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Abstract

TEMPERATURE DEPENDENCE OF ELECTRON TRANSFER 
IN PHOTOSYNTHETIC REACTION CENTERS FROM 

RHODOBACTER SPHAEROIDES: TRAPPING AND 
CHARACTERIZATION OF CONFORMATIONAL

SUBSTATES

by

Qiang Xu

Advisor: Professor Marilyn R. Gunner

The photosynthetic reaction center protein (RC) provides an excellent 

model system for study of electron transfer process. The influence of 

conformational changes on the electron transfer energetics and kinetics was 

investigated in this study.

By measuring the temperature dependence of P*QA'charge recombination 

for RCs with low potential quinones as Qa, we established that at room 

temperature, the entropy change between the P Q a' state and P*H‘ state is quite 

small on the time scale of the measurement. When temperature is lowered, a 

break in the temperature dependence was observed at -210 K. Analysis of the 

data suggests that at low temperature, the product is trapped in an unrelaxed 

state which is higher in energy. Such relaxation could help explain why different
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It was proposed previously that a conformational change is the rate 

limiting step in the Q a' to Q„ electron transfer. We confirmed that by freezing the 

sample under illumination, RCs can be trapped in the active, light adapted 

conformation. QA‘ to Q„ electron transfer proceeds with high quantum efficiency 

at low temperature in light adapted RCs, while it stops in dark adapted proteins. 

Direct electron tunneling from QB' to P* was measured in the light adapted 

sample and found to be temperature independent. The relaxation of RCs in the 

active conformation to a new inactive conformation was observed in the 

temperature range of 120-200 K.

The freeze out of the QA' to QB electron transfer can be influenced by many 

factors such as pH, substrate and residues near the QB site. By measuring how 

these factors change the temperature dependence of the quantum efficiency of 

the electron transfer, we conclude that the proper protonation state for residues 

near the Q„ site is required for the electron transfer. The energy barriers 

between the protonated and unprotonated reactant substate and product state is 

characterized. L209 Proline mutation and change of the quinone hydrocarbon 

tail length indicate that a simple shift of the quinone position is unlikely to be the 

only conformational change required for the electron transfer.
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Chapter 1 
INTRODUCTION

1

Photosynthesis is arguably the most important biological process on 

earth. In the photosynthetic bacteria, the initial steps of the conversion of light 

energy to chemical energy takes place in an integral membrane protein called 

the photosynthetic reaction center (RC). This protein provides an ideal model 

system for the study of many subjects of importance to biology and chemistry, 

such as electron transfer,1’5 proton transfer,6"9 protein dynamics10"12 and the

coupling between these processes.

Several advantages exist for the study of this protein as a model system. 

First, research has been carried out on RCs since the isolation of this protein in 

the late sixties.13 As a result, detailed structural, spectroscopic and kinetic 

information is available. The structure has been solved to atomic resolution by X- 

ray crystallography.14"18 The electron transfer pathway has been elucidated and

the kinetics of most of the reactions have been well characterized.19"21 Second, a

variety of factors controlling the electron and proton transfer can be easily

22 26manipulated. Various mutants have been made by different groups. ' In 

addition, two of the cofactors, the primary and second electron acceptor, QA and 

Qb, can be easily extracted and replaced by other quinones with different

yy
properties, such as electron affinity, size, tail length, etc. " Finally, because most 

of the electron transfer steps in RC occur by quantum tunneling, the reaction can
in ii  nn nn

be investigated over a quite wide temperature range. ’ And even when a
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reaction stops at low temperature, the temperature at which the reaction fails 

and how the temperature of the failure can shift with conditions such as pH, ion 

binding, quinone tail length could provide important information about the 

mechanism of the reaction.

1. The reaction center of photosynthetic bacteria

The bacterial reaction center was successfully isolated and purified from 

the cell first by R. K. Clayton and colleagues in the late 60s.13 In the 80s, the X-ray

crystal structure of reaction centers are solved for Rhodopseudomonas viridisUM135

and Rhodobacter sphaeroides.15,16'36’38

The reaction center of Rhodobacter sphaeroides as shown in Figure 1.1, 

contains three domains. The three subunits of the protein, namely L, M, H, have 

5, 5 and 1 transmembrane helices respectively. There are a group of cofactors 

noncovalently bound to the protein. The cofactors include a special pair of 

bacteriochlorophyll called P870 (P), two bacteriochlorophyll monomers, two 

bacteriopheophytins (BPh) and two quinone molecules called QA and QB. These

cofactors are arranged in an approximately twofold symmetry between the L 

and M branch. There is also a non-heme iron atom bound on the C2 axis between 

the two quinones.

