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Abstract

We have applied ultrafast pump-probe spectroscopy to investigate the excited state dynamics of the blue copper
protein poplar plastocyanin, by exciting in the blue side of its 600-nm absorption band. The decay of the charge-
transfer excited state occurs exponentially with a time constant of approximately 280 fs and is modulated by well
visible oscillations. The Fourier transform of the oscillatory component, besides providing most of the vibrational
modes found by conventional resonance Raman, presents additional bands in the low frequency region modes, which
are reminiscent of collective motions of biological relevance. Notably, a high frequency mode at approximately 508
cm~!, whose dynamics are consistent with that of the excited state and already observed for other blue copper
proteins, is shown to be present also in poplar plastocyanin. This vibrational mode is reproduced by a molecular
dynamics simulation involving the excited state of the copper site.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction popularity, particularly because it gives informa-
tion on the excited state nuclear dynam[&5—
8] and in addition circumvents the experimental
difficulties of Resonance RamafRR) spectro-
scopy in discriminating the low frequency modes
[5]. Moreover, the dynamics following the optical
preparation of the LMCT band may provide useful
T Corresponding author. Tels+ 39-076-135-7136; faxi- 39- information on the processes asso_(:late_d with the
076-135-7136. thermal electron transfefET) reaction in blue
E-mail address: cannistr@unitus.itS. Cannistrarh proteins, even if the charge-transfer that occurs is

The application of femtosecond pump-probe
spectroscopy to study the ligand-to-metal charge-
transfer(LMCT) dynamics of several blue copper
proteins [1-4], has very recently gained large
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not precisely equivalent to the physiological ET 10 fs pulse duration, we have revisited the excited
[2,9. state charge-transfer dynamics of pPC by pump-
Femtosecond pump-probe studies on poplar andprobe spectroscopy, exciting the sample protein in
spinach plastocyanifil—3, human ceruloplasmin  the blue side of its strongest LMCT absorption
[2] and azurin[4], have shown a close similarity band(see Fig. 2.
in the photophysics of these cupredoxin proteins. In this paper, we report on the results of the
In most of the blue copper proteins investigated, pump-probe spectroscopy measurements on pPC
it has been found that the charge-transfer state,and discuss them in connection also with those
populated by pump pulses exciting their LMCT concerning the other blue copper proteins investi-
bands, decays to the ground state in a single gated with the same techniqli#—4]. We observe
relaxation step with a time constant of approxi- an exponential fast excited state deactivation
mately 300 fs. Only for spinach plastocyanin, occurring within approximately 280 fs. The Fourier
Edington et al.[1] found that the charge-transfer Transform (FT) analysis of oscillatory pattern
state decays non-radiatively, into an intermediate superimposed to the decaying signal reveals some
d state with a 125-fs lifetime, from which a return vibrational frequencies characterising the conven-

to the ground state with a time constant of 285 fs
occurs.

In a previous study on copper azudi4], upon
excitation with a 10-fs laser pulse centred at 550

tional RR studies of this protein, in addition to a
new intense mode at approximately 508 ©m

whose dynamics is consistent with that of the
excited state. Some low frequency modes are

nm, we have measured a charge-transfer stateobserved between 20 and 80 tin

lifetime of approximately 270 fs with the excited

state deactivation appearing essentially non-radia-

tive. Frequency domain analysis of the oscillatory

In order to rationalise the presence of the novel
500 cnT ' mode, which is common to the excited
state of several blue copper proteins, we have also

component superimposed to the signal decay andperformed a classical MD simulation study of the

due to the pump-induced vibrational coherence in
both ground and excited states, not only revealed
almost all the bands characterising the convention-
al RR spectrum of azurin but, in addition, put into
evidence the presence of other vibrational modes.
The most striking vibrational feature appearing in
the Fourier spectrum of the protein is a relatively
high frequency mode peaking at approximately
500 cnt ! [4]. The linear-prediction singular-value
decomposition(LPSVD) analysis in azurin[4]
provided for such a mode, a time consistent with

the excited state dynamics. This band had been

found also in spinach plastocyanin and human
ceruloplasmin by Book et a[2], who assigned it
to an excited state mode consistently with a Dus-

excited state of pPC reproducing this mode.
2. Experimental and computational methods

pPC is a copper-binding protein of only 99
amino acids in sizésee Fig. 1, belonging to the
cupredoxin family. It is localised in the thylakoid
lumen of the chloroplast and functions in photo-
synthesis as mobile electron carrier, transferring an
electron from cytochrom¢ in photosystem Il to
chlorophyll P700 in photosystem |I.

