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ABSTRACT: The bacterial reaction center (RC) plays a central role in photosynthetic energy conversion by
facilitating the light induced double reduction and protonation of a bound quinone molegulel{g
carboxylic acid residues, Asp-L213 and Glu-L212, located ngam@re previously shown to be important

for proton transfer to @ In this work, the ability of Glu to substitute for Asp at L213 and Asp to
substitute for Glu at L212 was tested by site-directed mutagenesis. Both single mutants and a double
mutant in which Asp and Glu were exchanged between the two sites were constructed. The electron
transfer rate constanksp (DTQaQs™ — DQaQg), andkas®@ (DQA~Qs~ + HT — DQa(QsH) "), that are

known to be sensitive to the energy of thg"tate, were found to be altered by Asp/Glu substitutions.
Both rates were fastest-(0-fold) in RCs with Asp at both sites, slowest with Glu at both siteSQ-

fold) and relatively unchanged by the caboxylic acid exchange. These changes could be explained if Asp
was predominantly ionized and Glu was predominantly protonated at both sites (pH 7.5). The charge
recombinatiorksp suggests an observeeb pK, unit difference of Glu over Asp. Modeling d&p by

strong electrostatic interactions-8—4 pK, units) among negatively charged acids ang @dicated a

lower intrinsic K, for Asp compared to Glu at either site 2—3 units. The mechanism of theg@
reaction was determined to be the same in all mutant RCs as for native RCs. A quantitative explanation
of the effect of the electrostatic environment kug@ was obtained using the two-step model proposed

for native RCs [Graige, M. S., Paddock, M. L., Bruce, J. M., Feher, G., & Okamura, M. Y. (19%26).

Chem. Soc. 11®005-9016] which involves fast protonation of the semiquinone followed by rate-limiting
electron transfer Using simple models for the quinone/quinol conversion rate, it is shown that the optimal
electrostatic potential for the g¥ite is close to that found in native RCs.

The photosynthetic bacterial reaction center (Rig)a potential near @ is the subject of this investigation.
membrane-bound pigment protein complex that performs the  The first electron transfer to gdoes not involve direct
primary photochemistry by coupling light-induced electron protonation of the quinone molecule; however, nearby amino
transfer to vectorial proton transfer across the bacterial acid residues change their protonation state in response to
membrane. The isolated bacterial RC is composed of threethe change in the electrostatic field associated with the
polypeptide subunits (L, M, and H); four bacteriochloro- formation of @~ (6, 7). The second electron transféxg?®)

phylls; two bacteriopheophytins; one non-heméFand s coupled with direct protonation of the quinone as shown
two ubiquinone (U@, molecules (reviewed in refs 1 and jn reactions 1a and 1b.

2). Inthe RC, light-induced electron transfer proceeds from

a primary donor (a bacteriochlorophyll dimer) through a -A - +_, -

series of electron donor and acceptor molecules (a bacte- Qn Qs +H —QuQ:H (1)
riopheophytin and a quinone moleculg)@ a loosely bound
secondary quinone g which serves as a mobile electron
and proton carrierd—5). The reduction of @to dihydro- _ . _ ) _
quinone @H; involves the transfer of two electrons and two  After reduction to @H,, the dihydroquinone dissociates from
protons. The effect of replacing several carboxylic acid e RC ) and releases its protons on the periplasmic side

residues of the L subunit that change the electrostatic ©f the membrane, resulting in the formation of a proton
gradient that drives ATP synthesis (reviewed in refs 9 and
10). The vacant @site of the RC becomes occupied by a
"Work supported by National Science Foundation (NSF MCB94- free quinone molecule from the membrane pool, resetting

16652 and 96-30215) and National Institutes of Health (NIH GM 41637 P ;
and NIH GM 13191), the photocycle for an additional turnover (Figure 1).

* To whom correspondence should be addressed. The @ binding site of the bacterial RC is in the interior

® Abstract published id\dvance ACS Abstractdlovember 1, 1997. of the protein out of direct contact with the solvedfl{
Qs égg%f:;,ogﬁi'nEﬁepgafgtgf rgnr,q,&giﬁgrﬂago?:éﬁ?;e@aﬂg%%?r, 24). It has been established that specific amino acid residues
quinone; UQo, ubiquinone-10 (2,3-dimethoxy-5-methyl-6-decaisopre- of the L subunit are important for proton transfers necessary
nyl-1,4-benzoguinone); MQmenaquinone-4 (2-methyl-3-tetraisoprenyl-_— for the formation of the dihydroquinone. On the basis of
1.4-naphthoquinone); TEMNQ, tetramethylnaphthoquinone (2,3.6,7- iy estigations of the kinetics of electron transfer and proton
tetramethyl-1,4-naphthoquinone); RC, reaction centerc,dybrse heart take f lution i fi d site-directed tant RC
cytochromec; bp, base pair; HME, 10 mM Hepes, pH 7.5, 0.04% UPlaxke irom solution in native and site-airected mutan S,

maltoside, 0.1 mM EDTA. a separate proton transfer pathway has been proposed for
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QaQsH™ +H" — Q,QH, (1b)
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Ficure 1: Photochemical cycle of reaction centers showing electron
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involved a change in charge, from positive to neutral or

neutral to negative, at the suppressor site; this conclusion is
supported by altered charge recombination kinetics which
probes the elecrostatic environmed?( 50.

In this paper, we test the effect of the electrostatic
environment near g on the function of the RC. The
electrostatics were changed by substituting Asp for Glu at
the L212 site and Glu for Asp at the L213 site. Single
mutations of Asp-L213— Glu and Glu-L212— Asp and
the double mutant Glu-L212> Asp/Asp-L213— Glu were
constructed in RCs fronRhodobacter (Rb.) sphaeroides
Bacteria harboring these mutations were tested for photo-
synthetic viablity. Isolated RCs were characterized with
respect to their proton-coupled electron transfer rate constant
kag®@ (reaction 1a), and the first electron transfer rate constant
kag® (Qa~Qg — QaQz ") charge recombination rate constant
kep (DTQaQs~ — DQaQs), which is sensitive to the charged
state of the amino acid residuiee( electrostatic potential)
near . The titration of the amino acid residues neay Q

transfer, proton uptake, quinone exchange and cytochrome oxida-was investigated by determining the pH dependences of the

tion. The first and second electron transfer rate constants are

indicated akag® andkag®, respectively. The transfer of the second
electron to @ involves the uptake of the first proton*l). The
transfer of a second protorntk®2) to reduced Qis not a prerequisite

rate constants. The results are discussed in light of interact-
ing titrating residues and the proposed mechanism of proton-
coupled electron transfer associated with reaction la for

for the second electron transfer (see text). The cycling rate for native native RCs %1, 5J. The importance of the elecrostatic

RCs is~103 s™1.

each reaction, 1a and 1b. The proton pathway for reaction

1b involves Glu-L212, which is in the vicinity of £(25,

26). Replacement of Glu-L212 with GIn resulted in rela-
tively little change in the measured electron transfer rates
of the first and second electro25, 26) but in a significantly
slower proton uptake following the two electron reduction
of Qg (reaction 1b) 27, 28). This was attributed to a
blockage of proton transfer to reduceg IQ the mutant RCs.
This replacement did not affect the electrostatic environment
near @ as shown by the similar value of the recombination
rate constaritsp (D"QaQs~ — DQaQg) to that seen in native
RCs. This suggests th&lu-L212 in natve RCs is pre-
dominantly protonated (neutra(R5, 26).

