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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, Q, to the secondary quinone g{s 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,
PTQa~Qg, one protonated (state A) and one unprotonated &nd one state of the product'®@.Qg~

(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 bitaizgrénsition) has

a favorableAH and unfavorablé\S as does the conformational changes required for electron transfer at
low pH (A to B). The K for the A toa transition is 9.7 at room temperature, consistent with previous
measurements, amel3.5 at 200 K. The activation barriers were determined for each transition. Both the

o to A and the A to B transitions are limited primarily by the activation enthalpy with mod&&t

Reaction rates in proteins are often determined by how factors has followed changes in calmodulin entrofy)(
fast the reactant can undergo conformational chanye.( Analysis of NMR relaxation parameters identified changes
Energy barriers associated with required transformationsin structure and mobility in active and inactive signaling
cause reactions to slow and then stop at low temperatureprotein (L5). Bacterial photosynthetic reaction centers (RCs)
(3—6). Large-scale conformational changes have been seeralso provide an excellent model system for the detailed study
in time-resolved structural studieg, (8) and by trapping of reaction substates and the barriers between tiénd 7).
reaction intermediate9{11). Crystallographic evidence for  Itis possible to initiate reactions in RCs with a pulse of light,
substrate and product being bound in different positions hasallowing synchronized, single turnover measurements over
been found in photosynthetic reaction centers (R€apped  a wide range of time scales. Reactions are reversible,
in different redox state<.@). However, if small-scale motions  allowing signal averaging. The protein is functional, and
such as changes in protonation state or hydrogen bondingreaction rates can be determined even at cryogenic temper-
are required, these will not be seen in any but the very highestatures, providing a large scope for thermodynamic measure-
resolution protein structures. ment. Last, it is possible to determine reaction free energies,

Various techniques are becoming available to monitor the and associatedH, andASat temperatures as low as 250 K
states along reaction paths. Rapid initiation of single turnover for several intraprotein reactiongf).
reactions by laser-induced temperature jumps has revealed
multiple substates for substrate binding to lactate dehydro-
genasel3). The temperature dependence of NMR structure

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
TWe are grateful for the financial support from the Department of O.f electron transfers between cpfactors bound t.o the protein

Agriculture (CREES 2001-35318-11190) and from the NIH (RR03060) Yi€ld a transmembrane separation of charge (Figurég)) (

for maintenance of central facilities. The electron transfer from the reduced primary quinone, Q
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dimer which is the primary electron donora@nd Q, primary and as Q and @ (19). However, RCs can be trapped in an active
secondary quinone electron acceptorsQR” and PQs™, reactant conformation where the electron transfer itself is now rate

(P"Qa~Qs) and product (PQAQs") redox states; A and. substates, S . : : ]
protonated and unprotontated forms R : A*, substate of POx- limiting. These conditions are met in the native chromato

with a low barrier for electron transfer togQB andp, protonated and phore membraneg() and in hybrid RCs with the ubiquino-
unprotonated PQg~ substatesKe and kas, effective equilibrium ne Q. replaced by a lower potential quinon2l( 22). In

and rate constants between all subpopulations @.P (o, A, and addition, when RCs are frozen in the produciQ@- state,

A*) and all substates of ®Qg~ under the conditions of measurement. h h d . f .
All equilibrium and rate constants have a two-letter subscript. The first they return to the ground state in a new conformation. Now

letter refers to the reactant and the second to the product substate. electron transfer occurs with high yield at low temperature
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Ficure 1: Cofactor arrangement and electron transfer pathway in
Rb. sphaeroideRCs. Q is reduced irr150 ps via BPh, leaving
an oxidized P. Then, either @ is reduced akps or electron
transfer to P at ke (10 s1) re-forms the ground stati)s and
kayp are the effective rate constants for electron transfer from the
appropriate distribution of ®Qs~ substatesd, A, and A*) under
the conditions of measurement. The quantum efficiedeyis
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430 nm with a photomultiplier (Thorn EMI 9798QB). A 10
us xenon flash lamp with a long-wavelength pass filter (750
nm) provided the actinic light. The RC concentration was
3—4 uM. 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 fromaQto Qs (Ka)s) was
obtained from the quantum yiele{ for forming the PQg~
redox stateln)s is the rate given the distribution oft®a~
substates under conditions of measurement). Whepy P
is formed by the actinic flash, the electron onQan go

decided by the competition between these two processes (eq 1)either forward to reduce §)atke)s) or back to P (atkeayp),

