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Coupling of light-induced electron transfer to proton

uptake in photosynthesis

André Remy & Klaus Gerwert

Light energy is transformed into chemical energy in photosynthesis by coupling a light-induced electron transfer to proton
uptake. The resulting proton gradient drives ATP synthesis. In this study, we monitored the light-induced reactions in a 100-kDa
photosynthetic protein from 30 ns to 35 s by FTIR difference spectroscopy. The results provide detailed mechanistic insights into
the electron and proton transfer reactions of the Q, to Qj transition: reduction of Q, in picoseconds induces protonation of
histidines, probably of His126 and His128 in the H subunit at the entrance of the proton uptake channel, and of Asp210 in the L
subunit inside the channel at 12 ps and 150 ps. This seems to be a prerequisite for the reduction of Qg, mainly at 150 ps. Q4™ is
reoxidized at 1.1 ms, and a proton is transferred from Asp210 to Glu212 in the L subunit, the proton donor to Qi~. Notably, our
data indicate that Qg is not reduced directly by Q,~ but presumably through an intermediary electron donor.

Sun energy is transformed into chemical energy by photosynthesis,
which sustains most forms of life on earth. Generally, sunlight oxidizes
a primary donor such as a chlorophyll molecule within a photo-
synthetic protein complex. The released electron is then transferred
within the same complex to a final electron acceptor, typically a
quinone molecule. The subsequent protonation of the reduced
quinone is the first step in a series of events to create a proton gradient
that drives ATP synthesis!. Here we used time-resolved Fourier trans-
form infrared (FTIR) difference spectroscopy?™ to study when and
how light-induced electron transfer is coupled to proton uptake in a
photosynthetic protein complex at the atomic level.

The system used in this study is the photosynthetic reaction center
(RC) from the purple nonsulfur bacterium Rhodobacter (Rb.)
sphaeroides®, a system structurally very similar to the photosystem II in
higher plants’. This bacterial RC is a transmembrane pigment protein
complex of (1100 kDa, the three-dimensional structure of which has
been determined at up to 2.2-A resolution®8-1%. Upon light excitation,
an electron is transferred from the primary donor P (bacteriochloro-
phyll a dimer) via the intermediate acceptors bacteriochlorophyll (A)
and bacteriopheophytin (I) to the primary quinone Q, and finally to
the secondary quinone Qg (Fig. 1).

In Rb. sphaeroides ubiquinone-10 (UQ,,) is bound both at Q, and
at Qp. At Q,, UQyq accepts one electron and transfers it to Qp. At Qp,
UQ, accepts two electrons and two protons and is finally released
from the RC in the fully reduced form (QgH,) (for a recent review see
ref. 1). Different hydrogen bonding of the 4-C=0 quinone groups to
the protein governs the different roles of UQ,, at Q, and Qg!!~14.

The electron transfer from the primary donor P to the primary
acceptor Q, takes place in [200 ps (ref. 15). From P down to Q,, the
chromophore orbitals overlap and thereby provide a fast electron
transfer chain (Fig. 1). In contrast, the following Q, Qp — Q,Qg~

transition is 10° times slower. There is no obvious conduction chain
between Q, and Qg as observed between P and Q,, and it is not clear
which groups are involved in the electron transfer across the [20 A
center-to-center distance from Q, to Q. There is currently a debate as
to whether electron transfer takes place through bonds or through
space!®!”. An involvement of the nonheme Fe?" positioned between
Q, and Qg has been excluded based on visible and ultraviolet photo-
lysis (UV-VIS) studies of Fe-depleted RCs'®. The Q, Qp — Q,Qp~
transition has been described as containing two kinetic phases with

Figure 1 Light-induced electron transfer from P to Q4 takes place within
200 ps via overlapping prosthetic groups. The Qy"Qg — Q,Qg™ transition
is (10®-fold slower. The doubly reduced Qg is protonated from the external
medium.
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time constants in the ranges of 2567 ps and 200-250 s at 295 K on
the basis of UV-VIS studies!®-?2. These studies have assigned the fast
phase to electron transfer and the slow phase to charge compensation,
proton uptake and conformational relaxation of the protein!®-22,
However, UV-VIS and near infrared (NIR) measurements detect
global chromophore changes and do not provide information about
the individual residues involved in the process. By contrast, IR spec-
troscopy can distinguish between the chromophore moieties, amino
acid side chains and protein backbone groups that participate in a
reaction?®. A first IR investigation using tunable IR diode lasers with
0.5-ps time resolution has yielded two kinetic phases of 120-180 Hs
and 1.0-1.2 ms at 277 K (refs. 24,25), in agreement with UV-VIS stud-
ies at this temperaturezl. However, diode lasers are limited to a narrow
spectral range, whereas the FTIR technique, which allows simultane-
ous data acquisition in the entire middle infrared range from 1,900 to
1,000 cm™!, monitors the absorbance changes of all groups involved in
a reaction®°28, The first time-resolved step-scan FTIR measurements
with 5-ps time resolution have also yielded two kinetic phases (150 ps
and 1.2 ms)?’, consistent with previous studies.