The proton transfer pathway for reaction la involves Ser-
L223 and Asp-L213, both located in the vicinity ogQnost
likely as components of a proton transfer ch&f, ¢8—35).
Replacement of Asp-L213 with Asn resulted in a smaller
value forkag®, presumably a consequence of removing a
component of a proton transfer chain, and a smaller value
for ksp. This suggests thafsp-L213 in natie RCs is
predominantly ionizedyhich accelerates the recombination
reaction. It has also been suggested that Asp-L213 is
important for establishing a negative potential neart®
favor its protonation. This suggestion is based on the
observation that substitution of Asp-L213 by Glu changes
bothksp andkas® (35). Site-directed mutations constructed
at other sites near §(36—41) analogously produce elec-
trostatic and functional changes. Electrostatic calculations
by Berozaet al. (42, 43), Gunner and Honig4d), and
Lancasteet al. (45) have shown that such interactions within
the RC protein can be very large and have a significant
influence on the behavior of internal carboxylic acids.
Another line of research that supports the proposal that
electrostatics are important for RC functiang. efficient
proton transfer, comes from work on spontaneous photo-

environment near gXfor photosynthetic function is discussed.
A preliminary account of this work has been presents).(

MATERIALS AND METHODS

Materials

Dodecyls-b-maltoside was obtained from Calbiochem or
Anatrace andN,N-dimethyldodecylamin&l-oxide (LDAO)
from Fluka Chemie. Ubiquinone-50 obtained from Sigma
was solubilized at 50C in either 10% deoxycholic acid (at
~1 mM quinone) or 1% LDAO (at-0.2 mM quinone) and
stored at—70 °C. The inhibitors terbutryne, 1,10-phenan-
throline, and stigmatellin were from Chem Services, Fisher
Scientific, and Fluka, respectively. Restriction enzymes and
other DNA modifying enzymes used in the site-directed
mutagenesis procedures were obtained as described by
Paddoclet al.(1989). The site-directed mutagenesis kit was
obtained from Amersham. The BBL GasPak 100 and 150
Jar Systems were obtained from Fisher Scientific. All other
chemicals were of reagent or HPLC grade.

Site-Directed Mutagenesis

The construction of the Asp-L213 Glu [DE(L213)] was
previously described by Paddoekal. (35). The Glu-L212
— Asp [ED(L212)] was constructed as previously described
by Paddoclet al. (25) using the Amersham oligonucleotide-
directed mutagenesis kit based upon the method developed
by Nakamaye and EcksteiB4) and the oligonucleotide’s
CGGATCAC GAC GATACGTT-3 carrying the GAC
codon changes for the Glu-L212 Asp replacement. The
double mutant ED(L212)/DE(L213) was constructed as
described §5) using the oligonucleotide' 8S2CGGATCAC
GAC GAG ACGTTCTTCCGC-3 carrying theGAC and
GAG codon changes for the Glu-L212 Asp and Asp-
L213 — Glu replacements.

The mutations were incorporated into an M13 vehicle

synthetic revertants of detrimental site-directed replacementscontaining theAsp718—Hindlll fragment ofpufL (55) which

(46—50). In all cases a compensating (suppressor) mutation
to the detrimental Asp-L213— Asn (or Ala) mutation

codes for the latter two-thirds of the L subunit. Mutants

were identified by single lane sequencing of phage DNA
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from several plaques. A uniform phage culture for each trophotometer (Varian) as described by Kleinfetdal. (59).

replacement was obtained by reinfection ifischerichia
coli followed by isolation of an individual plaque. Only the
desired changes were found by DNA sequence inAbe
718—Hindlll region. This fragment was then exchanged
with the kanamycin fragment of pPRKSCHKn55), trans-
formed intoE. coli S17-1 (56), and mated into th&b.
sphaeroidesdeletion strainALM1 (25), resulting in the

Voltage output from the amplifier was recorded on a digital
oscilloscope (LeCroy 9310M) and transferred to a personal
computer (PC) for storage and analysis. Kinetic data traces
were fitted to exponential functions on a PC using nonlinear
curve fitting software (Peakfit or Sigmaplot, Jandel). Actinic
illumination was provided by a pulsed dye laser (Phase R
DL2100c; 590 nm~0.2 J/pulse, 0.%s pulse width). All

complemented deletion strains. These strains were grownmeasurements were performed with3xM RCs in 10 mM

semiaerobically to induce RC production without applying

buffer(s), 0.04% dodecyl-p-maltoside, and 0.1 mM EDTA

selection for photosynthetic growth as described by Paddockat 23°C.

et al. (25).

Photosynthetic Growth

The rate constant for the transfer of the first electron to
Qe, kag®, was measured by monitoring the bacteriopheo-
phytin band shift at 750 nm, which is sensitive to the

The complemented deletion strains carrying the native or réduction state of the quinoness@nd @ (59, 61). To
site-directed modified RC genes were tested for their ability OPtain better signal-to-noise ratios, 9 to 36 traces were
to grow under anaerobic photosynthetic conditions as previ- 2veraged from the same sample on the LeCroy oscilloscope

ously described by Rongest al. (57). Briefly, the deletion

strain complemented with native or mutant genes was

prior to transfer to the PC.
The measured rate constant for the double reduction of

restricted to anaerobic photosynthetic conditions using the Qg, kag® (reaction 1a), was determined by measuring the

BBL Gas Pak 100 or 150 Jar Systems at°8 Control

decay after a second laser flash of the semiguinone absorption

plates with a comparable number of bacteria were grown at 450 nm 62) in the presence of 2050 uM cytochromec

aerobically to determine the original viable cell density.
Between~10° and~10’ viable bacteria were spread evenly

(cyt ¢) or 20—200 uM ferrocene, which reduces the donor
after each flash. In RCs with Madded to occupy the Q

onto each plate before subjecting the RCs to either aerobicsite (see above), biphasic kinetics were observed at 450 nm
or anaerobic photosynthetic conditions. The number of with one rate corresponding to the rate observed in RCs with
colonies present on the plate restricted to anaerobic photo-UQ,, occupying the @ site kas® ~ 1500 s, pH 7.5, native

synthetic conditions was compared afterbdays to the

RCs) and the other rate attributed to RCs with MQ

number of colonies present on the plate grown under aerobicoccupying the @ site kas@ ~ 6000 s?, pH 7.5, native
nonselective conditions to determine photosynthetic viability RCs). The relative occupancies of W@nd MQ, deter-

of the strains carrying site-directed mutations in the RC.

Reaction Center Preparation

RCs were isolated frorRb. sphaeroideR26 (native) or
from the mutantsRb. sphaeroide2.4.1-based mutations)
in LDAO as described58); they contained approximately

mined by this manner agreed with the relative occupancies
determined from the deconvolution of biphasic kinetics for
kap (see below).

The charge recombination rate’Qa~ — DQa (kap) was
determined from the rate of recovery of the oxidized donor
monitored at 865 nm following a saturating laser flash in

1-1.5 ubiquinone molecules per RC as determined by RCs containing only @ In the samples to which naphtho-

standard method$9) and had an observed ratio Afgq "/
Ago®M < 1.3. The RC concentration was determinad)(
by the amount of cyt oxidized (measured at 550 nm) after

qguinone was added, the relative occupancies of the two
quinones in the @ site could be determined from a
deconvolution of the charge recombination kinetics, since

one saturating laser flash using the extinction coefficients Kao is faster (56-100%) in RCs with a naphthoquinone in

Aessicyt 27 — cyt ¢3) = 21.1 mMt cm! (60). Recon-
stitution of UQ into the @ site of the RCs was accomplished
as follows: a 5-10-fold excess of U@ was added to the

the @ site than with UQq in the Q site.

