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Abstract

Occupancy of the two calcium-binding sites of codfish parvalbumin by the redox-active
probe ions Yb3+ and Eu3+ causes the average tryptophan (Trp) fluorescence lifetime in this
protein to decrease and become non-exponential from the single exponential values found for
Ca2+ and La3+ of 4.45 ns. These observations are interpreted in terms of an electron
transfer (ET) deexcitation mechanism wherein excited singlet state Trp transfers an electron
to the Ln3+ ion, reducing it to the +2 oxidation state and producing a Trp cation radical.
Back ET reestablishes the initial system. The driving forces, DG°, for the Eu3+ and Yb3+

ET systems are different, whereas the nuclear rearrangement factor, l, and electron donor-
acceptor coupling, HAB, of semiclassical ET theory should be nearly the same for both ions.
This allows the l-value to be determined from the measured rates (�2.05 eV). Temperature
dependence studies show that the rate constant for the Eu3+ system is near the activationless
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maximum value. Yb3+ and Eu3+ are established as redox probes of long-range ET in
proteins making Ln3+-substituted calcium-binding proteins convenient model systems for
studying the distance-dependence of ET. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

A major area of study in the field of bioinorganic chemistry is long-range electron
transfer (ET) in proteins [1–4]. Biological electron transfer lies at the heart of many
physiological processes: photosynthesis, production of deoxyribonucelotides for
DNA, and respiration, to name a few. A common feature of a large percentage of
these proteins is the presence of a metal ion binding site or a metal cluster moiety.
Metal ion sites are useful because they provide an electron sink since metals can
easily cycle between redox states. The ease with which metals can change redox
states is determined by both the properties of the metal and the characteristics of
the binding environment that the protein constructs for the metal [5]. The rates at
which the electrons move to and from the metal sites are presumably controlled by
the protein matrix. Detailed knowledge of the factors determining rates of ET is
central to an understanding of how redox proteins function.

Experimental study of electron transfer requires a system that has an electron
donor, an electron acceptor, and a method of initiating the electron transfer
process. Photosynthetic proteins contain a naturally occurring set of electron
donors and acceptors that do just this, the ET mechanism is started with the
absorption of light. There have also been many ingenious semi-synthetic systems
designed to date to study long-range electron transfer in proteins. Proteins that act
as electron shuttles by accepting electrons from one protein and delivering them to
others, such as cytochrome c, have had ruthenium complexes ligated to surface
histidines on the proteins [6–8]. The electron transfer is monitored by instanta-
neously reducing the ruthenium by a number of methods and observing the transfer
of an electron from the reduced ruthenium to, for example, an intrinsic iron(III)
heme. Another method that has been used is monitoring the passage of an electron
between two non-covalently bound heme-containing proteins. One protein of the
couple has its heme substituted with a zinc or magnesium protoporphyrin IX, the
triplet state of this closed-shell porphryin is obtained through photoexcitation and
reduces the iron(III) heme in the adjoining protein [9]. Many biological electron
transfer proteins have been studied using slight modifications of one of these
methods and have added to the understanding of protein control of electron
transfer.

Our recent discovery [10] that tryptophan (Trp) fluorescence in the calcium-bind-
ing protein parvalbumin from codfish is quenched by an electron transfer process
when the lanthanide ions (Ln3+) Eu3+ or Yb3+ are bound at the Ca2+-binding
sites introduces these ions as a new class of electron transfer redox probe for the
study of long-range ET in proteins. The electron donor in this system is a Trp
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photoexcited to a singlet state which then reduces the nearby bound Ln3+ to its
+2 oxidation state. The electron then returns to the Trp radical cation which, in
the case of Yb3+ substituted cod parvalbumin, may leave the Yb3+ in its
electronically excited state. A schematic diagram of our proposed ET mechanism
for Eu3+-substituted and Yb3+-substituted codfish parvalbumin is shown in Fig. 1.
The quenching of the singlet state of Trp by electron transfer is not a new
phenomenon, Trp fluorescence is quenched in Trp-containing azurins where the
electron acceptor is a Cu2+ in a blue-copper site [11], and Eu3+ and Yb3+ are
known to quench Trp fluorescence both in solution [12] and when the indole ring
is covalently attached to an Ln3+ complex [13,14]. The substitution of Ln3+ ions
for the spectroscopically silent Ca2+ ion in calcium binding proteins is also not
new. It is well established that Ln3+ ions represent useful surrogate replacements
for the spectroscopically-silent Ca2+ ion in calcium-binding proteins [15]. The
luminescence of Tb3+ or Eu3+ brought about by either direct excitation or
sensitized by energy transfer from nearby excited fluorophores has been exploited
on numerous occasions in this laboratory and in others to provide information
about the metal ion binding sites as well as other aspects of protein structure
[16–19]. The ability of Ln3+ ions to serve as ET redox centers further expands the
utility of these ions as biological probes.