The substates of ®),~Qg and P QaQg~ remain at equilibrium.
Electron tunneling from either reduced quinone torBturns the
system to the ground state. Howeuege is 100 times faster than
kep (0.1 s1) (see eq 3).

re-forming the ground state (Figure 1). Since the reactant
PtQa~ decays akpa)s 1 ke, kias cannot be measured when

it is much slower thankppe; Kapg is determined most
accurately from® whenkpne ~ Kap (40); and it can be

without the need to cross the barrier imposed by the normal Measured directly whekys > keye. Thus, @ provides a

conformation changedd, 23).
X-ray crystallography12, 24) and other experimental {,
25-28) and computational20—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, Qis about 2.7 A closer to Qthan in protein

frozen in the dark. The shift of the quinone position has been

proposed to be the conformational gating stEp) 24). Other

studies suggest that shifts of internal protons or changes in

hydrogen-bonding pattern may also play a rdl@ @0, 32).
RCs can be prepared so the electron transfer framtQ

Qg 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 fropT Q
to Qs was determined from room temperature to 260 K from

limited window onkgaye. The direct measurement of the
submillisecondkg is difficult since there are only small
differences in the RC spectra to differentiate RCs wiift Q
or Q™ (17, 21, 41). In contrast, measurement df used
here follows the large changes in absorption as€urns
to P on the millisecond time scale.

@ is determined given the amplitude of the slofg)and
fast (Ar) components of the Pcharge recombination. The
slower component<{1 s %) follows charge recombination
from P*Qg~ while the faster component-(l0 s) is the
charge recombination from™®,~ (17). Thus

_ A ke
AS + AF k(A)B + k(A)P
Given Kkpap, ® provides k. kap can be measured

independently in RCs with nogand is essentially temper-
ature @2, 43) and pH @4) independent. In the samples used

P

(1)

pH 6 to pH 10.5. Some conformational change determines here the RCs are 865% saturated with ubiquinonesQ

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 sphaeroidemngineered poly-
histidine-tagged RCs36) and ubiquinone reconstitution of
Qg have been described previouslyr). pH buffers (10 mM),
Mes (pH 5.5-6.5), Hepes, (6.98.0), Tris, (7.5-8.5), Ches
(8.6-10.0), and Caps (9-711.1) were used (ranges in
parentheses for pHs at 2&). At 5 °C the pH is 0.50.6
unit higher for all buffers except Mes and Hepes where the
pH increases by 0:20.3 unit. This is consistent with
previous reports 36—39). The effect of the temperature

The fraction which cannot form®g~ is determined at room
temperature. Her@ is ~1 if the Q site is occupied, since
kg = K. The appropriate amplitude is subtracted from
Ar befored is calculated, which assumesg Qite occupancy

is temperature independent. Equation 1 assumes single rate
constants fokae andkaye. The impact of a distribution of
rates on the analysis will be discussed below.

The temperature dependence o Qformation was
measured from pH 6 to pH 10.5 in the temperature range
180300 K (Figure 2).® decreases as the temperature is
lowered until no @ is formed. At higher pH the reaction
freezes out at warmer temperature. At pH near 9.7, the
temperature dependencedfhas a more stretched, bimodal
shape. The temperature-dependent decreade rimonitors

dependence of the pH on the derived values will be explored the slowing of the @ to Qg electron transfer ratéue.

below.