In the ‘type I' active site of pPC the copper
atom is ligated to a sulphur atom from a cysteine
residue, two nitrogens from histidine residues and
another sulphur atom from a methionine residue

chinsky rotation and suggested the presence of this(a schematic representation of pPC active site

mode as being a general characteristic of blue
copper proteins, although it was not found in
poplar plastocyanin.

In this context, due to our strong interest in the
spectroscopic, molecular dynami@ddD) and elec-
tron transfer properties of poplar plastocyanin
(pPO (see Fig. 2 [10-14 and by taking advan-
tage of an unprecedented high resolution due to

structure is shown in Fig.)1 This site exhibits
unique spectral features that result from the unu-
sual geometric and electronic structures imposed
on the metal ion in the protein environment
[17,19; the most striking one being are its intense
blue colour due to the strong absorption at approx-
imately 600 nm(see Fig. 2. This absorption is
two orders of magnitude greater than that found
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Fig. 1. Three-dimensional structure of pPC showing the copper atom at tHéefop on the right a schematic picture of the pPC
active site is reported. These drawings were generated using coordinates from 1 (Brdd&haven Protein Data Bahk

with normal tetragonal complexdg=5000 M~* using 1 cm path length quartz cuvettes, is shown
cm~ ! vs.e<100 M~ cm™?) in the same spectral in Fig. 1.
region. For pump-probe experiments, %0 of sample

Expression and purification of pPC were carried at a concentration of 0.2 mM were kept in a 0.5-
out as reported elsewhef@0]. The purity ratio mm-thick cuvette. The sample is first excited by a
Asgo/Aseris 1.1. The absorption spectrum of the pump pulse and, successively, the transmission
protein, recorded at room temperature by a double changes induced in the sample are investigated by
beam Jasco V-550 UXisible spectrophotometer, a suitably delayed probe pulse. The change in the
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Fig. 2. Absorption spectrum of pP(Z0 wM in 20 mM sodium phosphalen the visible region(solid line). The laser spectrum
used in the pump-probe measurements is also shalashed ling. The pPC absorption band peaking at approximately 600 nm
corresponds to the(8ys-m) - Cu LMCT transition(see text.

transmitted probe pulse energy induced by the measurements to check that no photodegradation
pump as a function of the time delay between the had occurred.

pump and the probe pulses is recorded. The pump- The pump-probe signal, recorded as the differ-
probe experiments were performed using a non- ential optical transmissioAT/T as a function of
collinear visible optical parametric amplifier, time delay between the pump and probe pulses,
pumped by the second harmonic of g 3apphire consists of an exponential decay with superim-
laser at 1 kHz. The system generates pulses withposed an oscillatory pattern. The decay has been
ultrabroad bandwidth, extending from 500 to 650 fitted by using a single exponential with a constant
nm (the laser spectrum is shown in Fig),2 offset(y(f)=A+B-e~"/"). In order to analyse the
compressed to near transform-limited, sub-10-fs oscillatory component of the signétesidua), we
duration by multiple reflections onto chirped die- have subtracted the fitting exponential decay from
lectric mirrors [19]. Since the main focus of this the experimental data. The residual was firstly
study is vibrational dynamics of pPC, we chose to analysed in the frequency domains, by a Fourier
work with the highest possible temporal resolution. Transform [20], to obtain the frequencies of the
To this purpose we selected a pulse spectrum single vibrational components. Successively, the
peaking at approximately 550 nm, that allows to LPSVD [21] routine provides, amplitudgA),
achieve the shortest pulsd49]. Time resolved phase(d) and exponential decay constdnt) for
measurements at specific wavelengths are obtainedthe vibrational components at frequengyof the

by selecting, after the sample, spectral componentsresidual by fitting it to a function of the form:

of the broadband probe pulse with 10-nm band-

width interference filters and combining differen- S(¢) = Zi[Aicos(viHd)l.)exp(—t/n)] )

tial detection with lock-in amplification.

Absorption spectra of pPC were taken immediately  The frequencie$v,) extracted from the Fourier
before and immediately after the pump-probe spectrum were used as initial parameters.
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The molecular dynamicéMD) simulations of  S(Cys84-ligand bond can be determined, in the
hydrated pPC have been performed by using the frequency domain, by taking the power spectrum
CHARMM package[22] with Charmm?27 as force  of the temporal evolution of the corresponding
field including TIP3 model for water. Details of bond distance as derived from the MD simulated
simulations are reported elsewhdf6]. By such trajectories of the excited state. The power spec-
an approach, the main RR experimental featurestrum P(f) of a functionx(z) has been numerically
approximately 400 cm® have been reproduced by calculated by performing the Fourier transform of
calculating the Fourier transform of the Cu- the autocorrelation function of(7) by the maxi-
S(Cys849 distance autocorrelation functions mum entropy method MEM) ([26] and Refs.
[16,23. therein.

