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ABSTRACT. In reaction centers dkhodobacte(Rb) capsulatusthe M43Asn— Asp substitution is capable

of restoring rapid rates for delivery of the second proton goifQa mutant that lacks L212Glu. Flash-
induced absorbance spectroscopy was used to show a nearly native rate for transfer of the second proton
to Qs (= 700 s?) in the L212GIn-M43Asp double-mutant reaction center; this rate was shown to decrease
more than 1000-fold in the photoincompetent L212&1GIn mutant [Miksovska, J., Kenan, L., Mardi,

P., Schiffer, M., Sebban, P., and Hanson, D. K. (1®idthemistry 3612216-12226]. InRb. sphaeroides

the equivalent M44Asr~ Asp mutation was reported to restore the rate of transfer of the first proton to

a wild-type level when it is added to the L213Asp Asn photoincompetent mutant [Rongey, S. H.,
Paddock, M. L., Feher, G., and Okamura, M. Y. (1928pc. Natl. Acad. Sci. U.S.A. 90325-1329].

It is remarkable that the same second-site mutation can compensate for both of these mutations which
severely impair reaction center function by blocking two different proton-transfer reactions. We suggest
that residue M43Asp is situated in a key position which can link pathways for delivery of both the first
and second protons (involving structured water molecules)gto Q

Bacterial reaction centers convert electromagnetic light Rhodobacter(Rb) sphaeroides(2—7). P is a dimer of
energy into chemical free energy by catalyzing a transmem- bacteriochlorophyll, which is situated near the periplasmic
brane charge separation between a primary electron donorside of the complex, and the quinones are located near the
(P) and a system of quinone electron acceptorsai@ Q). cytoplasmic side. The primary quinone, Qnctions as a
These cofactors are bound within a complex of three one-electron acceptor and is reoxidized by electron donation
transmembrane polypeptide chains, designated L, M, and H;to the secondary quinonegQn 5—200 us (8—10). At
the structure is known to nearly atomic resolution for the variance to Q, Qg accepts two electrons and two protons
reaction centers dkhodopseudomon@Bps) viridis (1) and in a sequential process.

The identification of the intraprotein pathways for the

* Supported by the Human Frontier of Science Organization RG- J€liVery of protons to @ has been the motivation for many
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FIGURE 1: Stereoview of a slice of the reaction center structure
(dark) fromRb. sphaeroidedetermined by Stowell et al2). The

Accelerated Publications

a rate that is rapid and is comparable to that of the wild
type.

MATERIALS AND METHODS

Mutant Construction For all strains, thékb. capsulatus
deletion strain U43 (LH1, LHII~, RC"; 26) was comple-
mented by derivatives of broad-host-range plasmid pu2922
(27); the wild-type is LHI", LHII -, RC*. Construction of
the L212Q mutant was previously describ@®)( To link
the M43Asn— Asp mutation to the L212Q mutation, an
intermediate plasmid was constructed in whidbggil-tagged
M-gene segment was ligated to the L-gene segment carrying
the site-specific L212Glu~ GIn mutation. For the double
mutant, the M-gene segment was excised from the plasmid
isolated from the L212Ala-L213Ala-M43Asp suppressor
strain (L8); it was then used to replace tiBglll-tagged M
gene in the above intermediate plasmid. Constructs were
verified by screening small-scale plasmid preparations for
loss of theBglll site. The L212Q-M43D double-mutant
plasmid was then transferred to U43 by conjugation \iith

plane of the membrane is horizontal. This figure shows the carbon coli strain S17-1Z9).

backbone of the @binding pocket (residue range L190230)
and the side chains of the M44Asn, L212Glu, L213Asp, and

L223Ser residues. This figure was achieved using the “Turbo-

Frodo” program (from Biographics).

ment of L213Asp by Ala or Asn yields a photoincompetent

Biochemical PreparationsThe L212Q+M43D, L212Q,
and wild-type strains were grown under chemoheterotropic
conditions (dark, semiaerobic) at 3&€ on RPYE medium
containing 30ug/mL kanamycin to ensure the presence of
the plasmid 80). Reaction centers were prepared as previ-

strain whose reaction center is severely impaired in transferously described31).

of the first proton to @ (14—16). Very interestingly,
efficient delivery of the first proton to this acceptor is totally
restored in the L213Asp-M44Ast Asn-Asp double mutant
of Rb. sphaeroide$l7); the equivalent mutation, M43Asn

Electron-Transfer Measurementd he kinetics of PQa~
and P Qg™ charge recombination were measured at 430 nm.
The first electron-transfer kinetics were measured by moni-
toring the electrochromic band shift of the bacteriopheophytin

— Asp, occurs as an intergenic suppressor which restoresat 751 nm 9). The second electron-transfer kinetics were

function to Rb. capsulatugeaction centers carrying the
engineered L212Glu-L213Asp> Ala-Ala mutations 18).

