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ABSTRACT. The reaction center (RC) éthodobacter sphaeroideses light energy to reduce and protonate

a quinone molecule, £Xthe secondary quinone electron acceptor), to form quingtj2QAsp210 in the
L-subunit has been shown to be a catalytic residue in this process. Mutation of Asp210 to Asn leads to
a deceleration of reoxidation of,Q in the Q\"Qg — QaQg ™~ transition. Here we determined the structure

of the Asp210 to Asn mutant to 2.5 A and show that there are no major structural differences as compared
to the wild-type protein. We found £in the distal position and a chain of water molecules between
Asn210 and @. Using time-resolved Fourier transform infrared (trFTIR) spectroscopy, we characterized
the molecular reaction mechanism of this mutant. We found thatf@mation precedes £ oxidation

even more pronounced than in the wild-type reaction center. Continuum absorbance changes indicate
deprotonation of a protonated water cluster, most likely of the water chain between Asn21@.afd Q
detailed analysis of wild-type structures revealed a highly conserved water chain between Asp210 or
Glu210 and @ in Rb. sphaeroideand Rhodopseudomonasgridis, respectively.

In photosynthetic bacteria the conversion of light energy of the secondary quinone and leads to the formationgbfL)
into chemical energy is initiated within a protein called the which is released from the R@)(
reaction center (RC). The RC froRhodobacter sphaeroides In 2003, Remy and Gerwertl() proposed a new
is a pigment-containing transmembrane protein complex of mechanistic view on the first electron transition fromQ
~100 kDa. It represents one of the most studied bioenergeticto Qg, based on time-resolved step-scan FTIR measurements
model systems, both with respect to its structural character-with a h|gh time resolution down to 35 ns. They observed
ization by crystallography 1) and with respect to the Qg formation preceding @ oxidation. The clear separation
elucidation of its light-driven electron- and proton-transfer of these two processes is permitted by the distinct bands in

reactions 2). the IR of the two quinones Qand @ and semiquinones
Light induces the transfer of an electron from the primary Q,~ and @™, respectively {1—13). The assignment of the
donor, P: which is a dimer of bacteriochlorophyla Qa~ and @~ bands in the IR is clear-cut, because specific

molecules, via the intermediate acceptors bacteriochlorophyllisotopically labeled ubiquinones at the @nd @ positions

a and bacteriopheophytiato the primary acceptor quinone  shift clearly the bands at 1446 and 1479¢énrespectively

in the Qu binding pocket and subsequently to the secondary (11—13). In contrast, in the UV/VIS both bands overlap and
quinone Q. The P Qa~ charge separation has been measured a clear distiction between Qand @ absorbance changes is
to occur within 200 ps3), whereas the electron transition difficult. The observation in the IR led to the suggestion of
from Q™ to Qs takes about 20@s (4—8). The first electron an intermediary electron donor X, which reducesa®d is
transition from the primary to the secondary quinone is afterward rereduced by Q. A good candidate for the
coupled to proton uptake from the cytoplasi 9). In the intermediary electron donor is the irehistidine complex
presence of an electron donor td,Rhe absorption of a  located between the Qand the @ pocket in the crystal
second photon induces the double reduction and protonationstructure {4). We recently ruled out the iron itself as the
intermediary electron donor. Using time-resolved X-ray
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L-subunit have been shown to be important elements in the

Hermes et al.

Table 1: Crystallographic Statistics for Data Collection and

proton transport chain. Replacement of these two residuesrefinement

by Asn in single and double mutants slowed the rate of
proton transferZl, 22). Located near @ the three residues
Glu212, Ser223, and Asp213 in the L-subunit were shown
to be crucial (reviewed in ref). Mutation of Glu212 and
Asp213 in the L-subunit to Asn did not alter tertiary structure
(23, 24). In addition, in the RC structures 8. sphaeroides
(1) andRhodopseudomona#ridis (25), a chain of ordered
water molecules (up to 14 fixed water molecules) extending
from the cytoplasm surface through the protein 9 Was
described. A more detailed water distributiorRps.viridis
showing a hydrogen-bonded network involving water mol-

ecules and amino acid side chains, which extends from the
Qs site to the cytoplasmic surface, was described thereafter

in wild-type and mutant RCs and proposed to be relevant
for proton uptake to @ (26, 27).

In the L210DN mutant, the proton uptake pathway is
disturbed, because no protonatable carboxyl group is avail-
able in this position. This slows down proton and electron
transport. Here, we crystallized the protein and solved the

structure at 2.5 A resolution. We used the step-scan and

rapid-scan FTIR techniques to characterize the molecular

reaction mechanism of this mutant reaction center and present

IR marker bands of the intermediary electron donor X. We

present continuum absorbance changes in the IR, which are

indicative of protonation changes in a protonated water
cluster.

