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ABSTRACT: The role of the protein environment in determining the redox midpoint poteidldf Qa,

the primary quinone of bacterial reaction centers, was investigated by mutation of isoleucine at position
265 of the M subunit irRhodobacter sphaeroiddsoleucine was changed to threonine, serine, and valine,
yielding mutants M265IT, M265I1S, and M2651V, respectively. All three mutants, with smaller residues
replacing isoleucine, exhibited decreased binding affinities of thsit@ for various quinone analogues,
consistent with an enlargement or loosening of the headgroup binding domain and a decrease in the van
der Waals contact for small quinones. In all other respects, M265IV was like the wild type, but the polar
mutants, M265IT and M265IS, had unexpectedly dramatic decreases in the redox midpoint potential of
Qa, resulting in faster rates of®a~ charge recombination. For both anthraquinone and native ubiquinone,
the in situEy, of Qa was estimated to be#100 and 85 mV lower in M265IT and M265IS, respectively.

The effect ornEn(Qa) indicates destabilization of the semiquinone or stabilization of the quinone. This is
suggested to arise from either (i) electrostatic interaction between the partial charges or dipole of the
residue hydroxyl group and the charge distribution of quinone and semiquinone states with particular
influence near the C4 carbonyl group or (ii) from hydrogen bonding interactions between the hydroxyl
oxygen and the pH of histidine M219, causing a weakening of the hydrogen bond to the C4 carbonyl.
The rate of the first electron transfaug®) in the polar mutants was the same as in the wild type at low

pH but decelerated at higher pH with altered pH dependence. The rate of the second electron transfer
(kag?@) was 3-4-fold greater than in the wild type over the whole pH range from 4 to 11, consistent with

a larger driving force for electron transfer derived from the lo®grof Qa.

The acceptor quinones of bacterial reaction centers (RCs),by interactions with the protein environment. In addition to
Qa and @, perform the function of accumulating two their respective binding pockets in the M and L subunits,
reducing equivalents from one-electron turnovers of the there may also be global influences such as long-range
primary photoevents. After two turnovers, these are releasedinteractions that allowor cause-mutual interactions be-
from the @ site as a single molecule of quinol, and the site tween the two quinones3).
is refilled by an oxidized quinone from the membrane pool  In the Q. pocket of RCs fromRb. sphaeroidesiesidue

1 2: M265 is part of the immediate binding domain of the
o ubiquinone headgroup_, and the wild-type isoleucine is in van
QuQp Qi Qp <, Q05" der Waals contact with the C3 methoxy group, the C4
. L Lg® carbonyl, and the C5 methyl (see Figure #)}-{). The
QuQp™ —— QA Q= = Q=X Qu bl Qs importance of van der Waals interactions in the binding of
Q, Q Qa (8—10) makes it likely that alterations in this residue

will affect the binding affinity for quinones. It may also affect

The reductant on both the first and the second electron physicochemical properties of the in situ quinone through
transfer is Q~, and the electrochemical properties of Q changes in “polarity” of the binding site and possibly through
and  must be suitably matched to allow this. In many steric influences on the conformation of the methoxy
cases, the chemical identity of\@nd @ can be the same,  substituents{1—15). The latter has been proposed to be of
e.g., both are ubiguinone-10Rhodobacter sphaeroidesid importance in tuning the in situ redox potentials of both Q
both are plastoquinone-9 in Photosystem Il of oxygenic and G in Rb. sphaeroideseaction centersl@). To address
photosynthetic organisms. Thus, the distinct physical proper-some of these questions, we report here the characterization
ties of Qu and @, including redox potential, are controlled  of site-directed mutations of the,Gite inRb. sphaeroides
RCs with isoleucine at position 265 of the M subunit\(f&)
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M259-260 M265-lle mM Tris (pH 8.0) as described, 21—23). Comparative
analyses were based on the methyl and methoxy-substituted
naphthoquinones for binding and anthraquinones for kinetics.

Fe Quinones were used as provided: ubiquinone (Q-10) and

2-methyl-1,4-naphthoquinone (menadione) were from Sigma,

anthraquinone was from Fluka, 1-chloroanthraquinone was
from Aldrich, and 1,4-naphthoquinone was from Eastman.

5- and 6-methyl- and 2- and 5-methoxy-1,4-naphthoquinone

were generous gifts from K. Warncke, M. R. Gunner, and

P. L. Dutton.

M252-Trp M222-Thr Reaction center function was characterized by optical

FicuRe 1: Binding pocket of @ in the M subunit of reaction ~ SPectroscopy performed on a kinetic spectrophotometer of
centers fromRhodobacter sphaeroideResidues M259 (Asn) and  local design. Measurements of the @~ recombination
M260 (Ala) are shown as backbone only. The hydrocarbon tail of rates in Q-substituted RCs were done in the same buffer

