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ABSTRACT. We report the primary charge separation events in a serib@flobacter capsulatusaction

centers (RCs) that have been genetically modified to contain a lysine near the bacteriochlorophyll molecule,
BChly, on the nonphotoactive M-side of the RC. Using wild type and previously constructed mutants as
templates, we substituted Lys for the native Ser residue at position 178 on the L polypeptide to make the
S(L178)K single mutant, the S(L178)K/G(M201)D and S(L178)K/L(M212)H double mutants, and the
S(L178)K/G(M201)D/L(M212)H triple mutant. In the triple mutant, the decay of the photoexcited primary
electron donor (P*) occurs with a time constant of 15 ps and is accompanied by 15% return to the ground
state, 62% electron transfer to the L-side bacteriopheophytin,,Bitd 23% electron transfer to the
M-side analogue, BRh The data supporting electron transfer to the M-side include bleaching ofihe Q
band of BPky at 528 nm and a spectrally and kinetically resolved anion band with a maximum at 640 nm
assigned to BRJT. The decay of these features and concomita®®% decay of bleaching of the 850

nm band of P give a BPhy~ lifetime on the order of £2 ns that reflects deactivation to give the
ground state. These data and additional findings are compared to those from parallel experiments on the
G(M201)D/L(M212)H double mutant, in which 15% electron transfer to iRas been reported previously

and is reproduced here. We also compare the above results with the primary electron-transfer processes

in S(L178)K, S(L178)K/G(M201)D, and S(L178)K

/L(M212)H RCs and with those for the L(M212)H

and G(M201)D single mutants and wild-type RCs. The comparison of extensive results that track the
primary events in these eight RCs helps to elucidate key factors underlying the directionality and high
yield of charge separation in the bacterial photosynthetic RC.

The bacterial reaction center (R@ the membrane-bound
pigment-protein complex in which a series of fast electron-
transfer reactions initiate the conversion of light energy into
chemical potential energyl{3). RCs from the purple
bacteria contain a dimer of bacteriochlorophyll (BChl)
molecules (P), two monomeric BChls, two bacteriopheo-
phytin (BPh) chromophores, two quinone (Q) molecules, and
a non-heme iron (Figure 1)4{7). These cofactors are
embedded in a protein consisting of the L, M, and H
polypeptides. Macroscopi€, symmetry exists for the

arrangement of the cofactors and the L and M polypeptides.

Upon absorption of light, P is raised to its excited singlet
state (P*), which transfers an electron in about 4 ps to,BPh
the BPh most closely associated with the L polypeptide.
BChl_ is intimately involved in this initial charge separation
process. In keeping with a wide range of observations, this
cofactor may function by parallel roles as an intermediary
electron carrier forming PBChl_~ and as a superexchange
mediator 8—40). P'BPh_~ subsequently transfers an electron
to the primary quinone (£ in about 200 ps. The overall
quantum vyield of this charge separation process1s In
wild-type RCs, BCh), and BPIly appear to be nonfunc-

T This work was supported by Grant MCB-9723008 from the
National Science Foundation.

1 Abbreviations: RC, reaction center; BChl, bacteriochlorophyll; P,
dimeric BChl primary donor; BPh, bacteriopheophytin; Q, quinone; L
and M, polypeptide subunits.
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Ficure 1: Arrangement of the RC cofactors as determined by the
X-ray structures of RCs fronRps. viridis and Rb. sphaeroides

tional. Understanding how electron transfer to this alternate
chain of electron carriers is effectively suppressed relative
to L-side charge separation continues to be a major issue in
the field —3).

The overall charge separation process in wild-type (wt)
RCs described above is depicted in Figure 2a. The free
energies of P*{1.4 eV), PBPh = (~1.1 eV), and PQax~
(~0.6 eV) are known from experimentl), although when
initially formed P'BPh.~ may lie even closer to P24, 42.

A growing body of experimental evidencd(—26) and
several but not all electrostatic and other calculatié)9(
35, 42-48) place PBChI.~ reasonably close to P*, and
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terms of the small distance between the electron density on
BChl_~ and the hole onP. Since PBChI_~ could effectively

mix with P*5~ (or the corresponding states in chemically
modified RCs) only if the two states are close in energy (or
free energy depending on the mechanism), it is postulated
that PPBChI_ " lies slightly below P* 16—21).

P*BPh;, P|

J

P'Q,

(100%)

We recently reported another RC that exhibits beta-type
photochemistry (lengthened P* lifetime and branching at
P*I~ as in Figure 2b), although in this case the wt pigment
content is retained2@). This RC is from the F(L121)D
mutant, in which an Asp residue is placed close to ring V of

. _ i BPh. The finding that this mutant exhibits beta-type
FiGuRe 2: Schematic state diagram comparing the proposed free h,qichemistry can be understood within the same basic
energy ordering of the states and the primary events in various RC kd ibed ab | ticular. it i d that
types as summarized in Table 1. Note that the free energy gaps ardramework described above. In particular, it is proposed tha
not shown to scale and that the free energy tB€hly,~ relative P*BPh " lies at higher free energy in the F(L121)D mutant
to P* may be somewhat different than indicated. The box enclosing than in wt RCs due to an effect of the Asp at L121 making

ECBCtElL_ a”td tF*ﬁ_ i”t%b) i”ﬁictatis that inlthe Sif?fp'e ;Oeta'type BPh to harder to reduce. This could result from either an

s these states are thought to be very close in (free) energy and_, . , -

both contribute to the L-side intermediatél P. Their ordering may qonlzed_or a neutral Asp having a charge or polarity effect,

in fact be reversed (- the higher of the two) depending on the ~ '€Spectively. Recent Raman measurements on the F(L121)D
mutant suggest the Asp at L121 is (negatively) char&&yl (

RC (the mutation and whether Rb. capsulatusr Rb. sphaeroi-
des. Processes that may occur with yield40% are not shown The G(M201)D/L(M212)H mutant is another RC in which
[e.g., possible decay of B~ to the ground state in (c)]. . .
we have introduced an Asp residue near a chromophore and
observed a significant change in the primary eve2. (n
this double mutant, an Asp is placed near ring V of BChl

L(M212)H in Rhodobacter capsulathis a key mutant that in the presence of the L(M212)H substitution that causes

indirectly indicates this close energy proximityx-21). In B'.Dh to be replaceq withg. Figijre 2¢ summa'rize.s the
this mutant, the native Leu at position 212 on the M primary events in this mutant. P* has a longer lifetime (15

polypeptide is replaced with His. (We will uib. capsulatus ~ PS) than in either wt RCs~4 ps) or L(M212)H RCs {8

numbering throughout.) The L(M212)H mutation results in PS)- P* decay is accompanied by 15% deactivation to the
the incorporation of a BChl, denotgdin place of the native ground state, 70% electron transfer to the L-side, and 15%

