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Abstract. The secondary acceptor A~ of the electron transport chain(s) of photosystem (PS) I i s  a 
phylloquinone (vitamin K~, VK~). Pulse electron paramagnetic resonance and electron nuclear double 
resonance (ENDOR) experiments at X-band frequencies were performed on the photoaccumulated ac- 
ceptor radical A i- and the radical pair state P);oA~- in PSI  of Fhermosynechococcus elongatus. The 
data obtained were compared with data from the respective radical anion of VK I in organic solvents. 
The unusual g tensor magnitude of A~- is explained by the hydrophobic binding pocket of this radi- 
cal. The hyperfine couplings and the spin (and charge) density distribution is very different for A;- 
in PSI  and VK;- in frozen alcoholic solution. This is attributed to a rather strong one-sided hydro- 
gen bond to A;-. The presence of a hydrogen bond to A~- has only a minor effect on g. The hyper- 
fine coupling constants of A;- determined from the radical pair spectra deviate only slightly from 
those derived from photoaccumulated A;- in PSI  treated with dithionite at high pH. ENDOR reso- 
narices of the proton in a H bond were detected and ah estimate of the strength and geometry of 
this bond to A;- was obtained. The significance of the hydrogen bond and other (hydrophobic) in- 
teractions of A l with the surrounding are briefly discussed. 

1 Introduct ion  

In plants ,  a lgae  and cyanobac t e r i a  the l i gh t - i nduced  cha rge  s epa ra t i on  o f  pho-  

tosyn thes i s  occurs  in two large m e m b r a n e  pro te ins ,  ca l l ed  p h o t o s y s t e m  I (PS 
I) and p h o t o s y s t e m  II (PS II). PS I ca ta lyzes  the e l ec t ron  t rans fe r  f r o m  p las to -  

c y a n i n  (or c y t o c h r o m e  c6) on the l u m e n a l  s ide  to f e r r e d o x i n  (or  f l a v o d o x i n )  
on the s t romal  s ide o f  the m e m b r a n e  v ia  an e l ec t ron  t ranspor t  (ET)  cha in  [ 1 -  
3]. PS I f r o m  Thermosynechococcus elongatus was c ry s t a l l i z ed  and  an X- ray  
c rys t a l l og raph ic  s t ructure  at 0.25 nm re so lu t i on  has r ecen t ly  b e e n  ob t a ined  [4]. 
The  pro te in  c o m p l e x  consis ts  o f  12 subuni t s  that  con ta in  96 c h l o r o p h y l l  a m o l -  
ecules ,  22 ca ro teno ids ,  three 4 F e 4 S  centers  and two p h y l l o q u i n o n e  ( v i t a m i n  K~, 
VK~) mo lecu l e s .  The  cofac tors  o f  the ET cha in  are a r ranged  in two  b ranches  
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as pairs of  molecules related by a pseudo-C 2 axis. After light excitation an 
electron is donated from the primary donor P700, a pair of  chlorophylls, to 
monomeric chlorophyll a (acceptor A0), phylloquinone (A 0 and the three FeS 
centers (Fx, F A and FB) [2]. [t has been controversially discussed in the litera- 
ture [5, 6] whether both pigment branches are actively involved in the ET (for 
a review see ref. 3). 

Electron paramagnetic resonance (EPR) techniques have been wjdely applied 
to study the radical ions and radical pairs created in the light-induced ET pro- 
cess in P S I  [7-12]. In this communication we focus on the P S [  acceptor side, 
i.e., on the quinone radicals. The identification of  the secondary electron ac- 
ceptor A~ with a quinone was first shown by transient EPR performed on the 
secondary radical pair P7~0A[ -, and later by EPR/ENDOR (electron nuclear 
double resonance) on the photoaccumulated radical Al- [13-15]. Further sup- 
port came from transient EPR experiments at 94 GHz [16, 17] and EPR at 283 
GHz [18] that identified a radical with a g-anisotropy typical f o r a  quinone 
anion radical [19, 20]. Excellent agreement of  the EPR characteristics of  A;- 
in PS I and of  VK i- in polar (ether) solvents has recently been demonstrated 
[21]. 

An interesting feature of PS I i s  the very negative redox potential of  all the 
constituents of  the ET chain, e.g., the potential of the Al/A~--couple is estimated 
to about - 8 0 0  mV [22, 23] as compared with that of VK~/VK i- in water of 
- 1 7 0  mV (vs. normal hydrogen electrode, NHE) [24]. This large difference must 
be due to the specific protein surrounding of the quinone binding pocket. Ac- 
cording to the crystal structure of P S I  of T. elongatus the two quinones are in 
a very similar surrounding [4]. They are located in hydrophobic binding pockets 
in the psaA and the psaB subunit of the protein and probably interact both with 
the backbone N-H of a leucine (Leu A722 and Leu B706, respectively), which 
forro one-sided hydrogen bonds to the oxygens (04) of  A~- (see Fig. 1). Fur- 
thermore, one tryptophan (Trp A697, Trp B677) is n-stacked to the quinone rings, 
distances range from 0.30 to 0.35 nm [2]. The electronic interaction of the Trp 
with Al- has been demonstrated by electron spin echo envelope modulation 
(ESEEM) experiments [25]. 

