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ABSTRACT: Both large- and small-scale conformational changes are needed as proteins carry out reactions.
However, little is known about the identity, energy of, and barriers between functional substates on protein
reaction coordinates. In isolated bacterial photosynthetic reaction centers, the electron transfer from the
reduced primary quinone, QA-, to the secondary quinone, QB, is rate limited by conformational changes
at low pH and by proton binding at high pH. The kinetics and thermodynamics of this reaction were
determined between 200 and 300 K from pH 6 to pH 10.5. A model with two substates of the reactant,
P+QA

-QB, one protonated (state A) and one unprotonated (R), and one state of the product, P+QAQB
-

(B), was able to simulate the dependence of the rate on temperature and pH fairly well. The equilibrium
between the three states were measured in situ at each temperature. Proton binding (R to A transition) has
a favorable∆H and unfavorable∆Sas does the conformational changes required for electron transfer at
low pH (A to B). The pK for the A to R transition is 9.7 at room temperature, consistent with previous
measurements, and≈13.5 at 200 K. The activation barriers were determined for each transition. Both the
R to A and the A to B transitions are limited primarily by the activation enthalpy with modest∆Sq.

Reaction rates in proteins are often determined by how
fast the reactant can undergo conformational changes (1, 2).
Energy barriers associated with required transformations
cause reactions to slow and then stop at low temperature
(3-6). Large-scale conformational changes have been seen
in time-resolved structural studies (7, 8) and by trapping
reaction intermediates (9-11). Crystallographic evidence for
substrate and product being bound in different positions has
been found in photosynthetic reaction centers (RCs)1 trapped
in different redox states (12). However, if small-scale motions
such as changes in protonation state or hydrogen bonding
are required, these will not be seen in any but the very highest
resolution protein structures.

Various techniques are becoming available to monitor the
states along reaction paths. Rapid initiation of single turnover
reactions by laser-induced temperature jumps has revealed
multiple substates for substrate binding to lactate dehydro-
genase (13). The temperature dependence of NMR structure

factors has followed changes in calmodulin entropy (14).
Analysis of NMR relaxation parameters identified changes
in structure and mobility in active and inactive signaling
protein (15). Bacterial photosynthetic reaction centers (RCs)
also provide an excellent model system for the detailed study
of reaction substates and the barriers between them (16, 17).
It is possible to initiate reactions in RCs with a pulse of light,
allowing synchronized, single turnover measurements over
a wide range of time scales. Reactions are reversible,
allowing signal averaging. The protein is functional, and
reaction rates can be determined even at cryogenic temper-
atures, providing a large scope for thermodynamic measure-
ment. Last, it is possible to determine reaction free energies,
and associated∆H, and∆Sat temperatures as low as 250 K
for several intraprotein reactions (16).

RCs are the membrane proteins that facilitate the conver-
sion of light to chemical energy in purple non-sulfur
photosynthetic bacteria. On absorption of a photon, a series
of electron transfers between cofactors bound to the protein
yield a transmembrane separation of charge (Figure 1) (18).
The electron transfer from the reduced primary quinone, QA

-,
to the secondary quinone, QB, is rate limited by conforma-
tional changes in isolated RCs with the native ubiquinone
as QA and QB (19). However, RCs can be trapped in an active
conformation where the electron transfer itself is now rate
limiting. These conditions are met in the native chromato-
phore membranes (20) and in hybrid RCs with the ubiquino-
ne QA replaced by a lower potential quinone (21, 22). In
addition, when RCs are frozen in the product P+QB

- state,
they return to the ground state in a new conformation. Now
electron transfer occurs with high yield at low temperature
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1 Abbreviations: RC(s), reaction center(s); P, bacteriochlorophyll
dimer which is the primary electron donor; QA and QB, primary and
secondary quinone electron acceptors; P+QA

- and P+QB
-, reactant

(P+QA
-QB) and product (P+QAQB

-) redox states; A andR substates,
protonated and unprotontated forms of P+QA

-; A*, substate of P+QA
-

with a low barrier for electron transfer to QB; B andâ, protonated and
unprotonated P+QB

- substates.K(A)B and k(A)B, effective equilibrium
and rate constants between all subpopulations of P+QA

- (R, A, and
A*) and all substates of P+QB

- under the conditions of measurement.
All equilibrium and rate constants have a two-letter subscript. The first
letter refers to the reactant and the second to the product substate.
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without the need to cross the barrier imposed by the normal
conformation changes (17, 23).

X-ray crystallography (12, 24) and other experimental (17,
25-28) and computational (29-34) techniques have been
used to characterize the conformational change in RCs. In
the crystal structure of RCs frozen under illumination in an
active state, QB is about 2.7 Å closer to QA than in protein
frozen in the dark. The shift of the quinone position has been
proposed to be the conformational gating step (12, 24). Other
studies suggest that shifts of internal protons or changes in
hydrogen-bonding pattern may also play a role (17, 30, 32).