BPh. RCs from two otheRb. capsulatusnutants, A(L124)H electron transfer to the normally inact?ve cofactor I§|Ph
and F(L121)H/F(L97)V, also have this same non-native SUPSequentelectron transfer on the L-side xoQrurs with
pigment content. Collectively, these RCs have been called time constant of 160 ps and a yield 90%, giving an
“beta-type” RCs, and their primary electron-transfer events OVerall yield of PQa~ approaching 70%. We have proposed
are depicted in Figure 2b. P* has a longer lifetime in beta- that the Asp at M201 raises the free energy oBEh, ",
type RCs than in wt{8 ps versus~4 ps) and decays to probably to apqve P*. In this way, a contribution of
form an intermediate denoted P with a yield of ~1 (19— P'BChI. to initial charge separation would be greatly
21). This intermediate, thought to be an admixture 68P diminished, no matter the mechanism (but probably more
and P'BChl,~, decays in a few hundred picoseconds to give SO if the two-step contribution is eliminated), thereby
P*Qa" in ~70% yield, with~30% of P'I- deactivating to lengthening the P* lifetime and allowing some elect_ron
the ground state. (The exact values depend on the specifidransfer to the M branch to take place. The proposed higher
mutant.) RCs that have been chemically treated to replaceffée energy of PBChl.™ in the G(M201)D/L(M212)H
BPh_ with another tetrapyrrole pigment also exhibit these Mutant also would decrease its involvement with3Pin
overall beta-type electron-transfer characteristics—(18). P*I™. This explains the finding of a diminished pathway for
BChl is harder to reduce than BPh in vitro, and the same P*I~ charge recombination to the ground state and enhanced
is true of the various tetrapyrroles that have been substituted€/€ctron transfer to Qrelative to the L(M212)H mutant
into the BPh site (L5, 17, 49. Thus, it has been proposed (Figure 2b,c). As in the F(L121)D mutant, either a charged
that the key to the altered photochemistry in the beta-type ©7 Neutral Asp at M201 could raise the free energy of
RCs is that P3- is at higher free energy thanfBPh ~ in P*BChIL*. R_ecent Raman studies again support Asp M201
wt. This would place B3~ closer to (and perhaps above) Pe€ing (negatively) charged, at least at room temperafife (
P*BChl.~, thereby facilitating mixing between them (to The incorporation of the analogous Asp M203 Rb.
produce PI- as depicted in Figure 2b). Extensive measure- SPhaeroideg51) and other mutations near BGhalso are
ments have been devoted to understanding the extent tgnought to alter the redox properties of BCliind in some
which the mixing between fBChl,~ and P8~ is quantum ~ €ases that of P as well1@—14, 23.
mechanical or thermal in nature. While the details are not These mutants have provided insights into key factors
fully elucidated and may vary in degree from one beta-type impacting the directionality and yields of electron transfer
RC to another, a consistent explanation of the alteredin the RC by changing the relative free energies and
photochemistry is found in the role of BChl_~ in driving contributions of the participating states. That free energy
rapid charge recombination that deactivates a portionbf P shifts are the primary (but probably not the sole) effects of
to the ground state with a time constant on the order of 1 these mutations is strongly supported by the consistency
ns. Qualitatively, this enhanced decay can be understood inamong (1) the effects on the various stages of charge

P'Q;
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P'Q,
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Ground State | Ground State (30%) Ground State (15%) Ground State (15%)
(a) (b) ' (© (d)

probably below P* as is indicated in Figure 2a. The
L(M214)H Rhodobacter sphaeroid&C [and the analogous
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Table 1: Reaction Center Nomenclature and Summary Schemes EXPERIMENTAL PROCEDURES

scheme in The Lys mutation at L178 was obtained by oligonucle-
sample nomenclature  Figure 1 otide-mediated site-directed mutagenesis using an oligo that
wild type wt a changed the native Ser codon AGC for amino acid L178 to
é((k/llggi% g a AAG for Lys. The oligo contained two additional silent
S(L178)K/G(M201)D KD a mutations: a change at L175 of CTG to CTT (both codons
L(M212)H H b for Leu) and at L177 of ATC to ATT (both codons for lle).
g(k/llggiKé%MNZIZlf%HH g: b The change at L175 introducesBsX| restriction enzyme
c . : " .

S((L178)3</G((I\/IZOl))D/L(M212)H KDH q site, and that at L177 introduces a recognition site for the

enzyme Msd. Both of these were used for screening
purposes. These mutations in the L-gene were verified by
separation in an individual mutant and (2) the variety of dideoxy DNA sequencing before the gene was assembled
mutants that achieve similar or compensatory results. Elec-into the final pU2924 plasmid that contains the ROf
tron transfer to the L- versus the M-sides in the RC may be operon. They were subsequently reverified by isolating and
substantially modulated by the relative free energies of deconstructing the plasmid DNA from tiRb. capsulatu&
P*BChI.~ and PBChly~, particularly if the former state is  mutant and resequencing the L-gene. The KH, KD, and KDH
at lower free energy than the latter (and below R9)( This mutants were constructed by simple cloning. In each case,
contribution to directionality, differences in the L- and M-side we took our previously constructed pU2924 vector containing
electronic couplings, and other asymmetries in the RC havethe M-gene H, D, or DH mutations, respectively, and spliced
been discussed®8, 35, 36, 4348, 53-65). A change in  in the Kpnl—BanHI L-gene fragment having the Lys
the free energies of BChl.~ and PBChly~ may give a  mutation at L178. All other details of the plasmids and
low yield of M-side electron transfer in mutants in which procedures have been described elsewh2te 23, 66.
portions of the M and L polypeptides have been swapped Residue L178, by which we introduce a Lys near BEhl
(63). is not theC, symmetry analogue of M201. That residue is
To further explore the contribution of the relative free L174. Simple substitution of Lys at L178 in thRb.
energies of PBChl.~ and P BChly~ to directionality, we sphaeroiderystal structure coordinated)(places its side
report here on a new series of mutants for which our goal is chain nitrogen on average slightly closer to ring V of Bghl
to increase the yield of electron transfer to the M branch. than would a Lys at L174. For Lys at L178 the distances

Using the G(M201)D/L(M212)H mutant as the starting point,
we have made the further substitution of lysine for the native
serine residue at position L178, which, similar to the Asp at
M201 near BChl, puts this residue near ring V of BGhl
However, Lys could have a dipole effect opposite to that
induced by an Asp residue and, if ionized, would be
positively charged. In this way, the S(L178)K mutation might
lower P'BChly~ in free energy, thereby enhancing the
participation of this state and increasing the yield of electron
transfer to BPR. We will report here, as depicted in Figure
2d, that there is indeed a larger yield ofBPhy~ in the
S(L178)K/G(M201D)/L(M212)H triple mutant (23%) com-
pared to the G(M201)D/L(M212)H double mutant (15%).

To fully evaluate charge separation in the S(L178)K/
G(M201)D/L(M212)H RC, we have constructed the S(L178)K
mutation alone and with G(M201)D and L(M212)H in double

include 4.0 A to the ring V & carbonyl oxygen and 7.1 A

to the G keto oxygen. These distances are larger overall
than those estimated for the G(M201)D mutant between the
two oxygens of Asp M201 to the ring Vigcarbonyl oxygen
(3.4 and 4.5 A) and to thedketo oxygen (2.6 and 4.8 A)

of BChl_. Of further note, a potential H-bond between Ser
L178 and the BCH ring IV propionate carbonyl oxygen is
removed when Lys replaces the residue. This H-bond change
is not expected to modulate the properties of BCéince

this G=0 group is far removed from and not conjugated
with the macrocycle, consistent with the results for the
S(L178)K mutant (vide infra). Finally, we note that the
closest distance between the side chain nitrogen of Lys L178
and P is over 12 A,

RC isolation and purification followed standard procedures
(21—23). One addition was a final cyt column chroma-

mutants. These constructs were made so that we couldtography step§7). This additional step removes the ayt
compare parallel results on a complete series of RCs thatoxidase that otherwise appears to copurify with Rie.

contain all combinations of the mutations at these sites. TablecapsulatusRC protein to a varying extent from one prepara-
1 lists the eight RCs studied here along with the nomenclaturetion to another. We have used this step either in place of or
that we will adopt from this point on. Thus, the triple mutant in addition to a second round of standard DEAE chroma-
will be simply denoted by KDH for the amino acid symbols tography to more easily achieve RC samples witkyAsoo
corresponding to the three introduced mutations, the S(L178)Kbetween 1.4 and 1.7. We have observed no differences in
single mutant by K, the L(M212)H single mutant by H, and the time-resolved spectral data for RCs that have been
so on. Thus, in addition to the KDH mutant, we report the purified with the cytc column step versus those that have
primary events in the K, KH, and KD mutants, as well as not. In all cases the final buffering solution for the RCs was
new studies (higher signal to noise) on the D, H, DH, and 10 mM potassium phosphate, pH 7.6/0.05% LDAO/1 mM
wt RCs. Collectively, this series, and the KDH mutant in EDTA. Our standard isolation procedures yield RCs that
particular, brings new insights into the unidirectionality of are (-90%) depleted of g and this was verified to be the
electron transfer in the wt RC and key factors that impact case here in flash photolysis experiments in which we
the relative rates of the charge separation and chargeexamined the long time decay kinetics of P bleaching. These
recombination reactions that compete at each stage of theexperiments utilized 30 ps, 532 nm, 1 mJ excitation flashes
primary events. from an active/passive mode-locked Nd:YAG laser and
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detection with an attenuated 850 nm diode laser and standard ' T ' ' I
photomultiplier tube/amplifier/digitizer arrangement. In all a

cases, bleaching of the 850 nm band of P decay86%

on the hundreds of milliseconds time scale (characteristic
of PTQa~ charge recombination), with little if any evidence
for decay on the time scale of seconds that would arise from wi
P+Q37.