Here, we describe improvement in time resolution of the time-
resolved step-scan FTIR technique to 30 ns and the use of the tech-
nique to monitor the Q, Qp — Q, Qg transition in the RC with a
rotating wheel to measure eight different samples in parallel. This
modification allows increased signal averaging to improve the signal-
to-noise ratio. The new IR data set provides three time constants and
new mechanistic insights into this transition, thereby elucidating the
coupling of the electron and the proton transfers in the Q, Qg —
Q, Qg™ transition.

RESULTS

We monitored the light-induced absorbance changes of the RC
between 1,900 and 1,000 cm™' from 30 ns to 35 s (Fig. 2). A multi-
exponential global fit analysis® of the absorbance changes in this spec-
tral range gave six apparent time constants (see Methods): 12 Us,
150 ps, 1.1 ms, 63 ms, 770 ms and 3.1 s at 278 K. Because [1128 spectral
elements were analyzed simultaneously in the global fit, the analysis
was substantially improved as compared with fits using single-fre-
quency data. In particular, small absorbance changes were more reli-
ably defined. Furthermore, kinetic analyses of narrower spectral
regions, such as the amide I region between 1,675 and 1,550 cm™!
(protein backbone conformational changes) or the carbonyl region
between 1,800 and 1,675 cm™!' (protonation changes of carboxylic
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Figure 2 Three-dimensional representation of the light-induced IR
absorbance changes in the photosynthetic reaction center of Rb.
sphaeroides between 1,900 and 1,000 cm~! with 30-ns time resolution and
7-cm! spectral resolution as revealed by global fit analysis. The time axis
has a logarithmic scale to show the complete reaction over nine orders of
magnitude (from 30 ns to 35 s) in one representation.

groups), yielded the same apparent time constants. This showed that
all reactions of the different groups within the RC were highly synchro-
nized and excluded uncoupled reactions. This result is in contrast to an
earlier proposal for the RC?4, but is in agreement with the observations
in bacteriorhodopsin®! and in the photoactive yellow protein32.

Recombination from P*Q,~ and P*Qg~to P

To illustrate the kinetic analysis and show the data quality, the
absorbance change at 1,282 cm™ is presented (Fig. 3a). At 1,282 cm™!
A Pt Vibration absorbs?3. In addition, the individual contributions
(Za;e” kit) of the apparent time constants are shown (Fig. 3a). The time
constant for the light-induced formation of P* was [200 psls, this
reaction was therefore not resolved in our experiments. The observed
signal rise (Fig. 3a, crosses) represented the detector response with a
time constant of 30 ns. The small oscillation superimposed on the
detector response was observed at all frequencies mostly in the
nanosecond time range up to [l Ws; this is an artifact of the detector.
Because the oscillation is independent of any specific frequency, it
could be extracted computationally. We analyzed the data starting at
150 ns. At 150 ns, P* was completely formed, and the absorbance at
1,282 cm™! did not change until finally charge recombination from
P*Q, to P or from P*Qg™ to P occurred with time constants of 63 ms
or of 770 ms and 3.1 s, respectively (Fig. 3a).

Global fit analysis provided time constants T; and amplitudes g; for
the kinetic phases over the entire spectral range. The corresponding
amplitude spectra g; represent the absorbance changes accompanying
the transition determined by the respective apparent time constant T; as
a function of frequency. In such spectra only groups undergoing a reac-
tion in the particular transition show absorbance changes, and the
entire background absorbance of the protein and the buffer (including
water) is eliminated. The amplitude spectrum associated with the
63-ms phase (data not shown) was very similar to the P*Q,~—PQ, dif-
ference spectrum already published®3. Therefore, this phase represents
the P*Q,~ — P recombination process, in agreement with ref. 34. The
amplitude spectra for the two slower phases, at 770 ms and 3.1 s, (data
not shown) were similar to P*Qp~— PQy, difference spectra’?; these two
phases were therefore assigned to the recombination process from
P*Qg™ to P. The amplitude of the P*Q,~ — P recombination (63 ms)
was [10% of the entire amplitude (Fig. 3a) indicating that 90% of the
Qg is active in the RC used for these measurements in agreement with
control measurements in the UV-VIS spectral range (data not shown).

