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ABSTRACT: The ability to initiate reactions with a flash of light and to monitor reactions over a wide
temperature range allows detailed analysis of reaction mechanisms in photosynthetic reaction centers (RCs)
of purple bacteria. In this protein, the electron transfer from the reduced primary quin@ngt@he
secondary quinone @) is rate-limited by conformational changes rather than electron tunneling. Q
movement from a distal to a proximal site has been proposed to be the rate-limiting change. The importance
of quinone motion was examined by shortening thet&l from 50 to 5 carbons. No change in rate was
found from 100 to 300 K. The temperature dependence of the rate was also measured in three L209
proline mutants. Under conditions wherg @ in the distal site in wild-type RCs, it is trapped in the
proximal site in the Tyr L209 mutant [Kuglstatter, A., et al. (20@ipchemistry 404253-4260]. The
electron transfer slows at low temperature for all three mutants as it does in wild-type protein, indicating
that conformational changes still limit the reaction rate. Thusnf@vement is unlikely to be the sole,
rate-limiting conformational gating step. The temperature dependence of the reaction in the L209 mutants
differs somewhat from wild-type RCs. Entropgnthalpy compensation reduces the difference in rates
and free energy changes at room temperature.

Reactions in proteins generally require structural changesP is oxidized (P) and first the primary quinone () and
as the reactant passes the transition state to go on to producthen the secondary quinone gQreduced. Thex~100 us
It is difficult to follow these changes for a number of reasons. electron transfer from Q to Qg is rate-limited by a
The motions can be too small to be seen in any but the conformational change in isolated RCs frdRmnodobacter
highest resolution structuresl,( 2), for nonphotoactive  sphaeroidesvith native ubiquinone as Qand @ (8, 9.
proteins it is difficult to synchronize reaction8){ and it is As a result of the needed conformational changes, the
hard to trap proteins in identifiable substates for analydis ( glectron transfer from £ to Qs shows significant activation
The photosynthetic reaction centers (RCpm purple  gnthalpy. If RCs are frozen in the dark, in the ground state,
bacteria have proved to be a useful model system, allowing {he reaction slows so it cannot be seen as the temperature is
synchronized single-turnover reactions that can be analyzed,,ered. However, RCs frozen under illumination in the
to study factors that control the electron- and proton-transfer product PQg" state return to the ground state trapped in a

processes in protein§t7). _ different conformation. Now electron transfer from Qto
_ The light reaction of bacterial photosynthesis takes place Qs occurs even below 40 K with high yield@, 1. Analysis
in RCs embedded in the cell membrane. The absorption of 4¢ 16 temperature dependence of the reaction has begun to
a photon by the electron donor, a bacteriochrolophyll dimer (o\e4) 3 number of substates and the thermodynamic differ-
(P), triggers a series of electron transfers between boundgcas and barriers between these states 13).
cofactors, creating a separation of charge across the protein. , ) )

In dark-adapted RCs at physiological pH+®) keeping
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11190, for financial support) and by the NIH (RR03060, for mainte- electron transfer from £ to Qg. Previous measurements

nance of central facilities). 13) have shown the reaction free energy chary&
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S Centre de Gegtique Moleculaire, CNRS. glycerol (v/v)]. There is a barrier to electron transferé00

1 Abbreviations: RCs, reaction centers; P, bacteriochlorophyll dimer . . ¥ s
which is the primary electron donor;x@nd @, primary and secondary meV which is mostlyAH,z (420 meV). Additional sub-

quinone electron acceptorsf@A* and P‘QBT, reactant (_P_QATQB) states of the reactanthA*, have been identified. For
and product (PQAQs") redox states, respectively. All equilibrium and ~ example, at low pH the reaction freezes out more slowly

rate constants have a two-letter subscript. The first is the reactant and ; ; ;
the second the product substat€ss and kag are the effective than predicted, showing the presence of an active stdte

equilibrium and rate constants between all subpopulations" &P meV above the inactive, dark-adapted stdt8).(Measure-
and P'Qg~ under the conditions of measurement. ments at high pH have characterized an unprotonated reactant
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substate and measured the barrier to proton upfgieThus,
experiments on wild-type RCs provide a quantitative picture
of the energy landscape connecting@~ and PQg™.
However, alone they provide little information about the
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amplitudes of the slowAs) and fast As) components of the
P charge recombination. Charge recombination fror@#
is slower <1 s 1) and from PQa~ faster 10 s%) (11).
This method provides a good estimate fag when it is

atomic nature of the changes whose barriers are beingcomparable tkap. Thus:

measured.