EXPERIMENTAL PROCEDURES

Purification. The Rb. sphaeroidesaction center mutant
Asp210 to Asn in the L-subunit (L210DN) was constructed
as described?®) and modified 29). Cells of the mutant were
grown in PY medium (1% tryptone, 0.05% yeast extract, 2
mM MgCl,, 2 mM CaC}, 0.001% FeSg) containing
tetracycline (50ug/mL) and kanamycin (12g/mL) for 3

collection statistics

beamline SLS X10SA
resolution (A) 38-2.5(2.6-2.5)
space group P121 2,
cell parametersa( b, c) (A) 76.85, 134.72, 141.64
wavelength (A) 1.00
completeness (%) 97.4 (99.3)
multiplicity 6.5 (6.5)
averagd/ol 245 (6.4)
Reym (%) 5.6 (33.4)
sl (%) 6.1(36.3)
Rurga-e° (%) 8.0 (27.8)
refinement statistics
resolution (A) 3825
Reryst (%) 21.2
ree (%0) 24.7
averageB factor (A2) 427
rmsd from ideality (protein atoms)
bonds (A) 0.007
angles (deg) 1.402
model

no. of protein residues
no. of cofactors

825 (6477 atoms)
4 bacteriochlorophyl
2 bacteriopheophytin,
2 ubiquinone,
1 spheroidenone,
1iron (564 atoms total)
182 (182 atoms)
4 lauryldimethylamine
N-oxide (64 atoms)

a Data in parentheses represent values of the highest resolution bin.
b For definition of Rmeas@NdRmrga-r, S€€ ref3l. © Ryee calculated from
5% of data omitted from refinement.

no. of waters
no. of detergents

20% PEG4000, and 550 mM NacCl. Drops q&b of mother
solution were equilibrated against 7@Q of the reservoir
solution consisting of 100 mM Tris, pH 8.0, 750 mM NacCl,
and 20% PEG4000 at 18C. Thin, needle-shaped orthor-
hombic crystals, space grol2,2,2;, appeared within 2
weeks. The crystals grew to 2 mm in length and to 0.1 mm

days in the dark under semianaerobic conditions. Pelletedfor the other dimensions. RC L210DN crystals were mounted
cells were resuspended in Tris buffer (10 mM Tris, 1 mM in Cryo-Loops, soaked in crystallization solution containing
EDTA, 1 mM sodium azide, pH 8.0) containing 0.2 mM 109 (v/v) PEG400 as a cryoprotectant, and flash-cooled in

PMSF and disrupted by ultrasonification. The photosynthetic jiquid nitrogen. The obtained crystals had unit cell dimen-
membranes were isolated from the supernatant by centrifugasjons ofa = 76.85 A,b = 134.72 A, andc = 141.64 A.

tion, WaShed once, a.nd homogenized in the TriS buffer. Crysta"iza‘[ion was not We” reproducib|e_
Reaction center membranes were solubilized in 1% lau-  pata Collection and Analysi®ata to 2.5 A were collected
ryldimethylamine N-oxide (LDAO). The solubilized RC  at the Swiss Light Source (SLS) at the X10SA station
protein was further purified on a POROS HQ 50 (Applied equipped with a Mar CCD detector. A single crystal was
Biosystems) column at 4C in Tris buffer/0.12% LDAO;  ysed to collect the entire data set at 100 K. Diffraction data
elution was performed with ianeaSing NaCl concentrations. were processed, merged, and scaled using the XDS program.
The RC-containing fractions were pooled, diluted, and The cell parameters, data collection, and final model statistics
applied to a second POROS HQ 50 column. The RC solution gre given in Table 1. A total of 50281 unique reflections
was further purified by gel filtration on a ngh Load 16/60 were recorded, g|v|ng data that were 97.4% Comp|ete
Superdex 200 prep grade column equilibrated with 100 MM petween 38 and 2.5 A, with an overall multiplicity of 6.5
Tris, pH 8.0, 200 mM NaCl, and 0.12% LDAO. After gel  and an overalRperge Of 8%.
filtration fractions with an absorbance ra#sy/Ago < 1.2 Details of Model Building and Refinemefthe structure
were pooled and concentrated in a Vivaspin 30 concentrationyygg phased by molecular replacement using the program
tube at 3009 to a final ODyo = 20. Molrep from the CCP4 packag832). The wild-type reaction
Crystallization.Crystallization was achieved by the hanging- center fromRb. sphaeroidefPDB code 1AIG (4)] deter-
drop vapor diffusion method similar to reported protocols mined at 2.6 A was used as an initial model. The second

