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The radical cation of bacteriochlorophyll b (BChl b) is investigated by ENDOR and TRIPLE resonance in liquid solution. 
The experimental hyperfine coupling constants, ten proton and three. nitrogen couplings, are compared with the predictions 
from advanced molecular-orbital calculations (RHF INDO/SP). The detailed picture obtained of the spin density distribution 
is a prerequisite for the investigation of the primary electron donor radical cation in BChl b containing photosynthetic bacteria. 

1. Introduction 

The primary processes of photosynthesis involve 
light-induced charge separation followed by fast elec- 
tron transfer reactions [ 1,2] . These reactions take 
place in the reaction centre (RC), a protein complex 
[3] . In photosynthetic bacteria the participating mol- 
ecules are bacteriochlorophylls (BChl), bacterio- 
pheophytins and quinones which are all embedded in 
the protein matrix [l-3] . For a complete under- 
standing of the primary processes a detailed knowl- 
edge about the spatial and electronic structure of these 
molecules in their ground, excited, and charged radi- 
cal states is indispensable [3-61. 

For the RC of the bacterium Rhodopseudomonas 
(Rps.) uiridis which has recently been crystallized [7] , 
the spatial arrangement of the pigment molecules 
has been determined by X-ray diffraction [8]. One 
of the important results of this work is the finding 
of a bacteriochlorophyll dimer. Such a dimer had been 
proposed originally for the primary electron donor P 
on the basis of EPR experiments on Pt and BChl at. 
[9]. It has been confirmed later by ENDOR experi- 
ments in frozen [ 10,l l] and liquid [12-141 RC so- 
lutions. Since so far Rps. viridis is the only organism 
for which an X-ray structure analysis of the RC was 

performed, other approaches for the structural char- 
acterization of the RC are desirable. For the paramag- 
netic molecules high-resolution liquid-phase ENDOR 
in combination with advanced MO calculations rep- 
resent such an approach [ 14- 161. The basic proce- 
dure is first to elucidate in detail the spin density dis- 
tribution for the involved molecules in vitro and in 
vivo [ 12- 141. These will then be compared with the 
results of advanced MO calculations for various pos- 
sible molecular structures. Criteria for highly prob- 
able configurations are the agreement between ex- 
perimental and theoretical spin densities and the to- 
tal energy of the system [ 151. This method has been 
applied to the primary electron donor radical cation 
Pt of BChl a containing bacteria (Rps. sphaeroides 
and Rhodospirillum rubrum) yielding detailed struc- 
tural proposals [ 14-161. Similar investigations of 
Rps. viridis are particularly important because they 
directly show whether this procedure gives structural 
information consistent with an X-ray analysis. Struc- 
tural information from ENDOR combined with MO 
theory is of course obtained less directly than that 
from an X-ray analysis and may be hampered by the 
problem of uniqueness [ 151. However, a great ad- 
vantage of this method is that single-crystal samples 
are not required. Primarily the ENDOR experiments 
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measure the spatial distribution of the unpaired elec- 
tron, information which is important for the under- 
standing of electron-transfer processes and which is 
not obtainable from X-ray data. 

Clearly, a detailed investigation of in vitro BChl bt 
is preprequisite for the comparison with the in vivo 
system. BChl b is chemically very unstable and de- 
composes rapidly in the presence of light and oxygen 
[ 17,181. A rapid decomposition of this bacterio- 
chlorin to products of the chlorin type has also been 
reported for its radical cation [ 191. As a consequence 
ENDOR experiments have so far been performed on 
this radical in frozen solution where only part of the 
hyperfine structure could be resolved [ 193 . Here, we 
present a high-resolution electron spin density map 
for BChl b+ obtained from liquid solution ENDOR 
and TRIPLE resonance that agrees well with the re- 
sults from advanced MO calculations. 

2. Materials and methods 

BChl b was isolated from Rps. viridis after a modi- 
tied method of Strain and Svec [20]. The crude pig- 
ment mixture was purified by sucrose chromatography 
in dim green light. The used solvents as well as the 
column were saturated with nitrogen and the solvent 
reservoirs were kept over magnesium hydroxicar- 
bonate and sodium ascorbate. The isolated BChl b 
was stored under argon below -2O’C in the dark. 