The pH dependence ob indicates that the reaction is

The low-temperature optical setup has been described independent on proton binding.

detail previously 7). The charge recombination kinetics
were measured by monitoring the decay of thesiynal at

Model of the ReactionTo fit the temperature and pH
dependence ab (Figure 2), a model with at least three states
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Ficure 2: Temperature dependence of the quantum efficiency for
the Qu™ to Qg electron transfer. A@ = 10%, 50%, and 90%x)s

= 1, 10, and 100 &, respectively. pH of the sample at room
temperature:®, pH 6.0;0, pH 8.0;0 (with x within), pH 9.3; *,

pH 9.6;@, pH 9.8;®, pH 10.0;+, pH 10.2;A, pH 10.5. The solid
line is the result of the simulation using model | (Figure 3) and the
dashed line model Il. 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.
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Ficure 3: Reaction coordinate for electron transfer fromyQo
Qg. Three states are showm, the unprotonated, and A, the
protonated reactant statet®,~) and B, the protonated product
(P*Qg"). The free energy difference and barrier between A and B
are assumed to be pH independent. However, A and B shift with
respect toa as the pH changes.

is needed (Figure 3). The reactant@~ redox state can be
protonated (A) or unprotonated); The two populations are
in equilibrium with an apparentfy, of 9.7 (room temperature

Xu and Gunner

is AGXB. At high pH RCs are in the unprotonated)(
reactant state. Now the taller, pH-dependent proton uptake
barrier must be crossedAGL, is the barrier for the
pH-independent transformation from A ta The forward
direction activation energy for proton binding&(GZA) is
AGXQ + 2.3, T(pH — pKy). When the pH is nearif,, there
is initially a mixed population of protonated and unprotonated
reactant. Both are seen in the stretched temperature depen-
dence of® because at low temperatugg, is enough slower
thankag thato and A do not remain at equilibrium during
the lifetime of the PQa~ state. If AGag and AGyg are
known, then the dependence df on temperature will
provide AG;; and AG,; and the associated activation
entropies and enthalpies.

Free Energy, Enthalpy, and Entropy Change between A,
o, and B.In RCs the equilibrium constant betweeh@ "~
and P Qg™ can be determined in situ from the rate at which
P*Qg~ returns to the ground state (RQs) (K32 (44, 47,
48). There are two pathways for charge recombination. One
is direct electron tunneling from § to P (at kgp). The
second is an uphill pathway re-forming ®.~, 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 th©P
(A or o) 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
AGag. At high pH the protonated product equilibrates with
the unprotonated reactantd)( with AGEQ = AGpg +
2.3 T(pH — pKy). At room temperatureAGag = AGgyg at
pH 9.7, identifying this as the Ky, for proton uptake.
Assuming equilibrium between Aq, and B, the charge
recombination rate is

kgk;s: Kgp T KaplA] + K pla] =
kAPe—AGBA/ka + kape—AGBa/ka

kBP+ 1+ e—AGBA/ka + e—AGBu/ka

(3a)

The P'Qa~ charge recombination rat&sf) is relatively pH
independent s&qp is assumed to equéthe. Equation 2 can

values of the pH are given). The product state (B) is assumedthen be transformed to recover the more familiar formula
to be always protonated. Below pH 8 there is less than 0.3 (44, 47, 48):

proton bound from solution on electron transfer from Q

to Qs (45, 46). Thus, protonated reactant and product states
have essentially the same number of protons bound, so a
the pH changes, the energy of A and B changes by the same

amount, keepind\Gag 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 a.. Thus,AGpg is assumed to be pH independent, while

ééé‘fj: Kep +

Kap .
141 /(e—AGBA/ka + e—AGBa/ka) -
Kap
Kep 1+ Kug

(3b)

whereK)s is the measured equilibrium constant between

the free energy of the reaction from the unprotonated reactantP"Qs~ (B) and PQa~ (A and/or o) found at a given pH

(AGqg) is pH dependent with
AG,g = AGpg + 2.3, T(pH — pK) 2

T is the temperature, arlj is the Boltzman constant. The

and temperature. Botkppe (42, 43) and kgp (17, 49) are
only slightly temperature dependent above 200kKye is
assigned to be 1075 and kgp 0.1 st (17, 50-52). The
temperature dependence AG,g is determined at pH 8.0
where PQa~ is fully protonated, while the temperature

rate-determining step for electron transfer depends on thedependence oAGg is determined at pH 10.5 where the

pH. At low pH the reactant is in the A state and the barrier

unprotonatedx state predominates (Table 1).
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Table 1: Reaction Thermodynamics for theA, and B Substatés

