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The stimulated emission decay lime constants were measured for a series of Rhodobacler capsularus reaction centers with site- 

specific mutations at the symmetry related locations M208 and L181. We report the first mutant (PheL’8’+Tyr) thai exhibits an 

initial electron transfer rate faster than the native organism at 295 K, and determine that the tyrosine at positIon M208 cannot be 

fully responsible for the unidirectionality of electron transfer. 

1. Introduction 

The photosynthetic process generates chemical en- 

ergy by separation of charge across the membrane- 

bound reaction center (RC) through several ultra- 

fast electron transfer reactions. The solution of the 
RC crystal structure [l-3] and the ability to carry 

out site-specific mutagenesis in the purple photosyn- 
thetic bacteria have allowed detailed investigations 

of the structure-function relationships in these elec- 

tron transfer systems. The X-ray structure shows two 

possible electron transfer pathways along either 
branch forming the pseudo C, symmetry in the re- 

action center complex, yet only one branch is pho- 
tochemically active. This complex contains two 
strongly interacting bacteriochlorophylls which make 

up the primary donor special pair, designated P. 

Along each branch forming the Cz symmetry, a bac- 
teriochlorophyll molecule (BL and BM) is located 

adjacent to the special pair. A bacteriopheophytin 

( HL and Hhl) and finally a quinone ( QA and QB) 

complete the chromophores on each branch, and a 

non-heme iron is located on the pseudo C, axis be- 

tween the two quinones. The chromophores are 
embedded in a protein matrix consisting of three 
polypeptides, the L: M, and H subunits. The pho- 

toactive chromophores are predominantly associ- 

ated with the L subunit, while the M subunit is pre- 
dominantly associated with the inactive branch. The 

H subunit does not interact directly with the 

chromophores. 
On looking at the structure two questions imme- 

diately arise: What breaks the C, symmetry and 

causes the unidirectional electron transfer, and what 
is the role of the accessory bacteriochlorophyll mol- 

ecule in the primary charge separation step? One of 

the most apparent breaks in the Cz symmetry lies in 

the amino acids at positions M208 and L181 which 

are related by the C, axis (see fig. 1) [ 41. M208 is 

conserved as a tyrosine (Tyr) residue near the chro- 
mophores of the photoactive pathway in Rhodohac- 

ter capsulatus, Rhodobacter sphaeroides (M2 10 in 
this species), Rhodospirillum rubrum, and Rhodo- 
pseudomonas widis; the corresponding residue in the 
green bacterium Chloroflexus auranticus is a leucine. 

L18 1 on the inactive branch is a phenylalanine (Phe) 

residue in all five species. Because the tyrosine is 

conserved in four species, all of which have electron 

transfer times of approximately 3 ps, this residue has 

been implicated as a major contributor to the uni- 
directionality of electron transfer. Parson et al. have 
verified this implication by correlating the unidirec- 
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Fig. I. The X-ray structure of the chromophores and the two symmetry related amino acids M208 and L181 in Rb. sphaeroides R26. PL 

and P, are the two bacteriochlorophylls which make up the special pair (P). BL, H,, and QA are the bacteriochlorophyll, bacteriopheo- 

phytm, and quinone on the photoactive pathway. BM, Hhl. and QBare the bacteriochlorophyll, bacteriopheophytin, and quinone on the 
inactive branch. The amino acid residue TyrMZO* mteracts mainly with the chromophores on the photoactlve pathway (PM, B,, and HL), 

while the residue PheLIB1 interacts with one half of the special pair and the chromophores on the inactive branch ( PL, Bhn. and H,). In 

order to show the location of TyrMZo8 more clearly, the phytyl chain of BL has been partially deleted. 

tionality and fast electron transfer with the electro- 

static energy changes resulting from this residue [ 5 1. 
The role of the accessory bacteriochlorophyll in the 

mechanism of the primary electron transfer is still 
unclear. Recent femtosecond transient absorption 

spectroscopy by Holzapfel et al. [6] indicates that 

B,. is a distinct intermediate, and that the electron 
transfers to HL in two steps. This result is in contrast 
with the low temperature femtosecond measure- 

ments by Martin and coworkers [7,8] and room 
temperature measurements by Kirmaier and Holten 

[9] which suggest that BL is not a distinct inter- 

mediate and functions only in a superexchange 

mechanism. These two mechanisms can be tested by 
altering the reaction center composition through 

chemical modification [lo] or site-specific muta- 
genesis (reviewed in ref. [ 111). 