The g tensor components o f  quinone radical anions ate good indicators for 
the polarity of  the radical's surrounding [20, 21, 26-29]. The g values obtained 
for A i- in P S I  show that the environment must be very hydrophobic in agree- 
ment with the information deduced from the X-ray crystallographic structure [2, 
4]. The measured hyperfine couplings (hfc) of  Al- [15, 30] indicate, however, a 
very strong shift of spin density in this radical that could be caused by asym- 
metric hydrogen bonding (to 04 of VK~). Such a one-sided H bond has indeed 
been found in the X-ray structure (Fig. lb). Obviously, this single H bond has 
no significant effect on the g tensor but profoundly affects the hfcs. 

So lar there has been no direct evidence, e.g., from ENDOR spectroscopy 
on D20 exchanged samples, for the existence of such a H bond, since H-D ex- 
change has been unsuccessful and the rich structure in the ENDOR spectra could 
not be fully interpreted. One of the problems is that the radical of the second- 
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Fig. I. a Molecular structure and numbering scheme of vitamin K t (phylloquinone). The molecular 
axes system is shown (z-axis perpendicular to the Ÿ of VK~ and x parallel to the C-O bonds). 
The g tensor axes are assumed to be parallel to the molecular axes, see refs. 20 and 67. b Binding 
site of A~ in PS I (psaA subunit) from ref. 4 inctuding three surrounding amino acids. Note that the 
backbone N-H of Leu A722 is in H-bonding distance to the C-O group at position 4 of the VK, 

(0.274 nm). The isoprenoid chain of VK~ has been truncated for clarity. 

ary acceptor A~- must be photoaccumulated in prereduced PS I. During this 
process structural changes o f  the c0factor and/or the protein cannot be excluded. 

However, it has recently been shown that pulse ENDOR spectroscopy can 
also be performed on the light-generated secondary radical pair P7;0Ai - [31, 32], 
which has a lifetime of  about 200 gs. This provides the possibility to directly 
obtain information on the quinone anion radical in the photoactive state on a 
microsecond time scale avoiding possible effects occurring due to the high pH, 
the dithionite treatment or the prolonged photoaccumulation procedure. This tech- 
nique has recently been used to study the native P S I  and several pathway 
mutants containing other quinones and point mutations near the quinone accep- 
tor [33-35]. 

Here we presenta  comparison between the secondary acceptor in the photoac- 
cumulated state A i- and in the secondary radical pair state P~~0A~- by time-resol- 
ved pulse ENDOR spectroscopy. Furthermore, the existence of  a hydrogen bond 
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is demonstrated and analyzed by ENDOR. Together with g tensor data from high- 
field EPR a detailed picture now evolves for the electron acceptor A i- in P S I .  

2 Materials and Methods 

Vitamin K 1 was purchased from Merck and used without further purification. 2- 
propanol, 1,2-dimethoxyethane (DME) and 2-methyl tetrahydrofurane (MTHF) 
were obtained from Fluka and were all spectroscopic grade. 

The radical anion VK~- in 2-propanol was generated by addition of  potas- 
sium tert-butylate in tenfold excess to a 10 mM deoxygenated quinone solution 
under argon. In ether solution (2:1 mixture of  DME-MTHF) the radical anion 
was generated by potentiostatic coulometry of  a 3 mM quinone solution with a 
tenfold excess of  tetra-n-butyl ammonium tetrafluoroborate as supporting elec- 
trolyte. The electrolysis was performed in a vacuum cell described in reŸ 36 and 
the samples were sealed under vacuum. 

The isolation and purification of  P S I  particles from the cyanobacterium 
Thermosynechococcus elongatus (formerly Synechococcus elongatus) is described 
in ref. 37. 

The generation of  the radical anion A~- in P S I  followed a protocol described 
in ref. 18. Here the P S I  particles were prereduced with 30 mM sodium dithionite 
at pH 10 in the dark at 4~ for 30 min followed by photoaccumulation of  A~- 
at T = 205 K for 5 min with two 150 W halogen lamps (4 cm water filter, cut- 
off 750 nm). Under those conditions the formation of other radicals (Al-) was 
not detectable for T. elongatus [30]. 