Parvalbumin belongs to a larger class of calcium binding proteins which are all
characterized by having similar metal binding sites [20–23]. Other proteins in this

Fig. 1. Proposed electron transfer energy level schematic for Eu3+- and Yb3+-substituted codfish
parvalbumin.
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class include calmodulin, calbindin, troponin c and S-100b. The Ca2+ binding sites
in these proteins generally consist of a 12-residue loop connecting two a-helices
(known as EF hands). The metal ligating atoms at each site consist of various
combinations of acidic, alcoholic and backbone carbonyl oxygens located in the
loop as well as supplemental water oxygens. Parvalbumin is a relatively small
protein (12 000 Da) found in the white muscle of vertebrates. Although its exact
function is unknown, parvalbumin serves as a structural prototype for proteins in
this class. It is made up of six a-helices labeled A through F with two calcium
binding sites located between the CD and EF helices. Carp parvalbumin (pI=
4.25), whose X-ray crystal structure was determined early on [24,25], contains 10
phenylalanine residues, but no tyrosine or typtophan. Many isotypes of parvalbu-
min of similar structure are known; one from codfish (pI=4.75) contains a single
Trp and a single tyrosine as well as a complement of 10 phenylalanine residues
[23,26] and its Ln3+ substituted forms have been thoroughly characterized [19,27–
31], which makes codfish parvalbumin an excellent candidate for the study of Trp
photophysics. The CD calcium binding site of cod parvalbumin resides in a loop
consisting of residues 51–62 and the EF site is formed by residues 90–101. The
single Trp is located at position 102 in the protein [26], which begins the F helix.
The through-space distance from Trp 102 to each protein-bound metal ion is about
11 Å for both the CD and EF sites, as inferred from the carp parvalbumin crystal
structure (PDB file 5CPV).

2. Materials and methods

All water used was deionized with a Nanopure system to a resistance of at least
18 MV cm−1. Holo codfish parvalbumin was isolated from fresh codfish according
to the method of Horrocks and Collier [31] and prepared in 0.5–1.0 mM stock
solutions as determined by its molar absorptivity at 280 nm, o280 nm, of 7180
M−1cm−1 [32]. Hydrated LaCl3, EuCl3 and YbCl3 were all obtained from Aldrich
chemicals and used to make ca. 20 mM stock solutions, the exact concentration
determined by an EDTA titration with arzenazo II dye as the indicator [33]. All
samples were 10 mM protein, 100 mM DTT (to prevent dimerization through the
lone cysteine) and diluted to volume with a buffer containing 150 mM NaCl, and
50 mM HEPES adjusted to pH 7.0 by additions of a concentrated NaOH solution.
All Ln3+-substituted codfish parvalbumin samples were prepared by the addition
of at least 3 equivalents of Ln3+ to the holoprotein.

Time-correlated single photon counting experiments to determine Trp fluores-
cence lifetimes were made using a mode-locked Nd:YAG laser synchronously
pumping a cavity-dumped dye laser. The details of the laser system and time-corre-
lated photon counting (TCPC) detection are described elsewhere [34]. The instru-
ment function had a FWHM of about 50 ps. The channel widths for the
multi-channel analyzer were 6.72 ps (channel)−1 for La3+- and Yb3+-substituted
codfish parvalbumin and 3.51 ps (channel)−1 for Eu3+-substituted parvalbumin;
2000 channels were used for all experiments. The largest number of counts in any
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Table 1
Trptophan fluorescence lifetimes of metal substituted codfish parvalbumin

Yb3+Temp (°C) Eu3+La3+

t1 (ns)t (ns) a1
a (%) t1 (ns) t2 (ns) a1

a (%) t2 (ns)

0.90 1.941 5.03 92.180.0 2.13 3.81
94.9 0.918 2.024.94 80.2 2.06 3.57

1.990.9113 4.87 95.378.0 1.98 3.35
96.0 0.91 1.9819 4.78 81.8 1.98 3.33

1.8825 4.68 82.2 1.95 3.22 95.1 0.91
97.6 0.9233 4.54 85.6 1.94 2.093.20

a a1 is the percentage of the tryptophan fluorescence intensity at t=0 due to the t1 tryptophan lifetime
for Eu3+ and Yb3+ substituted proteins.

