discussed above, whichtransition dipole moment, and 16 100 chfor the energy
may again lower the value @hall The interplay between these separation between the two states in AD azurin yields a value
factors may explain that what we feel is a somewhat fortuitous of ~7800 cnt?! for Ha, This is within the range of what had
degree of agreement between our experimental results and thdeen estimated for MLCT transitions in several small inorganic
predictions of the two-state model. Nonetheless, these modelcomplexed:34548
calculations suggest that interactions between the CT excited For electron-transfer transitions, the valueRgafis estimated
state with both the ground state and the low-lying ligand-field as|&7|/e wheree is the charge on the electron. The values of
states could make an important contribution to the overall value Ry, that are derived from the experimentally derived values of
of [Aall |Au| for most small inorganic complexes that have been
To illustrate the relationship predicted by the two-state model studied to date are significantlgmaller than the physical
between|Au| and [AaJand the properties of the electronic  separation between the two sites in the electron-transfer process,
wave function of the system, ref 13 contains a graph of the which is designated aR.L. For AD azurin, assuming again
percent mixing of the metal and ligand orbitals versus the values that 0.2 is transferred on excitation andu| is 1.7 D, Ry is
of |Au| and [AaOfor an optical charge-transfer transition that calculated to be 1.77 A. For comparison, the crystallographic
would be predicted from the two-state model. A near-zero value value of the separation between the two sites is 2.139 A.
for |Au| and the maximum negative value dhal] are Because the crystallographic data are likely to represent the
predicted for the complete delocalization of the electron between maximunvalue of Ry, with a more accurate value being that
the metal and ligand orbitals. In this context, our findings of a derived from the van der Waals radii of Cu and S, we find fairly
small value off Au| and a negative value é\afor azurin are good agreement betwedy, and Ry.

thereforeboth consistent with a highly covalent €5 bond, Solvation Energies Derived from Stark Measurements.
as predicted previously>27 _ The values ofAu| measured in this experiment also allow us
Field Effect on the Transition Moment of Azurins. It was to estimate roughly the response of the environment to optical

noted earlier that the zeroth-derivative of the absorption excitation of the Ct-S center in terms of the predicted Stokes
spectrum makes a nonnegligible contribution to the fitting of shift between the absorption and emission energies. This result
the electroabsorption spectra of PA azurin and to a lesser extengjves insight into the contribution of solvation of the excited
AD azurin, particularly when compared with the first- and state to the ultrafast pumjprobe studies of blue copper proteins
second-derivative contributions, which are small. (Figures 3¢ that have been published to date. Here we estimate the
and 3d). Generally, a large zeroth-order contribution to the reorganization energy of 36100 cnt! based on an estimate
electroabsorption spectrum (larggin eq 2), is interpreted to  of the local dielectric constant as 2 and a comparison with the
mean that the magnitude of the transition moment is altered by known solvatochromic dye coumarin 153 (C183)or this

the externally applied field, leading to a change in absorption estimate, the value ofAu| for C153 wa 6 D and that of
cross-section. This effect is perhaps not surprising because thereizyrin, 2 D. No attempt was made to account for the expected
are several electronic levels close in energy to the main charge-gifference in cavity size between the two systems. The data for
transfer band in both azurins. Field-induced mixing between the Stokes shift of C153 in various solvents was taken from ref
these levels could therefore have a measurable effect on theqg. The solvation energy for azurin in an environment with a

magnitude of the transition moment between the ground and |ocal dielectric constant of 2 was roughly estimated by calculat-

charge-transfer state. _ o _ ing one half of the observed Stokes shift between the maxima
Earlier we argued that, becauag - is negative, its value is  of the C153 absorption versus emission spectra and scaling this
determined primarily by the value of the termi (eq 2 for shift in wavenumbers by the ratio phu|2 for azurin to that of

x = 54.7). Again, the two-state model can be used to predict C153 (i.e., 2/6?). By increasing the estimated local dielectric
the value ofB;; and therefore obsa7, based on the values of  constant to 182 (dimethylformamide), the predicted solvation
the transition moment, ground and excited-state energy gap, antenergy could be as large as 500 émThese rough estimates

the value of|Au| measured here using eq 16 bel&iw. are in very good agreement with the value obtained by modeling
the absolute Raman cross-sections of plastocyanin using a

B Zuge(Aﬂ)2 — 4(uga)3 Brownian oscillator model to estimate the solvation contribution,

722~ E—E )2 (16) although they are approximately a factor of 2 lower than those

e 9 obtained from a similar analysis for azurin. This may reflect

) o ) ) the possibility, suggested in ref 32, that the solvation energy of
Here again we make the simplifying assumption tBatis azurin could be overestimated because the population decay
the only nonzero element in the hyperpolarizability tensor. For ¢4,5ed by fluorescence could not be taken into account. To allow
AD azurin, this analysis yields aegatie value 0fB;;;[—3.6 a more quantitative comparison between the electronic properties

x 1079 A3/(V/cm)]_, consistent with experimental results. 5nq predicted solvation behavior of azurin and plastocyanin,

However, the predicted value @b, is ~100 timessmaller experiments are now in progress to measure the valugsef

the}il that measured, indicating that terms in the hyperpolariz- 54 aaof the latter systerd
ability tensor other thaB,,,contribute significantly to the overall -
field effect on the transition moment in these proteins.
Electron-Transfer Parameters Derived from Stark Mea- .
surements.The quantities derived for azurin via electroabsorp-  The values of |Au| and [Aal are reported for the
tion may be used to estimate two other quantities of interest in Cys(Sg)—Cu(de-y?) LMCT transitions of two azurinsA.
predicting electron-transfer rates, namely the electronic matrix denitrificansandP. aeruginosaas measured by Stark spectros-
element Hap) linking the two diabatic states in the (optical in  copy. For both speciesiAu| is small (~1.3—2.0 D), in
this case) electron-transfer process and the effective electron-agreement with previous predictions from electronic structure
transfer distanceR;,) between the two centers. Using the calculations and X-ray absorption experiments. The polariz-

Conclusions
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ability of the excited state for the same transition wasaller
than the ground state by about-120 A3. This unusual finding

of a negative value fofAolhas been rationalized within the
two-state model. Finally, we have also derived a value (7800
cm™Y) for electron-transfer matrix elemertt,y, that is similar

in magnitude to those that have been measured for the LMCT
transitions of numerous inorganic complexes.
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