EPR sample preparation and measuring conditions for pulse ENDOR mea- 
surements on the secondary radical pair P~;oA[- are as outlined in ref. 32. The 
light-induced radical pair P:;~0Ai - has been created by in situ repetitive laser ir- 
radiation of  the sample in the microwave (mw) resonator. 

The pulse EPR and ENDOR experiments were carried out on a Bruker 
ESP380E spectrometer with an ESP360D-P ENDOR accessory. The samples were 
cooled to 80 K with an Oxford helium cryostat (CF935). For the ENDOR ex- 
periments on the radicals a Davies-type sequence was used [38]. In situ light 
excitation was achieved with a Nd:YAG laser from Spectra Physics (GCR 130). 
The high-resolution continuous-wave (cw) ENDOR and general TRIPLE experi- 
ments in liquid solution were performed on a Bruker ESP300 EPR spectrom- 
eter equipped with home-built ENDOR accessory described in ref. 39 with an 
ENDOR resonator of  local design [40]. 

The simulations of  the spectra were done with a laboratory-written program 
on the basis of  a second-order perturbation approach [41]. Density functional 
theory (DFT) calculations were performed on 2-propenyl-3-methyl-naphthoquinone 
with two water molecules on each carbonyl oxygen as a model for VK1 in 2- 
propanol with the program suite Gaussian 98 [42]. After geometry optimization 
with gradient-corrected exchange-correlation functional B3LYP a n d a  6-31G(2d, 
2p) basis set, hfcs were calculated with the EPR-II basis set. 
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3 Results and Discussion 

3.1 ENDOR Spectroscopy of VK;- in Organic Solvents 

To determine the isotropic hfc constants (hfcs) high-resolution ENDOR experi- 
ments near room temperature in liquid solution were performed for V K y .  The 
respective spectrum obtained in 2-propanol at T = 280 K is shown in Fig. 2. At 
low temperature the isoprenoid chain is locked and two hfcs are obtained for 
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Fig. 2. X-band EPR and ENDOR spectra in liquid solution of VKy in 2-propanol. a EPR spectrum 
at T = 280 K, mw power, 0.5 mw; modulation amplitude, 0.01~. toT; time constant, 41 ras; scan time, 
41 s. For the simulation (dotted line) the hfcs and multiplicities from Table 1 were used. b ENDOR 
spectra. A: mw power, 4 mw; rf power, 70 W; modulation depth, 70 kHz; time constant, 82 ras; 
total scan time, 40 ruin; T = 280 K. B: central part at higher resolution (modulation depth, 25 kHz). 
C: spectrum at T =  220 K (amplitude x5). Note that two of the lines in A sptit due to hindered 

rotation (as indicated by dashed lines). 
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Table 1. Isotropic hfc constants of vitamin K~ radical anion in liquid organic solutions from ENDOR/ 
TRIPLE resonance, a 

Carbon position b 
Solvent 2 3 6 7 8.5 5.8 3 

CH 3 13-CH 2 ct-H ct-H ct-H ct-H y-H 

2-Propanol ~ +7.32 +3.65 d -2.15 - 1.96 - 1.48 - 1.29 -0.38 
DME-MTHF ~ +7.22 +3.75 -2.03 -2.03 -0.76 -0.76 -0.38 

Relative signs fi'om general TRIPLE resonance [66], errors typically _<0.03 MHz. 
b For numbering of positions see Fig. 1; assignments are based on sign determinations (ct/[3 protons), 

dynamic processes ([3-H's) and DFT calculations [45]. 
' T = 280 K. 
a At T = 220 K the lines split into two line pairs with hfcs of +4.52/+2.47 MHz due to hindered 

rotation of the isoprenoid chain [44]. 
T = 250 K. 

the 13-CH 2 protons (Table 1, see also refs. 43 and 44), whereas the other hfcs 
are only little affected. Very similar  hfcs are measured in ether solut ion (DME- 
MTHF mixture),  see Table 1. The assignment  o f  the ct-protons in the benzoic 
ring is based on DFT calculations [45]. In isotropic solution, interaction with pro- 
tons in hydrogen bonds  cannot be observed [46]. Our data for VK i-  in alkaline 
2-propanol  are in agreement  with data o f  ref. 47 and previous measurements  [44, 
48] in ethanol but deviate from the data given for VK~- in n-butanol [49]. The 
reasons for the differing results in reŸ 49 are not clear at present. 