In the case of this Ala-Ala double mutant, it is clear that the
M43Asp (M43D) substitution is compensating for the loss
of L213Asp rather than L212Glu, since the L212GHAla
mutant is photocompetent9, 20). The M43(M44)Asn—

detected at 450 nnBR, 33), in the presence of 2040 uM

cyt ¢ (Sigma) reduced by 256600 uM sodium ascorbate.
Reconstitution of the @site was achieved by the addition
of ~50—75uM UQs. Inthe L212Q and the L212@V143D
mutants, occupancies of the; Qite were restored t680%
and ~70%, respectively, as measured by the relative

Asp mutation increases the negative electrostatic environmentamplitude of the slow (FQg~) phase of charge recombina-

of Qg™ (16, 17, 21). On the basis of the comparison with
Rps. viridis, whose reaction centers contain an Asn at
position L213 and an Asp at position M439—11 A from
either of the carbonyl groups ofd the above observations
suggested that the Asp Asn combination in positions L213
< M44 (M43) (see Figure 1) is a functional requirement.

In wild-type reaction centers d®b. sphaeroideandRb.
capsulatus delivery of the second proton toghas been
shown to involve L212Glu+6 A from Qg); its replacement
by GIn results in a photosynthetically incompetent strai (
22—25). Since the M43Asn— Asp mutation can restore

tion and by the amplitude of cytochrome oxidation after the
second flash versus the first on&A/AA,).

Proton-Transfer MeasurementsThe kinetics of proton
uptake were determined at pH 7.5 by measuring the
absorbance changes at 585 nm (isosbestic point of the P
absorbance changes) of the pH-sensitive cyoeesol red.
The assay solution routinely contained-2 uM reaction
centers, 50 mM NaCl, 0.03% Triton X-100, 10@M
ferrocene, 50@M potassium ferrocyanide, GM UQs, and
40 uM o-cresol red. The reaction centers were extensively
dialyzed in order to keep the buffer concentration below

first proton transfer to L213 mutants, we decided to test the 5-104M. The calibrations of the stoichiometries of proton
hypothesis that it might also restore second proton transferuptake were performed by additions of known amounts of

and thus compensate for the L212GuGIn mutation. We
therefore constructed the L212(M43D double-mutant

HCIl (1 M stock; Merck). The net proton uptake was
obtained by subtracting the buffered signal from the unbuf-

strain, and it is photocompetent. We have analyzed the fered signal.

electron- and proton-transfer capabilities of its reaction

centers. We compare them to those that were previouslyRESULTS AND ANALYSIS

reported for the reaction centers of the L212Q mutant and

the wild-typeRb. capsulatug25). We show here that the
reaction center of the L212€M43D mutant has indeed
recovered the ability to transfer the second proton o &

The pH Dependence of the®;~ Charge Recombination
Reaction. The pH dependence of the rate const&ag)(of
the P"Qg~ charge recombination reaction that was measured
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FiIGURE 2: pH dependencies (measured at 430 nm) of the rate"@ P charge recombination in the reaction centergl) from the
L212Q+M43D (a) and L212Q ©) mutants and from the wild typd). Conditions: 0.05% LDAO or 0.03% Triton X-100, buffers depending

on pH as indicated in the text, 505 uM UQe added, 21°C.

for the L212Q+M43D mutant reaction centers is presented

in Figure 2. Previously reported measurements for wild-

type and L212Q mutant reaction centers are also sha@n (
At pH 8, kgp is increased 45-fold in the L212G+-M43D
mutant kgp = 4 %) compared to the reaction centers of the
wild type (kep = 0.83 s%) and the L212Q mutankgp = 1
s1). The rate constantk4p) of the PPQa~ decay kinetics
measured at pH 8 for the L212Q and L212843D mutants
are about 6.7 (data not shown), slightly smaller than in

similar to that seen in water. The shape of this curve is
comparable to previously reported data Riv. sphaeroides
reaction center2@, 23), butRb. capsulatuseaction centers
display slightly higher values fd@g(1). In both of the above
species, the first electron-transfer process is multiphasic with
rates ranging betweern4 us and 2 ms9, 10). We did not
observe such heterogeneity even in the blue region of the
semiquinone spectra (460 nm) in tRb. capsulatuseaction
centers. Our instrumental response time §2¢s) might be

the wild type. Therefore, the data of Figure 2 suggest that limiting if faster components are present. This possibility
the replacement of M43Asn by Asp decreases the free energyis under further investigation.

