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ABSTRACT: A novel chromophore composition of the bacterial photosynthetic
reaction center (RC) has been discovered: RCs lacking the L-side monomeric
bacteriochlorophyll chromophore result from mutation of the native isoleucine at
M204 to glutamine in Rhodobacter capsulatus. This conclusion is obtained from 77 K
UV−vis spectroscopy and pigment extractions of the I(M204)Q mutant and seven
variants containing the I(M204)Q plus other mutations. The oxidation potential of
the primary electron donor P (a dimer of bacteriochlorophylls) was measured for
three of the mutants and found to be 50−65 mV lower than in wild-type RCs.
Ultrafast transient absorption measurements reveal (minimally) two subpopulations of
P* that have distinct lifetimes and photochemical outcomes for all mutants containing
I(M204)Q. In one subpopulation P* decays solely by internal conversion to the
ground state. In the other subpopulation P* decays by electron transfer to the
normally inactive M-side bacteriopheophytin (HM) in competition with internal conversion to the ground state. When a Tyr
residue is substituted for the native Phe at L181 near the M-side monomeric bacteriochlorophyll (BM), the rate of electron
transfer to HM is increased about 4-fold.

■

two variants of the HL-less DLL mutant3 and showed that this
state has an inherent lifetime (i.e., its lifetime in the absence of
ET to HL) on the order of several hundred picoseconds.4 These
results also indicated that P+BL− lies below P* in free energy in
these two mutant RCs.
As also seen in Figure 1, an alternative M-side pathway of
chemically identical electron acceptors, denoted BM and HM, is
available. However, ET to HM in native RCs is slow (∼100 ps)
relative to ET to HL,5,6 which is why this process is typically not
observed. A handful of mutants have elicited ET from P* to
HM,4,5,7−11 with the shortest time constant observed to date
∼40 ps.8 P* decay in these mutants sometimes has been found
to be nonexponential with diﬀering photochemistry in
populations of RCs that are not interconverting on the
picosecond time scale; the populations diﬀer in the relative
amounts of ET to the L-side versus the M-side versus
nonradiative decay to the ground state.4,11−13 For example, in
two DLL-based mutants where we trapped P+BL−, near
quantitative yield of this state was obtained in an ∼50% P*
population having a 5−10 ps lifetime; however, the other ∼50%
P* population had an ∼100 ps lifetime and decayed via ET to
HM and ground state recovery.4 Thus, even though ET from P*
to BL occurred in ≤10 ps in one subpopulation, it appeared to
be suppressed in the other.
The origin of this paradoxical result is not known; however,
we were led to speculate that it might involve the Tyr residue at

INTRODUCTION
The initial light driven electron transfer (ET) reaction in
bacterial photosynthetic reaction centers (RCs) is mediated by
a monomeric bacteriochlorophyll (BChl), denoted BL, which
lies between the special pair primary electron donor, P,
consisting of two BChls and the bacteriopheophytin (BPh)
electron acceptor HL on the L-side of the RC (Figure 1). The
role of the BChl in the BL site in initial charge separation has
been much debated. It has been diﬃcult to observe the putative
intermediate P+BL− in unmodiﬁed RCs since the decay time of
this species to form P+HL− (∼0.5 to 4 ps) is shorter than or
only slightly longer than the time scale of its formation from P*
(3−4 ps).1,2 Recently, we trapped the P+BL− intermediate in

Figure 1. Reaction center with the special pair (P, red), accessory
bacteriochlorophylls (BL, yellow; BM, orange), bacteriopheophytins
(HL, blue; HM, purple), quinones (QA, light green; QB, green),
nonheme iron (Fe, dark red), and carotenoid (crt, cyan). The L
subunit is in tan, and the M subunit is in gray.
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the Rb. capsulatus RC has not been reported but is expected to
be very similar to Rb. sphaeroides; there are 33 tyrosines in Rb.
capsulatus. This was conﬁrmed by observing the solid state 13C
NMR spectrum in Rb. sphaeroides RCs where all tyrosines are
labeled at the carbon adjacent to the hydroxyl group, whose
chemical shift is very sensitive to hydrogen bonding; the Tyr at
M210 was speciﬁcally assigned by mutagenesis.15 (This
measurement has been repeated for Rb. capsulatus RCs and
identical behavior observed; Carter, B.; Saggu, M.; Zhou, X.;
Cegelski, L.; Holten, D.; Boxer, S. G.; Kirmaier, C. unpublished
results.) The importance of this Tyr has been widely
investigated by mutagenesis16−18 and by simulations.19
Replacement of Tyr by other amino acids generally slows ET
to the L-side but does not prevent it. Molecular dynamics
simulations suggest that the two most populated orientations of
the Tyr hydroxyl, involving rotation around the −OH bond (in
each orientation the −OH is roughly in the plane of the
aromatic ring), position the −OH dipole quite diﬀerently
relatively to BL, in one orientation stabilizing P+BL−, while in
the other orientation destabilizing P+BL−.20,21 A possible origin
of the (nominally) two populations described above in two
DLL-based mutants that both have a Tyr at M208 is that in one
population P+BL− forms because the tyrosine −OH is in the
stabilizing position, whereas in the other population the −OH

position M208. Figure 2 shows a close-up view of the BL
environment. (Note that the present work utilizes Rb.