A variety of conformational changes have been proposed

as the rate-determining step for the electron transfgrisQ
found in several positions in a binding channel in both
Rhodobacter sphaeroid€$4, 15 andRhodopseudomonas
viridis (16) RCs. In the crystal structure of RCs frozen under
illumination trapped in an active stateg @ both 2.7 A closer

to Qa than in protein frozen in the dark and flipped by 280
around the tail. Quinone motion from the outer, distal to

inner, proximal site has been proposed to be the conforma-

tional gating stepi4, 16. Other studies suggest that shifts
of internal protons or changes in the hydrogen bonding
pattern may also play a rold1, 17-19). Thus, a number

— AS — kAB
AS + AF kAB + kAP

Given kap, @ provides kag. kap has been extensively
measured in wild-type RCs with nosQwhere it is essentially
temperature 26, 27 and pH @8) independent. At room
temperaturekap is the same in the mutant and the wild-
type protein. The analysis assumes this remains temperature-
independent. In the samples used here, the RCs are 80
95% saturated with ubiquinonegQThe fraction which
cannot form PQg™ is determined at room temperature, where
@ is ~1 and subtracted froms befored is calculated. This

P

(1)

of motions may be required for electron transfer. These may assumes the §Xsite occupancy is temperature-independent.

contribute to a concerted barrier or pose a number of different

hills, any one of which may be rate-determining under
different conditionsl3).

It is possible to explore different barriers to electron

When directly measuredas is not well-characterized as
a single exponential 9j. Inhomogeneous kinetics will
introduce errors into the calculation kfg from ® and into
the derived activation parameters as described previously

transfer by changing protein and substrate. UQ-10 has a 10(13). If micro-states of PQ,~ with slower rates of electron

unit isoprene tail with 50 carbons. If quinone motion is rate-
determining, a shorter tail might be easier to move. Kinetics

transfer from Q- to Qs become increasingly important at
low temperatureAH}; and the rate extrapolated to infinite

measured at room temperature show no significant depen-temperature will be too large.

dence on the quinone tail lengthQ, 21). However, the rate-
limiting step might be a protein breathing motion or quinone
release from the distal site instead of pure diffusion in the
binding channel&). The viscosity increase at low temper-

ature may reveal more dependence on quinone structure if

diffusion becomes rate-limiting.

Several water channels leading tg Rave been identified
by structural studiesl@, 15, 22. A series of mutations were
made to the Pro at L209 in one of these chann2® 3.

Crystal structures show that when Pro L209 is changed to

Glu, the water chain is disrupted by the Glu carboxylate. In
addition, unexpectedly, the mutation of L209 to Tyr causes
the @ quinone to shift to the proximal position even in dark-
adapted RC crystal24). Thus, the different mutants in this
series allow the importance of quinone position and water
chain continuity for electron transfer fromaQto Qg to be
tested.

MATERIALS AND METHODS

In RCs, the equilibrium constant betweed @~ and
P"Qs~ (Kag) was determined in situ from the rate at which
P*Qg" returns to the ground state (RQs) (K32 using

Kap

obs __
kBP - kBP+ 1+ KAB (2)
as described previouslyl8, 28-30). The temperature

dependence oAG°ag providesAH®ag and ASag.
RESULTS

Effect of the Isoprenoid Tail on the KineticAt room
temperature, the rate of electron transfer fronT @ Qs
has been found to be independent of the length of the
isoprenoid tail 20, 21). The temperature dependence of the
Qa~ to Qs quantum efficiency ) was determined as a
function of the Q@ tail length (Figure 1). @was reconstituted
with the 5-carbon, 1-isoprene tail (UQ-1); the 20-carbon,
4-isoprene tail (UQ-4), and the native 10-isoprene tail (UQ-