Kinetic analysis of the Q,"Qg — Q,Qj" transition

The Q, Qg -~ Q4 Qg™ transition can be monitored by the absorbance
changes at 1,446 and 1,479 cm™. These bands have been clearly
assigned to the C === Q/C === C vibrations of Q,~ and to the
1,4-C === O stretching mode of Qg~, respectively, using site-specific
1-13C- and 4-13C-labeled UQ, reconstituted either at Q, or Qg'!"14.
Appearance of these bands indicated reduction, whereas disappear-
ance of these bands indicated oxidation of the quinones at Q4 or Qg,
respectively. Both P* and the 1,4-C+=>O stretching mode of
Qg absorb at 1,479 cm™ (Fig. 3b)!>!4, The absorbance increase of P*
due to the P*Q,~ charge separation in 200 ps and its subsequent relax-
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Figure 3 Absorbance changes of P*, Qg~ and Q4 marker bands. Raw data,
crosses; global fit, thick line; contributions of single exponentials, dashed

lines. (a) Absorbance changes at 1,282 cm™! represent a P* vibration.

(b) Absorbance changes at 1,479 cm™! represent a P* vibration and a Qg™

vibration. An additional increase with three kinetic phases (12 ps, 150 ps

and 1.1 ms) is observed. (c) Absorbance changes at 1,446 cm™! represent
a P* vibration as well as a Q4 vibration. An additional decrease with three
kinetic phases (12 ps, 150 ps and 1.1 ms) is also observed.

ation to the ground state from P*Q,~ and from P*Qy™ to P with time
constants of 63 ms, 770 ms, and 3.1 s were as described above (Fig. 3a).
In contrast to data at 1,282 cm™!, an additional absorbance increase
with three phases at 12 ps, 150 ps and 1.1 ms was observed. Because in
addition to P*, Qg™ also absorbs at 1,479 cm™!, this additional
absorbance increase was caused by reduction of Qp. The step-scan
FTIR experiments therefore indicated that the Q, Qp — Q,Qgp™ tran-
sition should be described by three apparent time constants of 12 s,
150 ps and 1.1 ms at 278 K.

The absorbance change of the Q,~ marker band at 1,446 cm™
(Fig. 3c) showed that Q,~ also disappeared with three kinetic phases at
12 ps, 150 ps and 1.1 ms, but with different amplitudes for each time
constant. This is better resolved on an enlarged scale in Figure 4: the
absorbance changes at 1,479 cm™! (for Q) and at 1,446 cm™! (for
Q,") and the contributions to the individual reaction steps are pre-
sented in the time window of the Q, Qp - Q, Qg™ transition from
1 Ysto 10 ms. At 1,479 cm™, Qg was reduced mainly with the phase at
150 Ms (67%) and partly with the phases at 12 ps (18%) and 1.1 ms
(15%), whereas at 1,446 cm™!, Q,~ was oxidized mainly with the phase
at 1.1 ms (82%) and partly with the phase at 150 Hs (18%).

The global fit gave apparent time constants. They described—Ilike
intrinsic time constants—individual reaction steps only if back reac-
tions could be excluded. As the apparent time constants differ here by
one order of magnitude, in a first approximation back reactions can be
neglected and the dominating apparent rate describes mostly one
reaction step®. However, small admixtures of the other reaction steps
contribute to each transition described by the apparent rate.
Therefore, not only one, but all of the apparent time constants con-
tribute to the absorbance changes at 1,479 cm™! and at 1,446 cm™!,
respectively, but with different dominating amplitudes.

Because reduction of Qg mainly occurred with the 150-ps phase and
oxidation of Q,~ with the 1.1-ms phase, a direct Q,~ to Qg electron
transfer is unlikely, in contrast to earlier proposals!'8, Thus, an inter-
mediary electron donor X must be involved that first reduces Qg (at
150 ps) and itselfis then reduced by Q,~ (at 1.1 ms).

At first glance the differences described above did not seem obvious
(Fig. 4a). This might be why UV-VIS studies have not resolved this
issue until now. In addition, in the UV-VIS spectra the bands for Q,
and Q,~ and for Qp and Qg™ were much broader than the IR bands for
the same species, and these bands overlap substantially. Therefore, the
absorbance changes in the UV-VIS spectral range might not be able to
provide as clear kinetics for the Q, Qp — Q,Qg™ transition as those in
the IR range.

Analysis of the amplitude spectra

To identify the functional groups involved in the Q, Qp - Q,Qp~
transition, we examine the amplitude spectra associated with the three
kinetic phases at 12 ps, 150 ps and 1.1 ms (Fig. 5). The amplitude spec-
trum for the 12-ps phase (Fig. 5a) was about three times smaller than
those of the other two phases. Because there were fewer data points in
this early time regime, the signal-to-noise ratio of the amplitude spec-
trum was worse than those for the other two slower phases. The noise
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level was estimated using the region of 1,900-1,800 cm™! because no
absorbance changes of the protein were expected there. Nevertheless,
the global fit provided clear evidence for the 12-ls phase: several bands
were clearly above the noise level, for example those at 1,751, 1,707 and
1,479 cm™L. Only the amide I region (1,680-1,620 cm™) might contain
artifacts and should be interpreted with caution because of large back-
ground absorbance from the amide bonds and from water.