Figure 2. Protein environment around BL (from the Rb. sphaeroides
crystal structure14)with key residues labeled. For clarity only the D
helix of the M subunit and the interhelix region of the L subunit are
shown.

capsulatus RCs; in Rb. sphaeroides the equivalent position is
M210.) This Tyr is unusual in that it is the only Tyr (out of 28
in Rb. sphaeroides) that appears in the highest resolution X-ray
structure (2j8c in the Protein Data Bank14) to lack a hydrogen
bond partner to its phenolic −OH group. An X-ray structure of
Table 1. Mutants Used in This Worka

The ﬁrst and fourth columns contain the shorthand name and chromophore diagram, respectively, corresponding to the absorption spectra in
Figure 3. In the chromophore diagrams, circles with dots represent BChls, open circles represent BPh, and the sawtooth line represents the
carotenoid.

a
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Gringas;24 for each mutant, at least three extractions trials were
performed except where noted. The midpoint potentials of RCs
were determined by chemical titration of the QY absorption
band of P with additions of potassium ferro- and ferricyanide. A
1000-fold molar excess of ferrocyanide relative to the [RC] was
ﬁrst added to ensure that P was fully reduced. Then, additions
of ferricyanide were made to increase the potential at which the
solution was poised. The potential was monitored with a Pt
wire versus a Ag/AgCl microelectrode (Edaq) reference that
was calibrated before each use with ferricyanide/ferrocyanide
solutions. Measurements were corrected for Ag/AgCl versus
NHE (220 mV). The data were well ﬁt by a one-electron
Nernst equation. Picosecond transient absorption (TA)
measurements utilized ∼130 fs excitation ﬂashes at either 855
or 590 nm. RC samples were held at 10 °C in a small reservoir
and ﬂowed through a 2 mm path length cell. Other details were
as previously described.8

is in the destabilizing orientation disfavoring ET to BL.
Although entirely speculative, this led us to consider whether
it might be possible to introduce a hydrogen bond to the
Y(M208) hydroxyl group and pin down its orientation.
Examination of the key amino acids near Y(M208) led us to
the isoleucine at M204 (Figure 2) as a residue that could be
mutated to one that might hydrogen bond with the hydroxyl
group of the Tyr at M208, enforcing a speciﬁc orientation.
Based on simple modeling, two possibilities emerged,
replacement with glutamine, I(M204)Q, or with glutamic
acid, I(M204)E, and both variants were prepared. As described
in detail in the following, we were very surprised to discover
that the I(M204)Q mutant appears to assemble without any
chromophore in the BL binding site. This provides a simple
method, based on a single amino acid change, for entirely
shutting down ET to the L-side and aﬀords an ideal platform
for studying ET along the normally nonfunctional M-side. A
series of further mutations in the I(M204)Q background are
also described here to clarify spectral assignments and enhance
ET to the M-side. Interestingly, the I(M204)E variant does
assemble with a BChl in the BL binding site; however, its
photochemistry is quite diﬀerent from WT and from the
I(M204)Q mutants reported here. Additionally, there is
evidence that Y(M208) is now hydrogen bonded in I(M204)E
(Carter, B.; Saggu, M.; Zhou, X.; Cegelski, L.; Holten, D.;
Boxer, S. G.; Kirmaier, C. unpublished results). These results
will be presented in a separate paper.

■

RESULTS AND DISCUSSION

RCs with I(M204)Q are BL-Less. The ground state
absorption spectrum of I(M204)Q shows a striking reduction
in the band at ∼800 nm, assigned as the QY band of the BChls
in the B-sites, compared to WT (Figure 3). The peak maximum
of this band in I(M204)Q red shifts 9 nm relative to WT. Based
on previous assignments,25,26 the BChl in the BL site
contributes to the blue side of this band and BM to the red

■

EXPERIMENTAL SECTION
Mutagenesis and RC Expression. Site-directed mutagenesis of all Rb. capsulatus strains and RC expression and
puriﬁcation were carried out largely as described previously.22
Following batch binding of the His-tagged RC to Ni-NTA
agarose resin that was pre-equilibrated with 10 mM Tris (pH
8.0), 0.05% Deriphat 160-C, 300 mM NaCl, and 5 mM
imidazole buﬀer, the resin was collected in a column and
washed with 200 mL of the equilibration buﬀer. RCs were
eluted with buﬀer containing 10 mM Tris (pH 8.0), 0.1%
Deriphat 160-C, 300 mM NaCl, and 300 mM imidazole.
It was found that all RCs containing the I(M204)Q mutation
had a large proportion of P-less RCs, which could be separated
by anion exchange chromatography using three Q Sepharose
HP HiTrap columns (GE Healthcare) in series with a
suﬃciently shallow gradient in [NaCl] (0.5 mM NaCl/mL at
a ﬂow rate of 10 mL/min). Putting the P-less fraction under
reducing conditions did not restore the 850 nm QY absorption
band of P, so this is not a population wherein P had become
oxidized to P+. In the P-containing fraction, after many hours of
storage in the dark at room temperature, the QY band of P
decreased and a new P-less fraction could be separated using
the above-described method; consequently once isolated RCs
were kept on ice while in use and at −80 °C long-term. The
ﬁrst four columns of Table 1 summarize the eight mutants
prepared, their shorthand codes and other key characteristics,
with the results of pigment extractions and P redox measurements collected in the last two columns. All measurements
were made on the P-containing fractions in 10 mM Tris (pH
8.0) buﬀer containing 0.05% Deriphat 160-C and 300 mM
NaCl, unless otherwise noted.
Characterization Methods. Low-temperature absorption
spectra of RCs in 50% glycerol (v/v) were acquired using a
liquid nitrogen immersion cryostat.23 Pigment extractions in
7:2 acetone/methanol were performed as per van der Rest and