channel for the TCPC experiments was kept at about 20 000 for all experiments.
The 296 nm excitation light was obtained by doubling the emission of rhodamine
6G dye. Since it is known that the fluorescence of the single Trp in codfish
parvalbumin [19,26,35] and the similar whiting parvalbumin [36,37] decays non-ex-
ponentially over most of its emission envelope, all of our lifetime data was taken at
an emission wavelength of 340 nm where the fluorescence decay of the holo protein
can be fit well to a single exponential [35]. Temperature dependence data was
obtained using a brass cuvette holder through which thermostated water was
circulated. Each sample was allowed at least 5 min to come to thermal equilibrium
in the holder.

3. Results

Our Trp fluorescence emission lifetime experiments reveal single-exponential
fluorescence decays (lem=340 nm) for the holo codfish parvalbumin (Ca2cod) in
good agreement with previous reports [35]. The substitution of La3+ for Ca2+ in
cod parvalbumin (La2cod) produces no change in the lifetime of the Trp fluores-
cence. Upon the substitution of Eu3+ or Yb3+ for the calcium, on the other hand,
the decay of the Trp fluorescence becomes faster and decidedly non-exponential; it
fits well to a sum of two exponential decays. Lifetime data is given in Table 1, and
typical Trp fluorescence decays along with residuals from the fits are shown in Fig.
2.

To determine the origin of the double exponential lifetimes of the Eu2cod and
Yb2cod we titrated Eu3+ and Yb3+ into holo parvalbumin (data not shown). As
the Ln3+ is added the long holo lifetime disappears with the concomitant appear-
ance of both shorter lifetimes. When the protein is fully saturated with Ln3+ (up to
10 equivalents of metal ion), the double exponential lifetime still remains. Since
each Trp has both ET paths available to it in the fully metal-saturated protein, ET
to each site would not be manifested as two lifetimes but as one corresponding to
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Fig. 2. Tryptophan fluorescence decays for La3+, Yb3+ and Eu3+ substituted codfish parvalbumin at
25°C. Residuals are from fitting the data to the the single/double exponential decay functions of Table
1.
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the sum of the ET rates to both sites. We hypothesize that two species of protein
exist wherein the Trp is in two different environments which interconvert at a
timescale longer than the ns regime. The reason for differing percentages of the
fluorescence decay of the two species for Eu2cod and Yb2cod may be due to the
proximity of the EF metal binding site to the Trp 102 pocket. Eu3+ and Yb3+

differ in size by about 0.07 Å, and this difference may perturb the Trp environment.
The rate constant of forward electron transfer, kf, is calculated from Eq. (1):

kf=1/t (Eu2cod or Yb2cod)−1/t (La2cod) (1)

Where the t ’s are the Trp lifetimes of the Ln3+-substituted cod parvalbumin. A
plot of these rate constants versus temperature is shown in Fig. 3. According to
semi-classical Marcus theory [38], ET rate constants, kET, are given by Eqs. (2a),
(2b) and (2c).

Fig. 3. Plots of the temperature dependence of the rate constants for electron transfer in metal
substituted codfish parvalbumin. Circles are the Yb2cod system and triangles are the Eu2cod system.
Filled symbols are the higher percentage component of the Trp fluorescence decay, empty symbols are
the smaller percentage component. The solid lines are plots calculated from Eqs. (2a), (2b) and (2c) with
the parameters of Table 3.
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Scheme 1.

kET=k0e
−DG°

kT (2a)

DG°=
(DG°+l)2

4l
(2b)

k0=HAB
2 ' 4p3

h2lkT
(2c)

Key components of this equation are the nuclear reorganization energy, l, the free
energy of the reaction, DG°, and the electron donor–acceptor coupling, HAB. DG°
for both Yb2cod and Eu2cod is estimated from Eq. (3) [39].

DG°Ln=E(Trp�+/Trp)−ETrp*−E°(Ln3+/2+cod) (3)

Where the reduction potential of the Trp radical cation, E(Trp�+/Trp), is estimated
as 1.13 eV [11], and the energy of Trp in its first singlet excited state, ETrp*, is 3.90
eV. The reduction potential of the protein bound metal ion, E°(Ln3+/2+cod), is
estimated from the thermodynamic cycle in Scheme 1 with aqueous ion reduction
potentials of E°(Eu3+/2+)= −0.35 eV and E°(Yb3+/2+)= −1.05 eV [40] and the
assumption that formation constants for the divalent and trivalent metal binding sites
are Kf(Ln3+cod)=1011 M−1 and Kf(Ln2+cod)=108 M−1. The resulting reduction
potentials are E°(Ln3+/2+)−0.18 eV.