The initial electron-transfer reactions were studied by time-
resolved absorption difference spectroscopy using either
~200 fs excitation flashes at 582 nm from a synchronously
pumped dye laser system o130 fs flashes at 850 nm from
a regeneratively amplified Ti:sapphire/OPA laser syst2& (
68). Both laser systems were operated at 10 Hz. The RC
samples~2.5 mL total volume, were contained in an ice-

T
O
]

Relative Absorbance
)
T

cooled reservoir and flowed throln@ 2 mmpath-length cell KH

using a peristaltic pump. The temperature of the RCs was - H 3
held near 10C using this arrangement. The laser excitation

light was focused to~1 mm and attenuated using neutral I I 1 1 1
density filters so that 1:625% of the RCs in the excitation 500 600 700 800 900

Wavelength (nm)

region were pumped on a given flash. Flowing ensured that
fresh RCs were brought into the excitation region between
flashes. The linearity of the conditions was verified by
comparing theAA values when neutral density filters were
added/removed from the pump light.

For the four RCs that contajf (H, KH, DH, and KDH),
the transient difference spectra in the critical @gion were
acquired under strictly the same conditions of the apparatus
on matched samples withsso = 1.0 in a 2 mmpath-length
cell. Hence, the raw spectral data are compared directly in
Figure 6e-h. The ¢ data for the four RCs with native
pigment content (wt, K, D, and KD) were acquired under
very similar conditions of the apparatus on samples whose
Agso varied from 0.8 to 1.1 a 2 mmpath-length cell. To
facilitate comparisons of the amplitudes of the absorbance
changes, and because the excitation conditions are very
similar and linear, the data for the four RCs with native
pigment content were scaled by small factors ranging from
0.9 to 1.25. In particular, the Qregion data for these RCs . . l . 1 .
(Figure 6a-d) have been scaled so that their integrated 500 560 600 640
bleaching near 600 nm in the P* spectra is the same as for Wavelength (nm)
the H, KH, DH, and KDH RCs (Figure 6¢h). In this way,  Fgure 3: Ground-state absorption spectra of mutant and wild-
the spectra for the eight samples reflect the same initial type RCs in 60% glycerol/40% buffer (v/v) at 77 K. Panel b shows
concentration of P*. Whatever small factor was needed to an expanded view of the,Qegion with dotted lines at 530, 545,
achieve this P* normalization for a particular RC (wt, K, D, 582, and 600 nm given for reference.
or KD), the same factor was then applied to theBPh ~
and PQa~ spectra for that sample. When the P* spectra
were so normalized, the integrated bleaching of the BPh SPectra have only the 530 nmx@and of BPf. In each of

Qx band in the spectrum of staté BPh ~ was found to be thellatter spectra, the ;Qband of thef pigment is not
the same for the four RCs with native pigment content, distinctly resolved from that of the other BChls (57620

reflecting the linearity of the conditions and the consistency "M). @lthough in comparing the spectra of wt and H, it

Relative Absorbance

the Q& bands of BPly and BPh, respectively. The four lower

of the data. appears that this band lies near 595 nm at low temperature.
The Q band maximum of thg pigment is partially resolved
RESULTS near 780 nm for all four mutants that contain His at M212.

Pigment extractions have been reported previously on the H

Ground-State Absorption Spectisigure 3 shows the 77 and DH Rb. capsulatusmutants and the analogougb.
K ground-state absorption spectra of all eight RCs studied sphaeroide4 (M214)H mutant (9, 2. We did not perform
here. The top four spectra are for RCs that have wild-type pigment extractions on the new series of mutants having Lys
pigment content (two BPhs and four BChls), and the bottom at L178 since no change in pigment content is expected. In
four spectra are for RCs that have the His mutation at M212 this regard, the ground-state spectra provide clear evidence
yielding 5 in place of BPh (one BPh and five BChls). Each  that the K and KD mutants have wt pigment content and
of the top four spectra has a distinct pair of features, one that in the KH and KDH mutants BPRlis replaced by, as
near 530 nm and the other near 545 nm, that are assigned asxpected.
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Another subfamily has members that contain the D ' T ‘ ' N
mutation at M201 (D, KD, DH, and KDH RCs). The a K o
corresponding spectra are the middle four in Figure 3. The 0.0 "
KD and KDH mutants both exhibit the partially resolved
maximum at 582 nm that we reported previously for the D
and DH mutants and suggested to be the blue-shifted position
of the Q band of BChl owing to the effect of Asp M201 3
near this cofactor22, 23. In contrast to the clear and 0.1
consistent effect that the Asp at M201 has in all four mutants,
there is no unambiguous effect of the Lys at L178 on the
absorption spectrum. For example, in comparing the top two
traces in Figure 3b, there seems to be a coalescing in the K
mutant of the doublet of peaks observed at 588 and 600 nm -0.2
in the wt spectrum. However, it should be noted that the : : : : :
extent of resolution of the two maxima in the wt spectra 850 900 950
differs somewhat with conditions. Little evidence for a clear
spectral effect of the Lys residue is apparent in comparing
in turn the pairs D with KD, DH with KDH, and H with
KH (Figure 3b). The H single mutant shows an asymmetrical
band with a maximum peak at 595 nm and a shoulder at
588 nm. The shoulder is more pronounced in the KH mutant,
but this is a subtle change at best given the complex nature
of the RC spectrum in this region and given the similarity <
of the KH and wt spectra. A smaller effect of the K versus -0.1
D mutation on the optical spectra may reflect the greater
distance (or different orientation) of the Lys with respect to
BChly than the Asp to BChlor differences in ionization
states of these two residues.

Transient Absorption Spectra and Kineti@he results of -0.2
subpicosecond resolution transient absorption experiments
are presented for all eight RCs in the following order: (1)
in the 806-950 nm region encompassing the long-wave- ) _ o
engih absorpion band of . 2) n the So600 nm reglon. - P, e ariit hsnpton derenee pecte ol A
encompassing the@ands of the, pigments, and (3) in the following excitation with 0.2 ps flash'es at 582 nm. See Table 2 for
600—720 nm region where the anions of BPh and BChl have the p* |ifetimes obtained from these data.
pronounced absorption bands. The data are arranged in this
manner so that the reader can easily compare the photoin-Taple 2: Lifetimes for Samples Containing BPh

0.0

850 900 950
Wavelength, nm

duced spectral changes among the RCs. Since the data in an stimulated _ anion

individual spectral window give direct insights into different emission BPh Qx bleaching absorption

aspects of one or more of the electron transfer events and decay appearance  decay decay
p* p* P*BPh - P*BPh -

the states involved, the reader will be referred to the

appropriate summary schemes in Figure 2. Using this bank sample _lifetime (ps) _lifetime (ps) _lifetime (ps) _lifetime (ps)

of results as a framework, the Discussion section will focus Wt 43+£04  43+03  160+10  170+10
largely on the KDH mutant to unify the key findings and K 4.7+05 4.6+£0.4 170+ 10 160+ 10

gely « y 9 D 76+07  7.4+04  160£10  nnf
conclusions. KD 8.1+1.0 7.7£05 160+ 10 180+ 20

P Bleaching and Stimulated Emission for RCs with b a All data were taken at room temperature. The lifetimes are average

Pigment ContenRepresentative transient absorption spectra values determined across the respective regions: stimulated emission
in the region of the long-wavelength absorption band of P (870-940 nm), BPh Qx bleaching (535545 nm), and BPRfr

are shown in Figure 4 for the K and KD mutants. Formation absorption (616710 nm).® Not measured.

