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ABSTRACT. To analyze a possible correlation between the extent F @oxidation and protein
dynamics, fluorometric and Misbauer spectroscopic measurements were performed in photosystem I
membrane fragments from spinach. Numerical evaluation of the flash-induced change of the normalized
fluorescence quantum yield revealed that the extent of reoxidation starts to decrease below 275 K and is
almost completely suppressed at 230 K. Detailed analyses stbénier spectra measured at different
temperatures it’Fe-enriched material indicate that the onset of fluctuations between conformational
substates of the protein matrix occurs also at around 230 K. Based on this correspondence, protein flexibility
is inferred to play a key role for J reoxidation in photosystem Il. Taking into account the striking
similarities with purple bacteria and the latest structural information on these reaction centers [Stowell,
M. H. B., McPhillips, T. M., Rees, D. C., Soltis, S. M., Abresch, E., and Feher, G. (198énce276,
812-816], it appears most plausible that also the headgroup of plastoquinone-9 bound todite iQ

PSII requires a structural reorientation for its reduction to the semiquinone.

The essential steps of photosynthetic water cleavage takelLikewise, the structural features are inferred to exhibit
place within a multimeric complex referred to as photosystem striking similarities 8, 4). This idea is supported by recent
Il (PSII)* that is anisotropically incorporated into the findings indicating that the pattern of hydrogen bonding of
thylakoid membrane. PSIl acts as a light-driven water Q," in PSII resembles that of purple bactert. (
plastoquinone oxidoreductase which gives rise to formation There exist several lines of evidence that the electron-

of molecular dioxygen released into the atmosphere andtransfer steps from 0 to Qs (Q3°) require structural flex
. . B =
bound hydrogen in the form of plastoquinol (PQH The ibility of the protein matrix. This process was found to ex-

latter reaction comprises a sequence of two univalent ibit a striking t ture d d Ith blocked
electron-transfer steps at a special protein pocket designate&” It a striking temperature dependence. ecomes biocke
at lower temperatures in both purple bacteBagnd PSII

as the @-site where a transiently attached plastoquinone-9 A s
molecule becomes reduced by the one-electron dogar @ (7): Analyses of the temperature dependence frQoxi-
Component Q is a plastoquinone-9 molecule that is fixed dation led to the conclusion that the transition of PSII centers

by comparatively tight noncovalent binding and becomes from inactive into active state for electron transfer is an
reduced to its semiquinone form,Qas a result of the entropy-driven process with a significant increase of 370 J

-1 —1 1 —1 i
indispensable stabilization of primary charge separation [for K™ mol™ and 240 J K moll n thyjakmds and PSlI
a recent review, seel)|. The first electron transfer from membrane fragments, respectivedy.( Direct proof for the
Q" to Qs leads to a semiquinone {Q which exhibits a idea of electron transfer coupled to protein dynamics was
A .
high affinity to its binding site. After reduction by a second recently presented by X-ray crystallography of reaction

step and concomitant protonation from the stroma side, PQH centers from the purple bact_eri_Lmhpdobacter sphaeroides
is formed and subsequently exchanged by another oxidized!t Was found that the headQis displaced by about 5 A
PQ molecule from the pool. The functional organization of from the position of @ and the headgroup had rotated by

this process closely resembles that of ubiquinol formation 180" around the isoprene chaifl)(  Analogous studies on
in anoxygenic purple bacteria [for a review, se®)].( PSII cannot be performed so far because crystals of suitable

diffraction properties are lacking. Therefore, another ap-
proach has to be used. Nsbauer spectroscopy has been

T This work was supported by the Deutsche Forschungsgemeinschaft

(Pa 178/14-3, Re 354/11-3) and the Fonds der Chemie. proved to provide a powerful tool to study the flexibility of
:Corres_,ponding_authpr. i iron-containing proteins [for a review, se&f]. The inner
Technische UniversitaMunchen. core of PSII contains two types of iron centers, the heme