Here we focus our attention to the excited state.

According to experiments, indicating that no net 3. Results and discussion

motion of charge occurs upon excitati¢®4,29,

the excited state of pPC has been described by Fig. 3a shows the time evolution of the pPC
changing the equilibrium distance of the Cu—S pump-probe signal resolved at a wavelength of
bond[23]. On such a ground, the potential energy 560 nm. The signal is characterised, as well as
difference between the excited and ground statesthose obtained at other wavelengths, by a large-
results to be proportional to Cu—S distance amplitude feature at zero time del@gemoved in
Ifcu—Tr 4. Furthermore, a previous study has sug- the figure. The inset in Fig. 3a, that shows the
gested that the related force constanassumes  pump-probe signal of the buffer only, indicates
the same value for both the ground and the excited that this spike is due to the buffer solution. Such
states[23]. In order to reproduce the vibrational a spike has been found also by Book et[al. in
features characterising the excited state, we havetheir pump-probe experiments on other blue copper
extended this model to include the possibility that proteins and has been attributed to non-resonant
the force constant for the excited state might be absorption of the buffer solution. Although the
characterised by a different value from that of the solvent contribution covers the protein signal until
ground state. On such a basis, the potential energya delay time of approximately 100 fs, no oscilla-
difference AV of the excited state has been tions are observed beyond this time delay.

expressed by: The differential optical transmissiofFig. 33
decays from a positive value to the baseline with
AV =(ke—kJx*—2(kx ok § oyt +k x°0e superimposed oscillations. The exponential decay
— kg gt & 2 is due to the recovery of the ground state, while

the oscillatory component corresponds to vibra-

wherex, 4 andry. are the minima for the Cu—-S tional coherence induced by the ultrashort pump
distance in the ground and excited state, respec-pulse in both ground and excited stafs5-§.
tively, k4 and k. are the force constants in the The solid line in Fig. 3a, represents the best fit of
ground and the excited state, respectively, and is the differential optical transmission signal obtained
a constant electronic energy gap. The values of by using a sum of a decaying exponential with a
ky and x4 have been fixed equal to those previ- constant offset(all the fitting parameters are
ously used in Ref[16] [k,=110 kca)(mol A2) reported in the legend of Fig.)3The data fit was
andx, 4=2.10 A] The two parameters,. ang performed starting at the delay time for which the
of Eg. (2) have been estimated to reproduce the buffer response has ceased and a time constant of
absorption spectra and the values obtained are 2.3%approximately 280 fs has been obtained,; this value
A and 13060 cm? , respective[3]. Thek.value  is very similar to that obtained for pPC, spinach
in Eq. (2) has been adjusted to reproduce the plastocyanin and ceruloplasmin by Book et[&],
excited state frequencies of pPC and finally it was and for azurin by the authofd]. This rapid decay,
fixed at 290 kcal(mol A2). due to non-radiative relaxation processes, indicates

The vibrational modes associated to the Cu— that a fairly strong coupling exists between the
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Fig. 3. (a) Differential optical transmission, as a function of pump-probe delay, analysed at 560 nm for pPC. The diamonds represent
the experimental daté&he line is a guide to the eyddata below 100 fs have been removed, see) tekile the solid line is the

best fit obtained by a sum of a single exponential decay with a constant ofget:A +B-e ="/~ . The best-fit valués- are:
0.0074+0.002;B=0.215+0.016; 7 =280.2+26.7. Inset: wavelength-resolved pump-probe signal of bare buffer sol@hip@scil-

latory componentresidua) obtained after subtraction of the exponential fit from experimental data of Fi¢thgaline is a guide

to the eye.

ground and the excited states in all copper proteins lation becoming trapped on the excited state sur-
[2]. face and preventing the reestablishment of the
It is interesting to note that the addition of a equilibrium on the few picosecond time scale of
relatively small offset(3% of the initial fit ampli- the pump-probe experiments.
tude) just above the noise level improves remark-  In order to analyse the oscillatory component
ably the fit of pump-probe signal decay. As superimposed to the probe transmission decay, the
suggested in similar studies on spinach plastocy- exponential fit was subtracted from the experimen-
anin [2] and azurin[4], this offset that appears tal data to produce the residual shown in Fig. 3b.
stationary on the time scale of the measurements,Successively, a careful Fourier transfof20] of
could be an evidence of a small amount of popu- the residual was performed and the spectrum
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features can be overtones of another band situated
508 at lower frequency.

