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An aspartic acid residue has been introduced near ring V of the L-side accessory bac- 
teriochlorophyll (BChI,) of the photosynthetic reaction center in a Rhodobactercapsulatus 
mutant in which a His also replaces Leu 212 on the M-polypeptide. The initial stage of 
charge separation in the G(M201)D/L(M212)H double mutant yields -70 percent electron 
transfer to the L-side cofactors, -1 5 percent rapid deactivation to the ground state, and 
-1 5 percent electron transfer to the so-called inactive M-side bacteriopheophytin (BPh,). 
It is suggested here that the Asp introduced at M201 modulates the reduction potential 
of BChl,, thereby changing the energetics of charge separation. The results demonstrate 
that an individual amino acid residue can, through its influence on the free energies of the 
charge-separated states, effectively dictate the balance between the forward electron 
transfer reactions on the L-side of the RC, the charge-recombination processes, and 
electron transfer to the M-side chromophores. 

T h e  three-dimensional structures of bacte- 
rial photosynthetic reaction centers (RCs) 
from Rhodopseudomo~zas viridis and Rhodo- 
bacter sphaeroides (1 )  have revealed an akl- 
proximately C 2  sy~nrnetric arrangement of 
the L- and M-polypeptides and associated 
cofactors (Fig. 1) .  Charge separation begins 
when the excited singlet state, P'", of the 
dirner (P)  of hacteriochlorophyll (BChl) 
lnolecules transfers an electron in -3 ps to 
the L-side bacteriopheophytin (BPhL). The 
role of the L-side accessory hacteriochloro- 
phyll (BChl,) in this process has not been 
fully resolved despite intensive efforts fo- 
cused on this issue (2 ) .  After formation of 
P+BPhLp, an electron is transferred from 
BPhL- to the primary quinone (Q,) in 
-200 ps. Within experimental uncertainty, 
the quantum yield of this overall charge 
separation process is unity. 

Explanations for the remarkable unidi- 
rectional asymmetry of electron transfer to 
the L-side cofactors, and the free energy 
(AG) and inr:olveinent of P+BChlLp in ini- 
tial charge separation, have been sought in a 
wide variety of site-directed mutants. To  
date, ahout 15 sites near P, BChlL, BChl,,, 
or BPh, have been targeted. In some cases, 
no effective changes from the native photo- 
chemistrv have been found. Otherlvise, trvo 
broad classes of mutants can be considered. 
In the first group, initial electron transfer 
from P4: is perturbed (3-10). A slower rate 
for reduction of BPhL or an enhanced rate of 
deactivation of P'Qo the eround state or 
both are found, and depending on the bal- 
ance between these two rates, a reduction in 
the quantum yield of P'BPhLp for~nation 
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may result. Electron transfer from BP1lLp to 
Q, in these mutants is similar to that in 
wild type and takes place quantitatively in 
100 to 300 12s. In the second class of mu- 
tants, a different piglnent is s~lbstit~lted for 
BPh,. This substitution lvas achieved in the 
Leu to His mutation at b1214 of Rb. sphn- 
eroides wherein a BChl (denoted P) is incor- 
porated in place of BPhL-the result of in- 
troduction of a His centered over one face of 
BI1hL (1 1). Chelnical methods have been 
used to substitute pheophytin for BPh, (1 2 ,  
13). New beta-type RCs have been made in 
Rb. capszilntus (14) hy substituting His at 
either L124 or, in special cases, at L121, 
both of which are over the face of BPh, 
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Fig. 1. Schematic representation of the cofactor 
arrangement in the bacterial photosynthetic reac- 
tion center; symbols are defned In the text, In the 
mutant studied here, BPh, IS replaced w~th a BChl 
molecule denoted P. 

opposite to that occupied by b1212 (M214 
in Rb. sphne~oides). 