Qa is truncated after the first isoprene unit. Hydrogen bonds (;sed for the quinone reconstitution, 0.1% LDAO and 10 mM

between the quinone carbonyl oxygens and M260 (peptide NH) - :
and M219 (His-NH) are shown as dotted lines. Distances between Tris (pH 8.0). All other assays were performed in 2.5 mM

selected atoms are marked by thin lines and shown in angstromsKCl, 0.02% Triton X-100, 26-40 «M ubiquinone (Q-10), 1
(values are averages of the structures in feésd7). mM buffer(s) (succinate, citrate, Mes, Mops, Tricine, Ches,

or Caps, depending on the pH), and2uM RC.
likelihood of large-scale structural changes. Nevertheless, The kinetics of P dark decay following a flash (charge
these mild substitutions had substantial effects on the recombination) were measured at 430 nm. Multiple processes
properties of Q, which are discussed in terms of specific contribute to this net reactior2{, 24—27). The termkg” is

M219-His

influences of the binding site environment. used for the observed rate of recovery of P in the absence of
Qs function (P"Qa~ decay), and? is used for the observed
MATERIALS AND METHODS rate of recovery of P in the presence of (PtQg~ decay).

The general mutagenesis procedures have been described The kinetics of the first electron transfer fromQto Qs
previously (7). The expression strains used are derived from Were measured at_397 nm. The klnetl_cs of the second electron
the green, carotenoid-containing strain GA, which is of wild- {ransfer were monitored at 450 nm with-200uM ferrocene
type constitution apart from terminal steps of the carotenoid @ donor to P; 0.5-1 mM potassium ferrocyanide was
synthesis pathway. Site-directed RC mutations were obtainegPresent to rereduce the ferricenium produced after each flash.
by in vitro mutagenesis1@), using oligonucleotides with RESULTS
altered codons for amino acid residue 265 of the M subunit
gene. Growth conditions for wild-type and mutaRb. Binding Affinities for Quinone Analogues in the Qite.
sphaeroide<ells as well as the RC preparation procedure The parent strain for the M265 mutants is the green,
have been described previously9(. The mutants with carotenoid-containing GA strain rather than the blue-green
threonine and serine substituted at lle-M265 grew poorly carotenoidless R26 strain. These are identical with respect
under photosynthetic conditions but were still photosyntheti- to reaction center proteins, but R26 RCs lack a bound

cally competent (PS. carotenoid. We also compared these two “wild-type” RCs.
Quinones were extracted from the RCs by the method of Binding and function data are shown in Table 1 for selected
Okamura et al. Z0) as modified by Gunner et al2y). benzo-, naphtho-, and anthraquinones in thesifes of GA,

Binding affinities at the Q site, for selected quinones with R26, and the three M265 mutant RCs.
various ring configurations and substitutions, were deter- Binding affinities for substituted naphthoquinones have
mined in isolated RCs, suspended in 0.1% LDAO and 10 been used to reveal the steric outline of theliihding site

Table 1: Binding and Function of Various Quinone Analogues in theSte of Two Wild-Type Strains (R26 and GA) &b. Sphaeroideand
Three Q Site Mutants: [1&265 — Thr, [1e1265 — Ser and 11&265 — Val

R26 GA M265IT M265IS M265IV
AG® AG® AG® AG® AG®
Kb (kcal/ ket Ko (kcall k&t Ko (kcall k¢t Ko (kcall k¢t Ko (kcall k&t
quinone (uM) mol) s @M) mol) (sY @M) mol) (sY) M) mol) (s1) M) mol) (s
ubiquinone-10 <1073 <-12 99 nd nd 95 nd nd 25 nd nd 22 nd nd 13.6
ubiquinone-0 9.33 —6.84 2.0
6-methyl-UQ-0 0.63 —-8.43 22
duroquinone 0.26 —-8.97 2.0 055 -851 29 228 -7.67 8.7 10.6 —6.25 6.3
naphthoquinone 5.85 —-7.12 9.7 3.09 —7.50 9.1 154 -6.54 15.0 48.2 —-5.84 145 9.0 -6.86 9.7
2-methyl-NQ 0.46 —-8.62 nd 0.42 -8.68 82 204 -7.74 7.7 11.3 -6.72 9.2 0.76 —8.32 7.6
5-methyl-NQ 4.43 —7.28 nd 6.29 —-7.07 151 11.8 —6.70 211 49.1 -5.85 18.7
6-methyl-NQ 0.41 —-8.69% nd 1.38 —7.97 15.7 5.97 -7.10 15.2
2-methoxy-NQ 0.46 —-8.62 nd 0.25 —-898 10.9 493 -7.21 30.8
5-methoxy-NQ 0.61 -842 nd 129 —-8.01 256 10.7 —6.76 24.7
anthraquinone 0.14 —9.31 112 0.12 —9.41 129 0.42 —8.70 6810 1.51 —7.92 3155 0.17 —9.21 102
1-chloro-AQ 0.063 —-9.79 274 0.07 —9.73 284 0.27 —8.93 1950 161-788 767 nd nd 39.8

aData from ref 22. nd, not determined.
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Ficure 2: Binding affinities for 1,4-naphthoquinone and methyl-
naphthoquinones in wild-type and mutant reaction centers: (
M265IS, (a) M265IT, (O) M2651V, (O0) R26, @) GA.