Quinone vibrations
The amplitude spectrum for the 12-ps phase (Fig. 5a) contained a
rather small band at 1,479 cm™. It represents a Qp~ marker band
because the position of this band shifted when 4-13C-labeled UQ;, was
reconstituted at Qp!'3. The intensity of this band was much higher in
the amplitude spectrum for the 150-s phase (Fig. 5b). Therefore, we
assigned most of the reduction of Qp to the 150-ps phase. The
absorbance of Qg™ at 1,479 cm™' changed little in the 1.1-ms phase
(Fig. 5¢). As discussed above, the smaller Qg™ bands in the 12-ps and
1.1-ms phases seemed to reflect contributions of the back reactions.
There was no Q,~ band in the amplitude spectrum for the 12-ps
phase (Fig. 5a). Rather small intensities for Q,~ bands at 1,466 and
1,447 cm™! appeared in the 150-s phase (Fig. 5b). The positions of
these bands shifted when 4-!13C-labeled UQ;, was reconstituted at Q
(ref. 11). The band at 1,456 cm™' does not correspond to a semi-
quinone vibration mode and probably represents a protein group' ™12,
The disappearance of large Q4™ bands at 1,466 and 1,447 cm™! domi-
nated the amplitude spectrum for the 1.1-ms phase (Fig. 5c).
Therefore we assigned the major oxidation of Q,~ to the 1.1-ms phase.
In principle, the intensities of the C=C and C=0 bands in Q, and
Qg can also be used to monitor the concentration of these species. In
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particular, Brudler ef al.'? have identified two populations of UQ,, at
Qg in the dark: a minor fraction (30%) shows weak protein inter-
actions because its 1,4-C=0 vibrations absorb at 1,664 and 1,651 cm™
as observed for UQ,, free in solution, and a major population (70%)
shows symmetric hydrogen bonds to the protein as indicated by a sin-
gle carbonyl band at 1,641 cm™.

In the amplitude spectrum of the 12-ps phase (Fig. 5a) the disap-
pearing carbonyl bands of UQ,, at 1,663 and 1,651 cm™! imply that
the 30% loosely bound Qy is reduced!?, whereas Q, bands did not
occur at all. In the amplitude spectrum of the 150-ps phase (Fig. 5b),
Qg bands of the hydrogen-bonded UQ,, disappeared (1,641 cm™!
(C=0), 1,615 cm™ (C=C))!>!* complementary to the Qz~ band at
1,479 cm™!, and smaller Q, bands appeared (1,660, 1,628 and
1,601 cm™1)1L.12 complementary to the smaller Q,~ bands at 1,466
and 1,447 cm™!. In the amplitude spectrum of the 1.1-ms phase
(Fig. 5¢) Q, carbonyl bands (1,660, 1,628 and 1,601 cm™)!h12
appeared due to Q,~ oxidation. However, the carbonyl bands did not
provide a fully complementary picture to the Q,~ bands at 1,466 and
1,447 cm™!, because only the band at 1,660 cm™! increased, but not
the bands at 1,628 and 1,601 cm™!. The appearing Qg carbonyl bands
at 1,640 and 1,612 cm™! did not decrease either at 1.1 ms compared to
150 s as expected, even if the Qg™ band at 1,479 cm™' decreased.
However, since in this spectral region the background absorption was
very large, the intensities may vary due to phase errors and did not
provide such a clear result as the more reliable marker bands of the
C === O/C === C vibrations, which were not associated with such a
high background absorption.

Carbonyl vibrations

In the 12-ps phase (Fig. 5a) two carbonyl bands appeared at 1,751 and
1,707 cm™. They represented protonation of an internal (1,751 cm™)
and a water-exposed (1,707 cm™) carboxylic acid because both bands
showed the typical frequency shift in D,O (ref. 35). The assignment of
the band at 1,707 cm™! was not yet clear. In contrast, the band at
1,751 cm™! was assigned below to Asp210 in the L subunit. The inten-
sity of this band was further increased in the 150-{s phase (Fig. 5b),
implying increasing extent of protonation. The positive band at 1,751

640

Figure 4 On an expanded scale the Q4 Qg — QaQg~ transition is shown from
1 ps to 10 ms. The absorbance changes, (a) the global fit and (b) the
respective contributions of the exponentials to the absorbance changes at
1,479 cm! of Qg™ (solid lines) and at 1,446 cm™! of Q4™ (hatched lines).

cm™! in the 1.1-ms phase (Fig. 5¢) indicated deprotonation. The band
at 1,726 cm™! in the 150-s phase (Fig. 5b) indicated protonation of
Glu212 in the L subunit?>3°, In the 1.1-ms phase (Fig. 5¢) the band at
1,724 cm™! continued to increase, indicating that protonation of
Glu212 in the L subunit continued in this phase.