Figure 3. Absorbance spectra at 77 K of WT and mutants used in this
study. The pigment diagrams on the right indicate the presumed
chromophore arrangement in each mutant. Circles with dots represent
BChl, open circles represent BPh, and sawtooth lines represent
carotenoid. Overlapped circles at the top of each diagram represent the
P chromophores, circles in the middle represent the chromophores in
the B sites, and circles at the bottom represent the chromophores in
the H sites. Dots in the circles represent the central Mg ion of a BChl.
The L-side chromophores are on the right, and M-side chromophores
are on the left.
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spectrum (Figure 3), a small red shift of the QX absorption
envelope is noted.
Another strategy to better resolve the HL and HM QX
absorption bands relied on removal of the carotenoid, which
has broad and somewhat structured absorption between ∼450
and ∼550 nm. Carotenoidless mutants were created using the
mutation G(M70)L.33 In the spectra (Figure 3) of both
G(M70)L/I(M204)Q and F(L181)Y/G(M70)L/I(M204)Q
(denoted LQ and YLQ, respectively), the “baseline” in the
450−550 nm region is much ﬂatter, consistent with loss of the
carotenoid. It can be seen in the low temperature spectrum that
the QX absorption bands of HM and HL are resolved as peaks at
532 nm and a shoulder at 542 nm, respectively, suggesting that
the I(M204)Q mutation does not abolish distinction between
the QX absorption bands of HL and HM.
Finally, the YQ, YQH, and YLQ variants were made in which
a Tyr replaces the native Phe at L181, the symmetry-related
position to M208 (Figure 2). L181 is in close proximity to BM
and a Tyr at this position has been shown to promote M-side
ET.8−10 Thus, F(L181)Y was combined with the Q and QH
and LQ variants to examine the eﬀect on the rate and yield of
ET to the M-side.
The BChl:BPh ratios found by pigment extraction for QH
(3.27) and YQH (3.03) are ∼20% below the expected value of
4:1 for RCs that are BL-less and have a BChl in the HL site
(Table 1). Most of the pigment extractions gave BChl/BPh
ratios lower than expected, with the non β-containing RCs
averaging about 10% low. It can only be speculated as to
whether there is possibly incomplete extraction of the BChl
chromophores or incidental demetalation of BChl to BPh, both
of which would give rise to a lower BChl/BPh ratio. We also
note that low BChl/BPh ratios (usually low by 5−10%) are
typically reported for the RC pigment extraction method used
here.28,30,34
Mutation at the C2-Symmetry Related Position L177
and Other Constructs. Introducing Gln at L177, the
symmetry-related position to M204, did not result in the
absence of a pigment in the BM site as assayed by the UV−vis
spectrum of I(L177)Q, which is nearly identical to that of WT
(data not shown). This suggests that unique environmental
elements of the BL site work in conjunction with the introduced
Gln at M204 to knock the BChl out of the BL binding site. A
similar selective eﬀect was seen for the HL and HM knockout
mutants, where the symmetry-related mutations failed to knock
out the corresponding chromophores.3,35
It is fair to say that in most cases the mechanism(s) that lead
to chromophore exclusion and relative stability of the resulting
RCs are not clear. Typical expression yields (deﬁned as the
amount of protein isolated from a liquid culture of bacteria) for
WT are 7−10 mg RC/L culture media using the expression and
isolation protocols described above, and the expression yield of
the I(M204)Q BL-less mutant is comparable. Many of the other
mutants reported here had somewhat lower (at most a factor of
4) but practicable yields. Two other constructs we made gave
no or very poor RC yields: (1) I(M204)Q added to the DLL
background3 resulted no RCs and (2) I(M204)Q added to
A(M147)W,35 which by itself knocks out HM, gave a very poor
expression yield of ∼0.03 mg RC/L culture media. There is
ample evidence to show that the RC protein can accommodate
many and varied mutations while still folding into a native-like
structure. However, the loss of both a BChl and BPh seems to
result in unstable RCs as observed by the low expression yields
of these two mutants.

side; thus the loss of BL would be expected to result in a
reduction of the intensity of the band by roughly half and a red
shifting of the peak. Note also that the QY band of P shifts
considerably to the blue, presumably reﬂecting the loss in the
interaction between P and BL, and this shift also contributes to
the red shift of the band at 800 nm since the two bands overlap.
Similarly, changes in the QY absorption band of HL near 760
nm could reﬂect loss of interactions with BL.
As shown in Table 1, the BChl/BPh ratio of I(M204)Q was
found to be 1.52, which can only be reasonably reached (and
remain consistent with the absorption spectrum) by the
removal of one BChl from the WT chromophore composition
leaving three BChl and two BPh. A similar ratio is found for the
four other mutants expected to have the same bacteriochlorin
composition as I(M204)Q (variants YQ, DQ, LQ, and YLQ in
Table 1). In the following, we will often refer to any variant
missing a chromophore in the BL binding site as “BL-less” for
simplicity.
RC Variants in the I(M204)Q Background. Variants of
I(M204)Q containing key mutation(s) that have been
characterized in detail in other contexts were made to provide
additional evidence for the loss of BChl from the BL site, to
assist in the assignment of ground-state and TA spectra or to
enhance M-side ET. In the H(M180)L/I(M204)Q mutant
(denoted ΦQ, Table 1), the axial His ligand of BM at M180 is
replaced with a noncoordinating Leu and results in replacement
of the BChl with a BPh (ΦM) in the BM site.27−29 Compared to
WT, the UV−vis spectrum of ΦQ shows a complete absence of
an 800 nm absorption band and a new band at 781 nm,
indicative of a loss of both BChls in the B-sites and the
incorporation of a new BPh (Figure 3). Katilius et al. reported a
similar QY band of ΦM at ∼785 nm in the H(M182)L mutant
of Rb. sphaeroides.27 These spectral data and the pigment
composition of 0.56 BChl/BPh are consistent with an RC in
which one BChl is replaced with BPh and a second BChl is
removed entirely, thus supporting the conclusion that the
I(M204)Q mutation results in BL-less RCs. Several of the
BChl:BPh ratios in Table 1, including for ΦQ, are lower than
expected and will be discussed further below.
Characteristic QX absorptions for the HL and HM BPhs are
found near 529 and 544 nm, respectively, in the ground state
absorption of WT at low temperature (Figure 3, top). As seen
in Figure 3, these absorption bands are not resolved at low
temperature in I(M204)Q. Since these bands are critical for
distinguishing whether ET proceeds down the L- and/or Mbranch, variants I(M204)Q/L(M212)H and V(M131)D/
I(M204)Q (denoted QH and DQ,) were made to alter the
spectral properties of HL and HM, respectively. The mutation
L(M212)H causes a BChl (denoted βL) to bind in place of BPh
in the HL binding pocket by providing an axial ligand for the
central Mg2+.30 This shifts the QX absorption of the
chromophore in the HL site (now a BChl) to around 600
nm, and as the only remaining BPh, the BPh in the HM site is
the only bacteriochlorin absorbing around 529 nm. As seen in
Figure 3, the ground state absorption spectrum of QH (and
also YQH, see below) is consistent with the replacement of a
BPh with a BChl, as typiﬁed by the spectral changes seen in
L(M212)H versus WT.30 Variant V(M131)D/I(M204)Q
(denoted DQ) was made to alter the spectral properties of
HM, again to facilitate speciﬁc assignment of ET to HM by TA
measurements. The V(M131)D mutation creates a hydrogen
bond to the ring V keto group of HM, and red shifts its QX
absorption by 3−4 nm in comparison to WT.31,32 In the DQ
9974