(9, 22). The affinities for naphthoquinone (NQ) and three

monomethyl-substituted naphthoquinones are summarized in

Figure 2 for R26 and GA RCs and for the three M265 mutant
RCs. The differences in binding affinities for NQ and methyl-
NQ between the two wild-type strains were smailithin a
factor of 3—but the trends were distinctive. 2- or 6-methyl
substitution significantly enhanced binding in both cases,

Takahashi et al.
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FIGURE 3: pH dependence of the charge recombination reactions.
(A) PTQa~ recombinationks” (s™) (open symbols), andf®),Qg~
charge recombinatiork® (s™2) (closed symbols), in M265ITL{,

W) and M265IS 4, o) mutant RCs, monitored at 430 nm. Wild-
type data are shown by the continuous ling$,(top; ke, bottom).
Data for M265IV (not shown) overlapped those for wild type. (B)
TheapparentP™Qa~Qg <> P*QaQs ™~ electron-transfer equilibrium,
(ke?/ke®) — 1, calculated from the data of panel A. M265IM)(

whereas 5-methyl substitution was almost neutral in R26 andm2651S (1), and M2651V ) mutant RCs; continuous line, wild-

actually destabilizing in GA (Figure 2). Identical trends were

type RCs. Conditions: 42 uM RCs in 2.5 mM KCI, 1 mM buffer

evident in comparison of 2- and 5-methoxynaphthoquinones (see Methods), 0.02% Triton X-100, 4M ubiquinone (Q-10)

(not shown). This distinction betwe@n(2- or 6-methyl NQ)
anda (5-methyl NQ) substitution is indicative of the shape
constraints of the binding site, as described previously (
22). On this basis, the Qsite of GA appears to be slightly
smaller—or more rigid—than that of R26.

All M265 mutant RCs manifested weaker binding than
wild-type RCs but still exhibited the distinction between 2-
and 5-methyl substitution. The order of effect among the
mutant strains was M2651\% M265IT < M265IS. This is

where present (fokq5).

rates of PQa~ decay k&) for the two wild-type strains and
for M265IV mutant RCs were very similar, while the polar
M265 mutant RCs (M265IT and M265IS) were-3 times
faster (Table 1). With anthraquinone (AQ) and 1-chloro-
anthraquinone (1-CI-AQ), the rates were significantly faster
for all RCs. This has been shown previously to be due to
the lower redox potentials of these quinones, which allows
charge recombination by a thermally activated route via the

consistent with a decrease in van der Waals contact due top*|- state g1, 28). With AQ or 1-CI-AQ as Q, the M265IT

the smaller size of the mutant residues at position M265

and M265IS mutant RCs exhibited rates that were B00

valine, threonine, and serine vs isoleucine. The smaller effecttimes faster than wild type, indicating a much lower redox

of the valine substitution as compared to the isosteric threo- potential in these RCs. In contrast, the M265IV mutant RCs

nine may imply that, while the generally lower quinone affin- were not significantly different from wild type.

ities of the M265 mutant RCs are associated with a greater pH Dependence of ®),~ and P‘Qgz~ Charge Recombina-

volume of the binding site, side chain polarity contributes tion. The rate of decay of Pas a function of pH, with and

an additional factor. This is also evident in the kinetic without functional secondary quinone € is shown in

behavior. Figure 3A for the M265 mutant RCs. With Q-10 in both
Rate of PQa~ Charge Recombination in Wild-Type and quinone sites, the observed rate of decay of the charge-

M265 Mutant RCsWith native Q-10 as @ the observed  separated state'Rg~ (ke®) was 4-6-fold slower in M265IT
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Ficure 4: pH dependence of the rate of the first electron transfer
kag®, in wild-type (continuous line) and mutant RCs: M265IT
(O), M265IS (), and M265IV ), measured at 397 nm.
Conditions as for Figure 2.

and M265IS than in M265IV or wild-type RCs (0.12, 0.19,
1.0, and 0.75¢, respectively, at pH 7.0). In contrast!@x~
charge recombinatiorkg*) was 2-3 times faster in M265IT
and M265IS mutant RCs throughout the pH range. In all
respects, M2651V mutant RCs were very similar to wild type.
Under appropriate conditions, the relative values of the
charge recombination rates of @~ and P Qg™ are a simple
indicator of the first electron-transfer equilibrium constant:
Las® ~ ke'kp® — 1 (see refl). Thus, the much larger ratio
ke*/ke® in the polar M265 mutants indicates a substantial
increase in the first electron-transfer equilibrium constant,
Las® (Figure 3B).

All rates of recombination increased gradually with
increasing pH, especially above pH 9. However, th@g
charge recombination in the polar M265 mutant RCs
increased less than in the wild-type or M2651V mutant RCs,
while the P Qa~ charge recombination accelerated more.
Thus, the ratid*/ks® decreased in wild-type and M2651V
mutant RCs but was almost pH independent in the polar
M265 mutant RCs.

Kinetics of the First Electron Transfer: QQg — QaQs".