of P* results in P bleaching near 850 nm (solid spectra at

0.3 ps). Stimulated emission from P* is manifested in these  Following decay of P*, the true shape of the bleaching of
spectra as an additional trough on the red side of the 850the absorption band of the dimer is revealed in the two longer
band, extending from near 850 nm to past 950 nm (comparetime spectra shown in Figure 4. The intermediate time spectra
with spectra at the longer times). The stimulated emission (32 and 48 ps) show data acquired at a delay corresponding
decay profiles were fit to a single exponential plus a constant to several P* lifetimes and can be assigned to sta&Fh ~

(not shown) for seven 10 nm intervals between 870 and 9400n the basis of data in other regions. The spectra at 3 ns
nm. The resulting average P* lifetime for both RCs (and for similarly can be ascribed to'®,~ (vide infra). On the blue
similar experiments on D and wt RCs) is given in Table 2. side of the P band (848850 nm, where stimulated emission
The value for the K mutant is essentially the same as in wt does not contribute), the magnitude of the bleaching is
RCs (4.5 ps), while the lifetimes for the D and KD mutants constant from the initial formation of P* to past 3 ns.
are slightly longer £8 ps). A value of~9 ps is found for Identical results have been reported previously for the D
the analogou®fb. sphaeroide&(M203)D mutant $1). mutant (1) and are routinely obtained for wt RCs and
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Ficure 5: Transient absorption difference spectra of RCs from the (a) KH, (c) KDH, and (e) DH mutants, taken at the times indicated
following excitation with 0.2 ps flashes at 582 nm. Representative kinetic data and fits are given in (b) for the KH and (d) and (f) for the
KDH mutants. The insets show the complete data sets and fits, and the main figures show thefi2Z3QLp6. For the KH mutant in (b)

the solid line is a fit of the data between 840 and 850 nm to the sum of an instrument function plus a single exponential plus a constant.
For the KDH mutant in (d) the solid line is a fit of the data between 840 and 850 nm to the sum of the same instrument function plus two
exponentials plus a constant. In (f) the stimulated emission data for the KDH mutant between 910 and 920 nm are fit to the instrument
function plus a single exponential plus a constant. See Table 3 for the values of the time constants.

ascribed to a yield of-1 for the charge separation sequence experiments in the near-infrared region on three RCs in which
P* — (P'BChI.") — P"BPh.~ — P*Qa~ (Figure 2a). The  BPh_is replaced by as a result of the H mutation. Overall,
data in Figure 4 together with those in other spectral regions electron transfer in the KH mutant is very similar to that
indicate that the same is true for the K and KD mutants. reported previously for the H mutant (Figure 2b). The P*
P Bleaching and Stimulated Emission for RCs with BPh spectrum for this mutant at 0.3 ps (Figure 5a) is the same as
Replaced bypj. Figure 5 shows the results of similar that for wt and the K, KD, and D mutants and again shows
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Table 3: Lifetimes for Samples Containifigin Place of BPh?

Kirmaier et al.

time constants of & 1 ps for the short component (the P*
lifetime) and 3004 50 ps for the long component (the P

Sé'r??i‘;';ﬁ;d lifetime). Both values are in agreement with those noted
decay @nion absorption decay P bleach decay above at wavelengths where either P* stimulated emission

P* Pt~ P'BPhv~  PTI-  P"BPhy~ or P bleaching contributes essentially exclusively. Overall,
lifetime lifetime  lifetime  lifetime  lifetime the data in Figure 5a,b clearly show that the primary events

sample  (ps) (ps) (ns) (ps) (ns) in the KH mutant are very similar to those found for the H
H 8.5+£0.8 230£30 b 250+ 40 b and other beta-type single mutants (Figure 2b and Table 4).
E',j Sl'ngO's fggi %8 li.o 104 EOOi 40 2 Near-infrared spectral and kinetic data for the KDH mutant
KDH 1542 130430 0.9+0.2 ¢ 0.8+ 0.% are given in Figure 5c,d,f. The results are generally similar

a All data were taken at room temperature. The lifetimes are average

to those for the DH mutant, but with a few important

values determined across the respective regions: stimulated emissiorflifferences in detail. For comparison, data for the latter

(910-920 nm), I absorption (606720 nm), BPk~ absorption
(weighted at 636650 nm), and near-infrared P bleaching (84850
nm). ® Not observed¢ It is unclear at present to what exterit Pdecay
may be accompanied by P bleaching recovery in the DH and KDH
mutants. For the KDH mutant the data were fit under the model that

mutant at higher signal to noise than obtained previously
(18), but giving the same results, are shown in Figure 5e.
The 0.3 ps P* spectra for the KDH and DH mutants are
similar to those for wt and the other mutants. Decay of

the P bleaching recovery on the long time scale is due solely to decay Stimulated emission (918020 nm) gives a P* lifetime of

to the ground state of BPhy, giving the time constant shown. For

15 + 2 ps (Figure 5f and Table 3). Disappearance of P* is

the DH mutant kinetic measurements on this time scale were not madegccompanied by 15% decay of the P bleaching between 840

due to the smaller magnitude of the absorbance change.

Table 4: Estimated Yields of the Primary Procedses

and 850 nm, reflecting this extent of deactivation to the
ground state (Figure 5c,e). The remaining 85% of the decay
of P* in the KDH and DH mutants can be ascribed, on the

L-side P'BPh - basis of the data in other spectral regions, to formation (in
P* decay or P~ decay different amounts) of A~ (L-side) and PBPh,~. The latter
decayto electron electron decayto electron two states together give rise to the spectraa® ps in Figure
ground transferto transferto ground transfer to 5c,e. Between~50 ps and 3 ns, there is a further 21%
sample  state L-side M-side state Qa decrease in the bleaching of the long-wavelength absorption
wt 0 1 0 0 1 band of P (846-850 nm) in the KDH mutant, indicating
K 0 1 0 0 1 further deactivation to the ground state. Again, similar
D 0 1 0 0 1 behavior is found in the DH mutant although the magnitude
KD 0 1 0 0 1 . i
Hd 0 0.94 0.06 0.24 0.76 of the decay of P bleaching betwee®0 ps and 3 ns is less
KH 0 0.90 0.10 0.24 0.76 (14%). The data between 840 and 900 nm for the KDH
DHe 0.15 0.70 0.15 =0.r° z0.9 mutant were fit to a dual exponential plus a constant, as
KDH 0.15 0.62 0.23 <0.2° 0.9

a All data were taken at room temperature. Yields have an error of
5%.° The L-side intermediate isBPh ~ in wt, K, D, and KD RCs
and an admixture (R~) of P*3~ and PBChl.~ in H, KH, DH, and
KDH RCs that is more substantially weighted t6/P in the latter
two. ¢ The results reproduce those obtained in 28f ¢ The results
reproduced those obtained in 21. ¢t is difficult to assess whether

exemplified in Figure 5d. The fits gave time constants of 15
=+ 2 ps for the shorter component and &80.2 ns for the
longer component (Table 3). The former is the same as the
P* lifetime determined from stimulated emission decay. As
we will develop below in conjunction with data in the other
wavelength regions, we believe the longer component is

there is modest charge recombination of the L-side intermediate due associated not with electron transfer or charge recombination

to the fact that parallel charge recombination of the M-side state
P*BPhv~ also contributes to decay of P bleaching.

stimulated emission on the red side of the P bleaching. A fit
of the stimulated emission decay at 99920 nm to a single
exponential plus a constant gives a P* lifetime of &2.8

ps (Table 3). The amplitude of bleaching at 84850 nm is
the same in the spectra at 0.3 ps (P*) and 53 pg$ (Fsee

processes on the L-side of the RC but rather largely reflects
charge recombination of BPhy~ to the ground state.
Absorbance Changes in the;Region for RCs with Nate

Pigment Contenfrigure 6 shows transient difference spectra
in the 500-630 nm region, which encompasses bleaching
of the Q bands of the chromophores. The top four panels
show the data for the four RCs that have wt pigment. The
amplitudes of the spectra for the four RCs can be compared