dx.doi.org/10.1021/jp305276m | J. Phys. Chem. B 2012, 116, 9971−9982

The Journal of Physical Chemistry B

Article

Figure 4. Transient absorption spectra of QH and YQH at 295 K acquired after a 130 fs excitation ﬂash at 850 nm (panels A and C) or 600 nm
(panels B and D). The chromophore diagram for QH and YQH (shown in panel C) is described in Figure 3.

in the HL site by replacement with the βL cofactor or alter the
absorption properties of HM (e.g., hydrogen bond to HM via the
V(M131)D mutation).
Picosecond TA spectra in the visible and near-IR regions for
the βL-containing QH and YQH mutants are shown in Figure
4. At the earliest times (0.6 ps, Figure 4, panels A and C), the
TA spectra are assigned to P*, which has a broad, mostly
featureless absorption between 480 and 700 nm and bleaching
of the QX ground-state absorption band of P at 598 nm. In the
QY region (Figure 4, panels B and D), bleaching of the longwavelength ground state absorption band of P at ∼855 nm is
observed along with stimulated emission from P* extending to
∼1000 nm on the long-wavelength side of the P bleaching. The
spectra at later times show that stimulated emission from P*
persists to ≥100 ps after excitation (Figure 4, panels B and D),
indicating a long P* lifetime. It is also clear from cursory
examination of the data in Figure 4, panels B and D, that the
majority P* decay pathway is P* → P, as indicated by the large
decay of P bleaching, evident in the 830−850 nm region where
stimulated emission does not contribute, and also in the QX
band of P at 598 nm (Figure 4, panels A and C). The main
features of the picosecond TA spectra of the other ﬁve mutants
examined (Q, YQ, LQ, YLQ, and DQ) are essentially identical
to those shown in Figure 4. (Picosecond measurements were
not performed on the ΦQ mutant due to low RC yields.) All
seven RCs exhibit dual P* stimulated-emission decay
components: (1) a shorter component of either ∼20 ps
(when there is a Tyr at L181) or ∼40 ps (when there is the
native Phe at L181) and (2) a longer component of ∼130 ps.
Analysis and interpretation of the complex P* decay is
presented in the following section.
Evidence that ET from P* to HM occurs is seen in the TA
spectra shown in panels A and C of Figure 4. By about 100 ps
bleaching at 528 nm and an absorption band near 640 nm have
developed to near maximal amplitude in both QH and YQH.

Recently, a BL-less RC has been proposed by Leonova et al.
in a mutant that replaces the axial ligand to BL, H(L153), with
Tyr.36 RCs could not be isolated, so evidence for a BL-less RC
came from examination of room temperature absorbance
spectra, photoinhibition of respiration action spectra, and
pigment extraction, all of which were performed on RCs in
chromatophores. This same mutant had been made previously
by Katilius et al., who found that RCs isolated in LDAO or
Trition X-100 contained a P-less fraction that could be
separated out.28 In that work it was concluded that the
pigment composition of the P-containing fraction was
unchanged from that of WT. It should be noted that BChl/
BPh ratios from pigment extractions that include P-less RCs,
which cannot be separated away in a chromatophore
preparation, will be skewed to a lower value. The discrepancy
regarding the pigment content of H(L153)Y remains
unresolved.
P Redox Potential Measurements. The P/P+ midpoint
potential of I(M204)Q is ∼50 mV below the WT value of +500
mV versus NHE (Table 1). In the YQ and YQH variants, the
P/P+ midpoint potential is lowered further with the additional
decrease attributed to the F(L181)Y mutation. An ∼25 mV
lowering of the P/P+ midpoint potential in the single F(L181)Y
mutant was reported previously.37 Individual mutations are not
expected to have a perfectly additive eﬀect on the P/P+
potential; the small deviation from additivity observed here is
similar to that seen in other series of mutations designed to
modify the P/P+ potential.38,39
Picosecond Measurements of Electron Transfer to HM
in the I(M204)Q Mutants. The major focus of this section is
to describe the evidence for ET to the M-side BPh (HM) in the
I(M204)Q mutants, and complete lack of evidence for ET to
HL. To positively identify the direction of ET in the I(M204)Qcontaining mutants, these studies focused on the variants that
were designed to alter the absorption properties of the pigment
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Figure 5A. As described above, the Asp at M131 in the DQ
mutant was designed to red shift the QX band of HM by
addition of a hydrogen bond. The 531-nm ground state
absorbance (Figure 3) and bleaching in the TA data (Figure 5)
are in concert and thus support ET to HM. The magnitude of
BPh QX bleaching in DQ matches very well with the
magnitudes of bleaching at 528 nm in Q, QH, and LQ. Note
also that the well-resolved BPh anion band at ∼640 nm in the
other mutants is replaced in DQ with a red-shifted, weaker and
broader absorption. These results are identical to ones
previously reported for the V(M131)D mutation in another
set of background mutations that provide M-side ET.32 Thus,
the distinguishing features of the picosecond TA spectra of DQ
directly support the formation of P+HM− (as opposed to
P+HL−) in this mutant.
Further evidence that supports formation of P+HM− in all
seven RCs is that the spectral features of this state persist, but
have partially decayed on the ∼3 ns time scale of the
measurements. This can be seen in Figure 4, where bleaching at
528, 600, and 850 nm and the BPh anion absorption band at
640 nm are reduced in magnitude but still present at 3 ns. This
ﬁnding is consistent with the known 1.7 or 3.2 ns lifetime of
P+HM− depending on whether QB is fully occupied or absent/
blocked, respectively.40
We conclude this section with a determination of the yield of
P+HM− in the seven mutants studied based on the spectra in
Figures 4 and 5. The overall yield of P+HM− is obtained by
taking the ratio between the amount of P+HM− formed (given
by the maximal magnitude of 528-nm bleaching attained) and
the initial amount of P* formed (given by the magnitude of P
bleaching at 598 nm at 0.6 ps). It is assumed that the extinction
coeﬃcient of HM at 528 nm is approximately equal to that of P
at 598 nm, as is the case for the 542 nm QX absorption of HL.
This assumption has been adopted in previous cases where the
yield of ET to HM has been determined and was validated in a
mutant in which P+HM− is the sole charge-separated product of
P* decay and forms in very high (70%) yield.10 The yields of
P+HM− determined in this manner (method 1) are collected in
column 2 of Table 2. The consistency among Q, QH, LQ, and
DQ and among YQ, YQH and YLQ is clear with average
observed yields of P+HM− of 18% and 35% for the two groups,
respectively. Thus, the yield of P+HM− is about a factor of 2