Solution E N D O R  experiments  are not poss ible  for the radical  ions in PS I 
since the tumbl ing  o f  this very large protein (molecular  weight  o f  monomer ic  
P S I  o f  about 356000 Da) [4] is too slow at 20~ to average out the anisotro- 
pies o f  the g tensor and o f  most hfcs [50, 51] leading to powder - type  spectra 
even at ambien t  temperature.  Thus, only  the low-tempera ture  sol id-s ta te  pulse 
E N D O R  spectra  o f  VK~- can be di rect ly  compared.  They have the advantage  
that resonances from purely dipolar  interactions with surrounding protons can be 
observed (e.g., from hydrogen bonds) [52]. Furthermore,  the components  o f  the 
hf  tensors are available,  e.g., from the magnet ica l ly  equivalent  methyl  protons. 
Only  at very  low temperatures  the free rotat ion o f  the methyl  group can be 
stopped [53]. Resonances  from the nonmethyl  protons are usual ly  more difficult 
to analyze due to the larger anisotropy and concomitant ly  larger line width [52]. 

In Fig. 3 the powder  pulse ENDOR spectra o f  VI(  i- in 2-propanol  and DME- 
M T H F  are shown. It is known from EPR measurements  in frozen 2-propanol  
and D M E - M T H F  [21] that hydrogen bonds are formed in the alcohol,  whereas 
such interactions are absent in the apolar  ethers (cf. also refs. 20 and 46). Thus, 
the s imulat ion has to include a H bond tensor for VK~- in 2-propanol  but not in 
D M E - M T H F  in addit ion to the tensors o f  the protons local to the quinone ring 
(Fig. 3). In Table 2 the 1H hfc tensor values o f  the methyl  group and the hydro-  
gen bond are compared.  
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Fig. 3. Comparison of the pulse ENDOR spectrum of  VK;- in DME-MTHF (2:1 mixture) (a) and in 
2-propanol (b) and of  A~- in PS I (e). AII spectra were obtamed at the center of  the EPR spectrum 
(no orientation selection). Simulations with the data from Tabte 2 are given as dotted lines. Experi- 

mental conditions: T = 80 K, Davies ENDOR sequence (r~m, ~ = 128 ns, r~rf = 8 gts). 

Table  2. Principal hfc tensor components of  the methyl and the H bond protons of  vitamin K~ radi- 
cal anion in frozen organic solvents and of  the secondary acceptor radical anion A;-  in the P S I  

protein (T = 80 K)." 

2-CH~ H bond 
Species A~ Ay A: Als o A• A s 

VK;- in 2-propanol 6.40(5) 9.70(5) 6.70(5) 7.6 ( - )2 .7(1)  (+)5.7(1) 
VK~- in DME-MTHF 5.9(1) 9.2(1) 5.9(1) 7.0 - -  - -  
A;-  photoaccum. 9.10(5) 12.80(5) 8.70(5) 10.2 ( - )4 .9(1)  b 
A;-  in P~oA; -c 8.9(1) 12.5(1) 8.9(1) 10.1 ( - )4 .9(1)  n.d. 

Values from spectral simulations (Figs. 3 and 4). Errors in the last digit are given in brackets. The 
orientation of the methyl hf  tensor was rotated by 30 ~ around the g: axis so that A is directed 
along the C-CH 3 bond. The hf tensor of  the hydrogen bond in VK;-/2-propanol was oriented such 
that AH made ah angle of  25 ~ with the g, direction. For A i- in the protein the component A~~ of  
the hydrogen additionally makes ah angle of  50 ~ with the g~g,.-ptane. 

b The A,, component of  the H bond tensor of  A;- could not be determined with confidence due to 
interference of signals from A 0- (cf. [54]). In ref. 45 a value of (+)14.8 MHz was given (see text). 

c The hfcs of  A;- in the radical pair were taken directly from the measured spectrum. 
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The differences are rather small for the methyl proton hf tensors (AA~s o 
10%). These deviations can be explained by the very different polarity and H- 
bond-forming ability of these solvents. H-bonding increases the charge density 
at the carbonyl oxygens. Thereby the spin density at the oxygens is decreased 
and this effect leads to an increase of  spin density in the ring and thereby to 
larger proton hyperfine couplings (of. Table 2). The data for VK i- in 2-propanol 
are in reasonable agreement with those obtained in alkaline ethanol by Rigby 
et al. [15], who obtained for the methyl protons A~t = 10 MHz, A• = 6.8 MHz 
and for the H bond tensor A ti = 5.2 MHz and A_L = 2.2 MHz. From the dipolar 
tensor measured for the H bond (Table 2) a hydrogen bond length can be esti- 
mated from the point dipole approximation [46, 52]. By using an oxygen spin 
density of p~ = 0.19 (from 170 labeling experiments of  VI( i- [45]) one obtains 
Ro. ~ ~ 0.175 nm in good agreement with values for similar quinone radical an- 
ions in alcoholic solutions [46] and theoretical estimates [27, 28]). 