Figure 2b and below). This result indicates that decay of P* directly since they have been scaled (by small factors) to
in KH RCs proceeds without detectable deactivation to the the same initial P* concentration (see Experimental Proce-
ground state. dures). The P* spectra (short dashes) are characterized by
However, at 3 ns the bleaching of the P band in the KH bleaching of the @ band of P at 595 nm embedded on a
mutant is reduced to 76% of its initial amplitude. This finding featureless transient absorption. As P* decays, bleaching
indicates that P~ decays by 24% return to the ground state centered near 542 nm in thec®and of BPh develops due
(Table 4). The other 76% affords ®,~, with the latter state  to the formation of PBPh ~. The spectra (solid) showing
giving rise to the spectrum at 3 ns. A fit of the bleaching this feature were acquired at delay times equivalent to four
decay between 840 and 850 nm to a single exponential plusto five P* lifetimes as appropriate for each RC. By 3 ns (long
a constant gives a time constant of 38010 ps that can be  dashed lines), bleaching of the®and of BPh has decayed
assigned as the'P" lifetime (Figure 5b and Table 3). Kinetic  completely as a result of the electron-transfer process
data between 850 and 910 nm (where both P* stimulated P"BPh ~ — P*Qa~. Note that the same near unity yield of
emission and ground-state bleaching contribute) were fit to the charge separation sequence P* (P*BChl.™) —
the sum of two exponentials and a constant. These fits returnP"BPh ~ — P*Qa~ (Figure 2a and Table 4) for wt, K, D,



M-Side Electron Transfer in Reaction Centers Biochemistry, Vol. 38, No. 35, 19991523

0.00 0.00
<
< [
>
-0.08 -0.08
0.00 4 0.00
>
p! >
-0.08 I | 1 | 1 1 | I | 1 -0.08
< 000 0.00
< >
>
-0.08 -0.08
T T T T T T T T T T
0.00 0.00
>
< pd
<
-0.08 -0.08
500 550 600 500 550 600
Wavelength (nm) Wavelength (nm)

FiGure 6: Transient absorption difference spectra encompassing the BPh and B®hain@s in the eight samples under study here. The
spectra were acquired using).1 ps excitation flashes at 855 nm. In all cases the short-dashed lines are the P* spectra acquired immediately
following excitation ¢-0.3 ps) and the long-dashed lines are the spectra take ats. The solid lines are the spectra acquired at delay

times corresponding to three to five P* lifetimes as appropriate to each RC and are as follows: (a) 21 ps, (b) 18 ps, (c) 29 ps, (d) 28 ps,
(e) 33 ps, (f) 35 ps, (9) 54 ps, and (h) 57 ps. The absorption changes in these spectra can be quantitatively compared from one RC to
another (see Experimental Procedures).

and KD RCs is indicated by the following observations. (1) given in Figure 7. The resulting time constants are included
During the time course from 0.3 ps to 3 ns for each RC, the in Table 2 along with those for wt and the D and KD mutants
magnitude of the bleaching of thex®and of P near 600  (data not shown). For each of these four RCs, the rise time
nm remains essentially constant (relative to the opposing of the BPh bleaching £4.5 ps for wt and K and-8 ps for
broad transient absorption that varies in amplitude). This D and KD) is the same within error as the P* stimulated
finding coincides with the constant amplitude of bleaching emission decay time (Table 2). The"BPh ~ lifetimes
in the near-infrared band of P for each RC. (2) The integrated (determined from the decay of the bleaching)~ef60 ps
BPh bleaching near 542 nm is essentially identical for the for the K, KD, and D mutants are the same as for wt RCs
four RCs. (Table 2).

Representative kinetic data and fit for the formation and  Absorbance Changes in the(®egion for RCs with BRh
decay of the BPhQx band bleaching in the K mutant are Replaced bys. Figure 6e-h shows Q data for the four
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not shown), but these values carry large error bars due to
the very small amplitudes of the absorption changes and the
fact that the longest time point is3 ns. Nonetheless, such
values are in reasonable agreement with the time constant
of ~0.8 ns for the partial decay of P bleaching in the KDH
mutant (Table 3), which carries a similar uncertainty due to
the 3 ns time span of the data.

Anion Region Absorption Spectra and Kinetigge turn
last to the region of the spectrum where the anions of BPh
and BChl have broad but characteristic absorption bands.
Each RC shows the typical relatively featureless P* spectrum
in this region. These data are not presented here; instead,
we focus on the behavior after P* decay. Figures 8 and 9a

1= . show representative spectral and kinetic data for seven of
855 nm. The main figure shows the complete data set, and the inse

shows the first 35 ps. The solid lines are the fit to the sum of an tthe samples. . .
instrument response plus two exponentials plus a constant. See 1he spectrum at 25 ps for wt RCs is dominated by.a broad
Table 2 for the values of the time constants. band having a maximum near 665 nm characteristic of the

BPh_anion in the state BBPh_~. The time evolution across
mutants that contaifi as a result of the L(M212)H mutation.  the entire 6068-720 nm region is single exponential and gives
The spectral amplitudes for the different RCs are compareda P"BPh ~ lifetime of 170+ 10 ps as indicated by the 640
directly without scaling since the data were acquired under 650 nm data in Figure 8b. The spectrum at 700 ps (dashed),
strictly the same conditions (see Experimental Procedures).a delay corresponding to about foutBPh ~ lifetimes, is
The P* spectra (short dashed lines) are identical. The the same as that at 3 ns. These two spectra are characteristic
intermediate-time spectra shown at delay times correspondingof P*Qa~ and include P bleaching near 600 nm} P

|
2000
Time (ps)

0 1000 3000

Ficure 7: Kinetics of the appearance (inset) and decay (main
figure) of bleaching of the BRhQx band at~542 nm in RCs from
the K mutant. These data were acquired usif@@y1 ps flashes at

to four or five P* lifetimes (solid) reflect the products of P*
decay (Figure 2bd). For eachpf-containing RC, the
integrated bleaching near 600 nm at-Z® ps is larger (more

absorption near 710 nm, adA ~0 between. Very similar
spectra in the 606720 nm region are found for the other
RCs with native pigment content, namely the K and KD