(see ref30) at 18 °C. 1,2,3-Heptanetriol [3% (w/v)] was
added in solid form to the RC solution with @f = 20

and completely dissolved by vortexing. The suspension was
mixed 1:1 (v/v) with a solution of 100 mM Tris, pH 8.0,

RC molecule in the asymmetric unit cell (chains RSTD) and
all water molecules were removed from the search structure.
A rotation and translation search located one RC molecule
in the asymmetric unit.
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Rigid body refinement, calculation of electron density
maps, simulated annealing, structural refinement, and tem- . . A . .
perature factor refinement were performed using CBI®. ( : %, e ’
The restraints used during refinement were as follows: The ' o |
topology and parameter files of the software CI8S) were
used for the protein, ions, and water. The restraints for the
reaction center cofactors were based on parameter and
topology files fromRps.viridis [PDB entry code 1PRC26)],
which were modified. A new dictionary was made for
spheroidenone. The ideal geometry values for the carotenoid
were obtained from analysis of the Dundee PRODRG2 server
(39).

Substitution of side chains, addition of water molecules,
manual adjustment of the protein model, and rebuilding of
the N- and C-terminal segments were performed using the
software COOT from the CCP4 packad®)

The current model contains 825 residues and 10 bound
cofactors with good stereochemistry. Only one residue,
Asp82 of the H-chain, was founq in the disallowed region Ficure 1: Overall structure of the crystallized L210DN mutant
of the Ramachandran plot. Tails of cofactors were not reaction center. Main chains L, M, and H are shown as gray
completely resolved for Q and ¢ due to missing or  cartoons, and cofactors are represented as sticks. Key: green,
alternate electron density, and therefore the occupancy value$acteriochlorophylia (P, special pair; B and Bs, accessory
were set to zero for atoms 456 (Qu and 24-56 (Qy) AT e R ) oy e rosiues
before the Igst refinement. The avera@éac;tor of t_he Q@ . gf the iron—histidiné com%léx li':md the proton uptake channel are
headgroup is 57.5 Aand of the surrounding amino acid represented as gray sticks with red for oxygen atoms and blue for
residues is 41.1 A Water molecules were considered if they nitrogen atoms. Water molecules are depicted as red spheres. The
had electron density in theF3 — 2F. map contoured at 1¢6 iron is shown as an orange sphere. The framed region is shown in
and were within hydrogen-bonding distance to another water d€tail in Figure 8.
molecule or a protein atom. Additional water molecules were ) ) ,
added manually to electron density with >1.0 in the for sampl_es W|t_hout P—redL_lcmg agent and in brackets for
proximity of amino acid residues described as being involved S2Mples including Preducing agent. _
in the formation of proton uptake pathways. Four LDAO ~ The step-scan FTIR measurements were carried out as
molecules and one spheroidenone molecule could be reliablydescribed previouslylQ). Static light-induced FTIR differ-
modeled in the electron density map and were included in €NC€ Spectra were obtained using a Fiberoptic-Heim LQ 2600
the Subsequent refinements_ |amp for |"Um|nat|0n. PQA_/PQA, P+QB_/PQ3, QA_/QA, and

Figures were produced using PYMOL (DelLano Scientific Qe /Qs Spectra were re;pectlyely recorded at 123, 278, 263,
LLC, San Carlos, CA). and 298 K and a light intensity of 90, 90, 90, and 15 W.

' ' N . Samples for measurements without @ere prepared fol-
FTIR MeasurementsThe purified protein was concen-  |owing the same protocol as for samples containing P
trated using Vivaspin 500 concentrators (MWCO 30 kDa). reducing agent. In addition, they were covered with a 15

Protein solution containing approximately 15@ of RC  mM terbutryn in ethanol solution and concentrated a1
(approximately 1L) was pipetted onto a CaF window and v 4rogen/deuterium (H/D) exchange measurements were
concentrated under a gentle nitrogen stream pd-1The performed as described in r85. Measurements were taken

wmdcl)w was sealed with a seconﬂ Orl‘(e and mounted into a5; 57g K To separate the bands of interest from those caused
meta cu(\j/ette. % act|V|ty| Wafs checked at 960 nrr]n ani by water vapor in the sample, a protein-free reference
measured as-80%. Samples for measurements where the gho04rm was subtracted from the experimental data.