The first electron transfer was qualitatively altered in M265IT
and M265IS mutant RCs (Figure 4). In wild-type and
M265IV mutant RCs, the kinetics showed a transition from
pH independent at pH 9 to pH dependent at pH 9. In
M265IT mutant RCs, the rate was constant at pH and
similar to the wild-type value (57) x 10° s™%), but the
onset of pH dependence occurred at much lower pHH

6.5). A second region of pH independence appeared in the

Biochemistry, Vol. 40, No. 4, 20011023
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Ficure 5: pH dependence of the second electron transfer. The rate,
kag®@, in wild-type (continuous line) and M265 mutant RCs, was
measured at 450 nm:Oj M265IT mutant RCs; ¢) M265IV
mutant RCs. Conditions: -12 uM RCs in 2.5 mM KCI, 1 mM
buffer (see Methods), 0.02% Triton X-100, 4M ubiquinone (Q-

10), 2-200 uM ferrocene, depending on pH, plus 0.5 mM
potassium ferrocyanide.

second electron. In particular, the oscillations remained strong
at pH 10, where the wild-type oscillations are almost absent
due to the pH-dependent decreasd._jg®) (24, 26). The
magnitude of the oscillations was not significantly affected
by the presence or absence of ferrocyanide (not shown).

DISCUSSION

Qa Binding Site Geometry in M265 Mutant RCEhe
behavior of the M265 @site mutants shows that quite subtle
changes in the binding site composition can have substantial
effects on the physical properties of the site and of the
guinone occupant. The binding affinities for various naph-
thoquinones were significantly weaker in the M265 mutant
RCs than in either wild-type strain (GA and R26). This is
consistent with the predominantly van der Waals nature of
the binding affinity suggested by earlier analysgs 22).
Thus, replacement of the native isoleucine by smaller mutant
residues makes the Gite “looser” (larger or less rigid).

Since M265 points toward one face of the quinone, the
steric effect of the mutations is not expected to alter the
qualitative response of the site to “edge” substitutions on
the quinone ring. Thus, the mutant RCs exhibit the same
pattern of binding behavior as do wild-type RCs. In
particular, the differences between 2- or £) &nd 5- ()
substituted naphthoquinones are consistent with earlier
conclusions that the Qsite is more tightly constrained in
the oo domain: 5- or 8-monosubstitutions invariably show

polar mutant RCs at about pH 9, and further pH dependenceless affinity gain than other isomers, and 5,8-disubstitution

set in again at about pH 10.5.

Kinetics of the Second Electron Transfer:a @s~ —
QaQgsH,. Measurement of the second electron-transfer kinet-
ics at 450 nm, with ferrocene plus ferrocyarids donor to
P*, showed the rate to be about 4 times faster in the polar
M265 mutants than in wild-type or M2651V, at all pH values
from 5 to 11 (Figure 5).

In all mutant RCs, oscillations in thegQ semiquinone
formation were at least as strong as in wild-type RCs and
were notably stronger in the polar M265 mutants, consistent
with a large value ofLas™® and effective transfer of the

causes catastrophic loss of affinit)(
A small distinction may be evident between M265IT and
M2651V mutant RCs, with a slightly greater affinity loss in

1In the absence of ferrocyanide, the second electron-transfer kinetics
were biphasic Z9). The amplitudes of the two phases were strongly
pH dependent, with the slow phase becoming dominant at high pH
with an apparently = 6.5+ 0.1. The rate of the slow phase was only
very weakly pH dependent from pH 6 to pH 10.5. This behavior is
similar to that seen upon binding certain divalent cations to RO} (
The disappearance of the slow phase in the presence of ferrocyanide
suggests that it may be due to ferricenium, produced on the first flash,
binding to the RC prior to the second flash.
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the former. This would be consistent with the response to difference between UQ and AQ is at least 140 mV. However,
the polar mutations including a noncontact effect, such asif we assume, reasonably, that the larger valué=HfUQ)
electrostatic repulsion between the partial charges of thein the mutant as compared to that in the wild type is due to

hydroxyl and carbonyl oxygens.

The two wild-type strains, R26 and GA, exhibited slightly
different responses ta- and -substituted quinones, with
the effect ofo-substitution distinctly negative in GA RCs

a greater contribution from the activated route (i.e., taat
is unchanged), then we should compd&(AQ) in the
mutant withks*(UQ) in wild type where the activated route
is negligible. In this case, the ratio of rates is 715,

as compared to neutral in R26. This suggests that the R26corresponding to ak&,, difference between UQ and AQ of

Qa binding site is somewhat larger, or less rigid, than that

165 mV, identical to that estimated above for the wild type.

of GA. Possibly the absence of a bound carotenoid in the This agreement strongly supports the use of the wild-type

RC structure allows the R26 protein to be more flexible
globally, including accommodating non-native quinones in
the Qu site.

PtQa~ Recombination Kinetics and the in Situ Midpoint
Potential of Q. With Q-10 as Q, the effect of polar
substitution at M265 on thei®,~ charge recombination
rate is a modest 2.5-fold increase, but with AQ or 1-CI-AQ
as Q the effect is dramatic. It is well established that the
main route for PQa~ recombination inRb. sphaeroideis
by a direct (tunneling) electron transfer fromyQto P'.
However, when a sufficiently low redox potential quinone
is active as @ a new path is opened in which the electron
is thermally excited to the intermediate bacteriopheophytin
(), with subsequent rapid decay frontIP (21, 28):

hv Lia
PIQ, == P'TQ, PIQx

t* |

kap

The overall (observed) rate offR,~ recombination (P
decay) then becomes (see 1§f

ks = kip eXPIAG/RT] + kpp =
kip/(1+ Lia) + Kaplia/ (1 + Lia) (1)

whereAGx = —RTIn L is the free energy gap between
I~Qa and IQ.~ and is (largely) determined by the difference
in equilibrium redox potentials of Il and Q."/Qa. Com-
parison of the rates of f),~ recombination, observed with
different quinones as Q reveals the value oAGx and
allows determination of their relative redox midpoint poten-
tials, assuming that of Il is unchangeddl, 28). ki is the
effective rate of recombination offP~ to the ground state.
As discussed by Woodbury et al2g§ and Shopes and
Wraight @31), it is taken here to be 2 10" s%, independent
of the chemical identity of @and of the nature of the M265
mutations in the @ binding site.