In this paper, we present new data relevant to these 

questions through a study of reaction centers iso- 
lated from a set of strains bearing site-specific mu- 

tations at residues tyrosine M208 and phenylalanine 
Ll8 1. Substitutions at these sites alter the energetics 

of both the active and inactive prosthetic groups. 

These mutants may help elucidate the role of B,_ and 

tyrosine M208 in the unidirectional, ultrafast pri- 
mary electron transfer. 

2. Experimental 

The construction and initial characterization of the 
mutants will be described elsewhere [ 121. Briefly, 

the Rb. cupsulutus mutagenesis system was used as 
described previously [ 13,141. Genes for the L and 
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Ail subunits were separated from each other prior to 

mutagenesis by subc~oning the appropriate segment 
into a bifunctional plasmid (PBS, Stratagene Clon- 

ing Systems). mutants were constructed by oligo- 
nuc~eotide-directed synthesis as described in ref. 
[ 151. Mutant reaction center genes were returned to 

the p~~operon carried on a broad host range vector 

pU2922 [ 141, and were transferred to Rb. cqm- 

iutus by conjugation with E. co/i mobilizing strain 
S17-I [ 161. Reaction centers were purified as de- 

scribed by Bylina et al, [ 171. 
Pulses of 6 15 nm, 80 fs full width at half maxi- 

mum (fwhm) were generated from a colliding pulse 

mode-locked (CPM ) ring dye laser. Four intra-cav- 
ity prisms were used for group velocity dispersion 

compensation. A four-stage longitudinally pumped 

dye amplifier was used to increase the single pulse 
energy to 500-800 pJ at 20 Hz repetition rate. The 

amplified beam was split into two parts (75% for the 

pump side and 25% for the probe side) and focused 

into water to generate two continuum light sources. 
A portion of the continuum from the pump beam 

was selected by an interference filter of 10 nm band 
width, and then boosted to 3-5 pJ/pulse through a 
single-stage amplitier using the Bethune design [ 181. 
LDS 867 was used for both 860 and 870 nm light. 
A low intensity white light continuum generated on 

the probe side was sent to the sample through a vari- 

able optical delay line, The light transmitted through 
the sample was focused onto a Jobin-Yvon H20 
monochromator and detected by a visible-near IR 

sensitive photodiode. A reference beam reflected 

from the probe beam was monitored by another pho- 
todiode to minimize the effect of pulse-to-pulse fluc- 

tuation. The typical system response function was 
300 fs (fwhm). 

Samples were contained in 1 or 2 mm optical path 
cuvettes and the temperature was controlled by a 

temperature-regulated close-cycle cryostat. The con- 
centrations of the samples were adjusted such that 
the absorbance at 860 nm was between 0.5 and 1 .O. 
Under these experimental conditions, about lo-20% 

ofthe RCs in the probe volume were bleached by each 
excitation pulse. Each data point represents an av- 

erage over 2000 laser excitation pulses. 

3, Results 

Table 1 summarizes the decay time constants of 

the stimulated emission of the primary donor singlet 
excited state that is formed by 860 nm laser exci- 

tation and monitored at 9 1 O-925 nm. The decay time 

constants were obtained by fitting the decay curves 
deconvoluted with the instrunlent response func- 
tion. The PheL’*‘+Tyr mutant gives a time constant 

of 2.110.3 ps at 295 K, which is faster than the 

3..5*0.4 ps decay of the wild-type 1191. To our 

knowledge, this is the first obse~tion of a mutant 
that shows an initial electron transfer that is faster 

than wild-type. Fig. 2 compares the decay of the 
PheL’*’ +Tyr mutant and the QB mutant which has 

Table I 
P” stimulated emission decay tune constants for reaction center 
mutants of Rh. capsulates from 295 to I7 K. Reaction centers 
were excited at 860 or 870 nm, and the stimulated emission was 
monitored at 910-925 nm. The decay time constants were ob- 
tained by fitting the decay curves deconvoluted with the instru- 
ment response function 

Temp. (K) %A I Taul (ps) %A2 Tau2 (ps) 