RCs can be prepared so the electron transfer from QA
- to

QB is gated by a conformation change with a substantial
barrier or where the reaction is rapid with little activation
energy. To better characterize different reactant substates,
the reaction was investigated as a function of temperature
and pH. The free energy of the electron transfer from QA

-

to QB was determined from room temperature to 260 K from
pH 6 to pH 10.5. Some conformational change determines
the rate at low pH, while at high pH proton binding becomes
rate limiting. The activation enthalpy and entropy for each
barrier was found.

MATERIALS AND METHODS

Isolation of Rhodobacter sphaeroidesengineered poly-
histidine-tagged RCs (35) and ubiquinone reconstitution of
QB have been described previously (17). pH buffers (10 mM),
Mes (pH 5.5-6.5), Hepes, (6.9-8.0), Tris, (7.5-8.5), Ches
(8.6-10.0), and Caps (9.7-11.1) were used (ranges in
parentheses for pHs at 25°C). At 5 °C the pH is 0.5-0.6
unit higher for all buffers except Mes and Hepes where the
pH increases by 0.2-0.3 unit. This is consistent with
previous reports (36-39). The effect of the temperature
dependence of the pH on the derived values will be explored
below.

The low-temperature optical setup has been described in
detail previously (17). The charge recombination kinetics
were measured by monitoring the decay of the P+ signal at

430 nm with a photomultiplier (Thorn EMI 9798QB). A 10
µs xenon flash lamp with a long-wavelength pass filter (750
nm) provided the actinic light. The RC concentration was
3-4 µM. The sample was cooled in an APD (CSW202A)
closed-cycle helium cryostat. The measurement started 15
min after the set temperature was reached. The results from
10 flashes at 2 min intervals were averaged. The optical
transients were fitted to a two-exponential function using
the nonlinear least-squares fitting algorithm in the program
IGOR Pro (WaveMetrics). The kinetic model was simulated
with Mathematica 3.0 (Wolfram Research).

RESULTS

The rate of electron transfer from QA
- to QB (k(A)B) was

obtained from the quantum yield (Φ) for forming the P+QB
-

redox state (k(A)B is the rate given the distribution of P+QA
-

substates under conditions of measurement). When P+QA
-

is formed by the actinic flash, the electron on QA
- can go

either forward to reduce QB (atk(A)B) or back to P+ (atk(A)P),
re-forming the ground state (Figure 1). Since the reactant
P+QA

- decays atk(A)B + k(A)P, k(A)B cannot be measured when
it is much slower thank(A)P; k(A)B is determined most
accurately fromΦ when k(A)B ≈ k(A)P (40); and it can be
measured directly whenk(A)B . k(A)P. Thus,Φ provides a
limited window on k(A)B. The direct measurement of the
submillisecondk(A)B is difficult since there are only small
differences in the RC spectra to differentiate RCs with QA

-

or QB
- (17, 21, 41). In contrast, measurement ofΦ used

here follows the large changes in absorption as P+ returns
to P on the millisecond time scale.

Φ is determined given the amplitude of the slow (AS) and
fast (AF) components of the P+ charge recombination. The
slower component (<1 s-1) follows charge recombination
from P+QB

- while the faster component (∼10 s-1) is the
charge recombination from P+QA

- (17). Thus

Given k(A)P, Φ provides k(A)B. k(A)P can be measured
independently in RCs with no QB and is essentially temper-
ature (42, 43) and pH (44) independent. In the samples used
here the RCs are 80-95% saturated with ubiquinone QB.
The fraction which cannot form P+QB

- is determined at room
temperature. HereΦ is ≈1 if the QB site is occupied, since
k(A)B . k(A)P. The appropriate amplitude is subtracted from
AF beforeΦ is calculated, which assumes QB site occupancy
is temperature independent. Equation 1 assumes single rate
constants fork(A)B andk(A)P. The impact of a distribution of
rates on the analysis will be discussed below.

The temperature dependence of QB
- formation was

measured from pH 6 to pH 10.5 in the temperature range
180-300 K (Figure 2).Φ decreases as the temperature is
lowered until no QB

- is formed. At higher pH the reaction
freezes out at warmer temperature. At pH near 9.7, the
temperature dependence ofΦ has a more stretched, bimodal
shape. The temperature-dependent decrease inΦ monitors
the slowing of the QA- to QB electron transfer ratek(A)B.
The pH dependence ofΦ indicates that the reaction is
dependent on proton binding.