As the electron is transferred from the Trp to the Ln3+, the local environment
around the donor and acceptor will change to accommodate the different charge, size,
polarity, etc. of each. The reorganization energy, l, is defined as the energy needed
to change the local environment of the donor and acceptor from its reactant state
(Trp* and Ln3+) to its product state (Trp�+ and Ln2+) without actually moving
the electron. HAB measures the ease at which the electron is transferred from the donor
to the acceptor; it accounts for the distance-dependence of the ET rate constant. With
the reasonable assumption that HAB and l are the same, or nearly so, for the forward
electron transfer process for both Yb2cod and Eu2cod it is easy to show that

l=
− (DG°Eu

2 −DG°Yb
2 )

4kBT ln (k f
Eu/k f

Yb)+2DG°Eu−2DG°Yb

(4)
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Table 2
Calculation of l from Eq. (4)

Temp (°C) k f
Eu(95%)

k f
Yb(80%)

k f
Eu(5%)

k f
Yb(80%)

k f
Eu(5%)

k f
Yb(20%)

k f
Eu(95%)

k f
Yb(20%)

l (eV)l (eV) l (eV)l (eV)

2.12 2.311 1.912.06
1.892.278 2.082.05

2.2513 2.05 2.06 1.89
2.2619 2.05 2.06 1.89
2.26 1.9025 2.072.05

1.8733 2.06 2.05 2.27
2.0790.025Average91 S.D. 2.2790.0202.0590.004 1.8990.013

The estimated driving forces for the forward ET from Eq. (3) are DG°Yb= −1.54
eV and DG°Eu= −2.24 eV for the Eu2cod and Yb2cod systems, respectively. Since
both Eu2cod and Yb2cod give double exponentials, the question becomes which
rates to enter in the k f

Eu/k f
Yb ratio. Table 2 shows the four resultant l values

obtained for all possible combinations.
Values of l are within one standard deviation when the two predominant

component lifetimes are ratioed and the two lesser component lifetimes are ratioed,
whereas the cross ratios give very different values for l. This result suggests that
either the difference of having Eu3+ and Yb3+ in the metal binding sites shifts the
equilibrium positions of the Trp slightly and doesn’t significantly change l, or that
having Eu3+ and Yb3+ in the sites markedly changes the equilibrium and that each
site has a very different l value.

An independent method of determining l is to fit the temperature dependence of
the ET rate constants to Eqs. (2a), (2b) and (2c). The solid lines in Fig. 3 show the
best fits of the data to Eqs. (2a), (2b) and (2c), and the results are presented in
Table 3.

Since Eqs. (2a), (2b) and (2c) is quadratic in l, two values of l fit the data equally
well. Data from Table 2 suggest that the ET is in the Marcus normal region for

Table 3
Calculation of l and HAB from the fitting of temperature dependent data to Eqs. (2a), (2b) and (2c)

Eu t2Yb t1 Yb t2 Eu t1

2.14 2.24l (eV) 2.05 2.51
1.312.36 4.76 2.28HAB (cm−1)

0.601 0.901r2 a 0.670 0.188

a r2 is the coefficient of determination for the fit of Eqs. (2a), (2b) and (2c) to the data. For n data
points:

r2=1−
� %

n

i=1

(yi−ŷi)
2�,� %

n

i=1

(yi−ȳ)2�
where the y data points are yi, the estimated y values are ŷi, and the mean of all y data is y.
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Yb2cod, i.e. −DG°YbBl, and near activationless for Eu2cod, −DG°Eu:l. This
governed our choice for the correct l from the fit of Eqs. (2a), (2b) and (2c). The
fits are rather poor (r2=1 represents a perfect fit) due to the limited number of
data points and the large amount of scatter, causing the error to be as high as 20%.
Even so, the l values do agree reasonably well with the results obtained from Eq.
(3) and add some validity to the assumption that the l and HAB do not change
drastically for each metal.