The radical cation of BChl b was generated by ox- 
idation with zinc tetraphenylporphin perchlorate 
(ZnTPP+ClO,‘). An excess of BChl b was used to 
avoid any contributions of the ZnTPP radical cation 
to the EPR and ENDOR spectra of BChl b+. 

In order to avoid further oxidation and isomeriza- 
tion reactions of BChl b [ 18,191 the preparation has 
been carried out in the sample tube inside the ENDOR 
cavity at T = 220 K in the dark under argon atmo- 
sphere. The sample tube was then closed and the EPR 
and ENDOR measurements were performed imme- 
diately. Under these conditions, the lifetime of the 
BChl b radical cation was about half an hour. 

The laboratory-built ENDOR and TRIPLE spec- 
trometer has been described [2 1,221. For a discus- 
sion of the potential advantages of the electron- 
nuclear-nuclear triple resonance methods both “spe- 
cial TRIPLE” and “general TRIPLE”, the reader is 
referred to refs. [23,24]. 

s-spin densities and total energies for geometry op- 
timization were calculated by a restricted Hartree- 
Fock procedure for doublet states (“halfelectron 
method” by Dewar [25]) using the INDO approxi- 
mation and parameterization by Pople and Beveridge 
[26] and a subsequent perturbation treatment of spin 
polarization effects (RI-IF INDO/SP method) [ 151. 
The calculations were performed on a CRAY-1M vec- 
tor computer of the Konrad Zuse Computer Center 
of Berlin. 

3. Results and discussion 

The fast derivative EPR spectrum of BChl bt 
(fig. 2) consists of a Gaussian line showing no resolved 
hyperfme structure. The g value (2.0025 f 0.0001) 
is in accordance with earlier results [ 191. There is a 

a 

Bacteriochlorophyll 
Fig. 1. Molecular structures and numbering scheme of bac- 
teriochlorophyIl a (BChl a) and BChI b. The ethyl group and 
the proton at position 4 (ring II) in BChl a are replaced by an 
ethylidene group in BChl b. R = phytyl (C,,H,,). 
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Fig. 2. EPR spectrum of BChl bt in CH,CLJCH,OH (6: 1). 
Solid line: T = 215 K (liquid solution); linewidth: 1.26 f 0.02 
mT (7 = 215 K); in frozen solution Q= 145 K, spectrum 
not shown) the linewidth is significantly larger (1.35 f 0.02 
mT), see text. Dotted line: simulation using the isotropic 
proton and nitrogen hfes and the assignments given in ta- 
ble 1. 
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Fig. 3. High-frequency 14N-ENDOR lines (14N Larmor fre- 
quency 1.04 MHz) and proton special TRIPLE spectra of 
BChl af and BChi bt in CH,C1&H,OH solution (6 : 1). r4N- 
spectra: T = 270 K, 20 mW microwave power, 200 W rf 
power (BChl a?) and T = 220 K, 80 mW microwave power, 
300 M rf power (BChl b>. ‘H-special TRIPLE spectra: T 
= 220 E, total rf power 200 W, microwave power 20 mW 
(Bchl at) and 80 mW (BChI bt). 

noticeable difference between the linewidth in liquid 

(AS = 1.26 f 0.02 mT) and frozen solution (AS = 
1.35 f 0.02 mT). This must be due to g and/or hyper- 
fine anisotropy. The observed EPR linewidth in fro- 
zen solution is in agreement with values reported 
earlier 1191. 

Liquid solution 14N ENDOR and proton special 
TRIPLE spectra of BChl b* and BChl at are shown in 
fig. 3. In the special TRIPLE experiment the high- 
and low-frequency NMR tr~sitions of a p~tic~ar 
nucleus are irradiated simultaneously. Thereby the 
signal intensity and the resolution can be increased 
as compared with an ENDOR experiment. The fre- 
quency axis gives the deviation from the proton 
Larmor frequency which is equivalent to one-half of 
the respective hyperfme coupling constant (hfc) [23, 
241. 