Model of the Reaction.To fit the temperature and pH
dependence ofΦ (Figure 2), a model with at least three states

FIGURE 1: Cofactor arrangement and electron transfer pathway in
Rb. sphaeroidesRCs. QA is reduced in≈150 ps via BPhL, leaving
an oxidized P+. Then, either QB is reduced atk(A)B or electron
transfer to P+ at k(A)P (10 s-1) re-forms the ground state.k(A)B and
k(A)P are the effective rate constants for electron transfer from the
appropriate distribution of P+QA

- substates (R, A, and A*) under
the conditions of measurement. The quantum efficiencyΦ is
decided by the competition between these two processes (eq 1).
The substates of P+QA

-QB and P+QAQB
- remain at equilibrium.

Electron tunneling from either reduced quinone to P+ returns the
system to the ground state. However,k(A)P is 100 times faster than
kBP (0.1 s-1) (see eq 3).

Φ )
AS

AS + AF
)

k(A)B

k(A)B + k(A)P
(1)
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is needed (Figure 3). The reactant P+QA
- redox state can be

protonated (A) or unprotonated (R). The two populations are
in equilibrium with an apparent pKR of 9.7 (room temperature
values of the pH are given). The product state (B) is assumed
to be always protonated. Below pH 8 there is less than 0.3
proton bound from solution on electron transfer from QA

-

to QB (45, 46). Thus, protonated reactant and product states
have essentially the same number of protons bound, so as
the pH changes, the energy of A and B changes by the same
amount, keeping∆GAB constant. A and B may shift relative
to the ground state, but this will not influence the reactions
considered here. However, the A and B states shift relative
to R. Thus,∆GAB is assumed to be pH independent, while
the free energy of the reaction from the unprotonated reactant
(∆GRB) is pH dependent with

T is the temperature, andkb is the Boltzman constant. The
rate-determining step for electron transfer depends on the
pH. At low pH the reactant is in the A state and the barrier

is ∆GAB
q . At high pH RCs are in the unprotonated (R)

reactant state. Now the taller, pH-dependent proton uptake
barrier must be crossed.∆GAR

q is the barrier for the
pH-independent transformation from A toR. The forward
direction activation energy for proton binding (∆GRA

q ) is
∆GAR

q + 2.3kbT(pH - pKR). When the pH is near pKR, there
is initially a mixed population of protonated and unprotonated
reactant. Both are seen in the stretched temperature depen-
dence ofΦ because at low temperaturekRA is enough slower
thankAB that R and A do not remain at equilibrium during
the lifetime of the P+QA

- state. If ∆GAB and ∆GRB are
known, then the dependence ofΦ on temperature will
provide ∆GAB

q and ∆GRB
q and the associated activation

entropies and enthalpies.
Free Energy, Enthalpy, and Entropy Change between A,

R, and B.In RCs the equilibrium constant between P+QA
-

and P+QB
- can be determined in situ from the rate at which

P+QB
- returns to the ground state (PQAQB) (kBP

obs) (44, 47,
48). There are two pathways for charge recombination. One
is direct electron tunneling from QB- to P+ (at kBP). The
second is an uphill pathway re-forming P+QA

-, which then
returns to the ground state. At room temperature, the indirect
pathway is dominant, while as the temperature falls, this
slows so now the direct route is used. The rate of the indirect
process is dependent on the fraction of RCs in the P+QA

-

(A or R) state and so monitors the equilibrium constant
between B and the reactant substates. At physiological pH,
charge recombination goes from the protonated product (B)
through the protonated reactant (A) back to the ground state
(Figure 3). The pH-independent free energy difference is
∆GAB. At high pH the protonated product equilibrates with
the unprotonated reactant (R) with ∆GBR

q ) ∆GΑB +
2.3kbT(pH - pKR). At room temperature,∆GΑB ) ∆GRB at
pH 9.7, identifying this as the pKR for proton uptake.
Assuming equilibrium between A,R, and B, the charge
recombination rate is

The P+QA
- charge recombination rate (kAP) is relatively pH

independent sokRP is assumed to equalkAP. Equation 2 can
then be transformed to recover the more familiar formula
(44, 47, 48):

whereK(A)B is the measured equilibrium constant between
P+QB

- (B) and P+QA
- (A and/or R) found at a given pH

and temperature. Bothk(A)P (42, 43) and kBP (17, 49) are
only slightly temperature dependent above 200 K.k(A)P is
assigned to be 10 s-1 and kBP 0.1 s-1 (17, 50-52). The
temperature dependence of∆GAB is determined at pH 8.0
where P+QA

- is fully protonated, while the temperature
dependence of∆GRB is determined at pH 10.5 where the
unprotonatedR state predominates (Table 1).