The charge recombination rate QaQs~ — DQaQs (Kap)
was determined from the kinetics of the slow phase of the

RC solution which was then dialyzed for 2 days against 10 donor recovery ¥ 60% of the amplitude) in RC samples in

mM Hepes, pH 7.5, 0.04% dodeg$ip-maltoside, 0.1 mM
EDTA. Incorporation of menaquinone-4 (MQand tetra-

the presence of excess WQ The pH of the solution was
adjusted by adding acid (1 N HCI) or base (1 N NaOH) to

methylnaphthoquinone (TEMNQ) was accomplished as a mixture of buffers containing Caps, Ches, Mes, Pipes, and

described by Graiget al. (52) as modified below: RCs with

Tris at 2.5 mM each.

approximately one quinone per RC were added to a glass

vial in which an ethanolic solution of MQor TEMNQ was
previously dried. The solution was incubated at°80for
approximate} 1 h toallow the solution to saturate with either
MQ, or TEMNQ and to establish an equilibration between
UQo and the naphthoquinone for binding to the §te of
the RCs. Usually the Qsite contained 2550% MQ, or
TEMNQ and the @ site was occupied te 60% with UQy;
neither MQ nor TEMNQ binds competitively to theg3ite.

Electron Transfer Rate Measurements

The kinetics of electron transfer were determined from

absorption changes recorded on a modified Cary 14 spec-

Determination of the Free Energy of the\@~ State
with Respect to the QQg State

The equilibrium energy between the statesgQg~ and
Qa~Qs can be obtained from the measured charge recom-
bination rate constant&p and kgp. In principle, the
mechanism of charge recombinationr@Qg~ — DQaQs
has contributions both from indirect recombinatiofa
thermal population of the 1A~ Qg state ksp™ (see eq 2),
and from direct recombination back to the ground stais":

Kgp = kBDind + kBDdilr ()
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The indirect mechanism was shown to be dominant for Table 1: Amino Acid Residues, Kinetic Rate Constants,

charge recombination in native RC39{ and is sensitive to
the energy gap between the @~ and Q Qg states. In

this case, the indirect charge recombination rate constant

keo™ is related tokap and the fraction of RCs in the
DtQa~ Qg state,a (59), i.e.

kBDind =Kgp — kBDdir = akyp 3

The equilibrium constanK between the DQAQg~ and
D*tQa~ Qg states is given by

K = [D+QAQ37] _1-«a
[D7Qx Qg «
where k is Boltzmann’s constant, and@ is the absolute
temperature, and G is the free energy difference between

the QQs~ and Q Qg states. Combining egs 3 and 4 we
obtain

= exp(~AGYKT) (4)

ind
kAD - kBD
ind
D

1-a

AG’= —kTIn = —kTIn (5)

Equilibrium ConstanK, and Free Energy Differencéa\G° (pH
7.5, T = 23 °C) for Native and Mutant RCGs

strain L212 L213 k/.\D kBD kAB(l) b kAB(Z) K¢ JAGLd
ED(L212) Asp Asp 10 8 300 8000 0.2+100
native Glu Asp 9 0.7 6300 1200 12 0
ED(L212)/ Asp Glu 9 07 5500 130 12 0
DE(L213)
DE(L213) Glu Glu 9 0.02 5000 18 1200 -—110

2The RCs are arranged from the largest to smallest valule?.
Errors in the rates are estimated to-b&0% for the charge recombina-
tion rate constantkap and ksp and ~25% for the forward electron
transfer rate constanksg® andkag®. The estimated errors are larger
for the ED(L212) RCs due to a smaller fraction ogQformation
(~20% forksp and ~35% for kag® andkag®). ° This is the forward
electron transfer rate (Figure 1). This value was obtained from the
observed rate and the equilibrium constintsing eq 6° Calculated
using the data in this table and eq%Defined asAG(mutant) —
AG(native); AGP values obtained from eq 5Since the rate of charge
recombination was not affected by the substitution of lower potential
guinones into the @site, the charge recombination occurs predomi-
nantly directly from D'QaQgs~ to DQaQs without involvement of the
D*Qa Qg state 73).

the reduced quinone. The charge recombination rat€xD

Assuming that the mechanism of charge recombination — DQa (ko) and D'QaQs™ — DQaQs (keo) were measured
remains the same in the mutant RCs, the free energyPy monitoring the change in absorption of the primary
differenceAG in the mutant RCs can be obtained from the electron donor at 865 nm (Table 1).

determined values okgp™ and kap. The forward rate
constantkag® can be obtained from the observig;®)o0s
(as measured at 750 nm) using the relation

1) _ 1obd K
kAB( )= kAB( o E(—)

1+K ©

RESULTS AND ANALYSIS

Photosynthetic Growth

The mutantsi.e. complemented deletion strains carrying
the replacements ipufL (the L subunit gene), were tested
for their ability to grow under anaerobic photosynthetic

Charge Recombinationk DTQa~ — DQa. The recom-
bination rate constank,p, was measured in RCs containing
only one ubiquinone (&) and was found to be essentially
the same in native and in all of the mutant R&s(= 10
+ 1 sY). RCs containing a naphthoquinone in thg €jte
showed faster recombination rates20 s for MQ4 and
~40 st for TEMNQ) for native and mutant RCs consistent
with a change in the redox potential of @Qa upon quinone
replacement.

Charge Recombinationgk: DTQaQs~ — DQaQs. The
recombination rate constanksp, was measured in the
presence of excess YgI5—10 UQ/RC]. It was deter-

conditions. The number of colonies present on a plate grown' . d f the Kineti f the sl h £ ch
under photosynthetic conditions was compared to an identical™ "€ b.“’”.‘ € 8'ge ICS oTh elsowhp ase o g arge
plate grown under nonselective aerobic conditions. The total '€cOMbination at 865 nm. The slow phase was absent in

number of bacteria used was betweet(f and~10’ spread ("€ Presence of 1 mM 1,10-phenanthroline or ARl
onto each plate. The complemented deletion strain Carryingsngmatellln showing that this phase depends on the presence

the nativepuf operon, which includes the genes coding for Of Qs and is attributed to the reactiorn™@aQs~ — DQaQe.

the native L and M subunits, showed a comparable number  Thekgp value measured for DE(L213) RCs (pH 7.5) was
of colonies on duplicate plates grown under aerobic and sjgnificantly smaller than the value for native RCs (Table
anae.roblc (photosynthetlc) conditions. The complemented 1), suggesting that the Qs state is lower in energy in the
deletion stral_ns carrying the ED(L_21_2) or ED(L212)/_DE- DE(L213) RCs compared to native RCs. In additiégy
(L213) mutations also showed a similar number of viable |45 independent of the nature of the quinone occupying the
colonies when grown under either aerobic or anaerobic Qa site (.e. independent of the QQs energy level)
cond_itions (data not _shown). In contrast, thg Complememedindicating that the observed recombination rate occurs
deletion strains carrying the DE(L213) mutation showed only predominantly through the direct pathway in this mutant RC.

a small fraction €1075) of colonies on the anaerobic plate . D o
, The ED(L212) RCs displayed significantly faster kinetics
to th late. Th I f A . .
compared fo the aerobic plate e small number o suggesting that £ is less stable in these mutant RCs. RCs

photosynthetic colonies is attributed to spontaneous photo- :
synthetic revertants containing suppressor mutations thatTom the double mutant ED(L212)/DE(L213) displayles

restore photosynthetic function to the RCs. Thus, the ED- Valués comparable to native RCs (Table 1). The recombina-
(L212) and ED(L212)/DE(L213) were observed to be UOn for native, ED(L212), and ED(L212)/DE(L213) RCs was

photosynthetically competent while the DE(L213) was not. dominated by the indirect pathway as shown by the
significant decrease ikgp (~5-fold) in RCs containing a

Charge Recombination Rates naphthoquinone in the (site (seee.g.ref 63).