3.2 ENDOR Spectroscopy of A~- Photoaccumulated in P S I  

The comparison of  the pulse ENDOR spectra of VK~- in the organic solvents 
and A~- photoaccumulated in P S I  showed major spectral differences of  the hf 
interactions (cf. Fig. 3). In A i- the magnitude of  the methyl proton tensor is 
strongly increased, an observation that has previously been reported [15, 30]. This 
shift of  spin density in A~- could be attributed to a strong one-sided H bond 
between the oxygen 04 of the radical and the protein surrounding that increases 
the spin density at C 2, the r~ center adjacent to the coupled methyl group [46, 
52]. 

To obtain information on the exact magnitude of the hf tensors and their 
orientations with respect to the g tensor frame, orientationally selected pulse 
ENDOR spectra have been measured across field positions of  the EPR envelope. 
Three spectra are shown as example in Fig. 4 that were taken at the field posi- 
tions indicated in the EPR spectrum. At position B (center) a powder-type spec- 
trum with little orientational selection is obtained. The spectrum is dominated 
by one axial hf tensor well separated from the central part and is assigned to 
the magnetically equivalent protons of  the freely rotating methyl group of  A~-. 
Several smaller hf  splittings are observed in the central part of the spectrum that 
are resulting from the methylene protons, the ct-protons of  the benzoic ring and 
possibly from protons of the radical's environment. At field position C (close to 
g:) a rather good orientation selection is obtained. Here, g_ is parallel to the plane 
normal of the r~ radical. This is also a principal direction (A~) of the hf tensors, 
the other two components are lying in the Ÿ of the radical. The splittings 
in the ENDOR spectrum C in Fig. 4 thus directly give A__ (CH3). At field posi- 
tion A both hf components A x and Ay of the methyl proton tensor obviously con- 
tribute to the spectrum (Fig. 3a). 

In the simulations of the orientation selection ENDOR spectra (Fig. 4) only 
the methyl tensor a n d a  possible H bond tensor were considered. The principal 
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Fig. 4. Field-swept echo EPR spectrum (top) and pulse ENDOR spectra of photoaccumulated A;- in 
PSI  at the three indicated field positions A, B, and C indicated in the EPR. Simulations including 
the methyl and H-bond proton tensors (for details see Table 2) are shown as dotted lines. For ex- 

perimental conditions see Fig. 2. Note that spectra B are the same as those in Fig. 3c. 

values given in Table 2 show that the methyl  proton tensor  o f  A~- has a rather 
large anisotropy o f  (A,  - A• = 0.38, (A• = (A x + A y 2 ,  A ,  = A~). This was 
also found for other quinone radicals [46] and is due to the ne ighborhood o f  the 
carbonyl  group that carries a large spin density. The tensor  somewhat  deviates 
from axial  symmetry.  The major  principal  tensor component  Ay - A ,  is found in 
plane 30+_5 degrees off  the gy direction (molecular  y-axis ,  Fig. la )  and there- 
fore lies along the C(2)-CH 3 bond direction. This is in agreement  with the analy-  
sis o f  the EPR spectra o f  A~- at 94 GHz  [21, 30]. A. is or iented to a good 
approximat ion perpendicular  to the n-p lane  o f  the A~- and A x lies in plane per- 
pendicular  to Ay. It should be noted that at low temperamres  (less than 30 K) 
spectral changes were observed for the EPR and ENDOR spectrum of  A~- that 
dominant ly  affect the methyl group 1H h f  tensor. This fully reversible  effect has 
been explained by a partial  freezing o f  the methyl  group rotation [45]. 

In principle,  the direction of  the H bond can be obtained from simulat ions 
o f  orientation-selected ENDOR and high-field EPR spectra. Such an analysis (see, 
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e.g., Fig. 4) has been attempted and the preliminary simulation data show that 
the H bond tensor is not lying in the molecular plane of  the radical but must 
occupy an out-of-plane position. Since the EPR spectrum is dominated by the 
hfc of  the methyl group and since there is no significant broadening at any of 
the principal g values measured at W-band, the hydrogen bond most probably 
lies 30-60 degrees out off  the molecular plane. This agrees with the simulation 
of  the ENDOR spectra (Fig. 4). In the X-ray structure the H bond direction is 
33 degrees off the quinone plane [4, 2]. 

A i- has also been photoaccumulated under the same conditions in PS I prepa- 
rations of  Synechocystis PCC 6803, spinach and Chlamydomonas reinhardtii. 
Whereas very similar spectra to those of  T. elongatus were found for Synecho- 
cystis, the ENDOR spectra for A i- of  spinach and C. reinhardtii, were broad 
and almost featureless [30, 45]. This is probably due to the fact that they are 
contaminated by other radicals, e.g., A0-, a chlorophyll a radical anion [30, 45, 
54]. Thus, for these species no reliable hfcs could be obtained by this method. 