FIGURE 2: Temperature dependence of the quantum efficiency for
the QA

- to QB electron transfer. AtΦ ) 10%, 50%, and 90%k(A)B
) 1, 10, and 100 s-1, respectively. pH of the sample at room
temperature:), pH 6.0;O, pH 8.0;0 (with × within), pH 9.3; *,
pH 9.6;b, pH 9.8;x, pH 10.0;+, pH 10.2;4, pH 10.5. The solid
line is the result of the simulation using model I (Figure 3) and the
dashed line model II. The pH value is allowed to shift by no more
than 0.1 pH unit from the measured value to improve the fit. The
reaction free energies and barrier heights derived from the fit to
model 1 are provided in Tables 1 and 2.

FIGURE 3: Reaction coordinate for electron transfer from QA
- to

QB. Three states are shown:R, the unprotonated, and A, the
protonated reactant state (P+QA

-) and B, the protonated product
(P+QB

-). The free energy difference and barrier between A and B
are assumed to be pH independent. However, A and B shift with
respect toR as the pH changes.

∆GRB ) ∆GAB + 2.3kbT(pH - pKR) (2)

kBP
obs) kBP + kAP[A] + kRP[R] )

kBP +
kAPe-∆GBA/kbT + kRPe

-∆GBR/kbT

1 + e-∆GBA/kbT + e-∆GBR/kbT
(3a)

kBP
obs) kBP +

kAP

1 + 1/(e-∆GBA/kbT + e-∆GBR/kbT)
)

kBP +
kAP

1 + KAB
(3b)

2696 Biochemistry, Vol. 41, No. 8, 2002 Xu and Gunner



At an arbitrary pH∆GRB is assumed to be∆GRB (at pH
10.5)+ 2.3kbT(pH -10.5). The room temperature pH is used
here. The solution pH is quite temperature dependent.
However, the buffers used (Tris, Ches, and Caps) have very
similar temperature dependence (36-39). The estimate of
∆GRB thus assumes that the pH differs from the buffer at
pH 10.5 (298 K) by the same amount at all temperatures.
The lines forKAB at intermediate pHs in Figure 4 are thus
not the best fit tokBP

obs but are derived from∆GAB deter-
mined at the lowest pH,∆GRB obtained at the highest pH,
and the assumption that the difference in pH of different
samples is the same at each temperature.

The equilibrium constantKAB was determined down to
240 K at pH 8.0 while at pH 10.5 it was only measured to
260 K becauseΦ falls to zero at this pH and temperature
(Figure 4). The back-reaction rate,kBP

obs, is 2-fold slower in
60% glycerol than in aqueous solution even at room
temperature and low pH. Thus,∆GAB is 20 meV more
favorable in this cryosolvent. This change has been previ-
ously ascribed to dehydration of the protein due to the
osmotic stress from the glycerol used in the cryosolvent (41).

The reaction entropy and enthalpy are derived from the
temperature dependence of the equilibrium constant (Table

1). Again the temperature dependence at pH 8.0 is used to
determine the thermodynamic parameters for the electron
transfer between protonated reactant and product, while
measurements at pH 10.5 provide the entropy and enthalpy
for the reaction from stateR to state B.∆GRB depends on
the temperature dependence of the pH, which is a function
of the buffer∆H. The buffer∆Sand∆H were obtained from
the literature (39).

The thermodynamics of the reactions connectingR and
A with B are given in Table 1. At pH 10.5 the entropy of
the three states is ordered B< A < R (R the most favorable),
while the enthalpy is also ordered B< A < R (B the most
favorable). Thus, electron transfer to QB from either P+QA

-

substate has a modest, favorable driving force with a
favorable∆H and unfavorable∆S. Each reaction becomes
more favorable with decreasing temperature. Since theR to
B reaction has a larger∆S, ∆GRB is somewhat more
temperature dependent than∆GAB. Thus, pKR shifts to higher
pH as the temperature is decreased, so pKR changes from
9.7 (298 K) to≈13.5 (200 K). The buffer pK also decreases
with increasing temperature, so a Caps solution at pH 10.5
(298 K) would shift to have a pH of≈13.5 at 200 K.

The R to B reaction is a two-step process. One is the
transition from A to B which was investigated directly at
low pH. The other is the transition fromR to A which is
subdivided here into the proton binding by the RCs if the
pH were assumed to be temperature independent and a
second term which provides a correction for the change in
pH with temperature. At pH 10.5, above pKR at 298 K, proton
binding is unfavorable. Proton binding to RCs has a favorable
enthalpy and unfavorable entropy. The temperature correction
to the pH, accounting for the energetics of buffer deproto-
nation, adds an unfavorable enthalpy and favorable entropy
term to∆GRB. The solution pH increases with temperature,
at a rate that is somewhat smaller than the change in RC
pKR.

Kinetic Simulation of the Barriers for Electron Transfer.
The rate of formation of B at a given pH and temperature is
determined from the quantum efficiency (Φ) using eq 1
(Figure 3). The theoretical lines through the data represent
a simulation given the following kinetic model.