The charge recombination rates contain important infor- The pH dependences t&&p for native and mutant RCs
mation about the electrostatic environment in the vicinity of are shown in Figure 2. Native RCs show two pH dependent
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Ficure 2: The pH dependence of the charge recombination
D*QaQs~ — DQaQs, ksp, monitoredvia the absorbance of the
donor at 865 nm as a function of time for native and mutant RCs.
The pH was adjusted by adding HCI or NaOH. Native RCs show
two pH titrations: one below pH 6 and the other above pH 9. The
increase at high pH was shown to be related to the titration of Glu-
L212 (25, 26, 3). The DE(L213) RCs [Glu-L212~ Asp] display
decreased values-(0—15-fold) compared to native RCs over the
entire pH range and show only the higher pH titration. Note that
the pH at whichkgp starts to increase is slightly shifted in the DE-
(L213) consistent the creation of a more positive potential ngar Q
upon mutation (see text). The smallgp values show that g is
more stable in the DE(L213) mutant RCs than in native RCs at all
pH. The ED(L212) RCs [Asp-L213- Glu] display increased values
(~10-fold) at all pH and show only a lower pH titration. The ED-
(L212)/DE(L213) RCs [Glu-L212~ Asp/Asp-L213— Glu] display
similar values (within~30%) for ksp as native RCs at all pH,

suggesting near-complete electrostatic compensation of Asp-L212

with Glu-L213 (andvice versg. The convergence of the rate

Paddock et al.
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Ficure 3: The pH dependence of the proton-coupled electron
transfer rate constakfg(® determined by monitoring the decay of
the semiquinone absorbance at 450 nm as a function of time for
native and mutant RCs. Note the large decreasH}X{-100-fold)

in kag®@ observed for the DE(L213) RCs over the entire pH range,
the decrease~10-fold) for ED(L212)/DE(L213) RCs and the
increase {7-fold) for ED(L212) RCs. The rate constdag® could
only be accurately determined for the ED(L212) RCs over a
relatively narrow pH range. Conditionsy1—3 uM RCs; 206-500

uM ferrocene or 2(«M cyt ¢; 2.5 mM each of Hepes, Caps, Ches,
Mes, Pipes, and Tris; 0.04% dodegyb-maltoside; 0.1 mM EDTA,

23 °C. The pH was adjusted by adding HCI or NaOH.

constants for native and mutant RCs at high pH is expected becausdWo laser flashes in the presence of exogenous dos@s (

ksp can never exceekhp (~10 s1) (59) unless the mechanism of
charge recombination is changed. Conditionsl—3 uM RCs; 2.5

mM each of Hepes, Caps, Ches, Mes, Pipes, and Tris; 0.04%

dodecyls-p-maltoside; 0.1 mM EDTA, 23C.

regions (titrations): one at pkt 9 and the other at pH: 7.
The pH profile ofkgp in DE(L213) RCs differs from native
RCs, with the high pH titration shifted to lower pH by2
pH units. In contrast, only a lower pH titration is observed
for kgp in the ED(L212) RCs. The pH profile fokgp

The rate constarias® was reduced-9-fold and~70-fold

in the ED(L212)/DE(L213) and DE(L213) RCs, respectively,
compared to native RCs (pH 7.5) (Table 1). In contrast,
kag® was increased-7-fold in the ED(L212) RCs compared
to native RCs.

At higher pH these observations are qualitatively the same,
although some quantitative differences were observed (see
Figure 3). Native RCs show a rate constant that is ap-
proximately proportional to [H]%4at pH< 8 and to [H]%°

measured in the double mutant resembles that observed fomt pH> 8. The DE(L213) RCs showed a rate constagf?

native RCs with only minor shifts of the onsets of the high
and low pH titrations.

Forward Electron Transfer Rates

Previous studies on RCs with mutations at L212 and L213
showed alterations in either the proton coupled electron
transfer rate constamig® (reaction 1a) or the subsequent
protonation event (reaction 1b2%, 26, 28—30, 50). The

that was smaller than native values at all pH varying from
~100-fold smaller at lower pH te-10-fold smaller at higher
pH. kag® was approximately pH independent below pig.
The pH profile of the double mutant ED(L212)/DE(L213)
was very similar to that observed for native RCs, although
the kag®@ values were~10-fold smaller than native at all
pH. In ED(L212) RCs, the observed rate constagf? was
increased~7-fold over the limited pH range where data

effects of the new mutations on the first and second electroncould be obtained; outside of this pH range either the
transfer rates were measured by monitoring transient optical€guilibrium constank (eq 4) became very small (higher pH)

absorption changes in native and mutant RCs.

First Electron Transfer kg: Qa Qg — QaQs~. The
electron transfer rate constadas™ was measured in native
and mutant RCs (Table 1) by monitoring the absorption
change at 750 nm following a saturating laser fle&&®, 61).
The DE(L213) and ED(L212)/DE(L213) mutant RCs dis-
playedkas™ values similar to those of native RCs at pH 7.5
(Table 1). Thekas® value for the ED(L212) RCs is-20-
fold smaller than in native RCs.

Second Electron Transfera#®: Qs Qg~ + H¥ —
QaQsH™. The rate constarkyz® was measured by monitor-

or the rate Kas®) became too fast to accurately measure
with the given experimental setup (lower pH).

The dependence of the rate const® on the redox
potential of Q~, i.e. the electron driving force, has been
previously investigated in native RCs to determine the
mechanism of the proton-coupled electron transfer (reaction
la) 62). We used this technique to investigate the mech-
anism for reaction l1a in the mutant RCs. The native;§JQ
in the Q site was replaced with MQand TEMNQ, which
increase the electron driving force compared to;0J@
native RCs by 46 meV and 120 meV, respectiv&g)( The

ing the decay of the semiquinone absorbance at 450 nm aftereplacement of Ug with MQ, and TEMNQ in the Q site
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NH-1.224 Qs
\ His-L190
Ser-1223 .
Fe
Arg-1217 f ~N
Asp-1213 Glu-L212
Glu-H173

l Asp-1.210

Ficure 4: Partial RC structure near the secondary quinong, Q
binding site, as determined for thesQstate by Stowelét al. (24)
[Brookhaven PDB code 1AIG]. One carbonyl oxygen of @
located near Ser-L223 and the backbone NH of lle-L224; the other
carbonyl oxygen of @is located near His-L190. Nearby are two
carboxylic acid groups, Asp-L213 and Glu-L212, that have been
implicated in proton transfer to reduceg Qeactions 1a and 1b,
respectively) 25, 26, 28—31). This structure suggests a possible
proton transfer chain from Asp-L213 to Ser-L223 to reduced Q
Asp-L213 may acquire its proton from several possible candidates,
including Asp-L210, Glu-H173 and/or bound water molecules (not
shown).

increased the observed rate constaat? by ~4-fold and
~6.5-fold, respectively, for both native and mutant RCs.

Modeling the Obsered pH Profiles of kp

We have calculated the pH dependenceksgffor native
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Asp and 3 for Glu at the L212 or L2183 site was used for the
fits; the third acid was assigned an intrinsi€of 2.5. The
intrinsic pKy's used in these calculatiohare not the same
as those used by Gunner and Hordg)( Berozaet al. (42,

43), and Lancasteret al. (45), since many important
contribution to the calculated free energies are not explicitly
treated,e.g. solvation energies or interactions with fixed
charges and dipoles. Thiad hoc simplification to the
calculations is a major reason for the low intrinsik,Js
needed to obtain an adequate fit to the data. It should be
noted that this fitting is similar to that performed by
Shinkarev and Wraighttd) and Shinkareet al. (65) with

the exception that a third acid is added to the calculation
and the nomenclature is different; their use ofk§, pvith

Qg™ is equivalent in our nomenclature to the intrinsi€,p

of the acid plus the electrostatic interaction from the two
other titrating sites and the semiquinone.

Although many parameter sets gave adequate fits to the
data, there were two common features to these parameter
sets. First, it was necessary to have a strong electrostatic
interaction energy 0f200 meV 3—4 pK, units) between
any pair of titrating sites and between the L212 and L213
sites and @ . This large electrostatic interaction is not
unreasonable given that the titrating sites are in a low
dielectric medium inside a protein (seeg.refs 42-45).
Second, it was necessary to have an intringiggifference
of ~2—3 units of Glu over Asp at both the L212 and L213
sites, much greater than the measured difference seen in
solution. The intrinsic K, difference of 2-3 units between
Asp and Glu is magnified by the strong electrostatic
interactions with the other acids leading to the even greater
apparent (observed) difference iKgof ~5 units as is seen
in the experimental data (Figure 2).