primary donor was immediately rereduced after the start of Fitting Procedure All data were analyzed by the Global

the electr.on-transfer CYCIe were prepared in a similar way: fit method including all wave numbers from 1900 to 950
after partial concentrating, the reaction center was coveredcm,l (36)

with a solution containing 10 mM sodium ascorbate and 20
mM 2,3,5,6-tetramethyp-phenylenediamine (DAD), and the  resyLTS

mixture was concentrated tq. FTIR measurements were

taken in an IFS 88 or IFS 66v (Bruker) at 278 K. The reaction  Integrity of the Asp210 to Asn Mutant Protefigure 1

was started by an eximer-pumped dye laser (532 nm, 30 ns,shows an overview of the L210DN reaction center structure
~5mJ). Ten (5) time-resolved interferogram recordings were with a cartoon representation of the main protein chains,
directly averaged in a single rapid-scan run. Each samplecofactors, and selected amino acid residues of the—iron
relaxed for 48 s (230 s) to ensure full recombination. Single histidine center and the proton uptake pathway. The structure
rapid-scan runs were started at different times after the laserhas been refined to aR factor of 21.3% Riee = 24.6%) at
flash (0, 1, 2, 3, 4, 5, 8, 13, 19, 25 ms). Thirty runs (12 a resolution of 2.5 A (Table 1). Comparison of the backbone
runs) with a complete series of starting times were averagedof our crystal structure with that of the L, M, and H chain
for the presented data, i.e., 300 measurements (60 measuresf the wild-type structure 1A1J [2.2 A14)] showed a high
ments) of four (three) different samples. Numbers are given congruence (rmsd of 0.323 A). The side chain structure was
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Ficure 2: Infrared absorbance changes of marker bands for special paindPsemiquinones £ and @~ in the Asp210 to Asn mutant
of the photosynthetic reaction center. Data are shown as dots; bold lines describe the global fit and dotted lines display the partial contribution
of the fit components, times given relate to half-times of the respective reactietC)Antreated protein sample. Rates of 320 ms and 2.6
s are assigned to"®s~/PQ; recombination, the rate of 80 ms is assigned tQP/PQx recombination, the rate of 9 ms is assigned to the
Qa~X*/QaX transition. (D) Sodium ascorbate/DAD-treated samples to redticd e rate 67 s isassigned to @ Qg™ recombination
with the redox mediator, and the rate of 14 ms is assigned to th&X@QQaX transition.

very similar to that of the wild-type reaction center 1AIJ. in the mutant protein. As the crystallographic results lead to
The differences are mainly due to regions that show only the same conclusion, both methods confirm each other
weak or missing electron density. These regions, chain H, regarding the integrity of the mutant protein.

residues 7981, and the termini of the protein chains, are  Time-Resaled Measurements of the Asp210 to Asn Mutant
located on the surface of the protein and therefore are veryReaction CenterThe Asp210 to Asn mutant exhibited a
mobile. The position of the cofactors is very similar to that decelerated rate for the proposegd Qo X* transition (LO).

of the wild-type structure 1AIJ14). Qg is found in the distal ~ Therefore, this process can be resolved by the experimentally
position. Reliable electron density was observed for the much less demanding rapid-scan FTIR technique.
headgroup of @ only in this position, which is illustrated At 1282 cnt! the P decay can be observe8d) (Figure

in the omit map (see Figure S1 in the Supporting Informa- 2A). The absorbance change is described by four apparent
tion). An occupancy of the proximal position can be ruled time constants: 9 ms, 80 ms, 320 ms, and 2.6 s. For each
out. The distribution of water molecules was found to be time constant an amplitude spectrum can be obtained. As
similar to that of wild-type structures. For some water the static difference spectra, it describes the absorbance
positions present in wild-type structures we did not model changes involved in the respective transition. The three
water molecules due to weak or missing electron density. slower time constants are assigned t@QR/PQx (80 ms)

At these positions in the mutant, it is highly probable that and P Qg /PQs (320 ms, 2.6 s) recombination, because the
water molecules are very mobile and are therefore not amplitude spectra agree nicely with the respective static
resolved. We did not find water molecules at positions not difference spectra of the charge-separated states. Therefore,
previously modeled in wild-type structures. No alternative the band assignments performed in the static difference
path of hydrogen-bonded amino acid residues and waterspectra can also be used for the time-resolved amplitude
molecules was observed in the mutant. However, the spectra. The additional 9 ms time constant in the kinetic
resolution of the structural data has to be improved to obtain description of this P marker band is surprising and was not

a more detailed picture of water molecules in this reaction observed in the wild type. Obviously, part of the/P

center mutant. recombination process starts already at this early time point
Static @ /Qg spectra of the L210DN mutant (not shown) in the Asp210 to Asn mutant reaction center. Figure 2B
do not differ significantly from the published datd9( 37). shows the absorbance change at a marker band for Q