These spectral features are the signatures of the chargeseparated state P+HM−,5,7,8,10 and are a straightforward
assignment in the QH and YQH mutants where a BChl (βL)
replaces HL. The L(M212)H mutation has been used
extensively to unambiguously resolve ET to HM.5,7−9 Here
the motivation was even greater in light of the poor distinction
between the QX bands of HL and HM even at low temperature
in the I(M204)Q mutants. A quantitative comparison of the
P+HM− spectra and yield of this state among the seven mutants
is presented in Figure 5. Obtained under near identical

Figure 5. Comparison of the QX and anion region transient absorption
spectra for Q, QH, LQ, and DQ (A) and YQ, YQH, and YLQ (B) at
∼400 ps. Spectra were acquired using 130 fs excitation ﬂashes at 850
nm and have been normalized to the same initial P* concentration.

experimental conditions, the spectra in Figure 5 have been
normalized by factors of 1 to 1.2 (to adjust for slight diﬀerences
in sample concentration and/or laser excitation conditions), so
that they have an identical magnitude of P bleaching at ∼598
nm at 0.6 ps. The spectra shown in Figure 5 were taken at
∼400 ps (ranging from 380 to 450 ps) by which time the
contribution of the long-lived P* species to the TA diﬀerence
spectra is minimal.
The spectra for Q, QH, and LQ have essentially identical
magnitudes and positions of BPh QX ground state bleaching at
528 nm and BPh anion absorbance at 640 nm (Figure 5A).
Spectra essentially identical to each other are also obtained for
YQ, YQH, and YLQ (Figure 5B). Collectively, the spectra show
that identical BPh-associated features are obtained following
completion of P* decay whether the RC contains the native
BPh, HL, (in Q, LQ, YQ, and YLQ) or has instead a BChl, βL,
(in QH and YQH). Thus, the charge-separated state resulting
from P* decay can be assigned with conﬁdence to P+HM−. Note
further that the absolute magnitudes of the P+HM− spectra are
roughly 2-fold greater for YQ, YQH, and YLQ compared to Q,
QH, and LQ. Thus, the yield of P+HM− is roughly 2-fold greater
for the RCs that contain Tyr at L181 compared to the ones that
contain the native Phe.
Additional support for formation of P+HM− is obtained from
the distinguishing characteristics of the TA spectrum of DQ in

Table 2. Observed Yield of P+HM− in M204Q Variantsa
RC

method 1b

method 2c

method 3d

Q
QH
LQ
DQ
YQ
YQH
YLQ

23%
14%
18%
16%
40%
35%
32%

21%
16%
n.d.
n.d.
32%
31%
n.d.

22%
16%
n.d.
n.d.
42%
35%
n.d.

a

n.d. = insuﬃcient data to perform the analysis due to sample
decomposition. bMethod 1: Derived from comparison of the maximal
HM bleaching at 528 nm to the initial amplitude of P bleaching at 598
nm at 0.6 ps. The experimentally observed maximal HM bleaching is
attained at ∼150 ps in Q, QH, LQ, and DQ and at ∼80 ps in YQ,
YQH, and YLQ. cMethod 2: Determined from the amplitude (a ﬁt
parameter) of the 1.7 ns component of decay of P bleaching at 840−
850 nm compared to the total amplitude. dMethod 3: Determined
from the amplitude (a ﬁt parameter) of the 1.7 ns component of decay
of P bleaching at 594−602 nm compared to the total amplitude.
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than two exponentials functions, both cases utilizing a ﬁxed 1.7
ns component for the (known) P+HM− lifetime40 (whose
amplitude was a free ﬁtting parameter). The values and relative
amplitudes of the two ﬁt time constants are 32 ± 4 ps (66%)
and 152 ± 30 ps (34%), all of which are in good agreement
with the values determined from the P* stimulated-emission
decay kinetics. The 840−850 nm bleaching data and ﬁt also
provide a measure of the yield of P+HM− (method 2), which is
given by the ﬁt amplitude of the ﬁxed 1.7-ns time constant
relative to the amplitude of total bleaching. The P+HM− yield so
determined is 16% for QH (method 2 in column 3 of Table 2).
The decay of bleaching of the QX band of P at 594−602 nm
(data not shown) were similarly better ﬁt using a three- versus
two-exponential function, where one time constant is ﬁxed at
1.7 ns for the P+HM− lifetime. The time constants for P* decay
obtained from the three-exponential ﬁt are 28 ± 6 ps and 98 ±
13 ps. The amplitude of the 1.7-ns decay component gives a
16% yield of P+HM− (method 3 in column 4 of Table 2). There
is good agreement in Table 2 between the yields of P+HM−
determined for QH by all three methods.
Unlike the kinetics associated with overall P* decay, the
appearance and decay of bleaching of the QX band of HM at 528
nm is well ﬁt by a simple two-exponential function (Figure 8A),
where decay of HM bleaching at 528 nm (the P+HM− lifetime) is
ﬁxed at 1.7 ns. This ﬁt returns a value for the appearance of HM
bleaching (and per force the lifetime of the parent P* state) of
37 ± 4 ps. This time constant is in excellent agreement with the
faster component of the P* decay obtained above in the other
spectral regions. Attempts to ﬁt the time proﬁle at 528 nm
shown in Figure 8A with three exponentials showed that there
is at most a few percent contribution from the 130 ps P* decay
component found in other spectral regions discussed above.
Therefore, the P* population (35% amplitude) that decays with
an ∼130 ps time constant is not associated with P+HM−
formation, instead decaying only via P* → ground state. It is
in the P* population (65% amplitude) having an ∼40 ps
lifetime that ET to HM takes place. Additionally, since the ∼40
ps component is observed in the P bleaching decay kinetics
(840−850 nm and 590−600 nm), this population of P* also
decays in some part via ground state recovery.
This survey of the time evolution of the absorbance changes
in key wavelength regions for QH RCs provides a consistent set
of results that is reﬂected in the generalized schemes in Figure
6. Similar results are obtained for the Q mutant (data not
shown, but see, e.g., the P+HM− yields determined via methods
2 and 3 in Table 2). Data analysis for YQ and YQH revealed an
essentially identical overall pattern of results, but with the
important diﬀerences that P* → P+HM− charge separation is
faster and the yield of P+HM− is about 2-fold larger as compared
to Q and QH. Representative data for YQH are shown in
Figure 7, panels C and D. The time constants and relative
amplitudes for P* stimulated-emission decay in YQH (Figure
7D) are 21 ± 3 ps (70%) and 97 ± 22 ps (30%), with similar
time constants and relative amplitudes for P* decay obtained
from analysis of the 840−850 nm data (Figure 7C) and 594−
602 nm data (not shown). Once again a critical ﬁnding is that
the bleaching at 528 nm develops with a time constant of 19 ±
2 ps, a value that matches the faster component of both P*
stimulated emission decay and P-bleaching decay (Figure 8B).
The yields of P+HM− determined from the ﬁts of the QY and QX
P-bleaching decay in YQ and YQH are given in Table 2. The
respective yields agree well with the values determined from