so on the blue side) than in the P* spectrum and larger thanmutants (panels a and c of Figure 8, respectively) and D
in the analogous spectra of the four RCs with native pigment mutant (not shown). Likewise, thetBPh ~ lifetimes for
content (Figure 6ad). This increased bleaching occurs these RCs are the same as that found for wt RCs (Table 2).
because electron transfer to the L-side causes reduction of The H mutant is the template for RCs that contgim
BIBChI. (comprising 1) and thus bleaching in thexQ  place of BPh (Figure 8d). Following P* decay, the spectrum
absorption bands of these cofactors, which partially overlap at 30 ps is broad with a maximum near 690 nm and a slightly
with the P bleaching. weaker feature near 650 nm. This spectrum represents the
The intermediate-time spectra also contain a small bleach-transient intermediate P~ that we have assigned as a
ing at 528 nm that differs in amplitude among the four thermal/quantum admixture offB~ and P BChl_.~ (Figure
f-containing mutants. In our previous work on the DH 2b) (19—23). The decay kinetics measured across the entire
mutant, we assigned this feature to bleaching of théoghd region from 600 to 720 nm are well described by a single
of BPhy due to the formation of BBPhy~. The yield was exponential function, as represented by the data at-640
estimated to be 15% on the basis of comparison with the 650 nm in Figure 8d. The resulting"P" lifetime is 230+
integrated amount of bleaching near 540 nm in wt RCs 30 ps, which is in excellent agreement with the value of 250
obtained under identical experimental conditions. This + 40 ps measured for the partial decay of P bleaching (Table
estimate is based on the reasonable assumption thatithe Q3). As in the case of the RCs with native pigment content
bands of the two BPhs have the same oscillator strength.(Figure 8a-c), the anion region spectrum of the H mutant
The same yield is obtained here by comparing the integratedat 700 ps is nearly identical to the spectrum at 3 ns, which
bleaching in DH with wt RCs (panels g and b of Figure 6) can be assigned essentially exclusively t@QR .
(or, equivalently, comparing with the K, D, or KD RCs.) The spectrum at 50 ps for the KDH mutant (Figure 9a) is
The integrated area of the bleaching at 528 nm in the KDH generally similar to that shown at 30 ps for the H single
mutant is~50% larger than for the DH mutant (panels h mutant (Figure 8d). However, for the triple mutant, the shape
and g of Figure 6), giving a Ph,~ yield of 23% in the of the spectrum at 700 ps is not only different from that at
triple mutant. The H mutant has a much smaller BPh 50 ps but also different from the spectrum at 3 ns. In
bleaching than in DH, as we reported previously, and the particular, the spectrum at 700 ps exhibits a weak but distinct
bleaching in the KH mutant is between that for the H and band near 640 nm that is clearly larger than the absorption
DH mutants. Comparisons with DH givesBPh,~ yields to longer wavelengths, between 680 and 720 nm. The
of ~6% and~10% in the H and KH mutants, respectively. opposite is true in the spectrum at 3 ns. As expected from
Thus, the KH with H and KDH with DH pairs show parallel these spectra, the time evolution AR between 640 and
effects of Lys L178 on M-side transfer. 650 nm is clearly not well described by single exponential
At 3 ns (long dashed lines), the bleaching near 530 nm is (Figure 9a, dashed line in main panel) but requires a fit to
smaller in magnitude relative to 2®0 ps for all four the sum of two exponentials plus a constant (solid line). Dual
pB-containing RCs, clearly reflecting decay of BPhy~. exponential fits (all parameters free) of the data between 630
Estimates of +2 ns are obtained for the decay of 530 nm and 660 nm return average time constants of £380 ps
bleaching in the KDH and DH mutants (preliminary data, and 0.9+ 0.2 ns. At other wavelengths between 600 and
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FiGure 8: Transient absorption spectra (insets) and kinetics (main panels) taken in the region of the BPh and BChl anion ban@islusing

ps flashes at 855 nm. The kinetic data are for the transient absorption changes between 640 and 650 nm and have been deleted of points
acquired during the excitation flash and P* lifetime. The fits shown as the solid lines are to a single exponential plus a constant for each
of panels ae. In (f) the solid line is a fit to the sum of two exponentials plus a constant, and the dashed line given for comparison is a fit

to a single exponential with the constant (asymptote) fixed at the value returned from the dual exponential fit. See Tables 2 and 3 for the
values of the time constants.

720 nm the contribution of the longer component is smaller ps component and the circles giving the (fixed) 1 ns com-
than it is between 630 and 660 nm, but still present. ponent. As discussed above, the lifetime of the longer com-

Since AA is near zero in the TQa~ spectrum in this ponent could be somewhat larger than is indicated by these
region, and since the time constants of the two kinetic fits because the longest time point in the data set3sns,
components in the KDH mutant are well separated, the actualwhich is only a few multiples of the estimated lifetime.
shapes of the spectra of the two components can be readilyEssentially the same decay-associated spectra are obtained
inferred from the raw spectra in Figure 9a. However, to better when the data are fit with the slower component held at 1.5
spectrally characterize the two anion region kinetic compo- ns (results not shown). In this case an average lifetime of
nents, we calculated decay-associated spectra by holding thd50 ps is obtained for the shorter component. In this regard,
longer time constant fixed at 1 ns and refitting the data acrossthe fits with the longer component fixed at 1.5 ns are not
this region in 25 intervals. The values returned from these appreciably different by eye from the free fit shown in Figure
fits for the shorter time constant ranged from 100 to 150 ps 9a. However, visually worse fits and poorer correlation
with an average value of 130 ps. Figure 9b shows a plot of coefficients are found when the time constant of the longer
the preexponential values with the triangles giving 130 component is fixed at a value larger than about 2 ns.
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Ficure 9: Panel (a) gives the spectral and kinetic data and fits for the KDH mutant presented in the same manner as for the DH sample
in Figure 8f. Panel (b) shows the values of the preexponential factors of the dual exponential fits across the entire wavelength region for
the KDH sample. Similar plots of the preexponential values from single exponential fits are given in (c) for wt and the K mutant and in
(d) for the H and KH mutants (from data in Figure 8). See Table 3 for the values of the time constants for the KDH mutant and the text
for further details.

It is clear that in the KDH mutant there are two spectrally the DH mutant (acquired at higher signal to noise than
and kinetically resolved anion-bearing intermediates con- previously) also deviate from single exponential behavior
tributing to the absorption changes between 600 and 720 nm,(dashed line). The data require a fit to a dual exponential
with lifetimes of ~130 ps and +2 ns. The shorter compo-  plus a constant that returns time constants of 3580 ps
nent has a spectrum with a maximum near 690 nm and aand 1.0+ 0.4 ns (solid line). As in the case of the KDH
second feature of comparable amplitude near 650 nm (Figuremutant, there is some uncertainty of the precise value of the
9b, triangles). This double-banded spectrum is similar to the longer component due to the limited time span of the data
spectrum assigned to the L-sid&lP intermediate in the H  set. In the DH mutant, the amplitude of the longer component
mutant (Figure 8d). The preexponentials from the single is clearly smaller than in the KDH mutant. This point can
exponential fits of the H and KH mutants given in Figure be seen visually by inspection of the kinetic and spectral
8d further demonstrate this point. The longer component in data (Figure 8f versus Figure 9a). On a more quantitative
the KDH mutant has a spectrum with a maximum near 640 level, when the data for matched samples are compared
nm and a smaller feature near 700 nm (Figure 9b, circles). (giving P* spectra with identical amplitudes), the preexpo-
Again, for comparison, the preexponentials from the single nential factor for the longer component at 64660 nm is
exponential fits of wt and the K mutant are given in Figure 1.6 times larger in the KDH mutant than in the DH mutant
8c. Spectra identical to these are obtained for the KD and D (0.025 versus 0.015). This factor is in excellent agreement
mutants (data not shown). It is clear that the spectrum of with the ratio of 1.5 for the amplitudes of the BfPhleaching
the 1-2 ns component in the KDH mutant is distinct. We at 528 nm for the KDH versus DH mutants. Last, the data
believe it is possible to assign this spectrum tBPhy~ for the KH mutant shown in Figure 6may deviate from
(see further discussion below), and when combined with the single exponential, and theneaybe a hint of a 640 nm peak
simultaneous presence of bleaching near 528 nm, we believan the spectrum at 700 ps. On the basis of ther€gion
this assignment is unequivocal. data discussed above, there may48% and~10% yields

Finally, we consider the anion region data for the DH and of M-side electron transfer in the H and KH mutants,
KH mutants. As seen in Figure 8f, the 64650 nm data in respectively. However, unlike the DH and KDH mutants,
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definitively ascertaining the presence of the longer lived
anion component (BPh,~) in the H and KH mutants is BPh, /M\M
beyond our signal to noise. - WV‘-"‘V
<‘: i
<
DISCUSSION BPhy |
We have previously shown that the primary electron WVMM
transfer events are significantly altered when an Asp residue
is placed near BChlin a double mutant, G(M201)D/ | | |
L(M212)H, that contains3 in place of BPh (23) and, 500 600 700
Wavelength (nm)

similarly, in the F(L121)D mutant where an Asp is introduced
near BPh (22). One of the notable changes in the DH double FiGURE 10: Spectra of the anions of BPland BPly in wt Rb.

mutant relative to the H single mutant is clear observation SPhaeroidesRCs acquired in the phototrapping experiments from

of electron transfer to the normally inactive M-side of the rTgf gg and reproduced here with the kind permission of Dr. D. M.
iede.