(1) The reaction rate can be obtained assuming that state
A can go on toR (at kAR) to B (atkAB) or to the ground state
(at kAP) and is formed fromR (at kRA) or B (kBA). StateR
can go to A or the ground state and is re-formed from A.
State B can go to A or the ground state and is formed from
A. State B andR do not interconvert directly but must pass
through A. Formation of the ground state is irreversible.
Thus, there are six rate constants (kAB andkBA; kAR andkRA;

Table 1: Reaction Thermodynamics for theR, A, and B Substatesa

meV at 298c

R to B
(pH 10.5)

∆GRâ )

A to B
(pH 8.0)b

∆G°AB +

RC proton uptake
(pH 10.5)d

2.3kbT (pH25°C - pKR) +

temp correction buffer pH
(pHT)e

2.3kbT (pHT - pH24°C)

∆G -45 ( 5 ) -90 ( 10 + 45 ( 11 + 0
∆H -330( 10 ) -230( 20 + -603( 22 + 503( 1
-T∆S -(-285( 10) ) -(-140( 20) + -(-648( 22) + -(503( 1)
a The equilibrium free energy, enthalpy, and entropy change between A,R, and B are derived from Figure 4.b ∆GAB is measured at pH 8 and

is assumed to be pH independent.c T∆S and the resultant∆G are given at 298 K.∆H is assumed to be temperature independent.d Assuming the
Caps buffer pH (10.5 at 298 K) is temperature independent. The parameters for proton uptake by RCs are derived from the data in the other three
columns.e Correction for the buffer pK shift. pHT is the pH at the temperature of measurement calculated given the buffer proton dissociation
enthalpy (39). The room temperature Caps pK is 10.4.

FIGURE 4: Temperature dependence of the equilibrium constant
K(A)B between P+QA

- (A and R substates) and P+QB
- calculated

from the rate of charge recombination (eq 3). The temperature
dependence ofKAB is determined from the data at pH 8.0 and for
KRA at pH 10.5. At intermediate pHs the equilibrium constant is
obtained, given∆GRB ) ∆GRB (at pH 10.5)+ 2.3kbT (pH -10.5)
which assumes that the difference in pH of the different buffers is
temperature independent. The parameters obtained are given in
Table 2. Symbols:[, pH 7.0;9, pH 8.7;0, pH 9.0. The symbols
at other pHs are the same as in Figure 2.
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kAP and kBP). All reactions which do not involveR are
unimolecular, with rates that depend only on the reactant
concentration and a unimolecular rate constant. As before,
kAP is taken as 10 s-1 andkbp as 0.1 s-1.

(2) The rate of electron transfer between A and B is

h is Planck’s constant.
(3) The electron transfer fromR to A is bimolecular as it

depends on proton binding. The psudo-first-order ratekRA

is

wherek0 is the pH-independent, second-order rate constant.
The thermodynamic parameters for the reaction from A to
B are pH independent. The values derived at pH 10.5 are
used for theR to B reaction. The 10pH-10.5 term corrects the
free energy to account for the change in proton concentration
at the pH of measurement. The entropy and enthalpy at pH
10.5 are found in Table 1.

(4) The initial conditions assume that A andR are at
equilibrium given the pH and pKR, while there is no B. So

Given the kinetic model and the thermodynamic param-
eters in Table 1, the fraction of P+QA

- that reaches the P+QB
-

state,Φ, can be modeled as a function of pH. The activation
energies, enthapies, and entropies are given in Table 2. The
simulation using the three-state model is generally consistent
with the experimental data. Accurate assessment of the error
for these parameters is difficult to obtain. However, limits
were estimated from visual inspection to determine when
the calculatedΦ no longer models the data.

The activation barriers are given relative to the protonated
P+QA

- state (A) (Figure 3). These are pH independent. The
pH dependence of the reaction can be derived as described
in eq 5. The second-order rate constant for proton uptakek0

is ≈1012 M-1 s-1 (298 K). A smaller, perhaps more realistic,

bimolecular rate is obtained if the protonated buffer (buffer‚
H+) is the donor. Here the observed rate would be

With 10 mM buffer, a pKacceptorof ≈7 (e.g., surface His),
and pKdonor≈10 for the buffer,k0 will be of the order of 107

when kRB
obs is ≈102 (Φ ≈ 50%). The nature of the proton

donor andk0 rate do not affect the values in Tables 1 and 2.
The substantial∆HAR

q of 830 meV for A to release a
proton (A toR) is twice that found for the barrier for electron
transfer (A to B).∆SAR

q is actually favorable (-210 meV at
298 K) while∆SAB

q is moderately unfavorable. In each case
the ranking of the barriers is consistent with the relative free
energy change of the respective reactions. Thus, moving from
A to B has a favorable∆H, while A to R does not. In
contrast,R has a larger entropy than A.