Ten proton lines and three 14N lines are resolved 
in the spectra. The corresponding hfcs are listed in 
table 1. 

An assignment of the hfcs to molecular positions 
in BChl bt can be accomplished on the basis of ex- 
perimental evidence and/or by comparison with MO 
calculations. It is well known that ENDOR line in- 
tensities do not directly reflect the number of con- 
tributing nuclei because the individual nuclear relaxa- 
tion behaviour determines the line intensity to a large 
extent 123,291. This causes assignment problems 
which can often be overcome by applying the special 
TRIPLE resonance technique where the line intensi- 
ties do reflect the number of contributing nuclei pro- 
vided the electronic relaxation rates dominate the nu- 
clear relaxation rates [23,24] _ For photo~n~eti~ 
pigments this was demonstrated in the special TRIPLE 
spectra of bacteriochlorophyll a, chlorophyll a and 
their pheophytin a radical anions /30-331. In the 
proton special TRIPLE spectrum of BChl bt the three 
intense lines (corresponding hfcs: 4.70,8.95 and 9.70 
MHz) can therefore be assigned to the methyl protons 
at positions la, 4b and Sa (fig. 1). 

Further aid in the assignment is provided by the 
signs of the hfcs because - for positive carbon n-spin 
densities - positive hfcs are expected for P-protons 
and negative hfcs for o-protons (for the characteriza- 
tion of B- and at-protons see ref. [34]). Relative signs 
of the hfcs can be obtained applying the general 
TRIPLE resonance technique where a particular NMR 
transition is pumped with a second strong unmodu- 
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Table 1 
Hyperfiie coupling constants (hfcs) in MHz of BChl a+ and BChl bt. Experimental hfcs derived from ENDOR/TRIPLE in liquid 
solution, signs obtained from general TRIPLE resonance (see text). Theoretical values derived from MO calculations (see text) 

Nucleus 

P-H 

CH3 

a-H 

other 
H 

14N 

Position c) BChl a? a) BChl bt b)l 

exp. hfc theoret. hfc d) exp. hfc theoret. hfc d) 

3 +13.47 +13.93 +12.45 +14.67 
4 +16.35 +16.31 - - 

7 +13.11 +13.79 +11.60 +14.16 
8 +11.76 +12.79 +10.55 +13.00 

la +4.93 +3.73 +4.70 +3.60 
4b +0.13 +8.95 +6.46 
5a +9.62 +7.32 +9.70 +6.91 

4a -0.55 -0.52 -8.02 -4.22 

; 

+2.35 +1.61 +2.50 +1.43 

{ +1.30 } 
+0.91 

{ 1.20e) } 
+0.83 

5 +1.35 +1.23 

10 -1.64 -2.80 -2.74 
2b -0.15 -0.26 -0.29 
3a -0.87 1,20 

e) 
-0.82 

7a [ -0.55 } -1.13 

( 

0.40 
e) 

) 

-1.53 
8a -0.81 -0.82 

I -2.35 f) -1.84 2.3 -1.68 
II -3.17 -2.32 3.3 -2.22 

III -2.35 f) -2.20 2.3 -2.07 
IV -3.05 -2.31 3.0 -2.11 

a) T= 220 K for protons (22,33), T = 270 K for nitrogens. 
b) T = 220 K for protons and nitrogens. 
c) See molecular structure fg 1. Note different substituents at positions 4a and 4b in BChI a and BChl b. For BChl at the group 

of p_Hs at positions 3,4,7,8, of CH, protons at positions la, 5a and of Hs in positions 2b, 3a, 4a, 7a and 8a, have been assign- 
ed by selective deuteration. The proton at position 10 was identified by proton/deuteron exchange experiments [22,27]. Spe 
citlc assignments within these groups of protons are based on comparison with the calculations. 

d) RHF-INDO/SP method, Q factors relating s-spin densities and isotropic hfcs (MHz), see fig. 4. 
e) No signs could be determined for these hfcs because several protons having hfcs of almost identical magnitude but with differ- 

ent signs contribute to the corresponding ENDOR lines. 
f ) Two nitrogens must be assigned to this hfc as shown by ls N-ENDOR experiments [ 281. 