Three low frequency modes can be observed
between 20 and 80 cnt . Also Book et §P]
found low frequency modes in the 35-55 ti
v e region in pPC, spinach plastocyanin and cerulo-
0,6+ 2 < plasmin, and assigned these vibrational features to
protein phonon-like modes coupled to the optical

1,04

0,8+

intensity (arb. u.)
566

048 & S excitation. In azurin three vibrational features
12 3 between 30 and 80 cnt  have been observed by
024 & pump-probe [4] and RR spectroscopie$29).
] Nakashima et al.[3], by studying the charge-
0.0 Noant \ ' transfer dynamics ofynechococcus plastocyanin
"0 200 400 600 by ultrafast pump-probe spectroscopy, focused the

attention just on these low frequency modes and
attributed the strong and quite broad band observed
Fig. 4. Fourier spectrum of the residual shown in Fig. 1b. Most .at approxmately 3.0 cm'  to a de.locahsed mode
of the bands appearing in the figure are typical of the conven- involving the protein skeleton motion. On such a
tional RR spectra of pPC. Three low frequency modes are ground and on the basis of previous inelastic
observed between 20 and 80 thn . The band at 508'cm is neutron scattering result80] obtained by some
that attributed to an excited state mode. of the authors, we attribute the low frequency
bands shown in Fig. 4 to collective modes involv-

) ) o ~ing large biomolecule regions. The presence of
obtained is shown in Fig. 4. Some of the major these low frequency bands might deserve some
bands that appear in Fig. 4 are typical of the pPC pig|ogical relevance: actually quite recently, it has
RR spectrum enhanced via excitation of the protein peen shown that collective modes, with large
in its strong 600 nm absorption baii#7,24. The  amplitude around the active site, function as a
RR spectra of this protein are quite complex and mechanism for an enzyme to achieve substrate
approximately five bands between 350 and 500 recognising specificity31].
cm™* arise from mixing of Cu—S stretching with  However, the most prominent feature in the
multiple heavy atom bending modes involving the Fourier spectrum of the protein is the presence of
cysteinate ligand and adjacent resid{i28,28. A the vibrational band at 508 cm . As mentioned
band at approximately 263 cm  has previously in the Introduction, this band that has been found
been assigned to the symmetric Cu—N stretch from jn the pump probe spectra of spinach plastocyanin
the histidine ligand427,24. In the Fourier spec- [2], human ceruloplasmifi2] and azurin[4] was
trum of Fig. 4, the bands at 426 and 263 T not observed in poplar plastocyarli#].
could correspond to the bands at the same fre- As already observed by Book et al2] the
quency in the RR spectra of the protein, while the assignment of this high frequency band is not
bands at 390 and 365 cri  could be tentatively straightforward. At first, such a mode is not present
associated to the RR bands positioned at 382 andin the conventional RR spectrum of pPC. Further-
375 cnt, respectively, although slightly shifted more, it is not due to the solvent contribution
[27,28. While some RR band§as those at 402, because water does not have any peak in its Raman
441 and 480 cm?! [27,29) do not appear in the  spectrum at this frequency and a pump-probe
Fourier spectrum of pPCFig. 4), other bands are  experiment on the pure solvent did not reveal any
visible in the latter. A band with low intensity oscillation. In order to better investigate the origin
appears at approximately 305 ¢t and two rela- of this mode, we analysed the residual of Fig. 3b
tively strong bands are visible at approximately by LPSVD method[21]. For the 508-crm® mode
565 and 600 cm' . These two last vibrational we obtained a time of approximately 300 fs,