Model II. The simulation predicts that the quantum yield
at low pH will decay faster at low temperature than is found
(Figure 2). This suggests the presence of a protonated reactant
state with a smaller barrier to reaction. A state of this kind
has been previously characterized (17, 23). Model I was
therefore modified to include an active state (A*) in
equilibrium with the other two P+QA

- states (A andR). The
barrier to the QA- to QB electron transfer in this conformation
is assumed to be so low that the electron transfer from A*
does not slow significantly with temperature. Thus, A* is
≈40 meV above the protonated P+QA

- state and proceeds
to P+QB

- instantaneously after the actinic flash. For simplic-
ity ∆SAA* is assumed to be zero. The equations for model I
remain the same, and only the initial condition is changed
to

The results of the two simulations are compared in Figure
2. The low-temperature tail of the freeze out curve at low
pH is fitted better with model II. However, the quantum
efficiency is overestimated in the pH region near pKR.
Making ∆GAB

q smaller reduces this error, but now the
quantum yield at low pH and low temperature is again
underestimated. Thus, there are some systematic differences
between the model and the data. Possible flawed assumptions
are that only the level ofR shifts relative to other states when
the pH is changed and that∆H and ∆Hq are temperature
independent. However, the current data set is not large
enough to justify adding more parameters.

DISCUSSION

The work presented here explores experimentally the
reaction pathway for electron transfer from QA

- to QB. The
reaction 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 (19, 22). In contrast,

Table 2: Barriers Separating theR, A, and B Substatesa

meV ∆Gq (298 K) ) ∆Hq - T∆Sq (298 K)

∆GAB
q 500( 100 ) 420( 80 - -80 ( 60

∆GAR
q 620( 60 ) 830( 50 - 210( 40

a Parameters are the outcome of a kinetic simulation using model 1
and the reaction thermodynamic parameters in Table 1. The results of
this model are compared with the experiment in Figure 2.

kAB )
kbT

h
exp[∆SAB

q

kb
] exp[-∆HAB

q

kbT ]
kBA ) kAB exp[∆SBA

kb
] exp[-∆HBA

kbT ] (4)

kRA ) k0[H
+] ) kAR exp[∆SAB - ∆SRB

10.5

kb
] ×

exp[-∆HAB - ∆HRB
10.5

kbT ] × 10pH-10.5 (5)

A(t ) 0) ) 1

1 + 10pH-pKR

R(t ) 0) ) 10pH-pK

1 + 10pH-pKR
(6)

k0
obs) k0[buffer‚H+] × 10(pKacceptor-pKdonor) (7)

A(t ) 0) ) 1

1 + 10pH-pKR + e-∆G0/kbT

R(t ) 0) ) 10pH-pK

1 + 10pH-pKR + e-∆G0/kbT
(8)

B(t ) 0) ) A*( t ) 0) ) e-∆G0/kbT

1 + 10pH-pKR + e-∆G0/kbT
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RC reactions where electron tunneling is rate determining
show the dependence on the driving force predicted by Mar-
cus electron transfer theory (22, 40). The measurement of
the rate as a function of temperature and pH allows a variety
of reactant substates to be seen and the thermodynamic and
kinetic parameters connecting these states to be determined.

The pH dependence of the QA
- to QB electron transfer

has been previously measured at room temperature (53). The
rate is constant below pH 9 and decreases with an apparent
pK of 9.5. The model proposed here is fully consistent with
this. It is well established that QB is not directly protonated
in the semiquinone state (54), so the observed pKR results
from proton binding by amino acids close to QB. The kinetic
measurements reported here cannot directly identify the
atomic changes in the RCs that differentiate the A,R, and
A* substates. However, several mutants have been found to
have a pH dependence that is different from wild-type RCs
at room temperature. For example, mutation of Glu L212, 4
Å from QB, to Gln eliminates the fall off in rate at high pH
(55), while in the Asp L213 to Asn mutant the pK is shifted
to below 7 (50). Glu L212 and/or the closely coupled Asp
L213 are likely to be the proton binding site with a pK of
≈9.5 (30, 50, 55-58). The temperature dependence ofΦ is
currently being investigated for several QB site mutants.

Three substates of P+QA
- are used to simulate the

temperature dependence of the rate of electron transfer. A
single reactant state with a pH-dependent reaction barrier
cannot yield the stretched, bimodal behavior of the freeze
out curve at pH∼ pKR. However, two substates (A andR)
with a pH-dependent equilibrium between them can. Near
pKR at low temperature the rate of proton binding (kRA) is
slower than the rate of electron transfer in the protonated
reactant (kAB) so both substates are seen in the reaction
kinetics.