The band at 1,736 cm™ (Fig. 5b,c) was assigned to a free ester group
of bacteriopheophytin (I)*’. This band disappears because of the elec-
trochromic shift of bacteriopheophytin caused by the reduction of
Q,%’. Its reappearance, mainly in the 1.1-ms phase, is an additional
marker for the reoxidation from Q,~ to Q,. This band was already
observed in the 150-ps phase (Fig. 5b) as a result of partial reoxidation
of Q4™ but was three times larger in the 1.1-ms phase. This ratio was
consistent with the amount of Q,~ oxidation derived from the
C ==+ O/C +== C vibrations of Q,". This is an independent observa-
tion supporting late reoxidation of Q,~ in the 1.1-ms phase.

Above 1,760 cm™! a broad ‘continuum’ absorbance change appeared
in the 1.1-ms phase (Fig. 5¢). Such absorbance may indicate proton
transfer via a chain of protonated internal water molecules in a
Grotthuis-like mechanism as proposed for bacteriorhodopsin3®.
Proton transfer via water molecules within the extended water clusters
has been discussed for the RC of Rb. sphaeroides®®.

Additional band assignments
The position of the bands at 1,113 and 1,093 cm™ in the 12-Js phase
(Fig. 5a) were consistent with vibration modes of a protonated and a

a o
©3g =
= =S
WWWWMFW

I hm 1 |
5l B @ rate 1 2
~e Te }@ T,=12ps S

() -~ I ©ON~

o oYy

c "’.T“l

b S A

[
2
\ 1
g Sl rate 2 &
<
< =2 ° 1,=150 y =
© e

A LA

T

e o Py

3\ © §\/§

= Y (A

0.001 a.u.

1,600 1,300
Wave number (cm-1)

1,000

Figure 5 Amplitude spectra from 1,900 to 1,000 cm™! for the three kinetic
phases. (a) 12 ps. (b) 150 ps. (c) 1.1 ms.
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neutral histidine, respectively?®4l. The difference band 1,113 cm™!/
1,093 cm™! indicates the disappearance of a neutral, T-protonated
histidine and the appearance of a protonated histidinium cation,
respectively. This histidine protonation might reflect the recently pro-
posed proton uptake by His126 and His128 in the H subunit*?43,
Unambiguous assignments for these bands would require experiments
with additional histidine mutants; for now, we tentatively assign these
bands to His126 and His128 in the H subunit. The protonation of
a histidine continued in the 150-Us phase at 1,115 and 1,095 cm™
(Fig. 5b). Although the band at 1,115 cm~! was close to the noise level,
it was reproduced in independent measurements. In the 1.1-ms phase
(Fig. 5¢) the band at 1,094 cm™! appeared with positive sign, indicating
deprotonation of the histidinium cation.

D210N mutant in the L subunit

Asp210 in the L subunit has been proposed to be involved into the pro-
ton uptake in the RC based on UV-VIS studies*. Therefore we investi-
gated the Q, Qp — Q,Qp transition in the mutant D210N with
step-scan FTIR spectroscopy. The reduction of Qg prior to reoxidation
of Q,~ was more pronounced in the RC containing the D210N muta-
tion in the L subunit. The majority of Qp reduction observed at
1,479 cm™! occurred with a time constant of 140 ps, whereas Q N
oxidation observed at 1,446 cm™! mostly took place with a time con-
stant of 5.1 ms (data not shown). The reoxidation of Q,~ in the
mutant was clearly slower than in wild type, and back reactions can be
neglected. The charge recombination kinetics of D210N (at 57 ms and
1.7 s) are similar to those in wild type (data not shown). These results
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Figure 6 Comparison of wild-type and D210N (L) mutant kinetics in the
QaQg — QaQg™ transition. (a) Absorbance changes at 1,751 cm1 in wild
type (crosses) and in the D210N (L) mutant RC (diamonds). In addition, the
contributions of the single exponentials in wild type (solid line) and in
D210N (L) (dashed line) are shown. The increase of the wild-type band for
the 12 ps and 150 ps phases was no longer observed in D210N (L).