gap [AG°ag = —KT In(kap/kep —1)] (34) between the @
and @~ states in the L212@M43D double mutant by about

The pH dependence thg(1) is different in the L212Q
mutant where it remains nearly constant in the pH range

33 meV at neutral pH compared to the L212Q mutant. This 8—10. At pH 8, thekag(1l) values for the L212Q and
value is consistent with the previously reported electrostatic  212Q+M43D mutants are about the same, 4508 shis

effect of the M43Asn— Asp single mutation, which reduced
AG°pg by about 25 meV in comparison to the wild-tyRé.
capsulatus(21). Similar to previous observations for the
L212Q mutants of bothRb. capsulatus(25) and Rb.
sphaeroide$22), the notable acceleration &fp at high pH
which is seen in the wild type is not observed in reaction
centers of the L212@M43D mutant. Instead, a slight but
continuous decrease &gp from 3.3 to 2.5 st is measured

in this mutant in the pH range-8L1.

value is reduced only=2.5-fold from that of the wild type.
After showing a constant pH dependence from pH #25
8.0,kag(1) for the L212Q+M43D mutant decreases continu-
ously above pH 8, with a slope of approximatel.33 H/
e . At pH 10, thekag(1) values for the wild type and the
L2120Q+M43D mutant are nearly equivalent.

pH Dependence of the Rate of the Second Electron-
Transfer Reaction, Ag(2). The pH dependence dhg(2)
measured for the L212@M43D mutant reaction centers is

pH Dependence of the Rate Constant for Transfer of the presented in Figure 4; previously measured values for the

First Electron from Q@ to Qs. The pH dependencies of
the rate constantk/g(1)] of the first electron transfer from
Qa~ to Qs, measured for the wild-type, L212Q, and

wild type and the L212Q mutan®¥) are also shown. In
the pH range 7.59, kag(2) is approximately the same, within
the experimental error, for all three reaction centers. At pH

L2120Q+M43D reaction centers at 751 nm, are presented in 8, kag(2) is about 10008 in the L212G+M43D strain, 1200
Figure 3. This is the first report of the pH dependence of stin the L212Q, and 1800§in the wild type. However,

kag(1) for wild-type reaction centers étb. capsulatus Up

to pH 9, the pH titration curve dkag(1) is essentially flat
with a value of about 11 500§ Above this pH value
(apparent Ko = 9.1),kas(1) decreases linearly with a slope
of nearly—1 H*/e™ to reach a value of 530 5at pH 10.25.
The magnitude of the slope observed kag(1) above the

the pH dependence &fg(2) is different in the L212@M43D
reaction center. The slope of the pH dependenc&{g(i2)

in the L212Q+M43D mutant is smaller than the two other
strains studied. In addition, the pH titrations ka(2) in

the wild type and the L212Q mutant display a breakpoint at
pH ~ 9. No such break is observed for the L212143D

apparent g, suggests a diffusion process for protons that is mutant.
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Ficure 3: pH dependencies of the rate of first electron transfer frgm @ Qg in the reaction centers«2 uM) from L212Q+M43D (2)
and L212Q ©) mutants and from the wild typdl). Conditions as in Figure 2.
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an experiment conducted with a 40 ms flash interval are
shown in Figure 5. As observed in this figure, a severe
damping of the oxidations is detected in the L212Q mutant
reaction centers after the third flash. A similar pattern was
observed for the same mutant froRb. sphaeroide$22).
This type of behavior has previously been attributed to the
inability of the reaction centers from this mutant to rapidly
transfer the second proton tgaQ(22). The reaction centers
from the L212Q mutant are therefore blocked in the
PQ. Qg? state after three photochemical events resulting
in the oxidation of 3 cyt/RC. As shown in Figure 5, this
damping is absent in the L212643D reaction centers
where the amount of cytochronegthat is oxidized in steps
2—8is equal. Inthe double mutant, the lowes Gcupancy
and lower Q- < Qg™ equilibrium constant cause the
cytochrome oxidation steps to be slightly smaller than those
seen for an equivalent concentration of wild-type reaction
centers. This result suggests that, in comparison to the
impaired L212Q mutant, the L2126M43D mutant can
transfer the second proton tas @fficiently and rapidly.