The model assumes a sequential mechanism where the
unprotonatedR state must bind a proton to form A before B
can be formed. Electron transfer inR would lead to the
formation of an unprotonated P+QB

- state (â) as an
intermediate. The proton binding groups are predominately
near QB. Thus, the energy difference between A andR is
modest as the electron on QA is interacting with ionized,
acidic residues in the QB site (59, 60). In contrast, aâ state
would require QB

- to be formed quite close to a cluster of
unprotonated acidic residues (30). Thus,â would be expected
to be at much higher energy than B and so is ignored.

Characterization of ActiVe Substates at Low Temperature.
There is still a significant barrier between the A and B states.
Given statesR, A, and B with the parameters in Tables 1
and 2, there should be no reaction below 200 K. However,
the minimum quantum yield remains≈10% at low pH
(Figure 2). The free energy of P+QA

- was previously found
to rise by ≈1 meV/K below 210 K (16), decreasing the
barrier between A and B favoring electron transfer. However,
this correction to the simulation is too small to explain the
observed residual activity. As described in model 2, equili-
bration of A with a nearby, active A* substate≈40 meV
above A between flashes will yield the observed low-
temperature activity.

When RCs are frozen in the light in the P+QB
- state, the

P+QA
- subsequently formed on photoexcitation goes on to

P+QB
- with 100% quantum yield even at temperatures below

40 K (17, 23). Thus, light-adapted RCs return to the ground

state in a high-energy substate where the conformational
changes required for reaction are frozen in. Preliminary
measurements suggest that electron transfer occurs in less
than 10µs at 40 K (Xu and Gunner, unpublished results).
This rate is closer to that found in RCs where electron
transfer is rate limiting (22) than to the 100µs rate found at
room temperature for the gated reaction (19, 22).

When the temperature of light-adapted RCs is raised to
≈200 K, the active RCs establish an equilibrium with an
inactive population on the minutes time scale. Thus, in both
dark-adapted RCs as well as in light-adapted protein (17) at
≈200 K there an inactive state (A here) in equilibrium with
an active form (A*). Approximately 10% of the RCs are in
the A* state (Figure 2), while≈30% of the light-adapted
RCs remain active at the same temperature. The active
fraction is used to estimate that A* is≈40 meV above A
while in the light-adapted RCs the active and inactive states
are separated by a smaller amount (≈20 meV).

The inactive substate found in light-adapted RCs appears
to be higher in energy than the inactive dark-adapted state,
A. Since active and inactive substates are in equilibrium,
this implies that the active substates in light- and dark-
adapted RCs are different. The light-adapted RCs may freeze
in many changes that occur on formation of a relaxed B state
at room temperature while A* has only the minimum
conformational changes needed for electron transfer. The
P+QB

- substates formed in light- and dark-adapted protein
would then be different. Presumably in the dark-adapted RCs
the product is more similar to the reactant and at higher
energy. Thus, there are multiple inactive and active substates
that can be characterized in properly prepared protein.

Possible Sources of the Reaction∆S. From A or R to B
the reaction has a favorable enthalpy and unfavorable
entropy. The QA site is fairly rigid. From room temperature
to ≈200 K reduction of QA by BPh- has little∆S (16, 61).
Thus the QB site is likely to be the source of the changes
that underlie∆SAB and∆SRB. It has been suggested that the
cluster of acidic residues exists in a distribution of ionization
states with different locations of polar side chains in the
ground, A, orR states (30, 58). In particular, Glu L212 or
Asp L213 and L210 may share one or two protons so each
is only partially ionized. In addition, QB itself may be
distributed between the distal and proximal sites (12, 62) in
an equilibrium that depends on the ionization state of the
acidic cluster (32, 34). There are only modest differences
between the energies of these different microstates (30). In
contrast, in the B state the charge on QB

- reorganizes these
groups. Now QB

- is only in the proximal binding site, and
the nearby L212 and L213 are neutral. These changes
stabilize the B state, so∆H is favorable but would reduce
the entropy of the system.

Temperature Dependence of the Solution pH.There is little
proton uptake moving between the A and B states (46) so
this reaction is treated as being pH independent. However,
a proton is bound in the transition betweenR and A states.
The temperature dependence of the buffer pH creates
problems for any thermodynamic analysis of pH-dependent
reactions. Remarkably, in RCs it is possible to determine
reaction free energies in situ using rates of reactions which
involve preequilibration with a higher energy state (eq 3,
Figure 4). Thus,∆GAB and ∆GRB and their temperature
dependence are determined here at the same time as the
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electron transfer from QA- to QB is measured (Table 1).
However, the buffer temperature dependence does influence
∆GRB. This contribution must be removed to obtain the
thermodynamic parameters connecting the protonated and
unprotonated P+QA

- states A andR. The temperature
dependence of various buffers has been measured previously
in aqueous solution from 0 to 50°C (36, 39) or in cryosolvent
from -50 to 20°C (37, 38). The temperature dependence
of the buffers used here was reported to be about-0.03/°C,
except for Mes and Hepes where the value is-0.01/°C. The
change in pH measured here between 278 and 298 K in the
glycerol/buffer mixture is consistent with earlier reports.
Given the literature values for the Caps buffer∆H, the
contribution of proton binding to RCs can be extracted from
the measured thermodynamic parameters for theR to A
transition. Proton binding, presumably into the ionized acidic
cluster near QB, has a favorable∆HRA and unfavorable∆SRA.