§ Technische UniversitaBerlin.
1 Abbreviations: PSlI, photosystem II; PQHplastoquinol; NHE, group(s) of cytochrom®&559 (cytb559) and the non-heme

non heme iron; cyb559, cytochromé559; hs, high spin; Is, low spin.  iron located between Qand Q. The latter type of iron is
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assumed to be coordinated by four histidines in an analogous 1.0 - M
i

manner as the corresponding non-heme iron in reation centers '""“"-”."'“’“'m’“"‘f“‘m"‘*)N‘vrMrw;~"Lr.nu*'\‘J;u&uJw.s'“‘r«na.ﬂ'L"p.‘““'m—MvM.“w""”“L¢W'““»'r““""‘f‘"“‘”“””“""‘“““'w'4v‘u
of purple bacteria3, 4), but the glutamate is replaced by og b & T=218K
bicarbonate acting as bidendate ligatd)( This difference N
in coordination might be responsible for the markedly lower oyl A s o o
redox potential of the NHE couple FéFe** in PSII (12— T=248K |
14). Mossbauer spectroscopy was successfully applied to |

unravel structurefunction relations of the acceptor side of 04 r EH
purple bacteria. It revealed a striking dependence of Q %W“"A‘MM””wv“uﬁ,,,m,W T T R
reoxidation on protein flexibility §). Analogous measure- 02} VR B i o
ments in PSIl preparations were performed only recently. T=293K
In a short report, the reoxidation of ,Qwas shown to 0.0 1 : . . .
“freeze out” in a temperature region where the mobility of 0 2 4 6 8
the iron becomes markedly restrictetl5(. The present time [s]

report is a detailed study which shows that in PSII similar Ficure 1: Normalized Q™ concentration as a function of time in
. . . . . dark-adapted PSII membrane fragments at different temperatures.
structure-function relations exist for (J reoxidation as in - For experimental details, see Materials and Methods.

purple bacteria.

3
MATERIALS AND METHODS Q] =[Qt=0)Y aexpltr)+a, (1)

&
PSIl membrane fragments were isolated from spinach

according to the procedure described ¥g)(with slight The decay kinetics are ascribed tq Qeoxidation by (i)

modifications according tol(). After the final isolation. Qs(Qg) in PSII complexes with a @site which is occu-

step, the PSII membrane fragments were resuspended in 1?)ied by a PQ-9 molecule when,Qis formed @, 72), (ii) a

mM MES/NaOH (pH 6.5), 15 mM NaCl, 4 mM Mggl400  py.g molecule of the pool which diffuses to an empiy Q

mM sucrose to chlorophyll concentrations of about 5 Mg/ ijte @,, 1,), and (jii) recombination reactions with the donor
mL. The samples were frozen in small aliquots in liquid gjqe Ga, T3).

nitrogen and stored at80 °C until use. In PSII membrane fragments with an intact water-oxidizing

Flash-induced changes of the fluorescence quantum yie|dcomplex (WOC) P680 becomes rapidly reduced by tyrosine
were monitored with home-built equipmeritd]. Y followed by electron transfer from the WOC to; Yfor

For Mossbauer spectroscopy, the samples were isolateda review, see 22)]. Therefore, a back-reaction between
from spinach grown hydroponically in &Fe-enriched Q" and either P680 or Y(ij is negligibly small when the
medium. The’Fe-PSIl membrane fragments were concen- electron transport to thegite is intact. If this reaction is
trated by centrifugation at 165090 Mossbauer experiments  pjocked (e.g., by DCMU), @ becomes reoxidized by the
were performed at 155 K in a weak magnetic field perpen- wWoOC in redox state Sor S. Typical lifetimes are of the
dicular to they-beam using &'CoRh source as described in  order of a few seconds at room temperature and 2 min at
(10). All spectra were fitted by Lorentzians. The isomer 258 K (23). If one takes into account that the donor side
shifts are given relative to metallic Fe as a reference. reactions leading to-Sormation are not thermally blocked
at T = 200 K (24), the donor side can be ignored for
interpretation of Q* reoxidation within a 10 s time domain.
The small fraction of less than 10% found fmyis ascribed
to PSIl complexes which are not fully intact. This minor

ontribution will be neglected because it is not relevant for

the topic of this study. Therefore, the normalized extent of

RESULTS AND DISCUSSION

To analyze the correlation between electron transfer from
Q," to Qs and the protein dynamics, comparative measure-
ments were performed on the temperature dependence of bot

roperties. ) . : -

P p, _— . ay reflects the fraction of ¢J which remains oxidized due
Q. Reoxidation as a Function of Temperaturdhe 4 incomplete electron transfer to PQ-9 in the-gte. At

extent of Q" reoxidation was determined by measuring the (gom temperature, this phenomenon can be consistently

transient ﬂaSh_inS)lrJ”?ed change of the normalized fluorescenceexmained by an equilibrium QQg/Qg"Qa with a constant

quantum yieldf, (t), as outlined in previous studies [see K__ of the order of 10 corresponding with a Gibbs energy
(19) and references cited therein]. Taking into account the gap of 56-80 meV between states;(Qs and Q./Qx

nonlinear relationship betwedfg;"(t) and the normalized (3 25).