Qa~/Qa spectra correspond to our own wild-type spectra (not which is overlapped with the Pabsorbance change. Here
shown). The high degree of congruence between wild-type the absorbance change was described by the same three
and mutant spectra again rules out larger structural alterationgecombination time constants caused By(80 ms, 320 ms,
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Ficure 3: Partial fit components of early events in the light-induced
reactions of @~ and @~ in the Asp210 to Asn mutant of the

photosynthetic reaction center. Continuous lines describe the early

absorbance changes at 1446-¢tfior Q4 ~, and dotted lines describe
the early absorbance changes at 1479dor Qz~. Qg™ formation
takes place at mainly 20@s, whereas @~ oxidation occurs later
at mainly 8 ms.
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Ficure 4: Scheme of light-induced reactions and their apparent
rates in the Asp210 to Asn mutant of the photosynthetic reaction
center. The figure shows the electron-transfer reactions in the
reaction center samples as determined in this study by time-resolved
measurements.

agreement to the 9 ms time constant observed in the rapid-
scan experiment (Figure 2B). The 19 and 209 time
constants play a subordinate role in the kinetic description.
As was observed for the wild-type reaction center, the
electron-transfer reactions proceed asynchronously. In this

and 2.6 s). The 9 ms time constant has approximately doubleMutant the separation of both processes is even more
the amplitude relative to the 80 ms amplitude, as comparedPronounced. The findings confirm thag Qformation occurs

to the kinetics of P at 1282 cm?. Therefore, we assign the
additional part of this time constant to the electron transition
from Qa~ to the intermediate X (see below). Figure 2C
shows the absorbance change at the marker bandgdor Q
overlapped with P. It was described by the three recombi-
nation time constants of'Palone. If the electron transition
would proceed directly from £ to Qs, the absorbance
change of @ at 1479 cm* should increase with 9 ms, the
same rate at which £ disappears. This is not observed in
Figure 2C. Because thetPabsorbance overlays thegQ

prior to Qu~ oxidation, and an intermediary redox component
must be involved.

As a summary of the measurements, a reaction scheme of
the reaction center mutant L210DN is presented in Figure
4. It shows the electron transition steps and time constants
assigned to the different processes, including the recombina-
tion time constants for fQ,~/PQx (80 ms) and PQs~/PQs
(320 ms, 2.6 s), as well as time constants for the electron
transition from the proposed intermediary electron donor X
to Qs (200us) and from Q™ to X* (9 ms). We admit that

absorbance, we conducted additional rapid_scan measureat present it is hard to understand Why X should be oxidized

ments with eliminated Psignals, where the primary donor

before Q is reduced, but the experimental results are

was immediately rereduced after the actinic flash. At 1479 obvious.
cm! these measurements actually do not show an appear- Protonation Events during Electron Transitiorin ref 10

ance of @~ with 9 ms as would be expected for a direct
Qa~ to Qs electron transfer. The small residual increase of
Qg™ absorbance at 14 ms (Figure 2D) is due to back-

protonation events in the wild-type reaction center were
monitored at 1751 and 1724 cfn 1724 cn1! was assigned
to protonated Glu212 in the L-subunitd); 1751 cnt! was

reactions. Obviously, the reaction is slightly decelerated from tentatively assigned to protonated Asp210 in the L-subunit
9 to 14 ms in the presence of the redox mediators. The (10). However, it could not be conclusively ruled out that
observed apparent rate constants depend on forward and\sp17 in the M-subunit might be responsible for the
backward reactions, in contrast to intrinsic rate constants observed absorbance chang#8)(The band at 1751 cm
describing single reaction steps. Such small contribution dueshowed that a carboxyl group, most probably Asp210 in the

to back-reactions was also observed in wild tydd)(
Nevertheless, if @ would directly transfer an electron to
Qg, Qs should appear with 9 ms (or 14 ms), which is
obviously not the case. This rules out a diregt Qo Qs
transition in the L210DN mutant as in wild type, and an
intermediary electron donor must be involved.

Early Events of the Qto Qs Transition.In order to resolve
the reduction of @, a better time resolution is needed.

L-subunit, was protonated at 12 and 1B0and deprotonated
at 1.1 ms (Figure 5A), whereas Glu212 at 1724 tmvas
protonated at 1.1 ms and deprotonated during recombination
(not shown). It was therefore concluded that Asp210 pro-
tonates Glu212.