RC, forming PBPhy,~ in 15% yield. We proposed that this

_I\/I;gide electron transfer results primarily from a glowing of groups 85). The agreement between the characteristics of
|_n|t|§1I electron tran'sfer to the L-branch (|ncrfaa5|ng the P* he BPR,~ spectrum in Figure 10 and the transient spectrum
lifetime) due to a higher free energy of BChi_ ™ as caused o the ong-lived component in our KDH and DH mutants
by Asp M201. Using these results and interpretations asjg excellent considering that rigorously different species are
guides, we sought in the present study to directly facilitate peing monitored. Specifically, the difference spectrum in
electron transfer to the M-branch via free energy stabilization Figure 10 is that of BRI whereas our experiments probe
of P"BChly~ by placement of a Lys residqe near B@hl P*BPh,~. In this regard, our FBPh,~ spectra contain
The data collected above argue that the yield 0BPh, bleaching due to P in the vicinity of 600 nm and a small

is increased to 23% in the KDH triple mutant and that the absorption band near 710 nm that can be ascribed largely
inherent lifetime of this state (i.e., its deactivation to the 4 p+

ground state) is on th‘? order of 2 ns in thi_s mutant. The The internal consistency of these arguments extends further
strgngth of the conclusions concerning M'S'de e_Iectron rans-y4 the relative amplitudes of the spectral characteristics
fer in the KDH and DH mutants is manifested in the quali- ,<qqciated with FBPh,~ in KDH versus DH RCs. We have

tative and quantitative consistency of the spectral and Kinetic o, ted here that the magnitude of &Ry bleaching near
data that probe BPhy~. Additionally, there is agreement 530 nm is 1.5 times larger in KDH compared to DH,

of the resglts on all eight RCs studied reggrding the role of corresponding to relative yields of P* P*BPhy,~ of 23%
P*BChI_" in the competing charge separation versus charge 5,4 1504, respectively. Similarly, the slower component of
recombination processes on the L-side. In the following e anion region decay near 640 nm in the triple mutant is
discussion we highlight the underpinnings of these principal |56 than in the double mutant by essentially the same
findings, focusing largely on the KDH and DH mutants.  ¢5.tor (1.6). Likewise, the slower components to the decay
M-Sideversus L-Side Electron Transtebne of the most  of the P bleaching in the KDH and DH RCs have amplitudes
compelling indications of M-side electron transfer in the (relative to the initial bleaching due to P*) of 21% and 14%,
KDH mutant is the presence of two spectrally and kinetically respectively. We also note that the yield 6f8Ph,~ appears
resolved components in the anion region (Figure 9a,b). Dualto be slightly larger in KH versus H RCs (Table 4), indicating
exponential behavior is also found for the DH mutant (Figure g consistent effect of the K mutation to enhance M-side
8f). We assign the shorter lived (13@50 ps) component  electron transfer. Finally, the consistency in the arguments
to the L-side intermediate’® and the longer lived (2 for M-side electron transfer also extends to the observation
ns) component to the M-side stateéBPhy~. It must be  of the same +2 ns time constant for the KDH and DH RCs
emphasized that the finding of two such components in all three key spectral regions (anion, P bleaching, agd Q
demonstrates that the spectral signatures we associate with \we consider next the decay pathways oBPh,; in
P*BPhy~ (640 nm anion absorption and 528 nmx Q  other words, with what process is the-2 ns kinetic
bleaching) cannot be ascribed instead to electrochromic Ofcomponent associated? Clearly, the fact that there is P
other effects accompanying charge separation on the L-pleaching decay shows that the process being observed is
branch. If this were true, the evolution with time of these charge recombination to the ground state rather than electron
spectral features would track kinetically the L-side events, transfer to @. This conclusion is independently mandated
which is not the case. by the fact that the samples used in this study are devoid of
In further support of the assignment of the RPanion Qs (see Experimental Procedures). Also, we note that even
band we show in Figure 10 the visible region difference if there were @ present, PBPhy,~ — PtQg~ electron
spectra of BPfT and BPIly~ that were obtained in photo- transfer would not give rise to P bleaching recovery, just as
chemical trapping experiments on Rb. sphaeroideRCs there is no recovery of the bleaching of P duringBPh ~
(69). It can be seen that the BPhspectrum has an anion — P'Qa~ electron transfer. Thus we assign the2lns
band near 665 nm and bleaching of the BBk absorption kinetic component in the KDH and DH mutants as decay of
near 540 nm. Both features are clearly at longer wavelengthsPt*BPh,~ to the ground state. It is interesting to note that an
than for BPk,~, which has an apparent anion band maximum inherent charge recombination time of2 ns for PBPhy~
near 625 nm and Qbleaching near 530 nm. These spectral in these mutants is considerably shorter than the inherent
differences between the two BPhs can be ascribed largelycharge recombination time of @0 ns for the L-side
to the differences in hydrogen bonding to their ring V keto analogue PBPh ~ (measured in wt RCs in which Qis
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removed or chemically prereduced). We will return to this
point further below.
The 130-150 ps decay of B~ on the L-side of the RC

Kirmaier et al.

would be beyond the signal to noise of our experiments to
resolve with certainty. In the case of the other two K-
containing RCs, KD and K, very low yields of M-side

in the KDH and DH mutants is largely, we believe, associated transfer <10%) are predicted using similar analyses and the

with electron transfer to Q although we cannot completely

rate constants inferred from the data in Tablegl2However,

rule out a few percent yield of accompanying deactivation for the KD and K mutants, as for other RCs with native
to the ground state. In our previous work on the DH mutant pigment content, it is extremely difficult to discern low yields

we noted that, under the model thatBZhl_~ is at higher
free energy in this mutant than in the H mutant, the
intermediate Pl is likely to reflect more the character of

of M-side electron transfer from measurements such as those
reported here. The small amplitudes of the BRipectral
signatures would be superimposed on the dominant signals

pure P5~. Since mixing between these two states is thought due to the reduction of BRhnotably in the Q region. In
to be the primary reason for the enhanced deactivation tothis regard, if the value dfsy ~ (100 ps)* obtained here

the ground state in the H mutant relative to wt, it follows

and previously Z3) by modeling the data for the DH mutant

that the Asp at M201 tips the balance between ground-stateholds for wt RCs, then this implies a ratio of about 30/1 for

deactivation and electron transfer tq Qack to favoring the

L- versus the M-side initial charge separation in the native

latter as indicated in Figure 2c,d. This effect is reflected in system. Comparable or larger lower limits for this ratio have

the shorter lifetime of PI~ in the KDH and DH mutants
(130-150 ps) as compared to the H mutant260 ps) and

been obtained previoushp%, 59.
Charge Recombination of BPh,~ Compared to PBPh .

in the significantly different amounts of P bleaching recovery Another new insight drawn from this study is that the

that accompany B~ decay (25% in the H mutant
compared to little if any in the KDH and DH mutants).

inherent rate constant for'rBPhy~ charge recombination
to the ground state is on the order ofH2 ns)* for both

P* Lifetimes and Rates and Yields of M-Side Electron the KDH and DH mutants. This is roughly 10 times faster
Transfer.We have shown here that putting a Lys 178 near than the analogous (320 ns)* rate for PBPh ~ — ground
BChly appears to enhance electron transfer to the M branch.state known for wt RCs depleted of ,Qor with Qa
For the sake of discussion, it is useful to estimate the effect prereduced. This difference represents another significant
on the rate by application of a simple branching model for distinction between the two sides of the RC and has a humber

decay of P*. Let us assume the three pathways are-P*
P"BPhy~, P* — P*BPh ~, and P*— ground state as in
Figure 2d, with rate constanksy, ke, andkeg, respectively.

of interesting implications.
For one thing, an inherent'BPh,~ charge recombination
rate of (-2 ns)* would make it more difficult to support

On the basis of the observed 15 ps P* lifetime and the yields the same near quantitative yield of BPh,~ — P™Qg~

given in Table 4 (e.g., 23% decay tdBPhy~ and so on),
the calculated rate constants in the KDH mutantlkake=
(65 ps)?, ke, = (24 ps)t, andkpg = (100 ps)™. The same
calculation for DH gives rate constantslgf, = (100 ps)?,
ke = (21 ps) %, andkpg = (100 ps)?*. These estimates sug-