(b) Absorbance changes at 1,724 cm™! indicating protonation of Glu212 (L)
are shown in wild-type (crosses) and in D210N (L) mutant RC (diamonds).
In addition, the contributions of the single exponentials in wild type (solid
line) and in D210ON (L) (dashed line) are shown. Protonation of Glu212 (L)
was still observed in the mutant, but the kinetics was changed.

provide another piece of independent evidence for an intermediate
between Q, and Q.

Only the slowest phase was affected by a factor of [ in the mutant
as compared with wild type, consistent with UV-VIS spectroscopic
studies*®. Very recently, Mezzetti et al*> have described the
QA Qp - Q,Qp transition in the D210N L subunit mutant using
rapid-scan FTIR spectroscopy with 25-ms time resolution. With this
slower time resolution, the Q, Qp — Q,Qp~ transition is not
resolved and Qg reduction at 140 s prior to Q,~ oxidation could not
be observed.

Asp210 in the L subunit may be responsible for the band at
1,751 cm™ (Fig. 5). If so, this band should be absent in the spectra for
the RC containing the D210N L-subunit mutation. A comparison of
the absorbance change at 1,751 cm™! between the D120N L-subunit
mutant and wild-type RC revealed that the increase of the carbonyl
band at 12 ps and 150 Ms observed in wild type was missing in the
mutant (Fig. 6a); instead, the absorbance decreased at 140 ps and
5.1 ms. Therefore, the carbonyl band at 1,751 cm™ in the Q, Qp —
Q,Qp transition in the wild-type RC was assigned to the protonation
of Asp210 in the L subunit. Nevertheless, we could not completely rule
out that another nearby group, such as Asp17 in the M subunit, may
be responsible for the protonation signal at 1,751 cm™" and that muta-
tion of Asp210 in the L subunit may induce a structural change that
inhibits protonation of M subunit Asp17. Because mutation of Asp210
to asparagine does not induce a severe mutation, as the amplitude
spectra show, we do not feel that such a possibility is likely. The car-
bonyl band of L-subunit Asp210 appeared only transiently and was
therefore not resolved by static measurements34°,

The band at 1,724 cm™! indicated protonation of Glu212 in the L
subunit?>% (Fig. 6b). Notably, this residue became protonated mainly
with the same time constant (1.1 ms) as Asp210 in the same subunit
became deprotonated, suggesting that Asp210 transfers a proton to
Glu212. In the L subunit D210N mutant, Glu212 still became proto-
nated, but more rapidly than in wild type (with a time constant of
140 ps). It is possible that a different group might donate a proton in
the mutant; for example, Asp17 (M) could substitute for Asp210 (L).
Similar observations have been made in bacteriorhodopsin for Glu204
and Glu194 (ref. 38).

DISCUSSION

Three kinetic phases in Q, Qg — QQjp™ transition

The time-resolved step-scan FTIR measurements show that the
Q,Qp - QuQp transition in RCs can be described by three apparent
kinetic phases with time constants of 12 s, 150 Js and 1.1 ms at 278 K.
At room temperature the process is about three to four times faster
than at 278 K. Thus, the 150-s and 1.1-ms time constants agree with
earlier UV-VIS and IR studies ([50 ps and (200 ps at room tempera-
ture) 92122242529 The fastest phase at 12 s has been observed by
UV-VIS spectroscopy only in RCs reconstituted with menaquinone-10
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Figure 7 FTIR results in the context of the structural model (PDB entry
1AIG) é. Connolly description of the protein surface, gray; water-filled
cavities inside the protein complex, blue. Generation of the P*Q,~ charge-
separated state within picoseconds (step 1) induces proton uptake by
His126 and His128 in the H subunit at the entrance in the 12-us phase
(step 2); protonation of Asp210 in the L subunit within the proton-uptake
pathway also occurs in this phase (step 2). Electrostatic changes in the
environment of Qg appear to induce the reduction of Qg at the proximal
position in the 150-ps phase (step 3). The electron is donated to Qg by a
not yet identified donor X. The His190 (L)-Fe2*-His219 (M) moiety is
optimally positioned for X. His219 (M) and His190 (L) are hydrogen bonded
to Qa and Qg, respectively. Mutation of His219 (M) or exchange of the Fe2*
substantially alters the electron transfer from Q,~ to Qg (data not shown).
The donor X* is reduced by Q™ in the 1.1-ms phase (step 4). Also in this
phase, Asp210 (L) protonates Glu212 (L) (step 4). Glu212 (L) is the likely
proton donor to Qg after a second light-induced P oxidation.

at the Q, site?1?2. Thus, the present work is the first report on the fast
rate of the Q, Qp — Q,Qp™ transition in RCs containing native
quinones.