otoB AtoB RC proton uptake temp correction buffer pH
(pH 10.5) (pH 8.0p (pH 10.5§ (pHr)®
meV at 298 AGqﬂ = AG°ap + 2.3 T (pH25°c — pKa) + 2.3 T (pHT — pH24°c)
AG —45+5 = —90+ 10 + 45+ 11 + 0
AH —330+ 10 = —230+ 20 + —603+ 22 + 503+1
—TAS —(—285=+ 10) = —(—140+ 20) + —(—648+ 22) + —(503+ 1)

aThe equilibrium free energy, enthalpy, and entropy change between #&yd B are derived from Figure BAGug is measured at pH 8 and
is assumed to be pH independentAS and the resultanAG are given at 298 KAH is assumed to be temperature independeAssuming 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.® Correction for the buffer I§ shift. pHr is the pH at the temperature of measurement calculated given the buffer proton dissociation
enthalpy 89). The room temperature Cap& s 10.4.

Temperature (K) 1). Again the temperature dependence at pH 8.0 is used to

300 270 240 determine the thermodynamic parameters for the electron
25 T T T T T o transfer between protonated reactant and product, while
* measurements at pH 10.5 provide the entropy and enthalpy

for the reaction from statel to state B.AG,s depends on
the temperature dependence of the pH, which is a function
of the bufferAH. The bufferASandAH were obtained from
the literature 89).

The thermodynamics of the reactions connectingnd
A with B are given in Table 1. At pH 10.5 the entropy of
the three states is orderedBA < a (o the most favorable),
while the enthalpy is also ordered BA < a (B the most

2.0

lOgK(A)B
o

1.0 pH 10.5 favorable). Thus, electron transfer t@ @om either PQa~
a substate has a modest, favorable driving force with a
L I | ! favorableAH and unfavorablé\S Each reaction becomes
34 36 38 40 more favorable with decreasing temperature. Sincautte

3
1/Temperature (1/K) x10 B reaction has a largeAS AG.s is somewhat more
Ficure 4: Temperature dependence of the equilibrium constant temperature dependent thAGas. Thus, K, shifts to higher

K)s between PQ,~ (A and o substates) and®s~ calculated .
from the rate of charge recombination (eq 3). The temperature pH as the temperature is decreased, K@ ghanges from

dependence df s is determined from the data at pH 8.0 and for 9.7 (298 K) t0~13.5 (200 K). The buffer K also decreases
Kaa at pH 10.5. At intermediate pHs the equilibrium constant is with increasing temperature, so a Caps solution at pH 10.5
otrJ]t_awed, glvemc'iuB T] A(?%B (at pH 10-3)4} 2H3<taT_ﬁ(pH —1b0-f?) ~ (298 K) would shift to have a pH 0f13.5 at 200 K.

which assumes that the difference in pH of the different buffers is Lo ;
temperature independent. The parameters obtained are given in Th_e_o. to B reaction is a t\No-st_ep Process. Qne Is the
Table 2. Symbols:®, pH 7.0;M, pH 8.7;0, pH 9.0. The symbols  transition from A to B which was investigated directly at

at other pHs are the same as in Figure 2. low pH. The other is the transition from to A which is
subdivided here into the proton binding by the RCs if the
At an arbitrary pHAGg is assumed to bAG,s (at pH pH were assumed to be temperature independent and a