(when @ is present) as is found for'BPh.~ — PTQa~ on
the L branch in wt RCs. For example, if M-side electron
transfer to @ were to have the same(200 ps)? rate con-
stant as on the L-side, then a competin@Ph,~ — ground-
state process with a rate constant of (1 hsjyould support

gest, as one might initially expect, that the K mutation near an 83% yield of PQg~ formation. Although this is a
BChly predominantly modulates the rate of M-side electron reasonably high yield, it is significantly less than th&00%

transfer, causing it to be faster by roughly 50% in KDH com-

yield on the L-side in the native RC. The®s"~ yield would

pared to DH, and has little effect on the rates of deactivation be reduced further still if the rate constant for electron transfer

to the ground state or electron transfer to the L-side.

from P*BPh,~ to Qs were smaller than (200 ps) We have

Another similar exercise is to consider the effects induced been exploring M-side electron transfer tg iQ collaboration
by the K mutation on the P* lifetime. Let us assume that with P. Laible and D. Hanson in greconstituted mutants
the L-side electron transfer and ground-state deactivationthat contain DH plus another mutation neay tQat prevents
rates are unaffected by the K mutation and fix these rate the RC from binding this cofactor. Preliminary measurements
constants at the calculated values for the DH mutant: (21 indicate a<10% yield of P Qg™ formed via the M-side in

ps)* and (100 ps)t, respectively. We then calculate that a

these RCs7{0). On the basis of the experiments reported

(58 ps)* rate constant for electron transfer to the M-side is here, future studies will utilize the KDH template.

needed to give the measured 23% yield ®8Ph,~ in the

Why might P BPhy~ — ground-state charge recombina-

KDH mutant. Applying these three rate constants predicts ation have a rate constant about 10-fold faster than that of

P* lifetime of 13.4 ps for the KDH mutant, which is within
the error limits of the lifetime measured here (&52 ps).

P*BPh ~ — ground state? In the simplest terms, the rate of
a reaction is governed by electronic and FranClondon

This calculation, based on a very simple model, is meant factors. The vibrational overlap factor involves the relation-
merely to demonstrate that a higher yield (and faster rate) ship between the free energy chang&j and the pigment

of M-side electron transfer in the KDH versus DH mutants
is not inconsistent with our finding the same P* lifetime
within experimental uncertainty for the two RCs.

In the case of the KH mutant, the P* lifetime (8.5 ps) and
P*BPhy~ yield (~10%) predict a value for the M-side rate
constant okpy ~ (85 ps)?, in good agreement with that of
(65 ps)?t estimated for KDH. And, similar to the above
discussion, only a small difference in the P* lifetime would
be predicted in going from the H to the KH mutant that

protein reorganization energ¥)( One factor often considered
for the relatively slow rate of charge recombinatiorBiPh ~

— ground state (compared to the competing rate of charge
separation PBPh.~ — P™Qa") is that theAG of about—1.1

eV is significantly larger thai, placing the process in the
Marcus inverted regiord( 35, 7). On this basis, one could
initially speculate that the faster rate for the M-side process
P*BPhy~ — ground state could arise from a better Franck
Condon overlap iAG is smaller than for the L-side process
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(and thus better matched 9. However, the opposite may
be the case. 8Phy,~ appears to be at higher free energy
than PBPh ~. This is thought to be due to the global effects

of many amino acid residues that cause the M-side charge-

Biochemistry, Vol. 38, No. 35, 19991529

role in) driving the 2 ns charge recombination of
P*BPhy~, then these two states must be fairly close (likely
within about 0.15 eV). This in turn means thatBChly~
must lie close to both P* and'BChl_~ (since the latter state

separated states to be at somewhat higher free energy (byrobably lies below P* as discussed above) and perhaps near

0.1-0.3 eV) than their L-side counterparé3(-48). A major
specific contributor is that BRhlacks a hydrogen bond
analogous to the one BPInas between Glu L104 and its
ring V keto group 4—7, 43-48, 53. Removal of this
hydrogen bond makes the optical and vibrational properties
of BPh. more similar (but not identical) to those of Bih
(20, 56, 61, 62 Collectively, these factors suggest that
P*BPhy~ could be higher in free energy thanBPh ~ by
20.1 eV (and thus below P* by0.15 eV). Thus, if the
values ofi for P"BPhy,~ and P BPh ~ charge recombination
are similar (a point on which there is no direct information),
the M-side process would have a poorer FranCondon
factor and a slower rate, opposite to our observation.

The other factor to consider is the electronic contributions
to the deactivation rates of'BPhy,~ and PBPh ~. Spacial
differences involving BRh, BChly, P, and the nearby protein
residues versus the situation on the L-side will contribute to
differences in the electronic couplings for M- versus L-side
deactivation. Additionally, PBPh,~ charge recombination
may involve mixing with either PBChly~ or P*, as we have
discussed previously for the L-side charge recombination
reactions in beta-type and heterodimer mutab®-@3, 72.

the lower end of the 0.150.35 eV range of calculated 3—
48) P'BChly~—P"BChl_~ free energy gaps. If BBChly~
lies slightly above P* and BBChI,_~ slightly below in wild-
type RCs, then the relative roles of the one- and two-step
mechanisms to initial electron transfer along the two branches
would be a straightforward and important determinant of
directionality @3). If the closely spaced BChly~ and
P*BChl_~ bothlie either belowor above P* (depending on
the mutant or in wild type), the observation of substantial
directionality could imply a significant role of the electronic
coupling between P* and 'BChl.~ compared to that
between P* and BBChly . Indeed, a number of calculations
indicate that the L-side coupling is substantially larger than
that on the M-side and that this difference makes a large
contribution to directionality 36, 40, 53, 54, 64, §5Such
a contribution would ultimately limit the effects on direc-
tionality that one could attain through shifting the free
energies of the states on either branch individually or both
branches simultaneously. These issues will be explored by
further attempts to stabilize " BChly~ to determine the
ultimate effect on directionality.

In summary, we believe that, in addition to the demon-

Both of these states have inherently faster deactivation ratesstrated contribution of the free energies ofB€hly~ and

than PBPhy~ (due to larger electronic and/or other factors).
In this regard, P* internal conversion has a rate of (00
300 ps)? (23, 73, and PBChly~ charge recombination is
expected to have a value on the order of (1 hd)ased on
analogy with PBChI,_ .

Since PBPhy~ is almost certainly higher in free energy
than P BPh_~, mixing with P* could facilitate deactivation
of the M-side intermediate. However, it is equally or more
plausible that the higher free energy ofBPhy,~ results in
a smaller energy gap and larger mixing between this state
and PBChly~ compared to that between"BPh ~ and
P*BChl_~. [Calculations vary by:0.15 eV as to which gap
is larger 43—48).] This would make the M-side of the RC
analogous to the L-side mutants in which a small (free)
energy gap between'BPh ~/P*3~ and P BChl_~ leads to
an enhanced deactivation rate (Figure 2b). It cannot go
unnoticed that the-12 ns deactivation time of fBPhy~ is
comparable to the values of 6:@ ns obtained for the L-side
intermediate in a number of beta-type RC$8<22).
Continuing this line of reasoning, the M-side charge recom-
bination would be further enhanced by the extent to which
PTBChly~ is stabilized by the incorporation of Lys L178
near BChi,. In this regard, it is possible that*BPhy~
deactivation is actually somewhat faster in KDH versus DH
RCs (though we are as yet unable to confirm this experi-
mentally). Thus, the interesting dilemma arises that attempts
to facilitate M-side electron transfer via stabilization of
P*BChly~ could simultaneously, by bringing the two states

P*BChI_~ to directionality of charge separation, there are
attractive aspects and implications of a role of differences
in the electronic couplings on the L and M branches.
Similarly, there is appeal and implications to the idea that
PTBChly~ participates in the faster deactivation that is
observed for PBPh,~ compared to PBPh . It is clear that

the same unifying concepts that have emerged concerning
the key roles of PBChI_~ and its free energy gap with other
states in determining directionality, the mechanism of L-side
initial electron transfer, and subsequent charge recombination
processes must also hold for the M-side. Indeed, our findings
and considerations indicate that we may be witnessing this
fact in some of the mutants studied here. These concepts
can be used to further manipulate the M-side processes to
gain additional insights into the primary events.
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