The protonation signal at 1751 cfnshould be absent in
the Asp210 to Asn mutant. In the wild-type reaction center,
this band increased by 12 and 1€ whereas in the mutant

Therefore, step-scan measurements with 35 ns time resolutioronly a decrease is observed (Figure 5B). In order to show

were performed. A step-scan experiment of the L210DN

that the residual absorbance change of the mutant protein at

mutant reaction center resolves the early events of thel751 cm! (in Figure 5B) is due to AP recombination,

electron transition from to Qg. Figure 3 shows, only in
the time range of interest, theaQand @~ marker bands at
1446 and 1479 cmt, respectively. At 1479 cnt the main
signal increases with 20@s. This absorbance increase
represents the reduction ogQrhe other time constants, 19
us and 8 ms, have very low amplitudes and do not
significantly improve the kinetic description. At 1446 cin
the 8 ms time constant describes oxidation of Qn

measurements on the mutant with reduced primary donor P
were performed. With reduced primary donor no absorbance
change at this wave number is observed (Figure 5C).
Therefore, the band at 1751 chis now clearly assigned to
protonation of Asp210 in the L-subunit.

Figure 5D shows the protonation of Glu212 at 1724 &m
from rapid-scan measurements of the L210DN mutant
reaction center with reduced primary donor. Glu212 becomes



13746 Biochemistry, Vol. 45, No. 46, 2006

Hermes et al.

B A o | 9ms: P'QX—PQX
. Plg o g% |~ 80 ms: P'Q,—PQ,
3 1751 cm’ _41 g ° B a
£ L210DN | 1x10 i ! g
re Asn210 i
- i
5 j
@
o
s [
1751 cm”
WT
Asp210 3
10° 10" 10*° 10° 10*0° 10" 10* 10° 10* 5
2
time (us) time (us) °
g 3
c 3 : 1 §2s 3a s
Soo "Q. N EAOARS . ases st ept nne . “:’ IIP E§ Fg %g'gi
. AR NG T LU N 0 rettansmnaton ) ) TR /\' 22 T
1751 om’ N AL I SR Sl ()
Tx10d L210DN el o882 1 § 8 88 g
x10 A Rt g - o
® noP ® 8
Q . _[no Asp210 8
S |p _
° T 1800 1700 1600 1500 1400 1300 1200 1100
7] 7s SN, 1724 cm’
ﬁ ............................... L210DN Wavenumber / cm™
< no P FiGure 6: (A) Comparison of the 9 and 80 ms amplitude spectra
Glu212 of the Asp210 to Asn mutant of the photosynthetic reaction center.
The 9 ms amplitude spectrum is shown as a continuous line, and
the 80 ms amplitude spectrum is shown as a dotted line. Bands are
labeled with their respective wave numbers. Filled bands are
o T explained in the text. (B) Amplitude spectra of the @™ to QaX
i transition in the Asp210 to Asn mutant of the photosynthetic
14 ms reaction center. Contributions of the primary donor "P/fe
) ) . ) ) eliminated.
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. Both amplitude spectra contain about the same strength of
time (ms) signals for the P to P transition, as can be observed for the
Ficure 5: Infrared absorbance changes of marker bands for Asp210main P* bands as marked. Due to baseline shifts under the
in the L-subunit in the wild type and in the Asp210 to Asn mutant strong amide and water bands deviations between 1700 and
of the photosynthetic reaction center. Absorbance change data are 5o cnt! were not further regarded. Bands not assigned to

shown as crosses or dots; bold lines describe the global fit, and T .
dotted lines display the partial contribution of the fit components. P/P" recombination have to be considered asX"/QaX

(A) In the wild-type reaction center Asp210 is protonated mainly bands in the 9 ms amplitude spectrum. Strongb@nds at
at 12 and 15@s and deprotonated at 1.1 ms. (B) In the Asp210to 1670 cn1? (39) and Q~ bands at 1466 and 1446 ci(11)
Arsoflorzgigggea;%tbon igemreege”n‘i ?{%&”%” (Cg;‘ ﬁ]e t%%sig\lj?s&tas NAndicate Q- oxidation to Q in this process. Bands which
Peaction centegr m(fasurgd in the presence of aelucing agent, do not belolr.lg to PP or Q"/Qa should be (,:aused by the
no absorbance change is observed at 1751cfD) Inthe mutant X /X transition. These are a strong negative) (band at
reaction center measured in the presence of agducing agent, 1533 cm! and a strong positive bane-f at 1068 cm™. In
protonation of Glu212 is observed at 14 ms. addition, bands at 1109 crh(+), 1255 cntt (—), 1336 cnt