PheL’@‘ATyr 
296 100 2.1 to.3 
140 100 1.6kO.2 
17 100 1.3t0.2 

PheL’*‘_TyrMZO~~TyrL’81_pheMZOS 

298 65 3.5+0.3 35 llf2 
200 74 2,9f0.3 26 14+4 
77 56 2.1 co.3 44 9+2 
17 70 2.4t0.3 30 13f3 

Tyr”‘08+Phe 
296 80 9.2k1.5 20 126+50 

17 58 6.4k 1.0 42 72rt30 

TyrMzo8+His 
298 100 3.7Iko.4 
200 100 3.OkO.3 
140 100 3.1 i 0.3 
77 100 2.6f0.4 
17 100 2.6f0.2 

Tyr”*“*+Thr 
296 100 15k3 
200 83 27+4 17 2.652 

77 100 26k4 
17 100 26k5 

GIuLZ’*-Asp L*I)_A,aL*IZ_*laLZ13 

293 100 4.0~0.5 
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Fig. 2. The P’ stimulated emission decay for reaction centers of 
the Q,site mutant (...) and the Ph.?“+Tyr mutant (---) ofRb. 
capsulutus monitored at 920 nm with excitation at 860 nm at 295 
K. The two curves have been normalized to the same amount of 
bleaching to facilitate the comparison. The fit curves correspond 
to time constants of 2.lfO.3 ps for Ph?“‘+Tyr (-) and 
4.0 to.5 ps for the QB mutant (---), 

two mutations, GluL2’2-AspL213+AlaLZ’~-AlaLZ13, in 

the QB binding pocket that are far away from the 
photoactive chromophores (L2 12 and L2 13 are more 

than 25 A from all the photoactive chromophores). 

As expected for a mutation away from the active 

chromophores, the QB mutant’s time constant of 
4.0? 0.5 ps at 295 K is similar to wild-type [ 191. 

The double mutant PheL’8’-TyrM2DS+TyrL18’- 
pheM?08 reverses the asymmetry seen in the wild-type 

at M208 and L181, yet it exhibits a major decay 

component with the same decay time constant of 

3.5 + 0.3 ps. Completing the phenylalanine/tyrosine 

series at these two sites in the TyrM2’*+Phe mutant 
whose lifetime is increased to 9.2t 1.5 ps, in good 
agreement with similar measurements on Rb. sphae- 
roides mutants [ 20,211. An additional component 

of about 120 ps is detectable in this mutant with a 

weight of 20% at room temperature. 
The TyrMZoa + His mutation produces little change 

from the wild-type, and its lifetime is 3.7 + 0.4 ps. 
But the exchange of TyrMZo*+Thr drastically slows 

down the decay time constant to 14.9 Y! 3 ps, similar 

to Rb. sphaeroides mutants that change the tyrosine 

to the smaller aliphatic residues leucine [ 2 1 ] and 

isoleucine [ 201. 
The kinetics of stimulated emission decay at lower 

temperature has also been measured. Fig. 3 shows 

Fig. 3. Temperature dependence of the rate constants for the ini- 
tial electron transfer of the Rb. cupsulatus mutants PheL”’ 
+Tyr( 0 ), PheL1B1-TyrM*08~Ty~‘*‘-PheM*o* (O), TyrM2”B 
+Phe (x), TyrMzO”+His( 0), Tyr’“‘208+Thr (A ), and Glu- 
L212_*spU13~A,aLZ1?_,~~a~~,~ (m). For those mutants which 
display nonexponential kinettcs (see table I), only the primary 
component is shown. 

the P* decay as a function of temperature for all the 
mutants studied. For the two mutants where nonex- 
ponentiality was significant, only the short compo- 

nent was plotted. In general, the rate constant in- 

creases slightly as the temperature decreases. This is 

in agreement with measurements on Rb. sphaeroides 
and Rp. viridis [ 781. 