DISCUSSION

The effects of replacing Glu-L212 with Asp and Asp-L213
with Glu in bacterial RCs were investigated by monitoring
changes in the photosynthetic growth of mutants and by

and mutant RCs (data from Figure 2) assuming electrostaticmeasuring electron and proton transfer reactions involving

interactions between £ and several interacting titrating
groups using a simplified model for three interacting acids
coupled to Q (seee.g.refs 42 and 44). Such a cluster of
three acids (L212, H177, and M234) was consideredR{us.
viridis by Lancasteet al. (45); they concluded that it was
responsible for the bulk of the proton uptake behavior.

In the present analysis, we included the carboxylic acids
at L212 and L213 as two of the strongly coupled titrating
sites and one other nearby site with similarly strong
couplings. Candidates for the third site include Glu-H173
and Asp-L210 (Figure 4)24), which have been shown in
previous calculations to have large interactions with the L212
and L213 sites42—44). A unique fit to the data was not

found; many sets of parameters give adequate fits to the data

(data not shown). For example, a good fit of the pH
dependence dfp in native and mutant RCs can be obtained
using three titrating amino acids coupled to each other with
interaction energies of 3Ky units (180 meV). Two of the

three acids (modeled as the L212 and L213 carboxylic acids)

have a large interaction of 3.&punits (210 meV) with the
semiquinone @ ; one acid has a small interaction of Kp
unit (60 meV) with @~. A free energy difference of 5.5
pKa units (330 meV) for the electron transfer from, Qto

Qs was used; this represents the electron driving force when
all titrating acids are protonated. Intrinsi&s of O for

Qg in isolated RCs. Asp and Glu exhibited significant
functional differences when located at the same structural
position in the RC. The observed functional differences are
attributed to a difference in the states of ionization of Asp
and Glu (discussed in detail below). In particular, the
electrostatic consequence of differing charge states is dra-
matic for the proton-coupled electron transfer rate constant
kag® (reaction 1a). These consequences are discussed within
the framework of a two-step model for reaction 1a proposed
for native RCs %2). The importance of the electrostatic
environment for RC function is also discussed.

Differences in the State of lonization of Asp and Glu at
the Same Structural Position

By comparing the charge recombination data for native,
DE(L213) and ED(L212) RCs at the same pH (Table 1), it
is apparent that the stability of the charge separated state
DTQaQs™ is affected by the nature of the carboxylic acids
present near & Replacement of Asp-L213 with Glu [DE-

2 The apparentpKis the experimentally observed inflection point
of the fraction of protonated acid as a function of pH. Th&insic
pKais the pH value at which the fraction of protonated acid-B0%
assuming no interaction with other titrating sites. For coupled systems,
the pH dependence of the protonated fraction of the groups are
nonclassical and may exhibit several sigmoidal regiores geveral
apparent [, values).
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al. (35) involving two strongly coupled titrating sites. As
D*Q,Qg the pH is increased from below the intrinsi&gvalues of
— 3 both amino acid groups, the group with the lower intrinsic
\ D'Q; Qs _ED(L212) pKa (group 1) will titrate first and .electrc.)stgtic.ally retard the
T NATIVE16AG° titration of the group ywth the h|gher intrinsickgp (group
_ 2)# This results in an increase in the apparefy for group
DE(L213) 2 (see Appendix in ref 35) and has the consequence that if
o 7 D'Q.Q; the inherent |, of the group 1 is increased (say by an Asp
s to Glu replacement at L212) above that of group 2, then the
P apparent K, of the group 1 will now be shifted significantly
D Q.Qs from its original value. This provides an explanation for
the observed trend that Glu appears to be more protonated
than Asp at the same pH; the higher solutidf, pf Glu
—= REACTION COORDINATE over that of Asp has been magnified by strong interactions
FIGURES: Schematic of the charge recombination and the relative With nearby charged sites leading to a large difference
energy levels of the relevant states (03, D*QaQs, D*QaQg, between their states of ionization inside the protein.

and D'QaQg") for native (solid lines) and mutant (dashed) RCs. Another contribution to the large appareit,glifferences

Recombination from the DQAQg~ state to the ground state in . . . L
native RCs occurs through a thermal population of the higher energyIS a difference in the intrinsic K (see Results). The

D*Qa~Qs state (solid curved line). As the energy level of the final ~ Structural basis for the difference in intrinsi&s could be
DTQaQg~ state is electrostatically raised with respect to the due to a difference in the solvation of the longer Glu

D*Qa~Qs state, the measured rate of recombinakigs)(D*QaQs~ compared to Asp. The solvation energies have been
— DQaQg) is increased as is observed for ED(L212) RCs. The .gjculated to be largd.é. 3—8 pKa units; 186-480 meV}

increase in the free energy of thet@,Qg~ state, 0AGY, is s . .
indicated. Analogously, as the finalfQ Qg™ state is lowered with within the RC protein42—45). Thus, even a relatively small

respect to the DQa~Qg state ksp is decreased as is observed for change in the solvation interaction can lead to large changes
DE(L213) RCs with recombination occurring directly back to the in the intrinsic K, The differences in solvation arise

ground state (dashed lines). because these carboxylic acids are located inside the protein
where solvation is constrained by the available volume. Large
differences in solvation between Asp and Glu at the protein
surface would not be expected since water at the surface is
not under as many constraints as water in the protein interior.
The constraint to internal water molecules is illustrated by
the recent crystal structures of the RC which shows many
internal ordered water molecule&l(-24). For example, in

the native structure of the D{Qg state, there are three water
molecules located within hydrogen bonding distance to Asp-
L213 and two waters located near Glu-L2P2), The same
thing could happen at the L213 site upon replacing Asp with
Glu, i.e. reduce the number of nearby water molecules from
three to two. This would have the effect of increasing the
intrinsic pK, of Glu over Asp. Another contribution could
be due to differences in interaction between Asp and the
longer Glu with fixed chargese(g.Arg-L217, see Figure 4)

or fixed dipoles from the protein backbone. More sophis-
ticated calculations show that interactions between the
titrating site and background interactions in this region can
be as large as-78 pK, units (426-480 meV) é2—45). Thus,

a small change in the placement of the titrating site could
lead to a change in the intrinsi&p similar to that used to

fit the data. Conformational changes, caused by the different
length of the side chain, could also contribute to the observed
difference in the intrinsic i§; of Glu over that of Asp,

hvl Kk

—> FREE ENERGY

(L213) RCs] decreased the charge recombination kgie
(DTQaQs™ — DQaQg) ~15-fold, suggesting a more positive
electrostatic potential that stabilizeg@Q(see Figure 5). In
contrast, replacement of Glu-L212 with Asp [ED(L212) RCs]
increasedgp ~10-fold suggesting a more negative electro-
static potential destabilizingg. Mutant RCs carrying both
replacements showed essentially no chandggdrcompared
to native RCs, suggesting essentially no change in the
electrostatic potential nears@ A general trend is apparent
which shows that the greater the number of Asp’s, the greater
the value ofkgp. The reverse is also true: the greater the
number of Glu’s, the smalldgsp. These results suggest that
Asp and Glu have different states of ionization with Asp
being more ionized (leading to a larger valuekaf) and
Glu more protonated (neutral) at either the L212 or L213
site. The pH profiles okgp suggest that the major points
of titration for Asp {.e. the K, for a classic titration) is-6
pH units lower than that of Glu (see Figure 2). This at first
sight is surprising in view of the relatively small difference
in their pK, values (0.4 units) in solution6g). Several
factors may contribute to the large difference in the titration
behavior of Asp and Glu at either the L212 or L213 site.
One major contribution to the large apparekt phanges
arises from large electrostatic interactions with other Asp
210, Glu-H173, o6 Figure 4. Due to the low diclectic NOUGh such changes are not requied to explain’ the
observed kinetic results presented in this work.