The reaction centers from the three L209 mutants were 10). The decrease i and thereforéag as the temperature

prepared as described iB3). The optical measurement and
data analysis have been described previoudly). (For

is lowered is independent of the tail length. Thus, the bulky
isoprene tail does not contribute to the barrier to electron

quinone isoprenoid tail dependence measurements the Histransfer.

taggedRhodobacter sphaeroidetrain ¢5) and ubiquinones
UQ-1 (Sigma), UQ-4 (Fluka), and UQ-10 (Sigma) were used.
The mutant RCs were also frozen under illumination in the
light-adapted state, as described previoudl§).( All the
measurements useeB—4 uM MRCs in 10 mM Tris buffer,

pH 8.0, with 66% glycerol (v/v).

The rate of electron transfer fromaQto Qs (kag) was
obtained from the quantum yieldd] for forming P Qs~.
P™Qa~ formed by the actinic flash goes on to @~ (at
kag) or back to the ground state (&tp). P*Qg~ re-forms
the ground state at a slower rate.is determined from the

L209 Pro MutantsThe change in free energy of electron
transfer was determined from the rate of the thermal back-
reaction in the wild-type and Pro mutant RCs (eq 2). The
temperature dependence ofG°xg provides AH®xg and
ASpg (13). At room temperatureAG°ag is 10—30 meV
less favorable in the mutants. The Thr mutant has a more
favorableAH® g and less favorablAS g while the Tyr and
Glu mutants change in the opposite direction. These changes
fit the common pattern of entropyenthalpy compensation.
Stronger interactions are balanced by more constraints
keepingAG® essentially constant.
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Ficure 1: Temperature dependence of the quantum yield for Q  FIGURe 2: Temperature dependence of the quantum yield for wild-
to Qg electron transfer in wild-type RCs with ubiquinone with type RCs and the three L209 mutants. The model and parameters
different hydrocarbon tails. The electron-transfer ratgs) is used to fit the data are described in Table 2.

determined from with eq 1. The uncertainty ob is £2%. The
theoretical line assumes a single barrier for electron transfer with 14416 2: Activation Energy, Entropy, and Enthalpy for the
activation parameters given for the wild-type RCs in Tablé3).( Wild-Type RCs and L209 Mutants at pH 8.0

P meV at
Table 1: Equilibrium Free Energy, Enthalpy, and Entropy Changes  'ogg k wild type L209PY L209PT L209PE
between PQs~ and P Qg™ 2
Vat AGXB 500+ 100 540+ 60 550+ 70 520+ 70
meV a
208 K wWT L209PY  L209PT  L209PE AHjg 420+ 80 260440 500460 530+ 60
_TAS. —(—80+£60) —(—280+40) —(—50+40) —(10= 40)
AG°as —90+ 10 —80+ 10 —80+ 10 —60+ 10 AB
AHCpg —230+20 —180+30 —380+20 —120+30 aThe yield of PQg~ is obtained given a model wheré®@,~ goes
—TASag —(—140+ 20) —(—100+ 30) —(—300+ 20) —(—60+ 30) to P*Qg~ (at kag) or to the ground state (&hp) and is formed from
*kag (s 7875 5300 5350 6620 P*Qs~ (ksa). P"Qs~ goes to PQa~ (at ksa) or the ground state (at

avValues derived from the temperature dependence of charge kep) @nd is formed from PQa™. Formation of the ground state is
recombination from BQg" to the ground state via thermal repopulation irreversible. All reactions are unimolecular. For wild-type RCs and for
of P*Qa~ (seel3 for a complete description of the model and data the Pro L209 to Tyr mutant, there is an activated substat§) meV
analysis). *kag from ref (23) was measured by monitoring the above PQa » which forms PQB essientlally instantaneously. TR
electrochromic shift accompanying the electron transfer at pH 8.1, Pétween the active and "[‘aCt'VéQA substates is assumed to be 0 in
294 K. wild-type RCs whileAH® = 0 in L209PY RCs (see rei3 for a

complete description of the model and data analysis).