10.5)+ 2.3, T(pH —10.5). The room temperature pH is used second term which provides a correction for the change in
here. The solution pH is quite temperature dependent. pH with temperature. At pH 10.5, abov&pat 298 K, proton
However, the buffers used (Tris, Ches, and Caps) have verybinding is unfavorable. Proton binding to RCs has a favorable
similar temperature dependen@6{39). The estimate of  enthalpy and unfavorable entropy. The temperature correction
AGyg thus assumes that the pH differs from the buffer at to the pH, accounting for the energetics of buffer deproto-
pH 10.5 (298 K) by the same amount at all temperatures. nation, adds an unfavorable enthalpy and favorable entropy
The lines forKag at intermediate pHs in Figure 4 are thus term toAGug. The solution pH increases with temperature,
not the best fit tok32 but are derived fromAGag deter- at a rate that is somewhat smaller than the change in RC
mined at the lowest pHAG,g obtained at the highest pH,  PKa.
and the assumption that the difference in pH of different Kinetic Simulation of the Barriers for Electron Transfer.
samples is the same at each temperature. The rate of formation of B at a given pH and temperature is
The equilibrium constanKag was determined down to  determined from the quantum efficiencyp) using eq 1
240 K at pH 8.0 while at pH 10.5 it was only measured to (Figure 3). The theoretical lines through the data represent
260 K becaused falls to zero at this pH and temperature a simulation given the following kinetic model.
(Figure 4). The back-reaction ra t;,s, is 2-fold slower in (1) The reaction rate can be obtained assuming that state
60% glycerol than in aqueous solution even at room A can go on tox (atka,) to B (atkag) or to the ground state
temperature and low pH. Thug\Gag is 20 meV more (at kap) and is formed fromu (at kea) Or B (Ksa). Stateo
favorable in this cryosolvent. This change has been previ- can go to A or the ground state and is re-formed from A.
ously ascribed to dehydration of the protein due to the State B can go to A or the ground state and is formed from
osmotic stress from the glycerol used in the cryosolvét ( A. State B andx do not interconvert directly but must pass
The reaction entropy and enthalpy are derived from the through A. Formation of the ground state is irreversible.
temperature dependence of the equilibrium constant (TableThus, there are six rate constarkgs(andkga; kaq andkga;
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Table 2 Barriers Separating the A, and B Substatés bimolecular rate is obtained if the protonated buffer (buffer
H™) is the donor. Here the observed rate would be
meV  AGF(298K) = AH? -  TAS (298K)
AG,; 500+ 100 = 420+80 - —80+ 60 kgbsz ko[buffer.H+] % 1.0fPKacceptorPKdonod 7)
AG,, 620460 = 830+50 - 210+ 40

aParameters are the outcome of a kinetic simulation using model 1 With 10 mM buffer, a IKacceptorOf_ ~T7 (e.g., surface His),
and the reaction thermodynamic parameters in Table 1. The results ofand fKqonor 10 for the bufferko will be of the order of 10

this model are compared with the experiment in Figure 2. when Ogs is ~10 (@ ~ 50%). The nature of the proton
. ' . donor andkg rate do not affect the values in Tables 1 and 2.
kap and kep). All reactions which do not involvex are The substantiaAH}, of 830 meV for A to release a

unimolecular, with rates that depend only on the reactant proton (A toa) is twice that found for the barrier for electron
concentration and a unimolecular rate constant. As before, i ansfer (A to B) ASZ is actually favorable£210 meV at
- o

i 1
kAPZ'S t?]ke” as 1f07|§ andkg, as (f)'l s : 4B 298 K) while AS, is moderately unfavorable. In each case
(2) The rate of electron transfer between A and B is the ranking of the barriers is consistent with the relative free

T A AHE energy change of the respective reactions. Thus, moving from
Kng =klex;{ AB ex;{ AB A to B has a favorableAH, while A to o does not. In
h Ky k, T contrast,o. has a larger entropy than A.
A AH Model Il. The simulation predicts that the quantum yield
Kgn = Kag €X Sea e BA (4) at low pH will decay faster at low temperature than is found
A AB k, k, T (Figure 2). This suggests the presence of a protonated reactant

state with a smaller barrier to reaction. A state of this kind
h is Planck’s constant. has been previously characterizeli7,(23). Model | was
(3) The electron transfer from to A is bimolecular as it~ therefore modified to include an active state (A*) in
depends on proton binding. The psudo-first-order fate equilibrium with the other two PQ,~ states (A and). The

is barrier to the Q~ to Qg electron transfer in this conformation
is assumed to be so low that the electron transfer from A*

N ASg — ASﬁ% does not slow significantly with temperature. Thus, A* is

Kaa = Ko[H '] = Ky €X T X ~40 meV above the protonated®,~ state and proceeds

10. to P'Qg~ instantaneously after the actinic flash. For simplic-
exp{ AHpg — AHaBg‘ « 107195 (5) ity ASw is assumed to be zero. The equations for model |