Turnover of Exogenous Cytochrome c under Strong
Continuous lllumination To further verify the recovery of
proton-transfer capabilities of the L21243D mutant, we
have measured the rate of cytochrome turnover under strong
continuous illumination. The data from this mutant are
presented in Figure 6, together with previously measured
rates for the wild-type and the L212Q mutant reaction centers

FiGURE 4: pH dependencies of the rate of second electron transfer (29)- In the wild type, at pH 7.5, a rate of about 475&#t

in reaction centers~2 uM) from the L212Q+M43D (a) and
L212Q ©) mutants, and from the wild typd@j. Conditions as for
Figure 2, plus 4QuM cytochromec and 206-500 M ascorbic
acid.

Multiflash Cytochrome ¢ OxidationA convenient method

RC/s was measured. In the L212Q reaction center, at the
same pH, this rate is decreased to 28 ¢RIC/s, because of
the kinetic bottleneck for delivery of the second proton.
Consistent with the data shown in Figure 5, the L232@3D
reaction center displays a much faster cytochrome turnover

for determining the rate-limiting steps for electron- and rate & 220 cyt/RC/s) than does that of the L212Q mutant.

proton-transfer reactions is to observe the patterns of
oxidation of exogenous cytochronegdetected at 550 nm)

Kinetics of Proton Uptake following the First and Second
Flashes To quantitatively measure the stoichiometry of and

following closely spaced saturating flashes. The results from the kinetics for second proton transfer in the L232@43D



Accelerated Publications

Biochemistry, Vol. 37, No. 8, 1998081

J

o
-
L
e
e
o
-
L
L
L
L

800 |- -
600 - ~ L212Q 7
8 o
C -
8 400 I
Ta) I L212Q+M43D
< L
< 3
200 -
[ 2
0 A " A A 1 A A " " 1 2 1 A M 2 "
0.0 0.1 0.2 0.3 0.4
time (s)

Ficure 5: Multiflash cytochrome oxidation pattern measured in the reaction centera}1from the L212Q+M43D and L212Q mutants
and from the wild type. Conditions: 10 mM Tris, pH 7.8, ZM cytochromec, 250 uM ascorbic acid, 7%M UQs.
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Ficure 6: Rate of photooxidation of exogeneous cytochrotne
under continuous illumination in reaction centers #) from

the L212Q+M43D and L212Q mutants and from the wild type.

Conditions: 10 mM Tris, pH 7.8, LDAO 0.05%, plus 2eM
reduced cytochrome, 5 mM UQ,; 550 nm.

wild type, after the uptake of a partial protor@.6 H") with

the first flash, the full complement of two protons is reached
by further proton uptake on a fast time scat960 s?) that
occurs with the second flash. In the L212Q mutant, the
kinetics of proton uptake with the second flash is notably
slowed to about 0.6678$ reflecting very slow delivery of
the second proton to ) Remarkably, the addition of the
M43Asn— Asp mutation restores a rapid rate for uptake of
the second proton to the L212M43D reaction centers (700
s™1, data not shown), such that its rate is comparable to that
of the wild-type. It is of interest to note that the amount of
proton uptake that occurs with the first flash, i.e., uptake by
the @~ state, is nearly the same for the wild type and the
two mutant reaction centers, therefore it does not involve
L212Glu. This observation supports our previous suggestion
that L212Glu is essentially protonated in wild-type reaction
centers ofRb. capsulatusit neutral pH 25).

DISCUSSION

The reaction center of the L213Asp Asn mutant is
blocked at the critical stage of transfer of the first proton to
Qs (17, 23); the L212Glu— GIn mutant is blocked for
uptake of the second proton following formation of the
Qs (H) state 22, 23, 25). Either mutation yields a photo-
synthetically incompetent strain. Rongey et al7)(showed
that the M44Asn—~ Asp mutation could restore native rates
for first proton transfer to the L213Asn-M44Asp double-
mutant reaction center dRb. sphaeroidegM43 in Rb.
capsulatuks In this work, we show that the M43Ast Asp
mutation also has a major effect on the rate of transfer of
the second proton, such that this reaction in fRb.

reaction center, we have directly measured the absorbanceapsulatud.212Q+M43D double-mutant reaction center is

changes of the pH-sensitive dyecresol red at pH 7.5

following two saturating flashes. The data for the

rapid, occurring at a near-native rate.
It is clear that the primary effect of the M43Asn Asp