constant in the protein and the small distances between the )
titrating sites, these interactions are relatively strong. Such A difference between Asp and Glu at the same structural

strongly interacting titrating sites can show non-classical POSition has also been observed in bacteriorhodopsin. A
titration behavior as was calculated by Berctaal. (42, large difference in the state of ionization between Asp and

43) and Gunner and Honigdd) for Rb. sphaeroidefRCs
and observed for Glu-L212 in kinetic IR and FTIR studies  4In this senario, the group 1 is either the L212 or L213 residue and
(67, 68). A simplified model was presented in Paddazk It_hzel(g)]rou%lz i|_s|15703me other strongly interacting residue such as Asp-
or Glu- .
5 Consider a simple example of solvation energy of a point charge
3These changes irtkgp are attributed solely to alterations in by a fixed dipole of lendt 1 A located with its center 3.5 A from the
interactions between the protein and the secondary semiquingne Q charge within a low dielectric medium ef= 4 (e.g.protein interior).
and not between the protein and the primary quinore, @incekap The maximum interaction energy (eq 7) between the charge and the
remains essentially unchanged in the mutant RCs. dipole is 300 meV £5 pKj units).
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Glu at the 85 site was reported by Subramanéiral. (69). (s) and the center of the quinone head gfo(B#, Figure
More recently, Asp-85 was found to titrate with two apparent 4). From the values odAGP (see Table 1), we obtain an
pKa's (70—72) as would be expected for strongly interacting effective dielectrice.+ between the L212 site andgQ of
sites. The authors explain this titration behavior by assuming ~26, between L213 and thegQ site of ~22, and between
that the titration of the 85 site is coupled to the titration of the L212 and L213 sites 0f16. Thuseet is in the range of
another internal nearby site (interaction energy of 240 meV, 15—30 in the @ binding site; these values are upper limits
~4 pKa units). This model is similar to that described above. for the particular interactions, since the change in charge
The strong couplings invoked in these models may representupon mutation may be smaller than unity. Valuesdgrin
a universal feature of proton transfer systems in proteins. that range were predicted from the observed interaction
energy between Asp-L210 andsQ(74) and are consistent
Interactions between £ and Carboxylic Acids at the with the interpretation of proton uptake dag 7, 64, 75).
L212 and L213 Sites They are also in good agreement with an empirical distance-

Changes in the free energy of tha@~ state with respect dependent expression for the dielectric_ constaey. ( AI-_
to the Q~Qg state, as shown by the altereg values (Table though the results are in agreement with tho_se prev_lously
1), can be quantified using egs 4 and 5 and the measurecPPt@ined ¢, 7, 64, 75), it should be noted that interactions
charge recombination rate constakis andkgp (Table 1). bereen reSque§ have been.lgn'ored in the simplified model.
One can defin®@AG? (Figure 5) to be the observed change Th|s mqkes it dlﬁlgult to quantltatlve!y compare the obsewed
in the free energy of the TDAQs~ state of the mutant interaction energies to calculated interaction energies such
compared to native RCs. The valuedfG°is ~—120 mev &S those performed by Beroza al. (42, 43) and Gunner
in the DE(L213) RC$,~+100meV in ED(L212) RCs, and and Honig (14_); the Qbserved interaction energies are,
~0 in the double mutant RCs. These changes in the relativehowgver’ consistent Wlth. the large electrostatic interactions
free energy of the Qs state in the mutant RCs are the predllcted by the calculations. ansequemLy,should be
result of altered interactions between the charge gnapd considered as a parameter defined by eq 7 rather than
the protein brought about by the amino acid replacement(s).feéPresenting the true dielectric constant.
The changes in relative stability result in a corresponding . .
change in the equilibrium consta [QaQs1/[Qa-Qs] (see Meqhanlsm of Proton-Coupled Electron Transfer in
eq 4), from 12 in native RCs to-1200 in the DE(L213)  Vative and Mutant RCs
and~0.2 in the ED(L212). The double mutant ED(L212)/ From the observed dependencek@é(z) on the Q/Qa
DE(L213) RCs has the sankeas native RCs (see Table 1). redox potential in native RCs, the mechanism for reaction

Similarly, amino acids near Qinteract with each other 13 was proposed to be a two-step process (Figure 6) in which
causing X, shifts in the mutant RCs which are observed in fast reversible proton transfer precedes rate-limiting electron
the pH dependence &ip (Figure 2). In particular, the onset  transfer 61, 52). In this work the technique involving Q
of the high pH tltfat|0p, attributed to the titration (_)f Glu— replacement to change the redox potent) (vas used to
L212 (25, 26, 28), is shifted to lower pH by~2 pH unitsin  stydy the mechanism of reaction 1a in mutant RCs. The
the DE(L213) RCs compared to native RCs. The apparentgphserved dependencelai® on the Q~/Qa redox potential
“pKa" shift of Glu-L212 is a consequence of making the \as the same in native and mutant RCs. Thus, the
environment of @ more positive by replacing the ionized mechanism of reaction 1a is the same in mutant and native
ASp with apredOmlnantly neutral Glu at the L213 site. Thus, RCs, i.e. proton transfer remains fast Compared to the

there is a change in the interaction energy-d20 meV (2 intrinsic electron transfeik|™ > 10* s7%) in all mutant RCs
pH units) between Glu-L212 and its environment. (Figure 6).
To compare our results to previous woi (7, 49, 50, The observation that the mechanism in the DE(L213)

64, 74), we will make the simplifying assumptions (as has

J ! mutant RCs is the same as in native RCs showskais
been done before) that the change in thK,"ds due to an

- g _ large and that the presence of Glu at L213 allows fast proton
altered electrostatic interaction between residues at L212'transfer during reaction 1a. In contrast to the mutant RCs

L213, and Q. If the change in interaction energy iS gegcribed in this work, it has been previously shown that in
elgctrostatlc, the effgctlye interaction energy between two o DN(L213) mutant RCskxs® does not depend on the
point chargesdy, q) is given by Qa~/Qa redox potential, consistent with proton transfer being
rate limiting for reaction 1a for the DN(L213) mutant RCs
%% _lddev 7 (77). The change in mechanism when Asn replaces Asp or
Agre o Eetl Glu at L213 supports the proposed role of Asp-L213 in native

_ . . . . RCs as a component of a proton transfer chai 28—30,
where e is the effective dielectric constant amdis the 35, 40).

distance in angstroms (A). For simplicity, we assume that

the amino acid replacement results in a charge change ofComparison of the Obseed kg® with Predictions from
one electronic unitand use for the distance in the static  the Two-Step Model

structure between the carboxylic oxygen of the titrating site-

OAG® =

Since the results discussed in the previous section show

6 Since thedirect rate dominates the observed rate conskaptfor that proton transfer remains fast (Compared to 'electron
the DE(L213) RCs, we have assumed thatittairect componenkgp™ transfer) in the mutant RCs, how do we explain the difference
is the same (0.01°3) as that previously determined for the DN(L213)  in the values of the observégs®@ in native and mutant RCs?
RCs (73). This assumption is based on the similarity of the values and
pH profiles forkgp between the DE(L213) and DN(L213) RCs.

7 The similarity of the values and pH dependenceggsffor DE- 8 We assume that the primary effect of the mutations is electrostatic
(L213) RCs and for DN(L213) RCS85b) suggest that Glu-L213 behaves in nature and that conformational changes, if any occur, produce only
like Asn-L213,i.e. Glu is uncharged (protonated). secondary effects.