(—), and 1373 cm* (+) might be assigned to X or X These
protonated at 14 ms and an additional faster, but not resolvedhands were also observed in the corresponding spectrum of
time component. Evidently, the proton transfer proceeds via measurements with reduced primary donor. In these mea-
an alternative pathway in the mutant; it might involve Asp17 surements, the corresponding amplitude spectrum lacks the
in the M-subunit 21, 22) or bound water molecules. specific P/P bands (Figure 6B). It therefore represents a

Assignments of Bands to the Intermediary Electron Donor. Qa~X™* to QuX difference spectrum.

By comparison of the 9 ms amplitude spectrum (representing Protonated Water Clusters in the RC Mutargroad
PTQa Xt to PQX) to the 80 ms amplitude spectrum continuum bands in the spectral region of 36@000 cnt?!
(representing PQA~ to PQ.) of the Asp210 to Asn mutant  are a signature of protonated hydrogen-bonded water net-
(Figure 6A), we should be able to assign bands to the works within proteins 35, 40). Broad absorbance changes
intermediary electron donor in its reduced (X) and its inthe RC have been observed (seedBfin static difference
oxidized state (X), respectively. The amplitude spectrum spectra. However, broad absorbance changes can also be
at 80 ms agrees with the static spectrum ofQR /PQa. caused by baseline drifts, which often occur during long
According to the scheme in Figure 4, the 9 ms time constant measuring times to obtain static spectra. Therefore, we
describes the electron transition from Qto the oxidized performed time-resolved FTIR measurements to assign clear-
intermediary electron donor X In addition, at this rate  cut continuum absorbance changes. For the first time we
P"Qa~ to PQ\ recombination is already partly taking place identified in time-resolved IR measurements in the RC
in the mutant. Therefore, the 9 ms time constant describes acontinuum absorbance changes for the @ X and the @~
mixed QX" to QuX and P Qa~ to PQ transition, whereas  to Qg transition (Figure 7). The different maxima indicate
the 80 ms time constant describes'®@}®~ to PQ transition. different sizes of the protonated water complex, e.g., an Eigen
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Ficure 7: Time-resolved observation of changes in a protonated
water cluster. Amplitude spectra of continuum absorbance changes
at 19 ms of the @ X™ to QaX transition (solid line) and at 10 s

of the @~ to Qg transition (dashed line) between 3200 and 1700
cm~L. Approximate maxima are labeled.
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cluster (HO4) or a Zundel cluster (kD,") (42). The bands
in the amplitude spectra indicate a deprotonation of a
protonated water cluster.

In addition, we measured an H/D exchange spectrum of
the L210DN mutant in the ground state and observed a band
at 3681 cmt in HZO_and 2719 cmt in D0, which is FIGURE 8: Structural details of the water channel in the Asp210 to
evidence for a dangling OH group, i.e., a not hydrogen- Asn mutant of the photosynthetic reaction center. Selected amino
bonded OH group (preliminary result). acid residues are shown of the structure 1A1J in green and of the

L210DN structure in yellow. The iron is shown as an orange (1AIJ)

or beige (L210DN) sphere. Small red spheres depict water

DISCUSSION molecules modeled into our structure (displayed are only waters

The time-resolved FTIR measurements of the Asp210 to
Asn mutant in the L-subunit of the reaction center lead to a
description with three time constants for the Qg to QaQs~
transition (19us, 200us, and 9 ms) and three recombination

within 5 A distance of the shown amino acid residues). The large
red spheres represent the consensus water molecules from the wild-
type structures 1AlJ, 1DS8, 1JGY, 1K6L, 1M3X, 10GV, 1PCR,
and 2BNP. Structure files of 1AlJ and 1DS8 each contain two
molecules; in these cases water molecules from both molecules were

time constants (80, 320, and 2.6 ms). Noticeably, in contrast considered. Cartoon representation of the protein in gray is from

to the wild-type protein, we observed that partidiQ@~/
PQ. recombination already occurred at 9 ms. In addition,
we observed that the first time constant for theQg/PQs
recombination was 2.4 times faster than in wild type (320
ms compared to 770 ms) in agreement with UV/VIS
measurements2p). Evidently, the changed electrostatic
environment in the mutant during thé ®~ state provides
less stabilization to the semiquinong Qand therefore the
lifetime of this state is decreased.