In contrast to previous interpretation“!*4, a noticeable electron
transfer from Q,~ to Qp does not take place at 12 is; the IR data show
that after reduction of Q, in the picosecond time range, proton uptake
and protonation of aspartate or glutamate occur at 12 ps and 150 ps.
In earlier investigations proton transfer has always been attributed to
the slower time constants'®2%2425 In addition, proton transfer has
typically been assigned to transitions after Qg has been reduced. Thus,
the step-scan FTIR data show now that fast proton transfer in the
microsecond time scale precedes Qg reduction.

Our results are summarized in the context of the structural model
(PDB entry 1AIG)® at the acceptor sites (Fig. 7). Proton uptake at the
entrance of the proposed channel, probably by His126 and His128 in
the H subunit, and by protonation of Asp210 in the L subunit inside
the protein takes place mainly at 12 ps. These protonation changes
seem to be induced by the reduction of Q4. As proton uptake is also
observed in RCs without Qg occupancy®’, proton transfer seems to be
independent of Qg reduction. The protonation changes, especially the
protonation of Asp210 in the L subunit, increase the positive-charge
environment close to Qp. The compensation of the positive charges
seems to trigger the reduction of Qg.

21,22

Qg reduction prior to Q,~ oxidation

UQ,(at Qg is loosely bound to the RC as determined by binding affin-
ity studies and observed in X-ray structural models in which Qg was
found at greatly varying positions®$-1%. Two Qp binding sites have
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been identified in IR studies, one loosely bound with C=0 vibrations
at 1,663 and 1,651 cm™! and the other hydrogen bonded with C=0
vibrations at 1,641 cm™! (ref. 13). X-ray studies have proposed a light-
induced 5-A movement of Qy from a distal ‘dark’ to a proximal ‘light’
position relative to His190 in the L subunit, including a 180° propeller
twist of the quinone ring®. It has been proposed that this movement
represents a conformational gating for the Q, Qp —» Q,Qp™ transi-
tion®. In the P209Y mutant in the L subunit, UQ,, only occupies the
proximal ‘light’ position already in the dark-adapted state as shown by
X-ray crystallography'?. In this mutant, the 1- and 4-C=0 vibrations
of UQy at the Qg binding site are observed only at 1,641 cm™!
(ref. 48). Therefore, the band at 1,641 cm™' could be correlated with
hydrogen-bonded UQ,, at the proximal ‘light’ position. This fre-
quency is shifted as compared with unbound UQ,, as a result of
hydrogen bonding of the 4-C=0O group to His190 and of the 1-C=0
group to Ser223 and Ile224, all three residues in the L subunit (Fig. 7).
In the distal ‘dark’ position, Qg is not hydrogen bonded and absorbs at
1,663 and 1,651 cm™, as in free UQ,,. If light induced a movement
from the ‘dark’ to the ‘light’ position, it should be accompanied by fre-
quency shift from 1,663 and 1,651 cm 1 to 1,641 cm™! causing a differ-
ence band in the amplitude spectrum. Such a difference band does not
appear; thus, a conformational movement from the distal ‘dark’ to the
proximal ‘light’ position is excluded. In contrast, the reduction seems
to be preceded by the fast proton uptake at 12 ps. Therefore, proton
uptake—not the conformational gating of Qz—seems to induce the
Qg reduction.

Our data indicate that a minor Qg fraction is reduced at the distal
position (1,663 and 1,651 cm™) at 12 ps, whereas the major Qp frac-
tion is reduced at the proximal position (1,641 cm™) at 150 s.

Proton uptake by His126 and His128 in the H subunit and protona-
tion of Asp210 in the L subunit proceed with a time constant of 150 s.
In the L subunit, Asp210 deprotonates and Glu212 protonates at
1.1 ms. Because these two residues are in close proximity, Glu212 is
likely protonated by Asp210. This protonation seems to be a prerequi-
site for the reoxidation of Q,~. Proton transfer seems to take place
mostly not through, but just between the large water-filled cavities
(Fig. 7). In contrast, in bacteriorhodopsin proton transfer takes place
through protonated water-filled cavities*. The water-filled cavities in
RCs are about ten times larger than in bacteriorhodopsin (600 A3
versus 26 A3). These large units of less ordered water may be less suit-
able for proton transfer.

The intermediary electron donor X
On the basis of the data in this study, we propose that an additional
electron donor X is necessary to reduce Qg mainly at 150 ps. The oxi-
dized form of the donor, X*, will be reduced by Q,~ with a time con-
stant of 1.1 ms. The cofactor Fe?*, coordinated by His190 in the L
subunit and His219 in the M subunit, is located between Q, and Qg;
this group of residues and cofactor is optimally positioned to function
as X. Although the Fe?* — Fe®* transition has been excluded because
Zn**-reconstituted reaction centers seem functional for electron
transfer'8, preliminary FTIR experiments on Fe?*-depleted RCs show
dramatic changes in the Q,~Qp — Q, Qg™ kinetics (data not shown).
In addition, mutation of histidine ligated to Fe2* disturbs the electron
transfer kinetics (data not shown). These results suggest an important
role for Fe?* and its histidine ligands in the Q, Qp - QAQp~
transition.