14246 Biochemistry, Vol. 36, No. 46, 1997 Paddock et al.

ksp measured in the mutant compared to native RCs. Thus,
we will explain the observed dependencéaf® on changes

> QaQgH in the electrostatic environment caused by mutation by
8 assuming that the mutations affect through electrostatic
UEJ H 55&2’22 :c_nteractions thﬁe relative e_nergies of the _initia&@g_* and
inal Qa(QgH)~ states (Figure 6). The intermediate state
ﬁ | (ki) (key) | Qa~QgH is not affected by the electrostatic changes to first
E order because Q is far from the site of mutation andg®
_ED(L212) is electrostatically neutral.
T 5AG_NATIVE ED(L212) Electrostatic changes nears Qesult in two competing
DE(L213) M«_TH/LTSAGQ effects onkag®. The first effect is a change in the energy
Q.Qz DE(L213) gap between the initial (QQg) and the intermediate
Qa(QgH)” (Qa~QgH) state (Figure 6). This changes the relative

equilibrium fraction of the intermediate state by the Boltz-
REACTION COORDINATE mann factor exptdAGYKT) wheredAGP is the change in
FIGURE 6: Two-step model for the proton-coupled electron transfer e initial energy level (see Figure 6} is Boltzmann's

(reaction 1a) for native RCs (solid lines) according to Gragal. X . .
(52). The first step is fast protonation of the semiquinone to establish CONstant, andr is the temperature. Thus, if the potential

an equilibration between the initial {QQg~ state and the higher ~ near 3 becomes more negative (as is the case for the ED-
energy intermediate QQgH state. The second step is rate-limiting  (L212) mutant RCs),i.e. 0AG® > 0, the energy gap

electron transfer to form the final {QDgH ™ state. The energy levels e i ; ;
of the initial, intermediate, and final states for the DE(L213) and decreasesresulting in the formation of a larger fraction of

. ; . " . "
ED(L212) mutant RCs are shown by dashed lines and are labeledthe intermediate state with a concomitémtreasein kas®.

for each mutant. Electrostatically the Asp-L233Glu replacement The second effect is a change in the energy gap between

[DE(L213)] lowers both the initial and final states without affecting . _ : .
the intermediate state (to first order). As a consequence, the energ he final (Q.QsH") and the intermediate (QQsH) states.

gap between the initial and intermediate states is increased resulting! NiS change in the energy gap has the opposite effect on
in a smaller amount of the intermediate state"QgH at equilib- kae®@ from the analogous change discussed above. If the

rium. The energy gap between the intermediate state and the finalpotential near @ becomes more negative [as is the case for

state will similarly be increased, resulting in a faster intrinsic :
electron transferkg). Since the first step has a greater dependence the ED(L212) mutant RC example discussed above], the

on the free energy difference (see text), the overall effect is to slow €Nergy gaplecreasesreducing the driving force for electron
the observed rate. Analogously, the electrostatic effect of the Glu- transfer therebylecreasinghe electron transfer rate accord-

L212 — Asp [ED(L212)] replacement (to first order) is to raise jng to the Marcus theory7@). If the driving force for

0 ot e !
States wihout affectng the intermediate state. By an argument GIECtioN transferAGY, and the change in the energy gap
similar to the one presented above, the overall effect is to speedresulting from the mutatio)AG®, are small compared to

up the observed rate. the reorganization energy.€. |AGY], [JAG? < 1), then

the relative change in the electron transfer rate constant is
to first order proportional tbexp(—3dAGY%2kT), assuming
that 2 does not change upon amino acid substitutfon.
Because of the factor of 2 in the exponential term, the second

step is less sensitive than the first step to changes in the free
@ j i i
negative the electrostatic potential neag, ¢he faster the energy andks™ is, therefore, dominated by the first step,

observed rate). The correlation betwégnandkas®@ (Table .e. a more negative potential increases®.

1) can be rationalized using the two-step model for reaction One can derive the quantitative relation for the relative
la discussed by Graiget al. (52) for native RCs. The  change inkag®. Assuming that the energy level of the
mechanism involves fast reversible protonation of the semi- intermediate state remains unchanged and the change in the
quinone followed by rate-limiting electron transfer (Figure initial and final energy levels are identical,

6). Thus the observed rate constirg® is given by

Kag"” OAG®
kas® = F(QgH)k, 8 k/:B(z) = ex;{ ZkBT] (©)

wheref(QgH) is the fraction of the protonated intermediate . , )

state Q" QgH andke is the microscopic rate constant for Wh?rekAB( ) andkAB(_ )are the observed rates in mutant and

the electron transfer step (Figure 6). Changes in the hative RCs, respectively aidd\GP is the change in the initial

electrostatic environment caused by the mutation change the

energetics of proton and electron transfers since these othe assumptions that the reorganization enerdy larger than

reactions involve transfer of a charged species and thereforne change in free energyAG® upon mutation i(e. 1 > IAGY,

should respond to changes in the local electrostatic environ-|s)AG?) and in the electron driving forcGY, are justified asi

ment. ~1.2eV (73) and bothSAGP (see Discussion) an(Ath (52 are
The primary effects of the mutations are assumed to be approximately an order of magnitude smaller. _

electrostatic and localized at thes @ite, since the amino This simplified form of the Marcus theory7) for the ratio of

. . o ) rate constants in mutant to native RCs comes from the first-order
acid replacements involve changes of titrating sites located expansion of the activation energx®2, + 4)2/4% under the assump-

near Q. Experimental support for this assumption comes {ons thati > [AGY, [0AGP|. This results in the factor of 2 in the
from the unaltered values fégp and the altered values for  denominator of the exponential.

Note that there is a correlation between larger valudg®f

electrostatics play an important role in determining the
effective proton-coupled electron transfer rate.(the more
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and final energy levels. We will use the charge recombina-
tion data to obtained a value foAG® (see Table 1). Let
us now compare the observed changekait? with those

Biochemistry, Vol. 36, No. 46, 199714247

of the quinone ring remains approximately the sakag,is
expected to remain unchanged, as is experimentally observed
(see Table 1). However, because the negative charge on

predicted by eq 9. The observed consequence of replacingAsp-L212 in the double mutant RCs is farther away from

Asp-L213 with Glu [DE(L213) RCs] on the proton-coupled
electron transfer ratieyg®@ (DQaA~ Qg™ + HT — DQAQgH")
was to reduce the observed rat&0-fold, that of replacing
Glu-L212 with Asp [ED(L212) RCs] was to increakgs®
~T7-fold, and that of replacing both groups (double mutant)
was to reducdss® ~10-fold compared to native RCs (see
Table 1). The predicted changeskis®@ using eq 9 are to
reduce the observed ratell-fold in the DE(L213) RCs,
increasekag®@ ~7-fold in the ED(L212) RCs, and be

essentially the same in the double mutant RCs compared to

native RCs. Although the quantitative behavior is not

the O1 carbonyl oxygen of £than the negative charge on
Asp-L213 in the nativekag® is expected to be smaller as is
experimentally observed (see Table 1).

From these arguments, it is more justifiable to compare
the observed rates between RCs that have a single amino
acid change at the L212 site while retaining the same amino
acid at the L213 which is closer to the O1 oxygen of the
guinone head group. Thus, we will compare ED(L212) to
native RCs and ED(L212)/DE(L213) to DE(L213) RCs, to
minimize any systematic error made in using #ag data

accurately predicted for the mutant RCs, the predicted 0 determinedAG® for the two-step mechanism (eq 9).
qualitative behavior is indeed observed. A major reason for Comparing the effects observed in the ED(L212) RCs to
the quantitative discrepancies is that the relevant potentialthose in native we find thatxs® is increased (2 2)-fold.

is at different positions fokgp andkag® (discussed in the
next section).

Correlation between &2 and kp

The origin of the correlation betweeksp and kag@,
mentioned above, is that both rate constants are depende
on the electrostatic environment around. QThe charge
recombination rate constahkp depends on the relative
energy level of the Qg™ state (Figure 5) wheredss@ is
dependent on the relative energies of the initial Qg™
intermediate QQsH™ and final Q.(QsH)~ states (Figure 6).