higher when there is a Tyr at L181 rather than the native Phe.
The yields determined here (method 1) come from spectral
analysis: a comparison of the QX bleaching magnitudes of HM
and P. They are in excellent agreement with the values for the
P+HM− yields presented in columns 3 and 4 of Table 2, which
utilize methods that are derived from the relative amplitudes of
the ﬁt components of the P* decay kinetics, as will be described
in the following section.
General Model for P* Decay Pathways. This section lays
out a general model given in Figure 6 that is consistent with the

Figure 6. Proposed working model involving two photochemically
distinct subpopulations in I(M204)Q-containing mutant RCs. The
observed time constants are indicated above each scheme, along with
the relative proportion of RCs that follow each scheme. The calculated
time constant and yield of the associated process is given next to the
arrows indicating the P* decay pathways. See text for further details.

complex kinetics observed in all seven of the I(M204)Q
mutants studied; Figure 6 give speciﬁc results for four of the
mutants. The general model is characterized by two diﬀerent
populations of P* that are in roughly 70:30 proportion (varying
from ∼60:40 to ∼80:20 between samples and data sets). These
P* populations are distinguished by having diﬀerent P*
lifetimes and diﬀerent decay pathways, the speciﬁc details of
which will be developed in this and the following sections. Four
mutants for which the highest quality and largest amount of
data were collectedQ, QH, YQ, and YQHcontributed
most to development of the model. Suﬃcient data were
obtained for the other three mutants to determine that the P*
decay kinetics and yield of P+HM− in LQ and DQ are similar to
those found in Q and QH, and analogously YLQ is similar to
YQ and YQH.
Figure 7B shows the P* stimulated emission decay proﬁle for
QH (averaged data between 900 and 910 nm) and ﬁts to oneand two-exponential functions. This wavelength range spans a
near isosbestic point in the P−P+Q− diﬀerence spectrum, ΔA ≈
0 at ∼905 nm; therefore, little if any P-bleaching or P+
absorption contributes to the absorption changes over this
wavelength range. The data are better ﬁt by the two-exponential
than the one-exponential function. The time constants and
relative amplitudes returned by the two-exponential ﬁt are 41 ±
6 ps (66%) and 136 ± 32 ps (34%).
Similar results are obtained from the ﬁt of the P-bleaching
decay kinetics at 840−850 nm, near the peak of the groundstate QY band of P band (Figure 7A). It can be seen that the
time proﬁle in this region is better ﬁt with three exponentials
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Figure 7. Kinetic data and ﬁts for QH RCs (A and B) and YQH RCs (C and D) at 295 K. Parts B and D show decay of P* stimulated emission
averaged between 900 and 910 nm (●) and ﬁt to the instrument response plus a single exponential plus a constant (red, dashed) and ﬁt to the
instrument response plus two exponentials plus a constant (blue, solid). Parts A and C show decay P bleaching averaged between 840 and 850 nm
(●) and ﬁt to the instrument response plus two exponentials plus a constant with one exponential held ﬁxed at 1.7 ns (red, dashed) and ﬁt to the
instrument response plus three exponentials plus a constant with one exponential held ﬁxed at 1.7 ns (blue, solid). See text for further details. The
insets examine sections of the plots drawing attention to distinctions between the data and ﬁtting results.