Comparison of Anthraquinone and Ubiquinone Potentials
in the Q Site.For wild-type RCs with Q-10 as QAGa ~
—470 meV @8), so the first term in eq 1 is only0.3 s*.
Thus, the observed decay of @, ks®(UQ) = 9.5 s, is
essentially equal tlp, the rate of direct tunneling fromQ
to P". For wild-type RCs with AQ as Q ks*(AQ) = 129
s™L. Using the same value fdg and takingkap = 8 s for
anthraquinone 31, 32, we obtainAGx ~ —305 meV,
implying a value forE(AQ) 165 mV more negative than
En(UQ) in the Q site. This is in complete agreement with

value of kA (UQ) and the expectation that the M265
mutations do not significantly alter the structural relationships
between @~ and P (electronic factors) that determine the
tunneling rate.

Comparison of Mutant and Wild-Type ®@otentials With
the same assumption (that the larger valug8fUQ) in
the mutant is due to a greater contribution from the activated
route), we can calculate the differenceArsa between the
mutant and wild-type RCGa), with Q-10 as Q. Taking
the difference in the FQa~ decay ratesAkp = ks*(mut) —
ke (wt)), we obtain

(Akp/kip) exp[~AG,/RT] + 1= exp[dGs/RT] (2)

For M265IT mutant RCs withks*(UQ) = 25 s* and wild
type (GA) with ksA(UQ) = 9.5 s, this yields a value of
0Gia = 110+ 5 meV (usingAGx = —470 meV, for UQ
as Q in the wild type). If all the change resides in Qather
than the bacteriopheophytin, 1, this implies tlE(UQ) in
the Q site is 1104+ 5 mV lower than in wild-type RCs. For
M265IS RCs, the difference is only slightly smaller (with
ks (UQ) = 22 s'1), and very similar values are obtained from
comparisons of the kinetics with 1-CI-AQ asQ

A similar and more robust estimate can be made from the
rates of charge recombination with AQ ag,Q@or which
AGia = —305 meV. We find thaE(AQ) in the Q. site is
105 mV more negative in M265IT and 80 mV more negative
in M265IS than in wild-type RCs. Very similar shifts can
be calculated from the empirical relationship derived by
Gunner and co-workers on the basis of many artificial
quinones as @ (33) AE, = —56.6 logks® — 7) — 53.1
mV.

These are surprisingly large changes in g of Qa
considering the relatively subtle mutational alterations.
Hanson and co-worker84), for example, have substituted
acidic residues at one or both alanines at M247 and M248
in Rb. capsulatugequivalent to M248 and M249 iRb.
sphaeroidef in close proximity to Q, with no acceleration
in the PrQa~ recombination rate. Although no quinone
substitution studies were described, a substantial change in
Em(UQ) might be expected to be detectable in theQR~
recombination rate and would certainly be apparent in the
rate of decay of PQg~ (see below).

The lowered @ midpoint potentials and weaker quinone
binding in the M265 mutant RCs indicate that the semi-
quinone state is more destabilized in thg €ite than is the
oxidized quinone form. This might arise from a change in
the polarity or dielectric of the environment and is consistent

the difference previously calculated for these two quinones with an electrostatic effect of the residue hydroxyl oxygen

in R26 RCs 21, 28).
For M265IT mutant RCs, the ratio &*(AQ) to ks*(UQ)
(6810/25~ 270) gives a first indication that the in sift,

on the quinone carbonyl oxygen, which would be more
marked for the net negatively charged semiquinone. It is not
consistent with any significant contribution from a steric



Redox Potential of Qin RCs

Biochemistry, Vol. 40, No. 4, 20011025

effect on the conformation of the methoxy groups since very independence from pH 4 to pH 9, above which the rate

similar midpoint potential shifts are seen for both native
ubiquinone and anthraquinone.