Electron transfer in beta-type RCs. This 
second class of mutants is the starting point 
for the lvork done here. All of the beta-type 
(and pheophytin-substituted) RCs reported 
to date have a common photochemistry (Fig. 
2B) that is distinct from the wild-type pho- 
tochernistry (Fig. 2A) and fro111 that of the 
first class of mutants. The kinetics and yield 
of initial electron transfer from P:%are largely 
unpert~~rhed in the beta-type mutants form- 
ing, in 5 to 8 ps, a charge-separated transient 
denoted PtI- that is believed to be a mix- 
ture (either quantum mechanical or thermal 
or both) of P'Pp and P'BChlLp (1 1-16). 
This assessment is consistent with the expec- 
tation that P+Pp is at higher AG than 
Pi-BPhL- in wild type, resulting in increased 
interaction with Pf BChlLp. Although the 
precise nature of Pf I in these RCs is not 
fully resolved, the data are clear in sholving 
that P'" + P ' I  has a yield of -1. However, 
subsequent electron transfer from I to Q, is 
significantly altered, with only a 60 to 80 
percent yield of P t Q ,  depending on the 
particular beta-type mutant. Based on this 
yield, the P+ I lifetime, and a simple kinetic 
branching scheme, one obtains on average 
an -500 ps inherent time constant for P'Ip 
+ P'QAp electron transfer and an -900-ps 
inherent time constant for P+ I deactiva- 
tion (1 1-16). In comparison, wild-type RCs 
have an -200-ps time constant for reduc- 
tion of Q, and an -20-11s inherent deacti- 
vation time for P'BPhLp. Thus, more than 
just a simple slowing of electron transfer to 
Q,, the greatly enhanced inherent rate of 
P+Ip + ground state is responsible for the 
reduced yield of P f Q ,  in beta-type RCs. 

Construction of the double mutant. Mu- 
tations of residues near ring V of the R C  
pigments have typically demonstrated signif- 
icant effects on  the electrol~ic properties 
of the chromophores (4: 8-10, 14, 15). 
W e  have constructed a Rb. capsulat~ts dou- 
ble mutant incorporating the L(M212)H 
mutation and introducing an Asp (D)  res- 
idue at b1201, which is near ring V of BChl, 
(17). As expected, lve find G(M201)DI 
L(b1212)H RCs have a BChl ( P )  in place of 
BPhL. The predominant differgnces in the 
ground-state spectrum of the h u t a n t  com- 
pared to wild-type RCs (Fig. 3) are essential- 
ly identical to those fo~und 6retiPiously for all 
other beta-type RCs, and can be associated 
with the replaceinent of BPhL with a BChl. 
As seen in the inset to Fig. 3, the 543-nm Qx 
band of BPh, is ~ ~ o t a h l y  absent; the 530-nm 
Q x  band of BPh,, of course remains. The 
spectrum also shows reduced BPh Qy a b s o ~ p  
tion near 760 nm and increased BChl Q x  
and Qy absorption near 600 and 780 nm, 
respectively ( 1  8). We perfor~ned pigment ex- 
tractions on the mutant and obtained a 
BChl/BPh pigment ratio of 4.6 2 0.5 and 
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Fig. 2. Summaries of the room-temperature primary photochemistry in (A) wild-type RCs. (B) normal 
beta-type RCs, and (C) the G(M201)D/L(M212)H mutant The states are posltoned to indlcate their 
relative AG ordering. The box enclosing P-p- and P-BCh1,- in (B) denotes that both states are believed 
to contrbute to P t -  through thermal equlllbraton or quantum mechanlca mixing or both (and the relative 
energies of these two basis states may be reversed from that shown). The inherent time constants for the 
speclfic processes are calculated from the observed lfetimes and yields. Routes for deactivat~on to the 
ground state are not explicitly shown for states whose competng fotward electron transfer reactons have 
y~elds of -1 .  

total pigment content of 6.2 -C 0.3. These 
results, including a pigment ratio -10 per- 
cent lower than the expected value of 5, are 
essentially identical to those found previous- 
ly for the other beta-type RCs (1 1 .  14). (We 
routinely obtain a BClll/BPh ratio of 1.8 for 
wild-type RCs, a value that also is -10 
percent low.) Side-by-side redox titrations of 
P were performed on the mutant and wild- 
type RCs follolving the procedures given in 
(9) .  A n  oxidation potential of 500 -C 10 mV 
was found for hoth the G(M201)D/ 
L(M212)H mutant and mild-type RCs. 