4. Discussion 

The stimulated emission decays for most of the 

mutants can be adequately fit to a single exponential 
decay. However, the TyrM208+Phe mutant and the 
double mutant PheL’*‘-TyrM208~TyrL’8’-PheM’oB 

both require two time constants to produce an ac- 

ceptable fit, as does TyrMzo8+Thr at 200 K. Al- 

though nonexponential kinetics are seen primarily in 
mutants where hydrophobic amino acids have been 
substituted for tyrosine M208 (see also refs. 
[ 202 1 ] ), the mechanisms responsible for them are 

unclear. Therefore, the following discussion will fo- 

cus only on the major component of the stimulated 

emission decay. 
The initial electron transfer rate of our Rb. cap- 

sulatus mutants (fig. 3) appears to show a correla- 
tion between the rate at room temperature and the 
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strength of the temperature dependence. The faster 
the P* decay rate at room temperature, the stronger 

the temperature dependence. The electron transfer 

rate for TyrM208+ Thr mutant, which shows the slow- 
est electron transfer rate at 295 K, is almost tem- 

perature independent, while the temperature depen- 
dence for PheL18’ +Tyr, the fastest mutant at room 

temperature, is the largest. 

We first consider the effect of the size of the amino 

acid at position M208 and the nature of its func- 
tional groups on the P* decay rate. The only struc- 
tural difference between Phe and Tyr is that Phe lacks 

a hydroxyl group that is capable of forming a hy- 
drogen bond, and this is likely to change the elec- 

trostatic interactions of this residue with P. BL, and 

H,. It is difficult to determine which of these inter- 

actions if any causes the rate reduction, but the crys- 
tal structure indicates that the hydroxyl group of the 
tyrosine points towards the special pair. Calculations 
on the energy levels of various states for 
TyrM2”+Phe mutant of Rp. viridis [ 51 suggest that 

the main cause for the slowed electron transfer rate 
in this mutant is the destabilization of the state 

P+B; HL. The symmetry related mutant, 

PheL’8’+Tyr, interacts primarily with P since BL and 
HL are distant (closest approach 12.5 A to BL and 

10.9 a to HJ. The acceleration of electron transfer 

in the mutant may be due to the interaction of Tyr 

with the special pair (closest approach 3.5 A). Our 
data strongly suggest that the decrease in the electron 

transfer rate in the TyrM208+Phe mutant must be due 
to the destabilization of the special pair and not the 
accessory bacteriochlorophyll. Calculations that ex- 

amine the detailed electrostatic contributions of these 

symmetry-related amino acids are in progress. 

One could suggest that hydrogen bonding at the 
M208 site is the main cause in stabilizing the pri- 

mary donor. But the data do not seem to be consis- 

tent with this idea. Although the threonine hydroxyl 
group is capable of hydrogen bonding, the rate in this 

mutant is decreased by a factor of four from wild- 
type and is slower than the phenylalanine substitu- 
tion. Of course, the interaction of the hydroxyl group 

in Thr with P, B, or H, will be different from that 

of Tyr due to the smaller size of Thr (the hydroxyl 
group could be 6 A further removed from P), so we 

cannot completely rule out the possibility of the hy- 
drogen bonding stabilization factor. 

Another factor is that the aromaticity of the amino 

acid may be responsible for mediating the ultrafast 

electron transfer. Replacing an aromatic residue with 
an aliphatic one modifies the interaction by remov- 

ing the low-lying x orbitals used in a superexchange 
mechanism. The TyrM2’*+Thr mutant supports this 
idea, as do results recently reported for TyrM2”+lle 

[20] and TyrM2”+Leu [21] mutants in Rb. sphae- 
roides; all have a rate decreased by at least four-fold. 
But aromaticity cannot be the only factor, because 

the Tyr M208+Phe substitution retains the aromatic 

character yet the rate is still three times slower than 

wild-type. 
Our final piece of data concerns the mutant 

TyrM208 -tHis. The histidine residue is slightly smaller 

than tyrosine, but both are aromatic and capable of 
hydrogen bonding. This mutant has a decay rate es- 

sentially the same as wild-type. This observation leads 

us to suggest that both the hydrogen bonding capa- 
bility and aromaticity of this residue are important, 

and that removal of one of these properties will 
greatly decrease the overall electron transfer rate, 