L212Q+M43D mutant are shown in Figure 7, where they substitution, when it is coupled with the L212Q mutation,
are compared to data previously reported for the reactionis to accelerate the second proton-transfer reaction. The rate

centers of the L212Q mutant and the wild ty@&)( In the

of transfer of the first electron from Q to Qg, measured at
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FIGURE 7: Stoichiometries and kinetics of proton uptake after the first and second flashes in reaction c&hi$ from the L212Q+M43D

and L212Q mutants and from the wild type. Conditions: 50 mM NacCl, 0.03% Triton X-100, pH 7.5M@érrocene, 50&M potassium
ferrocyanide, 5675 uM UQs, 40 uM o-cresol red; 585 nm. The net proton uptake was obtained by subtracting the buffered signal from
the unbuffered traces.

pH 8, is the same in the L212Q and the L21243D molecule. In the case of blockage of the native pathway by
mutant reaction centers, decreased ori®y5 times fromthat ~ the L212GIn side chain, M43Asp must activate another
of the wild type. The rate of the second electron transfer efficient pathway, which bypasses the L212 site, for the
from Qa™ to Qg™ is essentially native in both mutant reaction movement of protons to the distal carbonyl group af. Q
centers. At variance, the multiflash cytochrome oxidation Several second-site suppressor mutations that restore function
patterns as well as the measurements of the rates ofto reaction centers lacking L213Asp and/or L212Glu have
cytochrome photooxidation turnover reveal a very different been characterized. Rb. capsulatuandRb. sphaeroides
behavior for the L212Q mutant reaction center as comparedmutation of M231Arg to CysZ5, 35) can efficiently restore

to the L212Q-M43D mutant or the wild type. Finally, the  for the loss of L212GluZ5) but the rate of transfer of the
direct measurements of the stoichiometries and kinetics of second electron transfer (to which the delivery of the first
proton transfer after two flashes prove that the reaction proton is coupled) remains more than 25 times smaller than
centers of the L2129M43D mutant have the ability to  in the wild type 85). The M231 and the M43 sites are both
transfer the second proton at a rate that is comparable todistant from @ (~15 and 9-11 A away, respectively), yet
that of the wild type; this rate is more than 1000 times faster the M43Asp substitution is clearty 25 times more effective
than that of the L212Q mutant. in compensating for loss of an acidic residue at L213.

It is remarkable that one substitution, M43AsnAsp, is The high-resolution structures of tHgb. sphaeroides
capable of restoring activity to reaction centers carrying reaction center published by Ermler et &) @nd more
mutations which affect two different protonation steps. It recently by Stowell et al.2) have revealed the existence of
is likely that L213Asp has a structural role as a penultimate channels of structured water molecules. One of them extends
donor of the first proton to the O5 carbonyl og@s well as from the cytoplasm to the close vicinity ofs@nd is almost
its role in influencing the electrostatic environment af Q perpendicular to the membrar® ). The second channel
To restore function so completely to reaction centers lacking is nearly parallel to the membran®g)( Some of the water
L213Asp, M43Asp must be capable of assuming both roles. molecules involved in the latter channel are situated at H
Because of their relative proximities in the light structure of bond distances to M44Asr2) (M43 in Rb. capsulatus
the Rb. sphaeroidesesaction centerd—6), the replacement  M44Asn can also be indirectly connected to the other channel
of L212Glu by GIn probably causes a physical blockage in of water molecules via the side chain of L223Ser and mobile
the movement of the second proton to the O2 carbonyl of water molecules. The data of Figure 2 suggest3®—40
Qs because L212Glu can be effectively substituted by Ala mV negative electrostatic effect of the M43Asn Asp
in Rb. capsulatug25); the blockage can be alleviated by mutation in the environment of £ this is consistent with
the shorter side chain and the likely involvement of a water previous results obtained with the M43Asn Asp single
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mutant fromRb. capsulatug21). These energetic consid-  14.

erations suggest that the M43Asn Asp mutation notably
increases the proton concentration in a critical part of the
protein near the two water channels described above.
M43Asp may also serve as an additional relay to assist in g
delivering protons to both proximal and distal carbonyls of

Qg, compensating in that way for the lack of L213Asp or

[EEN

L212Glu. The great similarity in the extent of the recover- 17

ies of the first and the second proton-transfer capabilities 18
caused by the additional M43Asr Asp mutation in the '
L213N+M44D and L212@M43D mutants suggests that 19
M43 (M44 inRb. sphaeroidgss in a key position to activate
the transfer of both protons togQdsuggesting that they can

use the same pathways, at least partially. 20.
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