Time-resolved spectroscopic studies. 
The result of ultrafast transient absorption 
studies on the G(M201)D/L(M212)H mu- 
tant are given in Figs. 4 through 8 (1 9). As 
we describe below, these data delnonstrate 
that the defining beta-type photochelnistry 
(branching at PtI- as in Fig. 2B) is negated 
and restored to wild type. Further, inltial 
charge separation from P" is dramatically 
altered and yields -15 percent electron 
transfer to BPhhl. 

Bleaching of the 855-nm ground-state 

absorption of the dimer P at 1 ps after 
excitation is shown in Fig. 4. Stimulated 
emission from P" is nlanifest as the appar- 
ent absorption decrease on the long-wave- 
length side of the bleaching (for example, 
near 920 nm).  A single exponential fit of 
the decay of the stimulated emission returns 
a P'"ifetime of 15 + 1 ps (Fig. 5) .  At  50 ps, 
stiinulated emission is no longer seen and 
the magnitude of P bleaching is clearly 
reduced compared to the initial value. This 
decay of P bleaching in the G(hlZOl)D/ 
L(M212)H mutant indicates partial deacti- 
vation of P':' to the ground state, corre- 
sponding to a decrease in the quantum yield 
of charge separation. Decay of P bleaching 
(loss of quantum yield) does not occur iiur- 
ing the P'!' lifetime in wild-type RCs or in 
any other beta-type R C  (1 1 ,  14, 15). A 
yield of -1 5 percent for decay of P:!: to the 
ground state in the mutant is calculated 
frotn the extent of the decay in P bleaching 
between 840 and 850 nm. There also may 
he an additional decrease of a few percent 
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Fig. 4. Transent difference spectra for G(M201)Dl 

Fig. 3. Ground-state absorpton spectra of Rb L(M212)H RCs at 285 K n the reglon of the ground- 
caps~~latus G(M201)D/L(M212)H RCs (sol~d) and state absorptlon of P at the lndlcated tlmes after 
wild-type RCs (dashed) at 298 K exctatlon wlth a 150-fs flash at 582 nm 
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Fig. 5. Decay kinetcs of P" stimulated emssion 
between 910 and 920 nm. The solid line 1s a fit of 
the data to an exponentlal plus a constant plus the 
cross correlation of the pump and probe pulses, 
glvlng a Px lifetlme of 15 2 1 ps. 

in bleaching of P at 2 ns, the origin of 
which is discussed below. 

Between 600 and 700 nm, where the 
anions of hoth BPh and BChl have charac- 
teristic absorption bands, the initial positive 
and featureless spectrum of P" gives way to 
the Pf I- transient absorption shown at 50 
ps in Fig. 6 (inset). This absorption decays 
with a time constant of 170 2 20 ps (Fig. 
6) .  Because there is no decay of P bleaching 
on this time scale (lvithin a few percent), 
170 ps reflects the time constant for P f I -  
+ Pi-Q,- electron transfer. Formation of 
P f Q A  is further evidenced in the spectral 
data in the 750- to 850-nm Qy region. 

Transient spectra for G(M201)D/ 
L(M212)H RCs in the Q, region are shon,n 
in Fig. 7A. A bleaching centered near 530 nm 
is clearly resolved in the spectrum taken after 
P-decay at 50 ps and contrasts with the 
featureless spectrum of P'" observed at 1 ps. 
Because BPhhl is responsible for the ground- 
state absorption at this [vavelength, we assign 
the 530-ntn feature as bleaching of the Q, 
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Fig. 6. Decay of the transent absorption (Inset) 
due to I at 665 nm along with a f ~ t  (as in Fg. 5), 
gving a P -  fetme of 170 -t 20 ps. The same 
time constant within experimental error IS found 
between 630 and 700 nm. 
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band of this chromophore due to the forma- 
tion of P+BPhhip (20). At 2.3 ns, the mag- 
nitude of the 530-nm bleaching is diminished 
but persists. Wild-type spectra of P'BPhLp 
(20 ps) and PtQ,- (2.3 ns) are shown in Fig. 
7B for comparison. In Figs. 7C, 7D, and 8, we 
compare spectra for our double mutant, wild- 
type, and beta-type RCs through the Q, 
bands of both the BPhs and BChls. O n  the 
basis of comparison of the magnitude of 530- 
nm bleaching in G(M201)D/L(M212)H RCs 
to that at 543 nm in wild-type RCs (Fig. 7C), 
we estimate the yield of PtBPhhi to be -15 
percent in the mutant. 