kT remain the same, and only the initial condition is changed
to
wherek, is the pH-independent, second-order rate constant. 1
The thermodynamic parameters for the reaction from A to Alt=0)= — -
B are pH independent. The values derived at pH 10.5 are 14 1QPHPKe 4 g AGdeT
used for thex to B reaction. The 101%5term corrects the LMK
free energy to account for the change in proton concentration o(t=0)= T —AGTT (8)
at the pH of measurement. The entropy and enthalpy at pH 1+107 e +e
10.5 are found in Table 1. o AGoksT
(4) The initial conditions assume that A amdare at B(t=0)=A*(t=0)= T Gt
equilibrium given the pH andify,, while there is no B. So 1+10°7" ™ +e
1 The results of the two simulations are compared in Figure
At=0)=——1"c 2. The low-temperature tail of the freeze out curve at low
1+10° ‘ pH is fitted better with model Il. However, the quantum
10PHPK efficiency is overestimated in the pH region nedf.p
a(t=0)= T4 157 (6)  Making AGi; smaller reduces this error, but now the

guantum yield at low pH and low temperature is again
Given the kinetic model and the thermodynamic param- underestimated. Thus, there are some systematic diﬁereqces
eters in Table 1, the fraction of P~ that reaches the'®g between the model and the_data. P(_)ssmle flawed assumptions
state,®, can be modeled as a function of pH. The activation &€ that pnly the level ak shifts relative to other states when
energies, enthapies, and entropies are given in Table 2. Théhe PH is changed and thatH and AH* are temperature
simulation using the three-state model is generally consistentindependent. However, the current data set is not large
with the experimental data. Accurate assessment of the erro£nPugh to justify adding more parameters.
for these. parameters is dlfflc_ult to o'btam. Howevgr, limits DISCUSSION
were estimated from visual inspection to determine when
the calculatedP no longer models the data. The work presented here explores experimentally the
The activation barriers are given relative to the protonated reaction pathway for electron transfer from Qo Qs. The
PTQa~ state (A) (Figure 3). These are pH independent. The reaction is not limited by the electron tunneling reaction itself
pH dependence of the reaction can be derived as describedbut is gated by unknown conformational changes. This has
in eq 5. The second-order rate constant for proton ugtake been established by the observation that the reaction rate is
is~10"”M~1s1(298 K). A smaller, perhaps more realistic, independent of the reaction driving forc9(22). In contrast,
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RC reactions where electron tunneling is rate determining state in a high-energy substate where the conformational
show the dependence on the driving force predicted by Mar- changes required for reaction are frozen in. Preliminary
cus electron transfer theorgZ, 40). The measurement of measurements suggest that electron transfer occurs in less
the rate as a function of temperature and pH allows a varietythan 10us at 40 K (Xu and Gunner, unpublished results).
of reactant substates to be seen and the thermodynamic an@his rate is closer to that found in RCs where electron
kinetic parameters connecting these states to be determinedransfer is rate limitingZ2) than to the 10Q:s rate found at
The pH dependence of theaQto Qs electron transfer  room temperature for the gated reactids®,(22).
has been previously measured at room temperaf@eThe When the temperature of light-adapted RCs is raised to
rate is constant below pH 9 and decreases with an apparen&200 K, the active RCs establish an equilibrium with an
pK of 9.5. The model proposed here is fully consistent with inactive population on the minutes time scale. Thus, in both
this. It is well established thatgJs not directly protonated  dark-adapted RCs as well as in light-adapted proteif &t
in the semiquinone staté&4), so the observediq, results ~200 K there an inactive state (A here) in equilibrium with
from proton binding by amino acids close t@.@ he kinetic an active form (A*). Approximately 10% of the RCs are in
measurements reported here cannot directly identify thethe A* state (Figure 2), whilex30% of the light-adapted
atomic changes in the RCs that differentiate theoAand RCs remain active at the same temperature. The active
A* substates. However, several mutants have been found tofraction is used to estimate that A* 40 meV above A
have a pH dependence that is different from wild-type RCs while in the light-adapted RCs the active and inactive states
at room temperature. For example, mutation of Glu L212, 4 are separated by a smaller amows20 meV).
A from Qg, to GIn eliminates the fall off in rate at high pH The inactive substate found in light-adapted RCs appears
(55), while in the Asp L213 to Asn mutant thé&gs shifted to be higher in energy than the inactive dark-adapted state,
to below 7 60). Glu L212 and/or the closely coupled Asp A. Since active and inactive substates are in equilibrium,
L213 are likely to be the proton binding site with & of this implies that the active substates in light- and dark-
~9.5 (30, 50, 55—58). The temperature dependenceddfs adapted RCs are different. The light-adapted RCs may freeze
currently being investigated for severa ®ite mutants. in many changes that occur on formation of a relaxed B state
Three substates of ®,~ are used to simulate the at room temperature while A* has only the minimum
temperature dependence of the rate of electron transfer. Aconformational changes needed for electron transfer. The
single reactant state with a pH-dependent reaction barrierP*Qg~ substates formed in light- and dark-adapted protein
cannot yield the stretched, bimodal behavior of the freeze would then be different. Presumably in the dark-adapted RCs