method 1 and are consistently close to a factor of 2 higher than
those determined for Q and QH.
Global Analysis via SVD. The entire 500−700 and 830−
1000 nm ranges of TA data (spanning before zero-time to ∼4
ns) for each of Q, QH, YQ, and YQH were subject to principalcomponent analysis by singular value decomposition (SVD)
followed by global analysis to obtain species-associated spectra
of the components described above. As for the individual
wavelength data analyses presented above, global ﬁtting
required two ﬁt exponentials plus a ﬁxed 1.7-ns exponential
(for decay of P+HM−). The global analysis for YQH returned
time constants of 20 and 130 ps. Figure 9, panels A and B,
shows the decay-associated spectra (spectra of the exponential
prefactors) for the 20 ps, 130 ps, 1.7 ns, and asymptotic (long
time) components. The 20 ps Qx region decay-associated
spectrum has key features at 528 and 640 nm connected with
HM reduction; however, such features are clearly absent in the
130 ps decay-associated spectrum. Figure 9, panels A and B,
clearly shows that both the 20 and 130 ps decay-associated
spectra display features attributable to P* stimulated emission
(900−100 nm) and P bleaching (at 600 and 850 nm). The
species-associated spectra (spectra of the intermediates) in
Figure 9, panels C and D, derive from application of the general
model in Figure 6. The spectral features of the 20-ps and 130ps species are both appropriate for P* and the 1.7 ns and longlived species consistent with P+HM− and P+QB−, respectively.
The features in both the decay- and species-associated spectra
reveal, as expected based on the wavelength-by-wavelength
analysis given above, that the 130 ps P* population decays
exclusively to the ground state and the 20 ps P* population
alone aﬀords ET to HM, along with competing repopulation of
the ground state.

Figure 8. Representative kinetic data (●) and ﬁts (solid lines) for the
appearance and decay of bleaching of the QX band of HM averaged
between 522 and 532 nm for QH RCs (A) and YQH RCs (B) at 295
K, referenced to absorption changes (averaged) between 550 and 565
nm. In both panels the ﬁt is to a dual exponential for the appearance
(ﬁt parameter) and decay (1.7 ns ﬁxed component) of HM bleaching.
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Figure 9. Decay associated (amplitude) spectra in the visible (A) and near-infrared (B) regions for YQH RCs resulting from SVD and global
analysis, and the corresponding species-associated spectra (C and D) resulting from application of the model given in Figure 6. The black spectrum
is identiﬁed as a P* fraction that decays only to the ground state. See text for details.

expected based on early theoretical predictions21,41 and
previous experimental work4,8,10,13,42,43 wherein the eﬀects of
combinations of Tyr and Phe at L181 and M208 are discussed.
In short, Tyr at L181 is expected to preferentially lower the free
energy of state P+BM− and thereby enhance ET to the M-side of
the RC.
Discussion of P* Populations and Decay Pathways.
Complex kinetic proﬁles of P* decay, obtained using timeresolved absorption and ﬂuorescence spectroscopies, in WT
and numerous mutant RCs are well-known. Examples include
the following: (i) detection-wavelength-dependent time constants for P* → P+HL− and P+HL− → P+QA− ET in WT44,45
and mutants11,46 at room and low temperature; (ii) excitationwavelength dependent P-bleaching kinetics;47−49 and (iii) bi- or
multiexponential P* stimulated emission17,50−56 and spontaneous ﬂuorescence37,54,57−60 decays. Various models have been
discussed including static distributions of RC forms or models
invoking dynamic heterogeneity and motions of the chromophores and/or protein.50,51,61−67
We have proposed here a coexistence of P* populations (P1*
and P2*). While likely an oversimpliﬁcation, this provides some
insight into average photophysics/photochemistry and has
proved a useful model in previous similar cases.4,11−13 Diﬀering
P* populations (i.e., forms of P* that do not interconvert on
the picosecond time scale) could arise from RCs that diﬀer in
cofactor−cofactor distances, cofactor−protein interactions, or
similar factors that change either the electronic couplings or the
small free energy gaps between P* and the charge-separated
states. The combination of these factors controls the rates of
ET or the ability to do ET at all. Most previous cases where a
30−40% fraction of eﬀectively “inactive” RCs at 285 K was
observed have employed changes of the Phe/Tyr pair at L181/
M208).4,12 In two instances, inactive RCs were not present at
285 K but manifested upon cooling the sample to 77 K.11,13