Formation of PLBPh,,- is supported by 
two other observations. First, in the anion 
region, a small residual absorption hetween 
640 and 680 nm remains after the decay of 
the tnain absorption due to the L-side P+ I p  
(2.3-ns spectrum in Fig. 6). BPh,,- is ex- 
pected to absorb in this region, whereas 
P'Q,- does not (21). Second, the bleach- 
ing at 530 nm shows a small decay by 
several nanoseconds (Fig. 7A).  We expect 
PLBPhM- to decay over several to tens of 
nanoseconds through charge recombination 
to the ground state (22). '4s noted above 
(Fig. 4)) a fevv percent decay of P bleaching 
is also (barely) resolved at 2.3 ns compared 
to 50 ps (23). These observations are of- 
fered here not as unambiguous points of 
evidence but rather as support for the for- 
mation of P'BPhMp and in combination 
with the clear 530-nm bleaching contribute 
to a compelling assignment. 

Modeling electron transfer and energet- 
ics. Collectively, the spectral and kinetic 
data presented here evoke the description 
of the photochemistry in G(M201)D/ 
L(M212)H RCs illustrated in Fig. 2C. First, 
the nor~nal  beta-type photochemistry de- 
picted in Fig. 2B is clearly negated. Rather 
than fast quantitative initial charge separa- 
tion P* + P'I-, and subsequent branched 
PtI- decay to give a reduced P+QAp yield 
and s~gn~ficant  ground-state recovery, the 
photochemistry in G(M201 )D/L(M212)H 
RCs is branched ~nstead at P" aalnd is fol- 
lowed by unperturbed electron transfer frotn 
I to Q,. Specifically, PtI- + PtQA- 
proceeds with effectively w~ld-type kinetics 
(-170 ps compared to the native -200 ps) 
and with no sign~ficant loss of quantum 
yield (23). The co tnb~na t~on  of spectral and 
k~ne t ic  data in the anlon region and the 
essentially constant magn~tude of P hleach- 
ing on the time scale of electron transfer to 
Q, clearly establish this picture. This is an 
extraordinary reversal of the normal heta- 
type photochemistry. This is a signiflcant 
result, even in the absence of f ind~ng elec- 
tron transfer to BPh,, and gives direct in- 
sight into factors that dictate the balance 
between the charge-separation and charge- 
reco~nbination reactions on the photoac- 
tive side of the RC. 

The model that emerges is that the corn- 
hined participation of P+BChlldp and P A P p  
in P'I- in the normal beta-type RCs (Fig. 
2B) has been altered in the G(M201)D/ 
L(M212)H mutant. Our working hypothe- 
sis to explain our, results is that the Asp at 
M201, which is positioned within a fevv 
angstroms of ring V of BChlL ( I ) ,  has raised 
the AG of PtBChlLp, as ill~lstrated in Fig. 
2C. Such a change in the AC; of this state 
would be tnost readily explained if Asp 
M201 is charged (24). This shift in turn 
would increase the AG between P+BChlldp 
and PtP- ,  resulting in reduced mixing 
(quantum mechanical or thermal or both) 
of these states compared to the situation in 
normal beta-type RCs. This would affect 
the rates of electron transfer (Pf  I-  + 
PfQAp)  and charge recombination (P+Ip  
+ ground state) in precisely the ways we 
have observed (25). In effect, the P+Ip 
transient in the G(M201)D/L(M212)H 

mutant has less the character of PtBChlL- 
and more that of P A P p  compared to the 
previously reported P-containing RCs (1 1 ,  
14, 15). 

The AC of PtBChlL- in wild-type RCs is 
not known. We argue that the combined re- 
sults on our new double mutant, the previous 
beta-type mutants (1 1 ,  14, 15), and pheophy- 
tin-substituted RCs (1 2, 13) present a power- 
fully consistent picture that PLBChlL- is 
slightly helow P;! Some calculations place 
P+BChlLp very close to P* in wild-type RCs 
(26), and an ordering with the former slightly 
lower is indicated in studies that have offered 
evidence for a contribution from an initial 
two-step charge separation sequence, P'" 
P+BChlLp + P+BPhLp, in wild-type RCs (5.  
6 ,  27, 28). In order to effect the restoration of 
the native PtI- + P f Q ,  dynamics (kinet- 
ics and yield) in the G(M201)D/L(M212)H 
mutant, the lG gap between P+ BChlLp and 
PAP- must be considerably greater than in 