frequency (cm™)
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consistent with the excited state lifetime. This Cu—-3Cys84 bond. Therefore, the observation
finding, which is found in agreement with those that the 500 cm* mode appears in pPC when the
on other blue copper proteig,4], suggested that protein is directly excited in the charge-transfer
it is a vibrational feature typical of the excited band, could be an indication that a different cou-
state nuclear dynamics. This interpretation would, pling between the Cu-S and thk-d transitions
however, be in contrast with the expectation that exists in pPC with respect to the other blue copper
the optical promotion of an electron to an orbital proteins studied.
with less bonding character causes a decrease in Sando et al[33] have recently shown that the
the excited state vibrational frequency. Actually, Duschinsky mixing can affect sensitively the elec-
Book et al.[2] proposed a Duschinsky rotation as tron transfer rate by influencing some relevant
a possible source for a frequency increase in the parameters such as the reorganisation energy.
excited state of spinach plastocyanin and Because the~500 cnm! band is a characteristic
ceruloplasmin. of all the blue copper protein so far studied, it is
The Duschinsky effect arises when an excited conceivable that the Duschinsky effect could play
state has a vibrational normal mode coordinate a fundamental role in the electron transfer proper-
system that is rotated and translated relative to thatties of this class of proteins.
of the ground state[2]. Excited state normal In order to obtain further insights relative to the
coordinates are, therefore, formed from linear com- 508 cnt* mode, we tried to reproduce this vibra-
bination of the ground state normal coordinates of tional band by a classical MD simulation approach
the same symmetry and the resulting mode fre- involving the excited state of the copper site. The
guencies can be remarkably different from the MD simulation capabilities to investigate the vibra-
corresponding ground state frequencies. Book et tional character of the pPC ground state have been
al. [2] suggested that if a Duschinsky mixing recently demonstrated by some of the autHa6
occurs among the spinach plastocyanin Raman- by following the approach originally proposed by
active modes(six modes between 370 and 480 Ungar et al.[23]. Very recently, in this work it
cm™1), involving the Cu—$Cys849 stretch, it is has been shown that the main vibrational modes
possible that a mode at approximately 500¢ém  of the experimental RR spectrum of pPC can be
appears in the excited state. A further indication reproduced by taking the power spectrum of the
that a Duschinsky rotation could take place in temporal evolution of the Cu<8ys84 bond
pPC, as well as in the other blue copper proteins, distance of pPC during the MD simulation run.
is the presence of an intense band at approximately To our purpose, here we have modelled the
800 cnmt in its RR spectrum composed of the excited state of pPC active site by increasing the
overtones and combinations of the plastocyanin equilibrium bond length in the harmonic Cu-—
vibrations between 350 and 500 ci[32]. S(Cys89) interaction[23]. In addition, on the basis
An aspect that needs further comment is con- of the new information provided by ultrafast pump-
nected with the fact that Book et al2], who probe spectroscopy on the excited state and accord-
observed the 500 cnt mode in spinach plasto- ing with the hypothesis of a Duschinsky rotation
cyanin and ceruloplasmin, by exciting at 770 nm, as source of the 508 cm  band, we also changed
corresponding to threg-d transitions, did not find ~ the force constant of the same bond from 110
it in pPC. These authors, aiming at obtaining kcal/(mol A) of the ground state up to 290 kgal
information on the dynamics of the charge-transfer (mol A).
state, excited the samples just in correspondence Fig. 5 shows the power spectrum of the Cu—
to the d—d transitions by taking advantage from S(Cys84 bond distance temporal fluctuation for
the coupling existing between these latter transi- pPC in the excited state; such a spectrum having
tions and the Cu—-S charge-transfer transition. been obtained from a time interval of 800 ps. A
Actually, the dominant vibrational modes probed main peak at 511 cm* appears and represents a
in their pump-probe experiments were effectively vibration mode of the excited state of pPC obtained
those resulting from the optical excitation of the by increasing the force constant of the Cu-—
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Fig. 5. Power spectrum?(f), as a function of frequency, of the pPC Cu€$s84 bond distance fluctuations as obtained by eq. 3

and analysed for 800 ps. The main vibrational feature, consistent with the 508 cm  mode of the experimental spectrum of Fig. 4,
has been reproduced by modelling the excited state of pPC by increasing the equilibrium bond length and the constant force of the
Cu—SCys84 bond(see text. The curve has been obtained by the MEM approach implemented in the TISEANpackagg34]

by using 128 poles and with 1024 frequencies.

S(Cys89 bond. Such an increase is able to repro- the Fourier spectrum of pump-probe signal oscil-
duce the increase in the mode frequency as latory component, we observe the 500¢cm mode
expected from a Duschinsky rotation. Some other already found for some other blue copper proteins
bands, with very low intensity, are visible at [2,4]. A classical MD study of the excited state of
approximately 200—400 cmt . The fairly good pPC copper site confirms that this high frequency
agreement between the MD and the experimental mode is typical of the excited state dynamics and
results indicates the reliability of the approach here strengthens the hypothesis of a Duschinsky rotation
presented to modellise the excited state of pPC as source of this vibrational feature. Duschinsky
and gives some support to the hardening of the phenomenon could play an important role facili-
excited state modes as resulting from a Duschinsky tating the electron transfer process mediated by
rotation. blue copper proteins.
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