Barriers between Substates.The temperature dependence
of the QA

- to QB electron transfer rate at neutral pH has
been measured previously near room temperature (20, 21).
These measurements follow spectral shifts associated with
the reaction providing a lifetime of≈100µs for the reaction
at room temperature. Early studies where the kinetics were
fit by one exponential provided an activation enthalpy of
14.3 kcal/mol (47). In more recent results, the electron
transfer kinetics were resolved into two exponential phases,
with ∆Hq of 2.7-4.5 kcal/mol. A slower phase, which has
been identified as monitoring primarily relaxation following
the electron transfer, has an∆Hq of 9.5-11.5 kcal/mol (20,
21). The∆HAB

q of 9.7 kcal/mol determined here is closer to
the slowest room temperature transients. However, the use
of Φ to measure the rate is only sensitive whenkAB or kRB

is near the competingkAP. Thus, at each pH the rate can
only be determined over a limited temperature range. While
the simple model shown here simulates the entire data set
fairly well, future measurements will be needed to directly
measure the rate of QB reduction, better connecting low and
room temperature results.

Heterogeneous Reaction Kinetics.One significant ap-
proximation in the model is that each substate is treated as
a homogeneous population with single exponential rate
constants connecting them. This assumption is used when
k(A)B is derived fromΦ (eq 1) and in the kinetic simulation.
In the real protein each substate is likely to consist of an
inhomogeneous population of individual microstates so
reaction kinetics will show distributed rates (63, 64). The
conversion among the microstates is usually fast enough at
room temperature so the reaction appears homogeneous.
However, direct measurements of electron transfer from QA

-

to QB show increasingly inhomogeneous kinetics when the
temperature is lowered (20). Thus, part of the measured rate
falloff with temperature will not be due to the barriers
between A,R, and B as assumed here. Rather, the increasing
importance of slower individual microstates within each
substate also plays a role. This increases the temperature
dependence, causing both∆Hq and the rate extrapolated to
infinite temperature to be too large. For example, if the rate
were distributed over 2 orders of magnitude at 200 K,∆Hq

would be 30% smaller, decreasing the height of the estimated
barrier, while ∆Sq would be ≈120 meV (298 K) less
favorable than reported here.

Bimolecular Rate Constant for Proton Binding.Previous
measurements of the temperature dependence of the Caps
buffer pK (39) allows independent consideration of the RC
and buffer contribution to the thermodynamics of the A and
R reaction. However, proton release by the buffer, proton
binding by the RCs, internal proton transfer, or other motions
in the protein are all candidates for the rate-determining step
whose barrier is being measured. The apparent bimolecular
rate constant of 1012 M-1 s-1 for the proton uptake (298 K)
is larger than expected for a simple diffusion-limited reaction
(65). However, this is consistent with earlier measurements
in RCs. The bimolecular rate of proton binding to P+QA

-

RCs was found to be 2× 1013 M-1 s-1 at pH 10 at room
temperature (66). The rate was weakly viscosity dependent
and had a larger activation energy (>350 meV) than expected
for diffusion of a proton (80-150 meV) (66). The rate-
determining step for proton binding was proposed to be
internal proton motions rather than proton diffusion itself.
The bimolecular rate constant determined here is smaller than
in the previous room temperature measurements while the
activation energy is larger. The overestimate of∆HRB

q due
to the assumption of a homogeneous reaction rate may
contribute. In addition, the reaction is being determined at a
much lower temperature here, and the discrepancy could be
due to temperature dependence of∆HRB

q . Last, the earlier
values monitor proton uptake directly while the measure-
ments here follow the rate of formation of a state which is
competent to support electron transfer to QB. Thus, there may
be additional barriers in the formation of the A substate that
are missed when proton uptake is measured directly.

CONCLUSION

High-resolution structural studies of proteins can show
what atoms move when a reaction occurs. It can even be
possible to obtain structures for discrete trapped reaction
intermediates. However, the structures themselves do not
show the energy of the different substates or the activation
barriers between them. Rather, these can be determined from
the analysis of the temperature dependence of rates and
substate equilibrium constants. The challenge is then to make
the connection between the atomic structure and the substate
energy landscape. Detailed kinetic and thermodynamic
measurements where the protein, substrate, or external
conditions such as pH are changed can begin to identify the
structural features that underlie the rate-determining events.
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