Wavelength (nm) 

Fig. 7. Absorpton changes In the Q, region at 285 K (A and 6) Transent spectra in the regon of BPh Q, 
absorption acqured wth 150-fs flashes at 582 nm (C and D) Data acqured wth 150-fs flashes at 860 nm, 
and problng through the region of Q, absorptlon of both the BPhs and BChls. The 50-ps and 2.3-ns spectra 
In (A) for G(M201)D/L(M212)H RCs show bleaching of the 530-nm absorption of BPh,. For comparlson, 
bleaching of the BPh, absorptlon at 543 nm in wild-type RCs IS illustrated In the 20-ps PLBPhL spectrum 
In (B); the 2.3-ns spectrum IS for state P+Q, .  The data in (C) were obtained with samaesd  wild-type and 
G(M201)D/L(M212)H RCs having Identical concentration (same absorption through the long-wavelength 
band of P) studied under dentical conditions of exctaton. The spectra shown were acqurgd at times after 
P7 decay corresponding to about four P* lifetimes In the respective samples (-1 5 ps for wild type and -55 
ps for the mutant), In this way. comparison of the integrated bleaching at 5,30 nm In the mutant with that at 
543 nm in wild type yields a good estlmate of the yeld (-15 percent) of P+BPh,- In the mutant. The 
absolute accuracy of this y~eld estmate depends, of course, on the relatve oscillator strengths of BPh- and 
BPh, absorptions, these were taken to be the same as indcated in the ground-state spectra In Fig. 3 (inset). 
Representative data are shown in (D) for beta-type RCs requlred under the same conditlons (matched 
sample concentraton and dentical excitaton conditlons) used for (C). The spectra for P* (0 5 ps), P +  (20 
ps), and P+Q,  (2 ns) acquired for Rb. sphaeroides L(M214)H RCs are essentially identical to those 
obtalned for all SIX beta-type mutants Investgated in our laboratory, two from Rb. sphaeroides and four from 
Rb, capsulatus (1 1, 14, 751, see also Fig. 8 .  The utility of a beta-type background In assaying for BPh, 
bleaching at 530 nm is apparent from the spectra in (D). The data in (B) and (C) ~Ilustrate the difflcuties that 
arse in cleanly resovng very small ylelds of PLBPh, In the presence of substantial BPh, bleaching in 
wd-type or other BPh,-contaning RCs at room temperature. 
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normal beta-type RCs, approaching the gap 
between P+BChlLp and P+BPhLp in wild- 
type RCs. O n  this basis, we speculate that the 
effect of the Asp is to raise Pf BChlLp by 
-100 meV or more, probably putting it above 
P*, as suggested in Fig. 2C (29). W e  have 
independent support that the presence of an 
Asp can cause such a large modulation of the 
energetics in another mutant, in which we 
ha1.e introduced an  Asp near ring V of BPh, 
(30). These RCs have the wild-type pigment 
content (BPhL is still present), yet they dis- 
play the defining charge-separation properties 
of a beta-type RC. P* decays in -5 ps to yield 
P+Ip withno loss of quantum yield, but this is 
followed by branching photochemistry with 
P+Ip decaying partially by electron transfer to 
yield P+QAp and partially by charge recom- 
bination to yield the ground state. Again, the 
mrorking model is that the Asp residue, per- 
haps charged, raises the hG of P+BPhL- so 
that, like P+ P- in the original beta-type RCs, 
P+BPhLp is at high enough energy to mix 
with P+BChlLp and thereby afford the ob- 
served beta-like photochemistry. These results 
corroborate those reported here on the 
G(M201)D/L(M2 12)H double mutant and 
support further the models shown in Fig. 2, B 
and C .  