Decay of PQg™ and the Free Energy Gap between/Q
Qa~ and Q/Qg". A very similar kind of analysis applies in
the comparison of mutant and wild-type RC behavior for
electron transfer to g and we arrive at similar conclusions.
P decay after electron transfer tg@an occur via a direct
tunneling from Q- to P" or by thermal repopulation of
PTQa~ followed by recombination24, 26), as described
above:

1
Lag'

hv )
PQAQy <k—: P'QA Qg P'QAQ5~

pA |

kBP

The observed rate of recombinationt(Becay) is given by

@

ke” = kip Xp[AGE/RT] + k™ exp[AGIRT] + kgp
~ ke explAGus VIRT] + kgp

= ko' 1+ LAB(l)) + kgplag/(1 + LAB(l)) ©)
The term inkp is negligible <0.02 s?) due to the large
magnitude ofAGg < —540 meV. The rate constant for the
direct route kgp) is also small; it has been estimated to be
0.1-0.12 st in wild-type RCs at pH 7Z7) and 0.04-0.06
s 1in L213DN mutant RCs where aspartic acid at position
L213 is replaced by asparagin®d( 35). This is 100 times
smaller tharks®, and the term irkgp can be largely ignored
so long ad g™ is not too large. This is adequate for wild-
type RCs wherd.,g™ ~ 15. Thus, the observed decay of
PTQg~ in wild-type RCs is about 10 times faster thkgp
andks® can be used as a simple and direct assaly,gf,
according to

Lag™ ~ kfka” — 1

However, in the polar M265 mutants the observediBcay

is much slower and is comparable to the expected value of

ksp. Thus, the ratio of the rates of decay 6f@.~ and P Qg™
yields only a lower limit to the free energy difference
between Q /Qa and @ /Qg.

For M265IT and M265IS mutant RCs, respectively, the
values ofkp/ke® — 1 are at least 25 and 8 times larger than
wild type at pH 8, corresponding to increases in the free
energy gap between,QQs and QQg~ of not less than 80
and 50 mV. These are significantly smaller than the shifts
in the E,, of Qa estimated above due to the inadequacy of
ignoring the direct back reaction route for@s~. This is
also suggested by the fact that the apparent valugg?,

i.e., ks ks® — 1, is almost pH independent in the polar M265
mutant RCs, in contrast to the wild type where the free
energy gap decreases@asY becomes less negative) at pH
values above 9. Thus, it seems likely theBs™™ changes

in M265IT by about 100 mV, in accordance with the
midpoint potential of Q, while the properties of the £
pocket are largely unaffected by the M265 mutations in the
Qa site.

First Electron TransferThe rate of electron transfer from
Qa™ to Qs in wild-type RCs is characterized by pH

decreases in a manner consistent withKeopabout 9.5 24,
26). This behavior has been ascribed to the ionization state
of a cluster of acidic residues close tog,Qincluding
glutamate L212 (GIt#*?), with an unusually high effective
pK (19, 36). Electron transfer to ®is considered to be
modulated by the electrostatic potential generated in the Q
site by the ionization state of these residues87—41). The
rate of electron transfer is then determined by the fraction
of ionizable species in the protonated (neutral) state, which,
above the apparentp decreases in proportion to the pH.
This picture is broadly supported by structure-based
electrostatic calculations at various levels of sophistication
(42—46), which show strong interactions within a substantial,
ionizable residue cluster leading to internal buffer-like
activity. The ionization equilibria are clearly distributed over
several residues, including Gf?, but these molecular level
analyses are still ambiguous in their identification of the
titration behavior of individual residues. Nevertheless, all the
residues identified as contributing significantly to the ener-
getics of electron transfer from JQto Qg are physically
located in the @ binding domain and its immediate
surroundings. It is therefore surprising to find that mutation
of M265 in the Q pocket causes a rather dramatic change
in the pH dependence of the rate of the first electron transfer.
In the polar M265 mutant RCs, the rate is essentially
unaltered at low pH, where the local electrostatics of the Q
site are optimal, but onset of pH dependence occurs at about
pH 6.5, at least 2 units lower than in the wild type (Figure
4). As for the wild type, this may be taken to indicate that
rapid electron transfer occurs from a protonated state, the
population of which decreases above tliee fhe reappear-
ance of pH independence at about pH 9 may then reveal the
slower intrinsic rate of the deprotonated state (Scheme 1).

Scheme 1

Fast

QA'Qp (~5000s") Q,Qp

(H HY
pKQA’QB H*
QA‘QB Slow QAQB-
(~ 500 51

In the formalism of a single ionizable entity responsible for
each region of pH dependence, the onset of pH dependence
in this mutant corresponds toKp,-q, = 7.2, with @
oxidized.

In wild-type RCs, the onset of pH dependence corresponds
to an apparent oo, & 9.6. A flattening of the pH
dependence is detectable above pH 11, but this is unrevealing
as it is expected for the observed rate of equilibration, i.e.,
the sum of the forward and reverse rate constdgs)) =
kag® + ksa®, which cannot be less than the smallekgf?
andkga®. If kea® is pH independent, the plot of log
vs pH will deviate from linearity akas® approache&za®
at high pH. This occurs when the pH dependent equilibrium
constantL g™, approaches 1 and, in wild-type RQss®
can be independently obtained from the kinetics of th@d?
charge recombination. The pH dependenckgfY reveals
PKo,gs & 9.9 and Koo~ ~ 11.4 (, 19, 26). (These values
are somewhat, but not markedly, dependent on conditions,
including ionic strength.) With this, the rate of electron
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transfer in the deprotonated state of the wild-type acid cluster
at pH> 11.5 is still poorly defined but may be estimated at
<50 s.