The identification of proton ENDOR resonances of  the hydrogen bonds is 
usually achieved by H-D exchange and by the dipolar character of  the hf cou- 
pling (Ais o ~ 0, All = -2A• cf. refs. 46, 52 and 55. However, in case of  PS I 
ir turned out that even prolonged incubation in D20 did not lead to any exchange 
of  the protons in the ENDOR spectrum of A~-. This could be due to the very 
hydrophobic binding pocket of  A~ (Fig. 1). 

An alternative approach is to exchange the native VK 1 with other deuterated 
quinones and detect the ~H ENDOR resonances of  A~- in this P S I  in H20 buffer. 
Such experiments have recently been performed with fully deuterated 2-methyl 
naphthoquinone (vitamin K3, VK3) a n d a  species receptive of  that. This molecule 
was incorporated into the A t site of  a specific deletion mutant (menB, cf. ref. 
33) and showed the same geometry as the native VK1, as demonstrated by tran- 
sient EPR [56]. The radical also exhibited the same g tensor values as VK~- 
(Table 3) within error (gx = 2.0063, gy = 2.0051, g: = 2.0024) [56]. From the 
photoaccumulated A~- in this P S I  preparation a ~H ENDOR spectrum was ob- 
tained [45] lacking the typical strong resonances of  the VK 3- (e.g., from the me- 
thyl protons). The observed features are thus assumed to result from the radical's 
surrounding, in particular the larger couplings are assigned to hydrOgen bonds 
to the carbonyl groups of A~-. From the prominent features in the spectrum an 

Table 3. Principal g tensor values of vitamin K~ radical anion in frozen organic solvents and in the 
PSI protein (T = 80 K). Errors in the last digit are given in brackets. 

Species g~ gy g• gi~o Reference 

VK~- in 2-propanol 2.00578(3) 2.00503(3) 2.00224(3) 2.00435 21 
VK~- in n-butanol 2.00588 2 . 0 0 4 9 6  2 . 0 0 2 2 5  2.00436 49 
VK~- in DIVlE-MTHF 2.00623(3) 2.00505(3) 2.00220(3) 2.00449 21 
A~- in PSI, photoaccum. 2.00625(3) 2.00512(3) 2.00220(3) 2.00452 21 
A~- in PSI, P~-~oA~- 2,0062(1) 2.0051(1) 2.0022(1) 2.0045 16 
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axial tensor is deduced (Table 2). Similar resonances between 4.5 and 5.0 MHz 
are also present and quite pronounced in all A;- spectra obtained and in the 
radical pair spectra (Sect. 3.3) of the native system. This coupling is therefore 
assigned to the tensor of the proton in a H bond between A i- and the protein 
(probably N-H (Leu), see Fig. lb). Rigby et al. [15] also reported a hydrogen 
bond tensor that was obtained from ENDOR/TRIPLE data of A i- in PS I of 
Anabena variabilis (A~I = +13.4 MHz, A I = - 5 . 0  MHz). These authors postu- 
lated that there is a second H bond to A i- (A• = -5 .8  MHz). However, the strong 
spin density shift in the A~- ring (see above) and also the X-ray structural data 
(Fig. lb) show that only one of the carbonyl groups is hydrogen bonded. 

A problem of the above described experiments is that in the photoaccumulated 
A~- state the additional presence of A o- (a Chl a'- species) cannot be excluded. 
For A;- in P S I  of spinach resonances for the two methyl groups at rings I and 
IV of Chl a in the range of  5.1 to 6.3 MHz and 12.6 to 15.2 MHz, respec- 
tively, have very recently been reported [54]. The possible superposition of  these 
pronounced signals makes a reliable analysis of the more weak features arising 
from the H bond in the ENDOR spectrum of A~- very difficult. Since A 0. is 
not present in the spectrum of the secondary radical pair P7~oA~-, the ENDOR 
analysis of  the RP would be very helpful for a final assignment. Such experi- 
ments are described in Sect. 3.3. 

3.3 ENDOR Spectroscopy of  the Radical Pair State P7o+oA~ - 

In P S I  the A i- species can be trapped in sufficient yield by prereducing the 
FeS centers with dithionite that also reduces P7;0 at low temperature (about 200 
K) after light-induced charge separation [57]. However, this photoaccumulation 
procedure and the use of a high pH and dithionite might change the structure 
and/or the electronic interactions in the reaction center and thus the data obtained 
for A~- mig!qt deviate from those observed in the native untreated system on a 
shorter time scale. We have therefore developed a time-resolved pulse ENDOR 
method that allows the direct observation of  A i- in the initially formed second- 
ary radical pair state P:~;0Ai - after light excitation (Sect. 2) [9, 31] a n d a  proce- 
dure for the analysis of such spectra [32]. 