population of [Q@°(t)] (20), the latter parameter can be The value ofa, was found to increase drastically in

calculated_ by assumi_ng_reasonable values for the pargmeter%ybkoids and PSII membrane fragments at lower temper-
that describe the excitation energy transfer between different g4 ,res. |t approaches a value of close to 1 at 200 K; i.e.

photosynthritrirg units(1). T.ypical traces of [@(t)] gath- the electron resides at,Qin all PSIl complexes within a
ered fromF; "(t) at three different temperatures are shown time domain of 10 s after the actinic flash. This finding has
in Figure 1. been interpreted by the assumption that the energy gap

At room temperature, the time course A[§] can be becomes much larger (increase By100 meV) due to
described by a triexponential decay and an offset that doesstructural constraints exerted by the protein matrix. Based
not relax within a time domain of 10 s after the actinic flash on this idea, a most simple model has been proposed which
(8, 19): includes only two states: an “active conformation” that
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FiGure 2: Temperature dependence of the amplitadeof the g
nonrelaxing component of £ reoxidation in dark-adapted PSI| —
membrane fragments. For details see text. iy 100
permits Q" reoxidation by @ and an “inactive conforma- £ 99
tion” where this process is blocke8)( This basic idea on é
the role of protein dynamics in electron transfer from'Q £ 98
to Qs is supported by theoretical calculations for the reaction =

centers of purple bacteri2®). The increase o0&, can be
interpreted to reflect a “freezing out” of the mobility 0fz;Q
that is indispensable for its capability to accept electrons from o _
Q.. For the sake of direct comparability, tiae values FiGURE 3: Representative Misbauer spectra &fFe-enriched PSII

. . membrane fragments at 250 K (A), 200 K (B), and 155 K (C).
were determined as a function temperature for tfiee- Closed circles: experimental values. The thin-lined curves show

labeled PSII membrane fragments used in this study for the contributions of three quadrupole doublets simulated by
measurements of Misbauer spectra. The results are de- Lorentzians. The associated iron species are NHE Fe(ll)hs (solid

picted in Figure 2. They are in perfect agreement with curve), cyt559 Fe(ll)ls (dashed curve), and Fe(liDis (dotted curve).
previous findings §). Of special relevance for the topic of The heavy-lined curve is the superposition of these components.

hi is th r fin mparativel
this study is the steep decreasea a comparatively Table 1: Mmsbauer Parameters of the Iron Centers Obtained from

narrow _reglon _b_e_tween 230 ar_1d 260 K. . a Least-Squares Fit of Lorentzians to the Absorption Spectra of PSII
Protein Flexibility as a Function of Temperaturé-igure Membrane Fragments at 155 K

3 shows the Mesbauer spectrum of’Fe-labeled PSII
membrane fragments measured at 155 K together with
spectra at 200 K and 250 K. The deconvolution into one joncenter ~ (mmis) (mm/isk3) — (mmis)  (mmis K
asymmetrical ar_1d two sym_metrlcal quadrupole dou_bl_ets with oytb559 Fe(l) 044 —28x10% 094 <-2x10°
values for the isomer shifts and quadrupole splitting and ~ jow spin

their assignment to different iron centers compiled in Table cytb559 Fe(lll) 021 -34x10* 203  <-1x10°
1 agree with previous reports in the literatu®,(27). As low spin

; . NHE Fe(ll) 114 -59x10%*  2.67 —45x 1073
the samples contain a heterogeneoush®f9 population high spin

V\{ith a high- and a lOW'p_OIential _form [for. a recent re- a2 The temperature dependence is obtained from the spectra in the
view, see 28)], the heme iron attains two different redox temperature range of 12®50 K by smoothing procedures described
states at ambient potentials of the buffer, i.e., Fe(ll) and in the text.

Fe(lll) which are both in the low-spin configuration. Ac-

cordingly, two doublets are due to dy&59. The third doub-  andcis a constant. The indexrefers to the different iron
let originates from the non-heme iron center that exhibits species.