The rate of electron transfer fromaQto Qs when Pro with thermodynamic and activation parameters given in Table
L209 was mutated to Tyr, Glu, and Thr was previously 2 [see (3) for a complete description of the kinetic model].
measured at 294 K, and the rates were found to vary by lessHowever, the slow fall ofb to zero in L209PY RCs at low
than 30% 23) (Table 1).kag was determined as a function temperature cannot be accommodated by a model with a
of temperature from the quantum yield for electron transfer. single barrier. Although less obvious, as seen befaB, (
When wild-type RCs are frozen in the light in the @~ @ in wild-type RCs also falls more slowly to zero than
state, the system returns to the ground redox state in a formpredicted by the simplest model. Therefore, the lines through
where the required conformational changes are frozen in.the wild-type and L209PY RCs assume a secorf@P
Now @ is 100% even at temperatures below 4010,(17). substate capable of rapid electron transfes, (21). This
The same behavior is found in the L209 mutants, showing substate would be similar to that found in the active, light-
the mutations do not affect the ability of the protein to be adapted RCs1(l). The active state is estimated to €0
trapped in an active conformation at low temperature. meV above the relaxed reactant, and the two remain in

As in the native RCs in the dark-adapted protein, equilibrium. In the wild-type RCs, assumingG°® = AH°
decreases with temperature in all three mutants, indicatingfor the relaxed and activated substates provides a reasonable
kag is slowing to be comparable tp (Figure 2). When correspondence between experiment and simulation. In
Pro L209 is replaced with Thr or Glub decreases to 50%  L209PY, the very long asymptote is incompatible with this
at ~260 K, a significantly higher temperature than in wild- model. Rather the simulation usA&° = —TAS’, AH° =
type RCs. The Glu mutant has the steeper temperatureQ. These parameters yield a good fitdofor the mutant in
dependence of the two. However, when Pro is replaced withthe temperature region shown, but they underestimate the
Tyr, the reaction freezes out at lower temperature than the AH® between active and inactive substates sicgoes go
wild-type RCs. In addition, below 240 K falls to zero to zero in the L209PY RCs by 40 K.

more slowly in the L209PY than in wild-type protein, At room temperature, the barrier to electron transfer is
showing there is a small population that remains capable of similar in wild-type RCs and the three mutants as seen by
forming product. the similarity of reaction rate andiG° (Table 1). However,

For L209PE and L209PT RCs, the theoretical lines in the change in the temperature dependenc® shows the
Figure 2 assume a single barrier betweé@p and P Qg™ nature of the barrier is different. In particular, the Tyr mutant
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has a significantly smaIIeAHXB and a IargeﬁSiB. Thus,
entropy-enthalpy compensation keexsiB relatively con-
stant at room temperature.

DISCUSSION

The electron transfer from £ to Qg is not limited by
the electron tunneling reaction itself, but is gated by unknown

conformational changes. This has been established by the
observation that the reaction rate is independent of the

reaction driving force & 21). In RCs, when electron

tunneling is rate-determining, the reaction shows a depen-

dence on the driving force predicted by the Marcus electron-
transfer theory41, 31-33).

RCs can be prepared in different substates of the reactan

PQa~ with different rate-determining steps for electron
transfer to @. For example, when the driving force is

increased in isolated RCs by replacing the ubiquinone at the

Qa site with lower potential quinones, a component of the
reaction becomes limited by the electron transfer itself and
not by the conformational gating ste@lj. At high pH,
proton uptake becomes rate-limitintlj. In addition, when
RCs are frozen in the light (in the'Pg~ state), the RCs
carry out electron transfer fromAQ to Qg rapidly, at high
yield even at temperatures below 40X0( 11). Thus, light-

adapted RCs return to the ground redox state trapped in a

high-energy substate where the changes required for reactio

are frozen in. The question is what differences between the

Xu et al.

in light, the electron transfer proceeds with high quantum
efficiency, demonstrating that these RCs can be trapped in
a fully active conformation. The L209PY mutant does have

a larger population of active substate than do wild-type RCs
as shown by® being~5% at 100 K (Figure 2)d does go

to 0 by 40 K (not shown). Thus, the mutation shifts the
balance betweeAH® and AS’ in the equilibrium between
inactive and the higher energy, active, dark-adapted substates.