A significant increase in the 1 G  of 
P+BChlLp should perturb electron transfer 
to the L-side, no  matter whether the mech- 
anism of initial electron transfer ( in  wild- 
type or normal beta-type RCs) involves two 
steps, superexchange, or both. Indeed, we 
obsen~e a lengthened P* lifetime and a func- 
tional branching of the photochemistry at 
this initial excited state in the G(M201)DI 
L(M212)H mutant. A similar effective com- 
petition between P* + ground state and P* 

520 560 600 

Wavelength (nm) 

Fig. 8. Comparison of spectra of P - l  at four P* 
l / e  decay times for three P-containing RCs: Rb. 
sphaeroides L(M214)H (dotted), Rb. capsulatus 
L(M212)H (dashed), G(M201 )D/L(M212)H (sold). 
These spectra were acquired using slightly greater 
concentrations and slhghtly more excltatlon inten- 
sity In order to obtan somewhat larger absorpton 
changes than In Fig. 7. There may be evidence for 
a small bleach~ng of the 530-nm absorptlon of 
BPh, In the two sngle mutants -2.5 times small- 
er than that observed for the double mutant. 

+ L-side charge separation, or at a minimum 
a slowing of initial charge separation, has 
been observed in a number of other mutants 
(3-10). However, to our knowledge, the 
clean spectral evidence presented here in the 
G(M201)D/L(M212)H mutant for electron 
transfer to BPhhl has not been found in 

' 

prel~ious studies of other RCs. 
Rate constants for electron transfer and 

deactivation. Based o n  the measured 15-ps 
P* lifetime and the  yields of ~ t s  photoprod- 
i~cts ,  we estimate the folloa.ing values for 
the inherent tlme constants in  G(M201)DI 
L(h4212)H RCs: P* + ground state = 100 
ps; P* + P+Ip ( the  L-side) = 20 ps; and P* 
+ P+BPh,- = 100 ps (31).  A t  a qualita- 
tive level, the  simplest explanation for such 
a substantial sloa.~ng of electron transfer to  
the L-side is if P+  BChlLp is now at higher 
1 G  than P*, as discussed above, thereby 
diminishing or eliminating a contribution 
of a two-step mechanism to the  initial stage 
of charge separation. Low-temperature stud- 
ies and theoretical analyses should provide 
insights into how the  relative contributions 
of the  superexchange and two-step mecha- 
nisms have been modulated in this mutant. 
Such analyses have been carried out for 
wild-type R C  and the  M208 mutants (6 ,  
27),  but are beyond the  scope of the present 
work. T h e  - 100 ps values for P* + ground 
state and P* + P +  BPhhfp compare reason- 
ably well a.ith what is known or might be 
expected but provoke brief comment.  A n  
inherent -100 ps P* deactivation time is 
slightly shorter than  the  150 to 250 ps 
values obtained previously (32 ,  33 ) .  W e  
can  speculate that  a charge a t  M201 might 
impart some charge asymmetry in  P*, 
thereby shortening its inherent deactiva- 
tion. I n  this regard, the  AC111-BPh het-  
erodimers have - (30 p p l  internal con- 
version rates (3 ) .  

A (100 ps)p'  rate for P* + Pf BPhhlp is 
about a factor of 30 slower than the -(3 ps)-' 
rate of P* + P+BPhLp in wild-type RCs. This 
3011 ratio is comparable to a lower limit of 
2511 suggested for Rb ,  s p h r o i d e s  RCs at 20 K 
(34) and is smaller than the lower limit of 
20011 estimated for Rps. viridis RCs at 90 K 
(35). Although these values are reasonably 
consistent in view of the differences in con- 
ditions, the question naturally arises as to 
mrhether electron transfer to the M-side is 
sornea.hat enhanced in the G(M201)DI 
L(M212)H mutant. W e  mention this possi- 
bility, even in the absence of a clear mecha- 
nism, because an -100-ps time constant for 
P* + P+ BP11,- in wild-type RCs necessarily 
would mean there is, in fact, a few percent 
formation of P+BPhhfp in the native system. 
Although such a yield is not typically consid- 
ered, neither is it clear it could be unamb~gu- 
ously resolved, at least at room temperature. 
Similarly, a (100 ps)-' rate for P* + 

P+BPhMp together with a 5 to 8 ps P* 

lifetime in  typical beta-type RCs, corre- 
sponds to a 5 to 8 percent yield of electron 
transfer to BPhhf. Such a yield of PtBPh,- 
is close to the limit of detectability and 
might be evidenced in the  spectra of Fig. 8. 