A complication arises from the fact that, in principle, an ENDOR response 
from both radicals, P);0 and Al-, is obtained. However, the ENDOR effect of 
isolated PT�91 is smaller than that of A i- [45]. The expe¡ conditions for the 
detection of these species are also somewhat different. Under the conditions used 
here (pulse separation) the contributions of P);0 to the RP spectrum are minor. 
Thus, in the ENDOR spectra of Fig. 5, resonances from A~- dominate and those 
of P)~0 are suppressed. This becomes evident from a compa¡ of the ENDOR 
spectrum of  the RP with those of the individual radicals A~- (Figs. 3 and 4) 
and P7;0 [51]. A remarkable feature of the ENDOR spectrum of the RP is the 
occurrence of emissive and absorptive lines, the observed pattern depends on the 
field position in the EPR spectrum for which the spectrum was obtained. 
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Fig. 5. Field-swept echo EPR (top) and pulse ENDOR spectra A, B, and C of the light-induced se- 
condary radical pair P~~0A~- in PSI of T. elongatus. The ENDOR spectra A, B, and C were taken at 
field positions indicated in the EPR spectrum (top). The ~H ENDOR line pair assigned to the hydro- 
gen bond tensor (A l component) is denoted by asterisks in B. Experimental conditions were the same 
as in Figs. 3 and 4 with additional laser pulse at 532 nm 500 ns prior to the ENDOR sequence. 

In Fig. 5 the f ield-swept echo (FSE)-detected EPR spectrum of  the RP P)~oAi - 
is shown and pulse E N D O R  spectra obta ined at three different f ield posit ions.  
At  the low-f ie ld  edge (posit ion A), where the EPR is in emission, most  o f  the 
E N D O R  lines are also emissive.  With increasing field posi t ion the polar izat ion 
o f  the low-frequency E N D O R  lines changes,  they become absorptive,  whereas 
the h igh-f requency counterpart  remains emissive.  This is best  seen for the large 
methyl  group h f  tensor  at the spectral  wings.  Close to the high-f ield edge o f  
the EPR (posi t ion C) the low-frequency part  o f  the E N D O R  spectrum becomes 
weak and almost  disappears.  These effects can be explained on the basis o f  the 
spin-correla ted radical pair  (SCRP) model  [32, 45] and depend on the compli-  
cated interptay o f  the different Larmor  frequencies o f  P~-£ and A~-, the electron 
spin-spin coupl ing and the hyperfine coupling.  Furthermore,  the l imited orienta- 
tion select ion at X-band frequencies also contributes to the intensity patterns and 
line width. Nevertheless ,  the spectra can be analyzed and this leads to values 
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for the hf  tensor components of  A i- in the RP (Table 2). The methyl proton 
tensor shows differences outside the error margins as compared to that measured 
for the photoaccumulated Al-. This shows that the latter has a slightly deviating 
electronic structure that is most probably caused by a relaxation of  the radical 
anion in the protein environment at 200 K that is not occurring at 80 K. The 
line pair assigned to an hf tensor component of  the H bond is also quite promi- 
nent in the spectra. An interesting feature is that the polarization pattem for this 
line (Fig. 5b) is different from that of  the methyl group protons indicating a dif- 
ferent sign of  the hfc [32]. Since no large (negative) ct-proton coupling is ex- 
pected for the radical (cf. Table 1), this finding corroborates the assignment of  
these resonances to the H bond tensor (A 1 component). 

However, the AH tensor component indicated in the photoaccumulated spec- 
tra of  A i- (Fig. 4) could not be clearly detected. This makes a final conclusion 
on the magnitude of  this tensor difficult at present. I f  one assumes that A• 
- 4 . 9  MHz, the tensor is traceless and the oxygen spin density is p~ = 0.19 in 
Al-,  one would obtain a hydrogen bond length of Ro. H ~ 0.145 nm from the 
point-dipole approximation. The expected lowering of p(] due to H bonding [28] 
would lead to ah even shorter H bond. For such short H bonds the point-dipole 
approximation leads to erroneous results and is not applicable. 

Ah estimate on the basis of  the spin density shift (methyl hfcs) and DFT 
calculations yielded a H bond length of Ro_ H = 0.155 nm for A i- [45]. Geom- 
etry optimization of the binding pocket on the basis of  the structure shown in 
Fig. Ib (DGAUS, BP86 functional, DZVP basis set, ref. 21) yielded a H bond 
distance of  0.156 nm and ah out-of-plane angle of  35 ~ relative to the quinone 
r~-system of Al-. The respective hf  tensor calculated is A x = -4 .93  MHz, Ay. = 
-4 .87  MHz, A: = 8.69 MHz. This shows good agreement with the experimental 
value of A. = 4.9 MHz. From the X-ray structure of  P S I  in the neutral ground 
state a H bond distance of 0.174 nm is obtained for A~. Comparison with the 
value obtained here for the A i- state (about 0.156 nm) indicates a structural 
change of  the binding pocket upon charge separation. 