This mutant had been previously investigated by time-
resolved UV/VIS and FTIR measurements. However, FTIR

the L210DN structure.

uptake 46). These findings indicate a close coupling between
the proton uptake and the oxidation of Qvhich had also
been implied from theoretical calculations on Bgs.viridis

RC (47). Evidently, the slow Q™ reoxidation is dependent
on proton movement in the proton uptake pathway. In
contrast, the main portion ofgxeduction takes place at a
similar time constant in mutant and wild-type reaction center
(200 and 15Qus, respectively). Therefore, we conclude that
reduction of @ is not dependent on proton transfer in the
proton uptake channel, whereas protonation of Glu212 in

measurements using the rapid-scan technique with 25 msthe L-subunit is coupled to the reoxidation 0fQ

time resolution were not able to resolve the intermediate or

protonation changes of Asp210 in the L-subudid)( UV/

The different kinetic isotope effects (KIE) for Glu212
protonation in RO for the wild type (KIE= 4.9; not shown)

VIS measurements at 750 nm are sensitive to reduction statesind the L210DN mutant (KIE= 1.3; not shown) suggest a

of both Q™ and @~ (44, 45), and absorbance changes were
described only with a single-exponential fit, although ac-
cording to the authors, a better fit could be obtained with a
sum of two exponentials2(l, 22). Comparison with wild-
type (L0) data revealed that the third time constant of the
Qa Qs to QuQs~ transition in the mutant undergoes an
approximately 8-fold deceleration (1.1 ms in the wild type,
9 ms in the L210DN mutant). An 8-fold reduction of the
overall reaction time constant was also observed in UV/
VIS measurement2p).

It is striking that in the Asp210 to Asn mutant selectively

varying mechanism of proton transfer in the two species. If
the rotational rearrangement of a water molecule is rate-
limiting for proton transfer, a KIE ofy/2 is observed,
reflecting the mass ratio between proton and deutet8h (
This seems to be the case in the Asp210 to Asn mutant
reaction center, where Asp210, as the proton donor to
Glu212, is missing. In this case, the proton might instead be
donated from a protonated water molecule. If the proton
displacement within the H bond is rate-limiting, much greater
KIEs are reported4, 49). This is probably the case in the
wild-type reaction center, where a proton bound to Asp210

the 1.1 ms rate is slowed. The question arises as to why ahas to be released from the carboxyl group to be transferred

mutation in the proton pathway togQeads to an ap-
proximately 8-fold deceleration of the reoxidation ofQ

to Glu212. The structural data support this view (Figure 8).
In wild-type reaction centers d®b. sphaeroidea chain of

compared to the wild type. It is also observed that alone the conserved water molecules with hydrogen-bonding distance

reduction of @ is enough to induce cytoplasmic proton

can be found between Asp210 and Glu212 in the L-subunit,
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including the carboxyl group of Glu122 in the H-subunit. 4
The homologous residue Aspl125 Rps.viridis had been
described also to be part of a hydrogen-bonded cluster of
strongly interacting amino acid residues in the proximity of
the @ binding pocket 26, 47). Recently, Glul122 irRb.
sphaeroidesvas also suggested to be part of a delocalized
proton transport networlsQ). Comparison wittRps.viridis
structures 26, 27) revealed a similar conserved distribution
of water molecules in this part of the structure. Water
molecules that are modeled into most structures can be
assumed to be tightly bound to the protein and are also
expected to be present in newly crystallized structures. In
the mutant no water molecules between Glul22 in the
H-subunit and Glu212 in the L-subunit can be resolved. If
the same path was used in the mutant, protonated water
molecules would have to move inside the channel in order
to donate the proton to Glu212.

In bacteriorhodopsin it was recently shown how the

[«

~

interplay between a strong hydrogen-bonded water molecule, 10.

a dangling water, and a protonated water complex transfers
a proton from the Schiff base, the central proton binding
site, to the external mediun4@). Here, we also identified
such dangling water and a protonated water complex
changing its size during the Qo Qg transition. Therefore,

we propose that in a very similar mechanism as in bacteri-
orhodopsin a proton is transferred from Asp210 to Glu212
via a chain of water molecules. Further experiments have to 12
be performed to obtain such a detailed mechanism as found
in bacteriorhodopsin.

Further work will be carried out to assign the identified
absorbance bands of the intermediary electron donor to a
specific molecular group. This study of the Asp210 to Asn
mutant in the L-subunit of the reaction center shows that
the protein complex is functional and structurally intact.
However, due to the slowed electron-transfer reaction from
Qa~ to X7, itis accessible to the rapid-scan FTIR technique.
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