S5 4 3 2 -1 0 1 2 3 4 5
velocity [mm/s]

isomer shift quadrupole splitting

type of 155 K value slope 155 K value slope

hyperfine parameters typical for a high-spin Fe(IBOX The constant can be obtained by taking into account the
Earlier studies revealed that the non-heme iron is found in fact that in many proteins tHa2Cvalues depend linearly on
two different microenvironments af = 80 K (30). At temperature between 180 K and about 20 K. Absolute mean

temperatures above 100 K, this difference could not be square displacements are gathered from a linear extrapolation
resolved, and therefore the Lorentzian doublet gathered fromgnd the classical conditiod2= 0 for T = 0 K.
deconvolution of the Mssbauer spectra represents the  The hyperfine parameters of the “M&bauer spectra at
average values of both types of non-heme iron centers.  different temperatures were obtained by a least-squares fit.
For an analysis of the protein dynamics, the Lamb The results are summarized in Table 1 for one temperature.
Mdssbauer factof, has to be extracted from the aréaof A comparison of the Mssbauer parameters at different
the Massbauer spectrum for each temperature. For the irontemperatures (not shown) reveals that the quadrupole splitting
speciesi, the mean square displacemeBlf(T)D can be of the non-heme high-spin iron, NHFe(Il)hs, exhibit a marked

obtained from decrease with increasing temperature, while those of the low-
spin heme iron species, HFe(ll)ls and HFe(lll)ls, remain
A =cf(T)=c exp(—4n25ki2('l')ﬂlz12) (2) constant within the limits of statistical errors. The corre-

sponding isomer shifts were found to decrease weakly toward
wherel equals 0.86 A for the 14.4 keV radiation of>’Fe higher temperatures. In a second step, an averaging of the
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Ficure 4: Mean square displacements of the different iron centers
(symbols) in PSII membrane fragments. The contributions due to
solid-state vibrations are marked through lines. Closed triangles
and solid line, NHE Fe(ll)hs; crosses and dashed line,b&#9
Fe(ll)Is; closed squares and dotted line, bgb9 Fe (Il)Is.

isomer shifts and the quadrupole splittings was performed,

allowing a linear temperature dependence (slope in Table

1). With respect to the line width, different procedures were
used for Fe(ll) and Fe(lll) species. For the ferrous iron
species, the fluctuations of the line widths are smoothed by
averaging the values of the fitted Lorentzians in the range
of 120-200 K. Values above 200 K were not used because
the statistical error of the data was too large. To obtain an
optimal accuracy for th@f(ﬁ[k/alues, all Mesbauer spec-
tra were refitted with the smoothed parameters allowing only
a variation of the absorption areas In the case of ferric
iron, the data analysis is more complicate. The rising mag-
netic hyperfine splitting due to a decrease in temperature
has to be taken into account by broadened lines within the
Lorentzian approximation. Therefore, the experimental line
width of Fe(lll)Is is given by

r 2+ T

nat 1

exp

nh + rreI (3)

wherelha is the natural line width of th&€’Fe Massbauer
transitions and the factor 2 counts for the source and the

Garbers et al.

flexibility and electron transport. Earlier investigations have
shown that in proteins bound to membrane fragments free
diffusion processes can be ignored and, theremf(aT)Dis
described by a sum of two contribution®1( 32):

B(T) 0= B (T)TH BE(T)O (4)

% ,(T)Orepresents solid-state vibrations, and,(T)Cac-
counts for the fluctuations between conformational substates
of the protein often called protein specific dynamics [for a
review, we refer to §3)].

Recently it was shown thaB’(T)can be essentially
explained by a normal-mode analysis in the case of myo-
globin (34). The contributions of¥’(T)Odue to the three
different iron species in PSIl membrane fragments are
represented by solid, dotted, and dashed lines in Figure 4.
The fluctuation between conformational substates giving rise
to D@'DD are “frozen out” at low temperatures, and,
therefore, this additional contribution ta&’Cloccurs only
above a certain threshold temperature. These fluctuations
can be understood by a quasi-diffusive motion of segments
of the protein molecule around the average position.

In several proteins, the characteristic temperattigefor
a drastic nonlinear increase is at about 18K, 31). An
inspection of the results of Figure 4 reveals that the low-
spin Fe(lll) species might behave similar while the onset of
the increased spatial fluctuations of both Fe(ll) species occurs
at markedly highefl, values of about 230 K.

Evaluation of the Mesbauer spectra and optical measure-
ments revealed that the PSII membrane fragments contain
almost two cyt559 per PSII [81); see alsoZ8)] with about
50% in the high- and low-potential forms, respectively.
Accordingly, under our experimental conditions, ©#59
attains both the Fe(ll) and Fe(lll) forms in a ratio close to
1.1. Recently it was shown that one of the heme groups is
probably bound to ano, and the other one to &,
homodimeric protein matrix with the former located at the
stroma and the latter at the lumen si@®)(