Thus both rate constants are sensitive to the energy level o

the semiquinone g state,i.e.to the electrostatic environ-
ment.

We have observed an increasekja@ in the ED(L212)

RCs (Table 1, Figure 6) as expected from an increase in the,

energy level of the @ state as shown by the largksp
values (Table 1). In contrast, a decreaskii¥ is observed
in DE(L213) RCs in which the reduced valuelghb shows
a lowering of the energy level of the initialgQ state (Figure
5)_11

Although one sees a general correlation betwiegrand

Using the data from Table 1 and eq 9 above, an observed
increase of 6-9-fold is expected which agrees well with the
observed difference. Comparing ED(L212)/DE(L213) to the
DE(L213) RCs, an increase of (£ 2)-fold is observed and
8—11-fold is predicted, which also agrees well with the
observed difference. The agreement of the experimental
bservations to the predictions from the two-step model
(Figure 6) suggest that the effect of the mutations on the
observed rate constant is due primarily to the electrostatic
changes caused by the amino acid replacement(s) which
change the relative energy gaps between the initial, inter-
ediate, and final energy states (Figure 6). In addition, the
agreement between experiment and predictions from the
model gives additional support for the two-step mechanism.
A more detailed discussion of electrostatic changes in site-
directed mutant RCs and the effects of these changkss6h
is the subject of a following paper.

Role of Electrostatics in the Function of the Reaction
Center

The function of the RC is to mediate an efficient
photochemical conversion of quinone to quinol through a

kag® as discussed above, the correlation is not expected t0set of reactions shown in Figure 1. Changes in the
be perfect since the relevant potential is at different positions g|ectostatic potential around sQbrought about by the

on the quinone ring for the two processes. Mkgs the
electron is delocalized on the two carbonyl oxygens@%)
and the rest on the conjugated ring40%). Hence, the

charge recombination is sensitive to the average potential
over the quinone head group and the relevant potential is

approximately at the center of the quinone ring. However,
for the kag®@ process (reaction 1a, Figure 6) the relevant
electrostatic potential is on the O1 oxygen of the quinone
head group (Figure 4) where protonation takes place. Thes

considerations explain the results on the double mutant ED-

mutations described in this work drastically effect this
conversion by affecting the rate constakis®, kag®, and/

or the equilibrium constank, between the stateQs~ and

QA Qs (eq 5). How do the electrostatic changes affect the
guinone/quinol conversion rate and what is the optimal
potential around g? To answer these questions, we need
to distinguish two cases important for photosynthetic

egrowth: light-limiting and light-saturating conditions.

Light-Limiting Conditions In this case, the rate of photon

(L212)/DE(L213). In these mutant RCs, the nearby nega- absorption per RC is< kag®, kag®. This implies that an

tively charged amino acid has been moved from Asp-L213

equilibrium between the two statesQs~ and Q. ~ Qg will

to Asp-L212 (see Figure 4). Because the distance from thebe established before the RC can absorb another photon.
carboxylic acid oxygens of these two residues to the centerSince RCs in the @ Qg state are photochemically inactive,

In principle, one can have a kinetic barrier due to the introduction
of an apparent highky, group (a2 > 7) in a proton transfer pathway

as is the case in the DE(L213) RCs. However, proton transfer remains

functionally fast and any functional consequences oktheticbarrier
introduced by placing Glu at L213 are hidden by the larger conse-
guences of this replacement on thtleermodynamicf the proton
transfers.

i.e. they cannot absorb a second photon, the conversion
process will be proportional to the fraction of RCs in the
active QQg~ state and the photon flu%,i.e.

12\We assume that all RCs absorbing a second photon proceed in
the photocycle (Figure 1) to the initial stateg. they are driven to
completion by exchange with exogenous quinone.
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QaQs

Qn Qs+ QaQs
kA (1)

B
—0 . o 10
I(AB(:L) + kBA(l)

conversion ratél (photon flux

(photon flux

In native RCsK = 12 (pH 7.5),i.e. 92% of the RCs are
in the photochemically active statexQg~ after absorption
of one photon. In the ED(L212) RCs, the potential near Q
is more negative raising the energy level of Qby ~100
meV. This reduceKX from 12 to 0.2, thereby decreasing
the fraction of @~ to 17% and making the conversion rate
~5-fold less effective than in native RCs. Thus, under light-
limiting conditions, ED(L212) RCs are much inferior to
native RCs. Making the potential more positive cannot
improve the fraction of @ significantly, it being already
92% in native RCs. In addition, as discussed in the next
section, the positive potential has a detrimental effect under
light-saturating conditions.

Light-Saturating Conditions In this case, the rate of
photon absorption per RC s kag®, kag®@. Under these
conditions, equilibrium between the stateg¥@ and Q Qs
is not established prior to absorption of a second phaten (
the back reactiongdg™® (see Figure 1) has no chance to take
place) and, therefore, K is not a relevant parameter for the
quinone/quinol conversion rate. Instead, the two important
processes acting in series arg Qs — QaQs~ and Q Qs
+ 2H" — QaQgH2, which proceed with rate constarkisg
andkag@, respectively. Since in the first reaction a negative
charge (electron) is transferred tg,Qvhereas the rate of
the second is mostly determined by transfer of a positive
charge (proton), the two reactions are facilitated by electro-
static potentials of the opposite sign. This is illustrated in
the ED(L212) RCs in which the increased negative potential
near @ decreasekas™ but increasekas® relative to native
RCs (see Table 1). Does this mean that ED(L212) mutant
RCs are superior under light-saturating conditions? The
answer is no becausgs® is now considerably smaller in
the mutant and is now the slower step in the photocycle
(Figure 1). Thus, under neither set of light conditions is the
ED(L212) RCs superior to native RCs.

Why not make the electrostatic potential more positive?
The more positive potential has the effect of decreakig.
This is illustrated by the DE(L213) RCs in which the rate
constankag® is decreased-70-fold (pH 7.5) compared to
native RCs. Thus, although a more positive electrostatic
potential can modestly increase the fraction of " Qas
discussed in the previous section), the DE(L213) RCs are
inferior to native RCs under light-saturating conditions.

For light-saturating conditions, the potential near Qor
a maximum turnover rate should have a value that makes
kae® = kag®@.13 For native RCs this is only approximately
the case becausgs® = 7kag® (pH 7.5) (see Table 1). To
make the two rates equal requires a potential neartat
is ~30 meV more negative than that found in native RCs.
However, the trade-off of this electrostaic change would be
a reduction inK from 12 to 3.3, reducing the fraction of
RCs in the photochemically activeaQg ™~ state under light-
limiting conditions to~75%.

13We neglect for simplicity the possible effects of the change in
electrostatic potential or mutation on the quinone/quinol binding
constants or exchange rate.

Paddock et al.

The above considerations suggest that the electrostatic
potential near @ should have a value that provides effective
electron and proton-coupled electron transfes® and
kas®) important under light-saturating conditions as well as
a favorable equilibrium of the photochemically active@~
state that is important for function under light limiting
conditions. The potential in native RCs approximately
satisfies this criterion.

CONCLUSIONS

The replacement of the seemingly similar Glu for Asp or
Asp for Glu led to surprising changes in the characteristics
of bacterial RCs. First, the stability of the charge separated
state DQaQg~ was dependent on the nature of the carboxylic
acids present neargQ and indicated that Asp and Glu have
very different state of ionization at either the L212 or L213
structural positions with Asp being more ionized. Second,
the change in the electrostatic environment caused by
mutation had significant observable effects on the proton
coupled electron transfer rate constigt® [DQA Qs +
H™ — DQa(QgH)"] which can be explained using the
proposed reaction mechanism of fast reversible protonation
of the semiquinone followed by rate-limiting electron
transfer. Third, the electrostaic potential near @ finely
tuned to allow both efficient proton transfer as well as
efficient electron transfer to the secondary quinone, allowing
for efficient growth under both light-limiting and light-
saturating conditions.
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