The detection and analysis of  A i- in the RP state P:l~0Ai - has been used for 
P S I  not only from Z elongatus (Fig. 5) but also for the green algae C. rein- 
hardtii. A i- photoaccumulated in the latter could not be analyzed due to signifi- 
cant contamination with A0-. The ENDOR experiments on the RP circumvent 
these difficulties. The hf data for A~- of the two P S I  systems studied are al- 
most identical showing that A1 in C. reinhardtii has basically the same structure 
and interaction with the binding pocket as in T. elongatus. The technique has 
been used to study several pathway mutants of  Synechocystis [33, 58] and A~- 
site mutants of  C. reinhardtii [34, 59]. 

4 Conclusion 

The binding of vitamin K I in the PS I protein significantly lowers its midpoint 
potential. This large change between aqueous phase and protein (AE m > 600 mV) 
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is caused by the hydrophobic binding pocket of  A 1. This pocket completely ex- 
cludes the intrusion of  water, as shown by our H-D exchange experiments. The 
impact of  the surrounding on A~ is demonstrated experimentally by the large shift 
of  the g tensor (in particular the gx component) of A~- compared to VK~- in 
protic polar solvents (Table 3). 

Clearly, the g tensor of a radical ion measured by high-field EPR techniques 
is a very good indicator for the polarity of  the environment [26-28]. VK~- in 
an apolar ether solvent (DME-MTHF) shows g tensor values that are identical 
to those of  A i- in P S I  [21] (Table 3). The solvent polarity affecting the g ten- 
sor is also reflected in the midpoint potential for VKJVK~-. In ethanol, E m = 
- 2 6 0 + 5  mV, whereas in MTHF, a n  E m = -710_+5 mV (vs. NHE) is obtained 
[45]. For A~/A~- in PS I, E m values in the range of - 8 1 0  mV [23] to - 7 5 4  
mV [60] were reported. Thus, the value in the apolar nonprotic ether is not too 
far from the E m value of VK~ in the Al site of  PS I. This shows that the A~ 
binding pocket has an extremely low polarity index [45]. 

Nevertheless, the VK~ in the P S I  binding pocket has one hydrogen bond to 
its carbonyl oxygen 04. The existence of such a H bond is obvious from the X- 
ray crystallographic structure of PS I [4], and its impact on the electronic struc- 
ture of A i- is clearly demonstrated by the large changes observed for the spin 
density distribution for VK~- in and outside the protein. On the basis of  our pre- 
liminary assignment of  the tensor of the H-bonded proton in A~- a short and 
quite strong bond is concluded. This H bond is probably changing its strength 
when A~ accepts the electron. Such changes have been discussed in detail for 
the bacterial reaction center [52]. It is important to note that this single H bond 
has only a minor effect on the g values as was derived from DFT calculations 
[27, 28]. This bond is holding the VK~ in place and is probably also necessary 
to stabilize the negative charge to a certain extent. The unusual binding of  a 
quinone via a single one-sided hydrogen bond has recently also been discussed 
for ubiquinone QH in the enzyme ubiquinol oxidase [61]. 

Hydrogen bonding has been discussed to play ah important role in proton- 
coupled electron transfer processes [62-64]. In this respect it is interesting to 
know the extent of  delocalization of the electron onto the surrounding amino acids 
for the involved cofactors. For A i- it has been found that a smaU fraction of 
the spin/charge density is delocalized via the H bond to the peptide backbone, 
which is manifested by the detection of a hyperfine coupling of the nitrogen (~4N) 
of  the leucine Leu A722 [25]. In that work, by ESEEM techniques, a second 
14N coupling could be detected and can now be assigned to the tryptophan Trp 
A697 that is rc-stacked to the quinone (cf. Fig. lb). Together with the phenyl- 
alanine Phe A689 this residue constitutes the tightly packed very hydrophobic 
binding site of  A 1. 

At present the information on the hydrogen bond ~H hfc tensor magnitude 
of A~- and its geometry is incomplete. Attempts to fully determine this tensor 
and the other hfcs of  the radical by orientationaUy selected pulse ENDOR at 
higher mw frequencies are currently under way in our laboratory. Experiments 
performed on the RP state will advantageously be used to analyze the electronic 
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structure of  A i- in different species without contaminat ion of A0-. As an addi- 
tional probe to measure the geometry of H bonds to quinone radical anions the 
deuterium quadrupole coupling detected by 2H ENDOR at higher mw frequen- 
cies has recently been introduced [28, 65]. This interaction will also be employed 
for the detailed analysis of the interactions and bonding situation of  radicals like 
A~- in P S I  in future experiments. 
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