It is possible that differences between crystal and glycerol
glass change the equilibrium distribution between distal and
proximal sites in the L209PY RCs favoring distal binding
here. The L209 mutant crystals were grown without cryo-
protectant and the data collected at®& (24). The limited,
available evidence suggests that solvent composition does

hot strongly change the quinone position. The quinone

remains in the distal site in frozen crystals of dark-adapted
RCs grown with {4) and without {5) poly(ethylene glycol),
a cryo-solvent that may resemble the glycerol used here. The
distal to proximal transition in the light-adapted RC crystals
occurs in the presence of poly(ethylene glycd¥)( Thus,
if it is assumed that the quinone position is as found in the
crystal, the slowing okag with temperature shows motions
other than quinone translation must be rate-limiting in the
dark-adapted Tyr L209 mutant.

The RC crystal structure resolution is insufficient to show
f the Tyr mutant has the same orientation of the quinone
ead found in the light-adapted crysta®ly. It is therefore

light- and dark-adapted protein are essential for the electronP0SSible that the quinone ring flip remains rate-limiting in

transfer. It has been suggested that the motion of quinone - ; . i
oy d | gest that the incorrectly oriented headgroup is unlikely to

from an outer, distal binding site to an inner, active proxima
Qg site is one critical changel4).

RC crystals prepared in the ground (dark-adapted) and

P*Qg~ (light-adapted) states show the quinone in different
positions. The two sites are displaced by abélA along

the path of the isoprenoid tail, and the quinone ring planes

differ by a 180 rotation around the tail. Molecular dynamics

the mutant. However, molecular dynamics simulations sug-

be found in the proximal site3@). Thus, if the quinone is
properly oriented in the proximal site in the dark-adapted
mutant RCs, the quinone movement does not appear to
constitute the conformational gate for electron transfer.

The mutation of the L209 proline influences the equilib-
rium and activation enthalpy and entropy changes for the

simulations suggest that the proximal site is preferred after €lectron transfer from Q' to Qs. But at room temperature,

changes in @ site residue protonation in response to
reduction of Q (17). However, while quinone translation
from distal to proximal sites happens readily in the simula-
tion, there is a barrier to the needed ring flip within both
binding sites and in the channel separating th&d).(

If the translation and rotation of the quinone limits the
electron-transfer rate, then fixing the quinone in the proximal
site or changing the quinone tail length might be expected

to change the height of the barrier for electron transfer. The
electron-transfer rate at room temperature is independent o

the quinone tail length2Q, 21). The identical temperature
dependence for RCs with UQ-1, UQ-4, and UQ-10 as Q
shows that the bulky, 50 carbon, tail does not contribute to
the reaction barrier. This could indicate that quinone move-
ment is not rate-limiting. However, the barrier could still

the enthalpy and entropy changes largely cancel, keeping
the free energy change from"®,~ to P*Qg~ or to the
transition state almost unchanged. Entropythalpy com-
pensation is often found in biochemical studies, in general
because stronger interactions lead to a more rigid structure
with less conformational entropy. Theoretical analysis indi-
cates that this is expected for systems with large fluctuations
and high density of state8%, 36. It has been suggested
that the often observed, apparently fortuitous cancellation

1of the entropy and enthalpy changes at room temperature is

appropriate for intermolecular interaction of modest strength
such as hydrogen bond3%).

There are differences in the barrier for the electron transfer
in wild-type and L209PY RCs. In wild-type protein, the room
temperatureAGjiB is predominantly enthalpic while in the

come from the need to break a hydrogen bond as the quinonemutant the barrier has a significant entropic component. This

leaves the proximal site or from protein distortions as the
quinone headgroup rotates in the binding channel.
The importance of the motion of the quinone headgroup

difference is seen ifkag Slowing at lower temperatures in
mutant than wild-type RCs. In L209PE and L209IN—,|3‘M3
is larger, so the rate falls off more rapidly with decreasing

is tested in the L209 Pro to Tyr mutant, which is shown in temperature. While there is no crystal structure for L209PT,
crystal structures to be fixed in the proximal position even the L209PE structure shows that the Glu carboxylate is
when prepared in the darR4). Electron transfer slows with ~ inserted into the water chain. Thus, changes in water
decreasing temperature in L209PY RCs, showing there isflexibility and connectivity may change the balance between
still a significant barrier to reaction. In contrast, when frozen AHj; and AS,g.
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