Summary of the Photochemistry in the Two P*
populations. Summary values for the unique decay pathways
within the two P* populations are given in the schemes in
Figure 6 and derived as follows. The amplitude ratios of the two
P* decay components (shorter-lived P1* and longer-lived P2*)
vary from 64%/36% to 78%/22% among the Q, QH, YQ, and
YQH data sets. The relative percentages of 70% P1* and 30%
P2* are rounded values adopted in Figure 6. The rounded P1*
and P2* lifetimes are 40 and 130 ps, respectively, in Q and QH
and 20 and 130 ps, respectively, in YQ and YQH. Finally, the
average overall observed yields of P+HM− are 18% in Q and QH
and 34% in YQ and YQH (average values taken from Table 2).
Because the 30% P2* population (130 ps lifetime) undergoes
little if any charge separation, the experimentally observed 18%
yield of P+HM− in Q and QH and the 34% yield in YQ and
YQH, derive entirely from the 70% P1* fraction. Thus, the
decay of P1* (40 ps lifetime) in Q and QH must be partitioned
26% via ET to HM and 74% internal conversion to the ground
state. In this way, the observed overall 18% yield of P+HM− in Q
and QH is obtained (26% × 0.7 ≈ 18%). Similarly, P1* decay
(20 ps lifetime) in YQ and YQH must be partitioned 49% ET
to HM and 51% internal conversion to the ground state, thus
giving the overall observed 34% yield of P+HM− for YQ and
YQH (49% × 0.7 ≈ 34%).
The partitioning of relative yields of ET (ϕET) and ground
state recovery (ϕGS) from P1*, together with the observed
lifetimes (τP1), allow calculation of the time constants for the
respective processes via the expressions τET = τP1/ϕET and τGS =
τP1/ϕGS. Because the P2* fraction for each RC decays by
ground state recovery (ϕGS ≈ 1), the time constant is simply
the 130 ps lifetime of P2*. The values for the time constants
thus calculated are shown in Figure 6 for all four mutants. Our
results show that Tyr at L181 increases the rate of ET to HM in
YQ, YQH, and YLQ by about 4-fold compared to the native
F(L181) present in Q, QH, LQ, and DQ. This ﬁnding is
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than ∼130 ps in the inactive fraction and the 180−200 ps
values measured previously for a variety of RCs in Deriphat at
285 K. For example, in the DLL mutant, the inherent P* time
constant for internal conversion at 285 K is 180−200 ps for
RCs in chromatophores or isolated with Deriphat and ∼100 ps
for RCs in LDAO,10 the latter value identical to that found for
other mutants in LDAO.5,8 Because no ET occurs in the DLL
mutant, the time constant for P* internal conversion to the
ground state is simply given by these P* lifetimes. Similarly, in
all previous studies of RCs where nominally ET active and
inactive P* populations have been observed at 285 K in
Deriphat, a 180−200 ps value for P* internal conversion has
been characteristic of both populations.4,10,12,13
The notable deviation from this trend is the 40−50 ps time
constant for internal conversion of P1* in the I(M204)Q-based
RCs studied here. An interesting comparison between the
photochemistry in the P1* population of YQ and YQH, and the
photochemistry in a variant of DLL denoted DLL-1,4 (previously
denoted MFLFY10) is illustrative. DLL-1 and YQ and YQH have
several properties in common. First, in all three RCs the only
process with which ET to HM competes is P* internal
conversion. In DLL-1, ET to BL is not observed and HL is
absent, and in YQ and YQH BL is absent and ET to HL (or βL)
is not observed. Second, all three RCs have Tyr at L181. Third,
the P/P+ potentials are similar, with P ∼30 mV easier to oxidize
in DLL-1 than WT and ∼50 mV easier to oxidize in YQ and
YQH. In DLL-1 the P* lifetime is ∼55 ps and the observed yield
of P+HM− is ∼70%. These values determine a 78-ps time
constant for P* ET to HM and a time constant of 183 ps for P*
internal conversion to the ground state. Thus, even though the
time constant for P* → P+HM− ET in the active P1* fraction in
YQ and YQH is 41 ps, almost a factor of 2 smaller than in DLL1, the yield of P+HM− is lower (49%) because the P* internal
conversion time constant of 39 ps is about a factor of 4 smaller
than in DLL-1. In Q and QH, the internal conversion time
constant of 54 ps obtained for the P1* population is similar to
that of YQ and YQH (Figure 6). Although the TA data for LQ,
DQ, and YLQ were not analyzed to same level of detail, the P*
decay proﬁles and the overall yields of P* → P+HM− ET and P*
→ P are consistent with rapid P* internal conversion in the
active P* population in these mutants as well.
Heterodimer mutants also display fast internal conversion. In
heterodimer RCs, the native BChl−BChl dimer P is replaced
with a BPh-BChl dimer called D.69,70 The Rb. capsulatus
heterodimer-containing H(M200)L and H(L173)L mutants in
Deriphat buﬀer have time constants for D* internal conversion
of 27 and 32 ps.71 The faster internal conversion in the
heterodimer compared to the native homodimer is thought to
derive from increased contributions from the intradimer
charge-transfer conﬁgurations PL+PM− and PL−PM+ to the
nature of the excited dimer (P* or D*).72 In other words,
increased electronic asymmetry results in a decreased internal
conversion time constant in heterodimer mutants. The same
eﬀect may be responsible for faster P* internal conversion in
the I(M204)Q-based RCs, derived from a decrease in
symmetry of the environment around P due to the removal
of BL.

This observation argues against inactive RCs being a
decomposition byproduct of RC isolation procedures.
Although there is consistency among these observations, the
details of the molecular origins by which ET is rendered
suﬃciently slow so as to be ineﬀective compared to a 100−200
ps internal conversion in a fraction of P* remains unclear. One
can imagine many candidate factors such as positioning of
water, lipid, or detergent molecules around the pigments;
changes in hydrogen bonds; or larger structural changes, to
name a few. Such changes may accompany the absence of the
BL in the I(M204)Q-based mutants studied here, and perhaps
even disfavor M-side ET in the inactive population. An X-ray
structure of a mutant that lacks the HM cofactor is relevant, and
interestingly shows essentially a void in the HM binding site and
no large changes otherwise.35
Figure 10 presents free energy level diagrams that can serve
as a framework for discussing ET to HM in the photoactive

Figure 10. Proposed relative free energies of P* and the chargeseparated states in WT (A) and I(M204Q)-based (B) RCs. The free
energies of the charge-separated states are not measured directly but
placed lower in free energy relative to P* in M204Q than in WT in
accord with the measured lower oxidation potential of P in M204Q.
The I(M204)Q mutation may have additional eﬀects on, for example,
the reduction potential of HL. See text for further details and proposed
eﬀects of other mutations incorporated here, such as L(M212)H and
F(L181)Y.

population in Q, QH, YQ, and YQH. Compared to WT
(Figure 10A), the free energies of the analogous chargeseparated states for I(M204Q)-based RCs (Figure 10B) are
∼50 mV lower. This shift reﬂects the fact that P is ∼50 mV
easier to oxidize in I(M204)Q-based mutants compared to WT
(Table 1). In WT, P+BM− is believed to lie above P* by no
more than ∼200 mV.8,21,27,41,68 Other things being equal, the
∼150 ps time constant for P* → P+HM− ET in Q and QH (P1*
fraction; Figure 6) suggests that P+BM− is still above P* in these
two mutants. In previous RCs where Tyr at L181 has been used
to enhance ET to HM, the time constant determined for P* →
P+HM− has fallen in the range of ∼40−80 ps.5,7,8,42,43 A similar
result is obtained here, namely τET ≈ 40 ps in YQ and YQH
(Figure 6). Calculations have indicated that changing the native
Phe to Tyr at L181 will lower the free energy of P+BL− by as
much as ∼200 mV.21 Here and for the previous mutants having
Tyr at L181, although it is not known where P+BM− is in free
energy with respect to P*, ET is clearly faster compared to RCs
having the native Phe at L181.
The dynamics of inherent P* internal conversion in the two
populations (Figure 6) is a ﬁnal point of interest in the
I(M204)Q-based mutants. Finding diﬀerent values for τGS in
the two populations here is an unusual result, with the 40−50
ps value obtained in the photoactive population notably smaller
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