out curve at pH~ pK,. However, two substates (A ang the product is more similar to the reactant and at higher
with a pH-dependent equilibrium between them can. Near energy. Thus, there are multiple inactive and active substates
pK, at low temperature the rate of proton bindidgal is that can be characterized in properly prepared protein.

slower than the rate of electron transfer in the protonated Possible Sources of the Reactid. From A ora to B
reactant K.g) so both substates are seen in the reaction the reaction has a favorable enthalpy and unfavorable
kinetics. entropy. The Q site is fairly rigid. From room temperature
The model assumes a sequential mechanism where theo ~200 K reduction of Q by BPh has little AS (16, 61).
unprotonated: state must bind a proton to form A before B Thus the @ site is likely to be the source of the changes
can be formed. Electron transfer ao would lead to the that underlieASsg andAS;s. It has been suggested that the
formation of an unprotonated "Pg~ state () as an cluster of acidic residues exists in a distribution of ionization
intermediate. The proton binding groups are predominately states with different locations of polar side chains in the
near Q. Thus, the energy difference between A ands ground, A, ora states 80, 58). In particular, Glu L212 or
modest as the electron ona@s interacting with ionized, = Asp L213 and L210 may share one or two protons so each
acidic residues in the gxsite 69, 60). In contrast, & state is only partially ionized. In addition, g itself may be
would require @~ to be formed quite close to a cluster of distributed between the distal and proximal sité3 €2) in
unprotonated acidic residuedf§. Thus,5 would be expected  an equilibrium that depends on the ionization state of the
to be at much higher energy than B and so is ignored. acidic cluster 82, 34). There are only modest differences
Characterization of Actie Substates at Low Temperature. between the energies of these different microste88s (n
There is still a significant barrier between the A and B states. contrast, in the B state the charge og Q@eorganizes these
Given statest, A, and B with the parameters in Tables 1 groups. Now @~ is only in the proximal binding site, and
and 2, there should be no reaction below 200 K. However, the nearby L212 and L213 are neutral. These changes
the minimum quantum yield remains10% at low pH stabilize the B state, sAH is favorable but would reduce
(Figure 2). The free energy of®a~ was previously found  the entropy of the system.
to rise by~1 meV/K below 210 K 16), decreasing the Temperature Dependence of the Solution phere is little
barrier between A and B favoring electron transfer. However, proton uptake moving between the A and B stat&§) 60
this correction to the simulation is too small to explain the this reaction is treated as being pH independent. However,
observed residual activity. As described in model 2, equili- a proton is bound in the transition betweerand A states.
bration of A with a nearby, active A* substate40 meV The temperature dependence of the buffer pH creates
above A between flashes will yield the observed low- problems for any thermodynamic analysis of pH-dependent
temperature activity. reactions. Remarkably, in RCs it is possible to determine
When RCs are frozen in the light in the @~ state, the reaction free energies in situ using rates of reactions which
PTQa~ subsequently formed on photoexcitation goes on to involve preequilibration with a higher energy state (eq 3,
P*Qs~ with 100% quantum yield even at temperatures below Figure 4). Thus,AGas and AG.g and their temperature
40 K (17, 23). Thus, light-adapted RCs return to the ground dependence are determined here at the same time as the
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electron transfer from  to Qs is measured (Table 1). Bimolecular Rate Constant for Proton Bindingtevious
However, the buffer temperature dependence does influencaneasurements of the temperature dependence of the Caps
AGgg. This contribution must be removed to obtain the buffer K (39) allows independent consideration of the RC
thermodynamic parameters connecting the protonated andand buffer contribution to the thermodynamics of the A and
unprotonated PQ,~ states A anda. The temperature o reaction. However, proton release by the buffer, proton
dependence of various buffers has been measured previouslpinding by the RCs, internal proton transfer, or other motions
in aqueous solution from 0 to 3C (36, 39) or in cryosolvent in the protein are all candidates for the rate-determining step
from —50 to 20°C (37, 38). The temperature dependence whose barrier is being measured. The apparent bimolecular
of the buffers used here was reported to be abau03/C, rate constant of 28 M1 s1 for the proton uptake (298 K)
except for Mes and Hepes where the value 01/C. The is larger than expected for a simple diffusion-limited reaction
change in pH measured here between 278 and 298 K in the(65). However, this is consistent with earlier measurements
glycerol/buffer mixture is consistent with earlier reports. in RCs. The bimolecular rate of proton binding to@~
Given the literature values for the Caps buff&H, the RCs was found to be 2 10* M~* s™* at pH 10 at room
contribution of proton binding to RCs can be extracted from temperatureg6). The rate was weakly viscosity dependent