lated rf field while recording the ENDOR spectrum 
[23] . Depending on the relative signs of the hfcs, 
changes of the signal intensities relative to the normal 
ENDOR spectrum are detected [23]. Using this tech- 
nique we obtained a negative sign only for the hfc of 
8.02 MHz, the large methyl hfcs taken as positive. 
This differs from our results for BChl at where no 
large negative hfc was observed. We therefore assign 
this hfc to the o-proton of the ethylidene group at 
ring II (position 4a, fig. 1). From a comparison with 
BChl at [22,27] the three largest positive proton 
hfcs are attributed to the P-protons at rings II and IV 

(positions 3,7 and 8, fig. 1). 
The assignment of the three small proton hfcs (0.4, 

1.2 and 2.5 MHz) given in table 1 is solely based on 
MO calculations. For BChl at we could achieve a 
definite assignment also for the small hfcs by isotopic 
labelling and proton/deuteron exchange experiments 
[22,27]. 

The instability of BChl b and its radical cation was 
a serious problem for our experiments. To ensure 
that no decomposition products gave rise to addi- 
tional ENDOR or TRIPLE lines, general TRIPLE 
resonance was used. In this experiment changes of 
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line intensities are expected only for those ENDOR 
lines stemming from one particular paramagnetic 
species [21,23] . We observed significant general 
TRIPLE effects for all proton ENDOR lines of our 
BChl b+ spectrum except for those corresponding to 
the two smallest proton hfcs (0.4 and 1.2 MHz). Sev- 
eral protons having positive and negative signs of their 
hfcs might, however, contribute to these two lines in 
which case the overall TRIPLE effect would vanish. 
The MO calculations predict indeed eight proton hfcs 
in the range between +1.5 and -2.7 MHz (see table 1). 
Furthermore, a paramagnetic decomposition product 
of BChl b is expected to have not only two such small 
proton hfcs. 

Using an excess of ZnTPP+ClO; for oxidizing 
BChl b we could, in the presence of light and traces 
of oxygen, obtain such a paramagnetic decomposition 
product having an EPR linewidth AB = 0.9 mT. This 
product has been attributed earlier to a chlorin deriva- 
tive with a structure similar to chlorophyll a [ 19 ] . 
The special TRIPLE spectrum obtained from this spe- 
cies was indeed very similar to that of the plant chlo- 
rophyll a radical cation [22,35], and none of the ob- 
served lines were coincident with those of BChl b+ . 
This product was, however, not observed when light, 
oxygen and an excess of ZnTPP?ClOi were rigorous- 
ly excluded. 

The similarity of the hfcs found for BChl bf with 
those of BChl at, the occurrence of an additional 
methyl proton line and, in particular, the large nega- 
tive hfc (-8.02 MHz), which is also predicted by the 
MO calculations, make it very probable that the ob- 
served spectra really arise from the BChl b radical ca- 
tion. 

We have also detected three 14N ENDOR lines 
for BChl bt (fig. 3). The absolute values of the corre- 
sponding hfcs are again very similar to those of BChl 
at (see table 1). Their signs could, however, not be 
determined due to the rather poor signal-to-noise ra- 
tio. In analogy to BChl a’, two 14N nuclei may be 
assigned to the smallest hfc (for BChl at this has been 
verified by 15N-ENDOR [28]). 