4. Discussion

The double exponential nature of the decay of Trp fluorescence upon the
substitution of Eu3+ or Yb3+ for Ca2+ in cod parvalbumin may be due to the
presence of two species wherein the Trp occupies different positions in its pocket.
The origin of the non-exponential decay of Trp, either free in solution or in
proteins, has been debated for some time [35,41–43] and the prevailing explanation
is that the Trp is present in two or more equilibrium positions. An explanation of
the two lifetimes in our present system is that the oxidation potential of the Trp
may be slightly different for each species, by about 0.25 eV. The redox potential of
Trp in proteins is hard to measure [11,44,45], and may change with pH [46]. A
difference in redox potentials for Trp sidechains in non-identical environments
would explain why a single lifetime is observed when non-redox active ions are in
the binding sites of the protein. This interpretation would, of course, require
different DG° values for each species, and this is the subject of ongoing
experiments.

The unique secondary and tertiary structure of cod parvalbumin may allow it to
be used to determine the mechanism of electron transfer from the Trp to the metal.
Two competing theories for how an electron moves between a donor and acceptor
exist. One theory states that the coupling of an electron donor to the acceptor in a
protein decreases exponentially with distance, r, at a rate of b, i.e. k8k0 exp(−r/b),
without regard to the specifics of the protein structure [47–50]. This ‘b theory’
predicts ET from the Trp to either of the metal sites with about the same rate since
both sites are the same distance from the Trp. The competing theory states that the
donor is coupled to the acceptor through an intervening ‘pathway’ constructed of
covalent bonds, H-bonds, and short through-space jumps, making the specifics of
the protein structure very important [51–53]. The ‘pathway’ model predicts about
three orders of magnitude better coupling to the EF site than the CD since the Trp
102 is next to the EF site, whereas ET to the CD site requires a more circuitous
pathway for the electron. The pathway model, therefore, predicts that the ET
reaction involves only the Trp and the EF site. Studies involving site-directed
mutant proteins are in progress in an attempt to resolve this issue.

Our l value of �2 eV is relatively high with respect to current literature values
of l ranging from 0.74 to 1.15 eV [9]. One reason for our large l value may be that
parvalbumin is not a physiological ET protein, so it has not evolved to minimize
the rearrangement of the environment around the Trp and metal ion caused by ET.
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Most ET proteins have their metal sites buried in the protein to minimize
rearrangement [5], yet both the CD and EF sites are rather solvent exposed; the
Ln3+ at each site has at least one coordinated water [30]. Also, Eu and Yb go
through a relatively large change in size on going from their 3+ to 2+ redox
state, further increasing the value of l. We are currently trying to determine the l

value for the Ln3+/2+ self exchange reaction independently.
The introduction of Eu and Yb ions as a new class of electron acceptor probe

opens the study of ET to a wide variety of calcium-binding and other proteins.
While Ca2+ is not redox-active and neither Yb3+ nor Eu3+ are present in
physiological redox centers, the latter nevertheless represent well-characterized
probe species for the study of photophysical ET processes in proteins. Besides, the
study of the rates of ET in non-redox active proteins may shed light on if and how
physiological redox proteins have evolved to optimize l and HAB. Ln3+ ions are
also known to substitute for Fe3+ in certain proteins, e.g. transferrin [54], so
replacement of this ion in redox relevant situations may also prove useful. The
electron donor, in our case a Trp residue in a singlet excited state, provides a
reasonable model for this residue when it acts in the capacity of a ground state
electron donor (to form a Trp cation radical) as has been established in the cases
of ribonucleotide reductase [55,56], compound ES of cytochrome c peroxidase [57]
and DNA photolyase [58]. Our experiments may be relevant to such situations and
preliminary experiments with Yb3+-substituted ribonucleotide reductase have al-
ready been carried out.

The present experiments have the advantage of relative simplicity compared to
some other types of systems that have been used for the study of ET rates in
proteins. In our case the electron donor is a naturally-occurring amino acid side
chain that can be photoexcited to initiate the ET reaction. Site-directed mutagenesis
can be used to provide a variety of species with different spatial positioning of the
electron donor with respect to the metal ion, electron-acceptor site. The preparation
of the electron-acceptor site requires only the replacement of a Ca2+ (or other) ion
at an already existing site. Such replacements often occur spontaneously upon
mixing with a solution of the appropriate Ln3+ ion, as is the case in the present
study.
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W. Lubitz, G. Lassmann, J. Am. Chem. Soc. 118 (1996) 8111.
[57] J.E. Huyett, P.E. Doan, R. Gurbiel, A.L.P. Houseman, M. Sivaraja, D.B. Goodin, B.M. Hoffman,

J. Am. Chem. Soc. 117 (1995) 9033.
[58] C. Essenmacher, S.-T. Kim, M. Atamian, G.T. Babcock, A. Sancar, J. Am. Chem. Soc. 115 (1992)

1602.

.