the measured thermodynamic parameters for¢h® A and h_ad a larger activation energy350 meV) than expected
transition. Proton binding, presumably into the ionized acidic for diffusion of a proton (86-150 meV) €6). The rate-
cluster near @ has a favorabl&Hs and unfavorablASa. determining step for proton binding was proposed to be

internal proton motions rather than proton diffusion itself.
of the Qi to Qs electron transfer rate at neutral pH has The bimolecular rate constant determined here is smaller than

been measured previously near room temperat20ge21) in the previous room temperature measurements while the
. . . . . +
These measurements follow spectral shifts associated with@ctivation energy is larger. The overestimateAtd; due
the reaction providing a lifetime 6£100us for the reaction ~ (© the assumption of a homogeneous reaction rate may
at room temperature. Early studies where the kinetics were contribute. In addition, the reaction is being determined at a
fit by one exponential provided an activation enthalpy of Much lower temperature here, and the discrepancy could be
14.3 kcal/mol 47). In more recent results, the electron due to temperature dependenceAdf . Last, the earlier
transfer kinetics were resolved into two exponential phases, valués monitor proton uptake directly while the measure-
with AH* of 2.7—4.5 kcal/mol. A slower phase, which has Ments here follow the rate of formation of a state which is
been identified as monitoring primarily relaxation following Competent to support electron transfer @ Thus, there may
the electron transfer, has aH* of 9.5-11.5 kcal/mol 20, be additional barriers in the formation of the A substate that
are missed when proton uptake is measured directly.

Barriers between SubstateEhe temperature dependence

21). The AH} of 9.7 kcal/mol determined here is closer to
the slowest room temperature transients. However, the use~oNCLUSION

of @ to measure the rate is only sensitive whap or kys

is near the competingap. Thus, at each pH the rate can High-resolution structural studies of proteins can show
only be determined over a limited temperature range. While what atoms move when a reaction occurs. It can even be
the simple model shown here simulates the entire data setpossible to obtain structures for discrete trapped reaction
fairly well, future measurements will be needed to directly intermediates. However, the structures themselves do not
measure the rate ofgQeduction, better connecting low and show the energy of the different substates or the activation
room temperature results. barriers between them. Rather, these can be determined from

Heterogeneous Reaction Kinetio®ne significant ap- the analysis of the temperature dependence of rates and

proximation in the model is that each substate is treated assSubstate equilibrium constants. The challenge is then to make

a homogeneous population with single exponential rate the connection between the atomic structure and the substate
constants connecting them. This assumption is used wher€N€'9y landscape. Detailed kinetic and thermodynamic

ks is derived from® (eq 1) and in the kinetic simulation. mee(xjs_grementsh where the hprotei(rj}, sut.z)strate, %r exterﬂal
In the real protein each substate is likely to consist of an conditions such as pH are changed can begin to identify the
inhomogeneous population of individual microstates so structural features that underlie the rate-determining events.

reaction_ kinetics will shoyv distribut_ed rate63( 64). The ACKNOWLEDGMENT
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