The redox potential of Fe?* in the structurally similar photosystem
II is 400 mV (ref. 50), far above that expected in the RC (between
—45 mV for Q, and 20 mV for Qg). Nevertheless, it is known that the
redox potential can be varied in the required range by changing the
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electron distribution of the ligands. Furthermore, the Fe?* to Fe3*
change must only be transient, in the microsecond time range. A
change of hydrogen bonds or of protonation could influence the redox
potential of Fe?*. In particular, His219 in the M subunit and His190 in
the L subunit ligated to Fe>* are hydrogen bonded to Q, and Qp,
respectively. Actually, His219 in the M subunit is unusually strongly
hydrogen bonded to the 4-C=0 group of Q, which is weakened in Q,~
(ref. 11). Hydrogen bonding of 4-C=0 of Qg might be established
after proton uptake, which could also modulate the redox potential of
Fe?". Finally, another residue, Glu234 in the M subunit, which is lig-
ated to Fe’, can also be protonated; its protonation state might also
play a role in tuning the redox potential of the ferrous ion.

In principle, other functional groups such as a tyrosine or a trypto-
phan side chain could also function as X. However, no such residue is
found at appropriate distances nor is redox potential of either group
appropriate. Further experiments are necessary to establish whether
Fe?* has a structural role in stabilizing the Q, and Qg positions, or
whether it is actively involved in electron transfer.

In summary, light-induced reduction of Q, in the picosecond time
range induces proton uptake at 12 pis. These protonation changes close
to Qp induce oxidation of X and reduction of Qg at 150 ps. Qg is
reduced at its proximal light position and a propeller twist movement
is not observed before reduction. The proton uptake rather than a con-
formational change seems to gate the Q, Qp — Q,Qp transition.
Glu212 becomes protonated by Asp210 (both in the L subunit) and
Q, reduces X* at 1.1 ms.

The results show that time-resolved FTIR spectroscopy is able to
resolve light-induced reactions in a 100-kDa protein at the atomic
level over nine orders of magnitude, from 30 ns to 35 s.

METHODS

Sample preparation. Site-specific mutants were constructed as described®! and
modified®. RC protein was purified from Rb. sphaeroides R26 and from the
mutant D210N (L), respectively, and reconstituted at the Qy site by a 20-fold
excess of UQ (ref. 53) to a final occupancy of at least 90% in wild type and
270% in D210N (L). Sample preparation for the IR measurements was carried
out as described!!. RCs (45 pl of 40 uM) dissolved in 10 mM Tris-HCI, 1 mM
EDTA, 0.025% (w/v) LDAO, pH 8, were pipetted onto a CaF, window. After
careful concentration under a gentle stream of nitrogen to a final volume of
[ pl, the sample was sealed with another CaF, window and thermostabilized
at 278 K in the FTIR apparatus.

FTIR measurements. The step-scan FTIR experiments were done in a vacuum
FTIR spectrometer as described?®2°, The spectra were recorded between 1,974
and 900 cm™! with a spectral resolution of 7 cm™. We made a sample wheel that
enabled the simultaneous measurement of eight IR samples. While the first
sample relaxed back to the ground state, the sample wheel moved the next sam-
ple into the IR measuring beam. Thereby each sample relaxed for 40 s to ensure
full recombination . The sample wheel can be thermostabilized between 268 K
and 303 K. The reaction was started 0.8 s after the sample changer stopped by a
Nd:YAG laser (532 nm, 7 ns, [b mJ). To improve the signal-to-noise ratio,
88-110 measurements of 8—10 different samples were averaged. Before and after
each set of measurements rapid-scan FTTR measurements were taken®®3! to
check the sample activity and to collect data in the time range of [10 ms to 35 s.

Global fit analysis. The data stored by two digital oscilloscopes providing ns
and Ws time resolution as well as the rapid-scan FTIR data were combined into
one data set. This data set was kinetically analyzed using the global fit
method®. In global fit analysis, absorbance changes (AA) are analyzed with
sums of n exponentials with apparent rate constants k; and amplitudes a; (Fig.
2, ref. 30). As all absorbance changes between 1,900 and 1,000 cm™! are ana-
lyzed simultaneously in this procedure, small absorbance changes with lower
signal-to-noise ratios are guided by larger absorbance changes. This improves
the quality of the fit procedure for smaller absorbance changes. A random dis-
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tribution of the residuals around the baseline, a standard deviation close to 1
and a minor correlation of the time constants are criteria for an appropriate
description.
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