The four proton hfcs found in earlier ENDOR ex- 
periments on BChl b+ in frozen solution (1 .12,4.76, 
8.96 and 12.88 MHz [19]) agree satisfactorily with 
some of our hfcs measured in liquid solution. How- 
ever, our assignment, based on TRIPLE experiments, 
sign determination and comparison with advanced 
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Fig\ 4. Comparison of experimental (dotted) and calculated 
(solid lines) s-spin densities p for the BChl b radical cation. 
Their values are proportional to the area of the squares (p 
< 0) and circles @ > 0), respectively. For the calculation the 
RHF lNDO/SP method was used (see text). The full molec- 
ular structure was taken except for a truncation of the iso- 
prenoid chain R at position O-5 (fig. 1) [15]. Mostly stan- 
dard bond lengths and angles were employed [ 1 S] , atomic 
positions for ring V, the methyl groups (rings I and Ill), the 
acetyl group (ring I) and the ethylidene group (ring II) were 
determined by energy minimization. Thereby the acetyl group 
(ring I) was found to be 105” out-of-plane (dihedral angle 
with respect to positions C-l, C-2, C-2a and 06, see fig. 1) 
due to steric hindrance. The ethylidene group (ring II) stayed 
approximately in the plane of the porphyrin system in spite 
of steric hindrance, because of the double bond between car- 
bon positions 4 and 4a. Experimental values from isotropic 
hfcs (table 1) by use of: Q(H) = 1420 MHz, Q(r4N) = 663 
MHz [15]. 

MO calculations, is different. The absolute value of 
the hfc of the ethylidene o-proton (4a, fig. 1) is much 
larger (-8.02 MHz) than was assumed in the earlier 
work (-4.8 MHz). Furthermore, the P-protons at rings 
II and IV (pas. 3,7 and 8, fig. 1) have hfcs of only 
10.55,11.6, and 12.45 MHz. There are no proton hfcs 
as large as 16.8 MHz in BChl bt , as was assumed in 
[ 191 to account for the EPR linewidth. The observed 
difference between the EPR linewidth of BChl bt in 
liquid and frozen solution (fig. 2) is probably mainly 
caused by the anisotropy of the large a-proton hfc at 
position 4a which gives rise to line broadening in ran- 
domly oriented rigid samples. With the hfcs and as- 
signments given in table 1 the EPR spectrum of BChl 
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b’ in liquid solution could be perfectly simulated 
(fig. 2, dotted line). 

Comparing the corresponding hfcs of BChl b+ and 
BChl a? (table 1) one finds almost no change for the 
methyl protons la and 5a (fig. 1). The couplings of 
the P-protons of rings II and IV [3,7,8] are reduced 
by only lo%, and in the region of small proton hfcs 
(la] < 2.5 MHz) some ENDOR lines may have merged 
together so that for BChl bt only three proton hfcs 
are observed in this region. The major difference arises 
from the ethylidene substituent at ring II in BChl bt , 
which obviously carries large n-spin density. For the 
a-proton (4a) and for the methyl protons (4b) com- 
parable large hfcs are observed. The detailed picture 
of the spin density distribution reveals a close similari- 
ty of the highest occupied orbit& of BChl at and 
BChl bf (see table 1). 

The magnitudes and spectral assignments of the 
hfcs are in good agreement with predictions from our 
MO calculations [ 151 presented in table 1. Fig. 4 
shows a graphical comparison between calculated and 
experimental s-spin densities. The agreement between 
experimental and calculated results is better than that 
reported earlier for bacteriochlorophyll radicals [ 19, 
36-381 using other MO methods like PPP [39] or 
an “ab initio” molecular fragment method [40] which 
only calculate n-spin densities. 

The investigation of the primary electron donor 
radical cation P;,, in the BChl b containing bacterium 
Rps. viridis is of special interest for the following rea- 
sons: The X-ray structure analysis of RC single crys- 
tals of this species clearly reveals P96u as a BChl b 
dimer [8]. However, the EPR linewidth of Pi6u is not 
narrowed by the factor 2-li2 as compared to that of 
the monomer BChl bt . This is in contrast to the find- 
ings for the BChl a systems [9,10], where this nar- 
rowing of the linewidth by 2-112 has been explained 
by an equal sharing of the unpaired electron between 
two BChl a molecules [9] . This interpretation has 
been supported by ENDOR experiments on the pri- 
mary donor Pi6c in liquid and frozen solutions [ 1 O- 
141. 

Recently, we have started ENDOR experiments 
on P;f60 in liquid solution [ 161 which suggests an un- 
equal sharing of the unpaired electron between the 
dimer halves. To support this idea, an unambiguous 
assignment of at least some of the signals will be neces- 
sary, e.g., from specifically dueterated RCs. Work 
along these lines is in progress. 
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