In contrast to wild type, in M265IT and M265IS mutant
RCs, P Qg™ recombination proceeds largely by the direct
route and does not reflect the equilibrium betweeyQg"
and QQg. Thus, at the present time, we do not have an
easy experimental handle on the pH dependendeyg?.
However, it is clear that the onset of pH independence of
the kinetics at pH 8.5 isotdue to approaching equivalence
of kag® andkga® as the equilibrium constant is still large
at this pH. Thus, the pH independent rate, between pH 8.5

Takahashi et al.

) Q, Q:H
QA QBH

Q,Qy

Ficure 6: Influence of the redox midpoint potential oh@n the
energetics of the second electron transfer. LoweBER(,) raises
the free energy of @ Qg™ and Q ~QgH but does not affect that
of QaQgH™. Thus, the K of the semiquinone (&) is unchanged,

and pH 10.5, does indeed represent electron transfer in theyvhile the driving force for electron transfeAGg1(?) is increased.
deprotonated state, as in Scheme 1. The rate is significant Second Electron TransfeFransfer of the second electron

(=500 sY) and quite distinct from the high pH limit in wild-
type RCs &£50 s%). Thus, if the lower onset of pH

to Qg is tightly coupled to delivery of a proton to the quinone
headgroup. This can occur in one of two sequences (top right

dependence in the mutant RCs is interpreted as a downshiflor bottom left in Scheme 2). In wild-type RCs, Graige et al.

in the (K behavior of the acid cluster, it is not clear why the

population of the protonated state loses control of the processScheme 2

at such a high value of the rate constant. This may indicate
that two processes are also at work in the wild-type behavior
but are merged at the higher pH. Consistent with this, a
second region of pH dependence in M265IT mutant RCs
sets in at pH 10.5, and the rate appears to merge with wild-
type values at pk: 11. The high pH behavior in the mutant,
therefore, may not represent a secord lput only the
intersection with a greater rate limitation common to both
mutant and wild type, such as the wild-tyge process above
pH 9.6.

Transfer of the first electron toghas become much more
interesting with the observation that the quinone might not

@

Ly 5
QaQp < QsQp
ET/PT
pKQAQBI PT/ET I pKQAQBZ'

QA QpH T Q\QgH <— Q,QH,
'AB

(53) have provided strong evidence for the lower route, in
which electron transfer follows proton transfer (PT/ET). The
electron transfer is rate limiting, but the net rate is modulated
by the pH-dependent equilibrium population of the proto-
nated semiquinone of XQgH). This implies rapid proto-

be in the binding pocket in the dark adapted state, but may nation equilibration, which was estimated to be greater than

favor localization in an ante-chamber sef A distal to the
functional binding site®). This raises possibilities for gating
activities involving translation of the quinone headgrodip (
which then becomes tightly bound in the “proximal” position

upon reduction to the semiquinone, but the relevance of such

proposals has yet to be established. Variability in the X-ray
structural data g, 7, 48) and in the kinetics of the first
electron transfer49—51) suggests that their relative oc-
cupancies may be easily perturbed. Thus, the affinities of
these two positions may be very similar. A computational

10’ st at pH 7.5 63, 54). The rate-limiting nature of the
electron transfer was indicated by its dependence on the
electron driving force, i.e., the redox potential of various
qguinone analogues in the,Qite.

In the polar M265 mutant RCs, the rate of the second
electron transfer was-34 times faster than in the wild type,
at all pH values from pH 4 to pH 11 (Figure 5). This is
fully consistent with the model of Graige et ab3). The
observed acceleration is roughly as expected if the 100 mV
lower E, of Qa provides an equivalently larger driving force

assessment of the two positions also gave very similar valuesfor electron transfer (Figure 6).

for the binding energiess@).

As discussed below, preliminary FTIR studies indicate
very little structural alteration in any of the M265 mutants.
Thus, the 10-fold slowing of the first electron transfer process
in the polar M265 mutants is unlikely to arise from a direct

Origin of the Shift in B of QJ/Qa~. The effect that
mutational substitution of I/¢*%5 has on theE,, of Qa is
unexpectedly largeAE,, = —100 mV for M265IT) and
initially invited speculation on the role of the methoxy group
orientation. Several computational studies have shown this

influence on the electron-transfer rate, per se, for exampleto be a significant source of variation in redox and acid

via the distance or strength of coupling betweena@d Q.
In fact, the Q Qs — QaQs ™ reaction in wild-type RCs has
been shown to be not rate limited by electron transd&}.(
The rather dramatic effect of the polar M265,-Gite
mutations on the first electron transfer could instead arise
from a relatively minor influence on the equilibrium between
distal and proximal states or on the kinetics of interconver-
sion. In particular, the unusual pH dependence of the first
electron-transfer kinetics could reflect a shift in the pH
dependence of ghinding in the proximal position. Because
there are few ionizable residues close tg, @he primary
influences of Q/Qa~ on ionization equilibria of the protein
are focused in the binding domain 46).

base properties of methoxy quinon&g-{15, 55). However,
the observation that thE,, shift for Qs in the M265 polar
mutants is very similar for native ubiquinone-10 and for
anthraquinone as Qeliminates this as a possible origin of
this mutant effect.