From a calculation of the electrostatic interactions The PheL’*l +Tyr mutant was constructed to see 
of the protein environment on the active and the in- if the exchange PheL”’ +Tyr could activate the nor- 
active sides, Michel-Beyerle et al. [22] have pro- mally inactive M branch and change the direction- 

posed a ratio of 12 : 1 in favor of the electron transfer ality of electron transfer. Our results in table 1 show 

pathway in the active branch. Kellogg et al. [ 231 have that we increased the electron transfer rate for this 
measured the yield of Pi formation with RCs trap- mutant. Since the L181 residue is close to the pros- 
ped in the PH; HM state and estimated the branch- thetic groups on the inactive branch, the possibility 
ing ratio k,/k, is on the order of 200. Since changes arises that the measured increase in the electron 
in TyrMZo8 produce comparatively small changes in transfer rate is not due to an increase in the actual 
the electron transfer rate (a maximum of a factor of electron transfer rate down the L branch, rather elec- 
four), it seems unlikely that this residue is the major tron transfer may now be occurring along both 
contributor to the very large branching ratio between branches. To test this possibility, we measured the 
the active and inactive branches. absorbance changes for the two bacteriopheophytin 
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Q, bands. The Q, absorbance changes for the 
PheL”’ +Tyr mutant and Rb. sphaeroides R26 at 17 
K are shown in fig. 4. As is immediately apparent in 

this figure, the qualitative features of the spectra1 
changes for H,, and HM are identical in the L18 1 mu- 
tant and in Rb. sphaeroides R26.4t 545 nm (the ab- 
sorption maximum for HL) there is an instantaneous 

absorbance increase due to P* formation, which is 
followed by a bleaching indicating the reduction of 

HL. When probed at 528 nm (the absorption max- 
imum of H,), an instantaneous absorption due to 
P’ is observed but no subsequent bleaching is ob- 

served, thus no HM reduction occurs (the small ab- 

sorption decrease at 528 nm probably reflects the de- 
cay of P* in both the PheL’*‘+Tyr and Rb. 
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a 542 nm 

001 1 
I 

1 i 
I 0.03&’ ‘,,“‘,““/r”‘I 
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sphaeroides R26). By analogy with Rb. sphaeroides 
R26 where electron transfer is believed to occur only 

down the L branch, only right-way electron transfer 

occurs in the L18 1 mutant. 
The finding that tyrosine residues in both the L18 1 

and M208 locations serve to facilitate right-way elec- 
tron transfer suggests a ven simple model to ration- 

alize our data. Suppose that residues in these two lo- 

cations act independently. Further, suppose that these 
two residues make the largest contribution to ultra- 

fast electron transfer. Although we are not aware of 
any theoretical justification for this expression, we 

write: 1 /T= l/r,,,, t l/~~,~,. From the two sym- 
metric mutants (PheMzo8-PheL’*’ and TyrMzo8- 

TyrL”‘) we find r(Phe)= 18.4 ps and r(Tyr)=4.2 

-0OF 
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Fig. 4. Transient absorption kinetics in the Q, bacteriopheophytin region for reaction centers from the Rb. capsulaius mutant PheL”’ 

+Tyr (top left and lower left) and Rb. sphneraides R26 (top right and lower right) at L 7 K. Samples were excited at 870 nm and transient 

absorption was monitored at 542 nm (top left) and 545 nm (top right) for HL and at 528 nm (bottom left and bottom right) for HW 

The data clearly show that only H, bleaching is observed in both reaction centers, and no apparent wrong-way electron transfer is occur- 

ring in this mutant. 
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ps at 295 K. This model predicts a time constant of 
3.4 ps for PheM208-TyrL1B1 or TyrMZos-PheL”’ as 

compared to the measured value of 3.5 ps [ 191 for 

the wild-type ( TyrM208-PheL’*’ ). It should be noted 

at this point that the agreement refers only to the 
short component observed in the double mutant. 
Until the origin of the nonexponential kinetics is 

clear, this apparent “symmetry” in the influence of 

residues M208 and L181 should be treated with some 

caution. The model also predicts a room tempera- 

ture time constant of 2.3 ps for a HisMZoB-HisL’*’ 
mutant and 39 ps for a ThrM2a8-ThrL1s1 mutant. Ex- 

periments to test these predictions are underway. 

5. Conclusions 

We have constructed several site-specific mutants 
of Rb. capsulatus. The mutant PheL’*‘+Tyr exhibits 

an initial electron transfer rate that is faster than that 
observed in the native organism. We suggest that the 
residues at the symmetry-related positions M208 and 

L181 act independently to assist the ultrafast elec- 

tron transfer primarily by stabilizing the special pair, 
but the tyrosine at M208 cannot be the sole residue 

responsible for the unidirectionality. Finally we pro- 

pose that both the aromaticity and hydrogen bond- 
ing capabilities of the amino acids at these two sites 

are important characteristics for the ultrafast elec- 
tron transfer process. 
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