There are a number of other mutants that 
have P* lifetimes si~nificantlv loneer than in , - 
wild type, and the similar question may be 
asked as to why in  these mutants electron 
transfer to BPhhl has not been observed. 
Two reasons may be considered. First, in 
essentially all of these mutants the oxidation 
potential of P is changed ( 3 ,  5-10), resulting 
in a uniform shift in the 4 G s  of all the 
charge-separated states on both the L- and 
M-sides. Second, except for the DL, mutant 
(33),  these RCs retained the native BPhL 
pigment, rendering it difficult to resolve un- 
ambiguously any small yield of P+BPhMp 
through transient bleaching in the BPh Qx 
region. In  contrast, the G(M201)DI 
L(h4212)H mutant offers a clean s ~ e c t r a l  
window to probe for electron transfer to 
BPh,, and the Asp a t  M201 clearly has 
altered the 1 G  of P+BChlLp. This latter 
factor, either alone or perhaps in combina- 
tion with an  as yet undefined effect o n  the 
M-side energetics, has changed the balance 
of the competitive decay pathways from P* 
sufficiently to allow for the formation of 
P+BPhMp observed here. 

Modulation of the directionality and 
yield of charge separation. T h e  observation 
of electron transfer to BPh, clearly has 
profound implications and goes a long way 
toa.ard understanding one of the  most enig- 
matic properties of the  R C ,  namely, the  
native unidirectionality of electron transfer. 
Considerations have been given to numer- 
ous structural and energy contributions to 
global and specific asymmetries that would 
influence the  Franck-Condon and electron- 
ic factors for electron transfer through the  
two branches ( 1 ,  26, 36-39). O n e  of these 
contributions is that the balance between 
electron transfer to BPhL versus BPh, is 
substantially controlled by precisely posi- 
tioned, and not  necessarily greatly differing, 
1 G s  of P+BChl,- and P + B C h L p ,  with 
the  latter very near and probably below P* 
in the  native protein (26).  Our  results bear 
out this point of view. T h e  way now seems 
clear, in  principle, to further enhance elec- 
tron transfer to the  M-side of the  R C  at the  
expense of the  L-side by key positioning of 
charged amino acids, possibly in  conjunc- 
tion with adding or deleting hydrogen 
bonds. Based o n  our results and the body of 
work o n  modified RCs, we now should have 
the  ability to alter a t  will the  balance be- 
tween the forward and reverse charge sepa- 

u A 

ration reactions, which along with the  corn- 
petition of electron transfer to the  h4-side, 
ultimately dictate the  overall yield of 
charge separation in the  photosynthetic re- 
action center. 
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Crystal Structure of a Conserved 
Protease That Binds DNA: 

The Bleomycin Hydrolase, Gal6 
Leemor Joshua-Tor," H. Eric Xu,Wtephen Albert Johnston, 

Douglas C. Rees 

Bleomycin hydrolase is a cysteine protease that hydrolyzes the anticancer drug bleo- 
mycin. The homolog in yeast, Ga16, has recently been identified and found to bind DNA 
and to act as a repressor in the Gal4 regulatory system. The crystal structure of Gal6 at 
2.2 a resolution reveals a hexameric structure with a prominent central channel. The 
papain-like active sites are situated within the central channel, in a manner resembling the 
organization of active sites in the proteasome. The Gal6 channel is lined with 60 lysine 
residues from the six subunits, suggesting a role in DNA binding. The carboxyl-terminal 
arm of Gal6 extends into the active site cleft and may serve a regulatory function. Rather 
than each residing in distinct, separable domains, the protease and DNA-binding activities 
appear structurally intertwined in the hexamer, implying a coupling of these two activities. 

Bleomyc in  is a small glycometallopeptide 
produced by Streptomyces 'verticillus that is 
used as a n  anticancer drug because of its 

u 

ability to catalytically cleave double-strand- 
ed D N A  ( I  ). T h e  endogenous enzyme, 
bleonnycin hydrolase (BH),  is a cysteine 
protease that detoxifies bleonnycin by hy- 
drolysis of a n  amide group (2 ) .  T h e  announts 
of this enzyme in  the cell limit the  effec- 
tiveness of the  drug, because cancer cells - 
with increased expression of BH are resis- 
tant to drug treatment, and because tissues 
that naturally contain small amounts of BH 
(skin and lung) are especially sensitive to 
toxic side effects of bleomycin (3) .  