The negligible effect of substituting valine for the native
isoleucine indicates that the absence of dhmethyl group
of 1leM?85, which is closest to C5 and C6 and their substituents
(the C3-methyl group and the first isoprene unit), has no
impact on the midpoint potential of ubiquinone in the Q
site. Instead, attention is focused on the polar nature of
threonine and serine, where a hydroxyl is in theosition
of the side chain. There are few precedents to draw upon,
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although the mutationalemaval of a hydroxyl group can  mutants might therefore arise from weakening of the
disrupt structurally important hydrogen bonding features. In hydrogen bond between the histidine and quinone by
P45Qa.m replacement of threonine 252 by alanine breaks a competition from the hydroxyl oxygen as a hydrogen bond
bond that is important in holding a backbone twist and allows acceptor from the histidine NH. This also would be
rearrangement of water molecules near the active S8e ( consistent with the slightly weaker quinone affinity of the
In cytochrome, substitution of a phenylalanine for tyrosine  polar mutants as compared to the valine mutant and could
67 releases a conserved water molecule and allows a moreeasonably destabilize the semiquinone more than the
stable structure to be obtainesi7y. quinone, resulting in a loweEn,.

In terms of more diverse hydrogen bonding partners, Lin ~ An alternative interaction to consider might be between
et al. 68) mutated RCs fromRb. sphaeroideso add or the y-hydroxyl and ther electron system of the quinonoid
remove histidines at sites around the bacteriochlorophyll ring. The existence and significance mfhydrogen bonds
dimer. The effect on the primary donor was substantial but, is well-known from model compounds, but their energetic
in apparent contrast to our findings on ,@dding hydrogen  consequences are varied and hard to pre&ig (

bond donordncreasedthe E;, of P/P" roughly linearly by Infrared spectroscopy could be expected to yield some
about 90 mV per bond. insight on the nature of the side chain-quinone interaction,
The equally largedecreasein the En, of Qa7/Qa in the and we have found a small but distinet8 cni ! upshift in

polar M265 mutants might arise from several distinct the carbonyl stretch associated with the C-4 carbonyl (at 1601
mechanisms. One possibility is the introduction of a water cm™ in wild type) (T. A. Wells, E. Takahashi, and C. A.
molecule to the @ site, stabilized by hydrogen bonding to  Wraight, manuscript in preparation). The identification of
the threonine or serine hydroxyl. This cannot be easily ruled this band as predominantly a €® mode has been strongly
out, but there are no water moleules in the nativepQcket supported by isotopic substitution80~62), but the origin

and few opportunities for a new water molecule to make of the unusually low frequency for a carbonyl stretch is not
the number of hydrogen bonds usually required to stabilize understood. Strong hydrogen bonding to histidine-M219 has
internal waters. Also, the space created by the mutations isbeen proposed but is unlikely to fully account for it. It is
mostly over the C5, C6, and C1 carbons, and an incorporatedalso not readily consistent with the lack of response of this

water molecule might be most likely to influence the=€Q vibration to deuterium exchange, whereas the semiquinone
frequency. In contrast, our preliminary FTIR studies show IR bands do respond3).
only a small effect on the G40 mode (T. A. Wells, E. The upshift in the 1601 cnt band is seen only in the

Takahashi, and C. A. Wraight, manuscript in preparation). polar mutants and not in M265IV. It is consistent with either
Alternatively, the effect of thg--hydroxyl of threonine or  an electrochromic effect arising from the hydroxyl partial
serine on the quinone or semiquinone states might arise eithecharges or dipole or a weakening of the hydrogen bond

from hydrogen bonding or from the OH partial charges (or between C40 and Hid'?'°. Electrochromic bandshifts in
dipole). The structural context for this may be derived from reaction center IR spectra have been reported by Breton and
the native isoleucine, with twg-carbons, the positions of  Nabedryk 64) but are not in any sense calibrated. IR
which are evident in the available X-ray structurés 7). frequency shifts due to hydrogen bonding have been
The methylene group is withi4 A of the C4carbonyl group extensively studied, with the general result that the carbonyl
of Qa and Ny (NH) of histidine M219. They-methyl of stretch is only moderately sensitiv@5]. Empirical relation-
isoleucine is only withi 4 A of the C3-methoxy carbon of  ships have been derived and one such calibration for
Qa and C of His“?1°, Rotation around the &-Cg bond can  carbonyls yield€n, = —250Avc—o/vc—o kcal/mol 66). On
only significantly shorten the distance fromyasubstituent this basis, the upshift in the & carbonyl mode observed
to the histidine N. here corresponds to a decrease in hydrogen bond strength

Although they-position to carbonyl oxygen distance might of about 0.3-0.4 kcal/mol. This is in good, but possibly
be feasible for hydrogen bonding, without significant struc- coincidental, agreement with the difference in binding affinity
tural changes the possible angles are very unsuitable.between the valine and threonine mutant RCs.
Furthermore, a normal hydrogen bonding interaction with
the carbonyl would be likely to stabilize the semiquinone, ACKNOWLEDGMENT
raising thekE, rather than lowering it. Similarly, orientation
of the positive gr)d of the OH d.|pole tovyard the guinone Atlanta, GA) for some early measurements of quinone
would also stabilize the semiquinone anion. On the other bindin

. a . g to the M265 mutant RCs.
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