Itis, therefore, conceivable that the protein dynamics could
be different for these two forms. An attractive possibility
is the idea that both types of chb59 differ in their redox

absorber] ' reflects the contribution caused by relaxation, potential and the site of location. The Fe(ll)Is of the high-
while T, accounts for the inhomogeneous environment of potential form could be located near the acceptor side, and
the Fe(lll) within the proteins. in this way both Fe(ll) species are expected to exhibit sim-
Based on the above-mentioned data analysis, the kamb ilar protein dynamics as deduced from Figure 4. Further
Mdossbauer factors of each iron species can be determinecexperiments are required to clarify this point. Regardless
and the mean displacement calculated by using eq 1. Theof this particular problem, the above-mentioned consideration
&I.Z(T)D\/ajues obtained are shown in Figure 4 as a function clearly indicates that the protein dynamics of the non-heme
of temperature. Two characteristic features emerge from thisiron species of PSIl undergo a significant change at around
plot: (i) below a characteristic temperatufg, all three iron 230 K.
species exhibit a linear dependence of the mean square Based on the above-mentioned considerations, straight-
displacements off; i.e., belowT. the slope ofAGXT)AT  forward conclusions can be obtained when the valb@s
is constant while it undergoes a pronounced increase aboveare derived from the sum of the areas ofddbauer spectra
T.; and (ii) for the low-potential cyt 599 species, HFe(lll)ls, belonging to the two Fe(ll) species. The temperature
the value of the constant slopeX*(T)[AT is much smaller ~ dependence of thes&’[values is depicted in Figure 5. For
belowT, than the corresponding values for the high-potential the sake of direct comparison, also the data of Figure 2 are
cyt b559. HFe(ll)ls and the NHFe(ll)ls show almost the redrawn that describe the temperature dependence,bf Q
same slope. reoxidation. The virtually identical onset of a drastic increase
With respect to the protein dynamics, the drastic increasein both curves above 230 K provides convincing evidence
of ¥(T)Jat a characteristic temperatufig is the most for a correlation between protein dynamics and the electron
interesting feature for a possible correlation between proteintransfer from Q" to Qg in PSII. Protein fluctuations are
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FicurRe 5: Mean square displacements obtained from the ferrous

absorption areas of PSIl membrane fragments (closed circles) and

contribution originated by solid-state vibrations (thick solid line).
The onset of protein-specific dynamics correlates to the increase
in the efficiency of electron transfer from,Q to Qs(Qs~) (open
circles). The corresponding results found in chromatophore mem-
branes from the purple bacteriuRhodospirillum rubrum(Parak,
1980) are added in the figure (stars, thin solid line, and crosses,
respectively). Dashed lines are interpolations.

the lubricating grease for structural changes. This was also
demonstrated in the case of myoglobin. Here, structural
relaxation from the ligated to the unligated conformation
[compare, e.g.,37)] becomes efficient only at temperatures
aboveT,, where protein-specific fluctuations are activated
(38).

The idea of an intimate coupling between protein flexibility
and Q" reoxidation by @ gains strong support by a
comparison with corresponding data from purple bacteria
where a drastic reorientation of the quinone headgroup in
state @° was observed by X-ray crystallographg).(

The corresponding data for the temperature dependence 15.

of Q," reoxidation and protein fluctuation§k,-2('|7|] in the
purple bacteriumRhodospirillum rubrumreported in a
previous study §) are redrawn in Figure 5. In this case,
qualitatively the same correlation is observed between the
onset of the electron transfer reaction and@T)[] This
phenomenon, together with the distinctly different constant
sIopesADkf(‘DMAT below T, suggests that the solid state
properties of the matrix markedly differ in purple bacteria
and PSII. An independent line of evidence for this idea is
provided by the recent finding that a replacement of
exchangeable protons by deuterons gives rise to different
kinetic isotope effects on the electron transfer from BPheo
to Qa in both types of organisms39).

CONCLUDING REMARKS

The present study provides direct experimental evidence
for a close correlation between,Qreoxidation by @ and
protein dynamics. Based on the striking similarity with
analogous features in purple bacteria, it is inferred thgt Q
formation in PSII requires a high flexibility of the PQ-9
molecule bound to the £site. It is attractive to speculate
that the headgroup of PQ-9 associated with thesi@e
undergoes a similar spatial displacement upon reduction to
Qg as recently unraveled in purple bacter®. (The idea
is highly supported by recent findings indicating that in
samples where stategQis populated before freezing the

Biochemistry, Vol. 37, No. 33, 19981403

Q,’ reoxidation can take place at much lower temperatures
than in dark-adapted PSII membrane fragmetfds (Despite
similarities in the basic principles, it is also expected that
guantitative differences exist because neither the functional
redox group (ubiquinone versus plastoquinone) nor the
structure of the @site are identical in purple bacteria and
PSIl. These differences are reflected by a gap of about 50
K in the threshold temperatures.
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