BH is preselnt in mammals, birds, alnd 
reptiles in all tissues tested (2 ) .  Homologs of 
BH which also have peptidase activities 
have been identified in yeast ( 4 ,  5 )  and 
bacteria (6) .  T h e  yeast BH has 35 percent 
amino acid identity with the  bacterial forms 
(PepC) and 43 percent identity n i t h  the  
available partial c D N A  sequence of the  
mammalian BH (276 of -450 amino aciils), 
implying a n  evolutionarily conserved role 
from bacteria to  marn~nals for this peptidase 
activity. As in  ~nam~na l i a l l  cancer cells, 
over-expression of the  yeast BH in  yeast 
confers increased resistance to bleomycin 
(4, 5) .  

the L side and place P t B C h I ,  above P" n keeping 
with the native photochemstry. 
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T h e  yeast form of BH was unexpectedly 
purified as a DNA-binding protein that  
hinds to  upstream activating sequences 
(UAS,) of the  G A L  system (4 ) .  T h e  454- 
residue protein preferentially binds single- 
stranded D N A  (&-I@ 11M) over double- 
stranded (KL,-1 pM). Further, t he  
amounts of BH nrotein in  veast BH are 
regulated by the  Gal4 regulatory protein, 
prompting the  designation of the  gene 
encoding yeast BH as GAL6 ( 4 ) .  Gal4 is a 
positive regulatory protein that  has a cen- 
tral role in the  control of gene expression 
in  the  galactose metabolism system of 
yeast. Gal4 and the  GAL genes it controls 
serve as a model system for studying eu- 
karyotic gene regulatioln (7) .  Gal4 regu- 
lates G.4L6 expression by binding a site in  
the  promoter of GAL6. Gal6 itself appar- 
ently negatively regulates G.4L gene ex- 
pression and when GAL6 is deleted, the  
levels of the  G A L  gene R N A  become 
three to  five tinnes hieher (8). Thus,  Gal6 

u 

appears to  be part of a negative feedback 
regulatory system in  yeast, adding another 
dimension to  the  cellular roles of BH. 

T h e  BHs apparently have cellular func- 
tions that have been conserved fro111 bacte- 
ria to  humans. Presumably these functions 
involve both proteolysis and D N A  binding. 
W e  now describe the  three-dimensional 
structure of Gal6. Unlike lnalnv bifi~nctional 
proteins, the  DNA-binding k d  protease 
activities of Gal6 are illtinnatelv intertwined 
a t  both the  tertiary and quaternary structur- 
al levels n i t h  a n  organization strikingly 
analogous to  that of the  205 proteasome 
(9) .  This feature may be key to  understand- 
ing the  conserved cellular functions of this 

Fig. 1. A general system for the overproduct~on of proteins In yeast as applled to Ga6. The 
target gene (GALE) is under control of a Gal4 responsive promoter (GALI) and is on a (glucose) 
muticopy pasmid. Gal4 is a posltive regulatory protein that is repressed by Gal80 protein, 
which is also under Gal4 transcriptional control. A mutant form of Ga14. Ga4". is also under 
Gal4 regulation. In the absence of the Inducer, galactose, there IS no expression of the 
target gene or of the GAL4c gene. On nducton, the GAL6 gene IS expressed. Its expression 
IS maxmized by overexpression of the Ga14c proteln, whch IS not subject to represson by 
Gal80 proteln and saturates the Gal6 promoter stes, In this system, a modfcat~on of earler 
ones (39, 40). the target protein IS produced in a eukaryotc host; expression of the target 
proten is completely repressed untl nducton. aowlng production of toxc proteins; the 
negatlve feedback regulaton of the Gal80 protein (whch IS requlred to keep the system off 

Q y x  
untl nducton) is bypassed after nducton by overproducton of the mutant Ga14" proteln. GAL4c 

When apped  to Ga16, proteln production saturates 4 to 6 hours after nductlon. with Gal6 
comprslng 5 to 10 percent of the total cellular proteln (the most abundant protein band In 
total cell extracts). The yeast strain stops growing. presumably because of overproduction 
of the proten. Gal6 proteln was purifled after inducton by convent~onal chromatography (4) 
to more than 98 percent pur~ty. GAL80 
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