The special pair P870 donates an electron in the electron transfer process 

after excitation. The electron is then transferred sequentially to the BPh at the L 

branch, QAand thenQ B. Figure 1.2 illustrates the pathway and free energy level

of the electron transfers in RC including the competing back reactions. In
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forward electron transfer, the special pair is restored to its reduced form by 

electron from cytochrome and a second electron transfer can be initiated. For 

experiments with isolated RCs, when no external electron donor is present, the

electron recombines with the special pair P+ to return to ground state.

Figure 1.1 The structure of bacterial photosynthetic reaction center from 

Rhodobacter sphaeroides.
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Figure 1.2. The relative free energy level for different states, electron transfer 

pathway and lifetime for reaction connecting the states for RCs from Rb. 

Sphaeroides RCs. The competing back reactions are also shown.
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2. Conformational flexibility of protein

Proteins are not rigid. The protein energy landscape can be described as a 

rugged hyperspace with many minimum, each of which corresponds to a 

slightly different conformation with similar free energy level. At room 

temperature, protein can fluctuate amongst these conformations.39'41 The

conformational flexibility is important for the function of the protein, because the 

conformational change is often needed for processes such as the binding and 

dissociation of the substrate, movement of the substrate to the right position, 

change of residues in or near the active site to stabilize the product state. At low 

temperature, the protein is limited to harmonic vibration around the 

conformation that it is frozen into and those processes dependent on 

conformational change will stop. A change of protein flexibility with 

temperature has been demonstrated by inelastic neutron scattering42'44 and

Mossbauer spectroscopy45,46, and is also seen in molecular dynamics simulation.47

One major transition temperature is found to be about 200-220 K in all studies.

The structure of intermediate conformations along a reaction path can be 

studied by time resolved X-ray crystallography if the reaction can be triggered 

by light. High resolution, time resolved X-ray diffraction has been used in the 

study of the photosensitive yellow protein.48 Intermediates can sometimes be 

trapped by varying parameters such as temperature, pH and by the use of 

various mutants. Intermediate states of cytochrome P450cam49 and

bacteriorhodopsin50 and many others (for recent reviews, see reference 51 and
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52) have been trapped and studied by electron microscopy and X-ray 

crystallography. The important conformational changes are also observed for 

several electron transfer steps in reaction centers.

3. Charge recombination of P+QA in RC: conformational relaxation

In reaction centers without the secondary quinone, the product of the 

charge separation is P+QA'. In the absence of external electron donors, the

electron will go back to the special pair and return the system to the ground 

state.

The thermodynamics of the processes of P+QA" charge separation and 

recombination have been investigated before. The free energy level for most of 

the states have been well characterized.19'21(Figure 1.2) But there are still enough

questions left to be answered.

It's often assumed in theoretical calculation that the entropy change for 

reaction involving QA is quite small. This assumption is supported by

experimental evidence from several well established but indirect methods.1,29,53 

The indirect methods, which measures either the delayed fluorescence from the 

excited singlet state of the special pair or the P+QA’ charge recombination rate via

the thermally activated route, monitor the equilibrium of the states on the time 

scale of the back reaction (10 its or slower).

This assumption, however, is called into question recently by the direct 

measurement of enthalpy using an improved photoacoustic method.34 The
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photoacoustic method measures the heat released from the protein during the 

reaction, thus it measures the enthalpy changes directly and the known free 

energy value is used to calculate the entropy change. The entropic term (-TAS) 

for the P+Qa' charge separation was found to be about half of the free energy 

change.

The discrepancy between the photoacoustic method and other methods 

could have several explanations. One of the possible reasons for the discrepancy 

is the different time scale of the measurement. The photoacoustic method 

measures the heat release during the forward electron transfer and the 

measurement is done on the time scale of 100 ns, much faster than the indirect 

methods. It is possible that relaxation after the electron transfer causes such a 

discrepancy.

To establish the entropy change for the formation of the P+QA' state, we

carried out a systematic study of the charge recombination kinetics using 

replacement low potential quinones as QA. The temperature region of the study 

was extended to 40 K. This part of the study will be discussed in detail in Chapter

3.

4. Electron transfer from QA* to QB: conformational gating.

Most of the electron transfer steps in the RCs can proceed at cryogenic 

temperature at rates comparable to or faster than that at room temperature 

since these reactions occur by quantum tunneling with driving force, AG near the

r o o f f M n i ^ i f i n n  o n o r r n >  1 32,55,56 p , , | .  fV io f i r c f  o l o r h - n n  H,i n o f o i >  (rr>m f K o
/  •  « •  M W 4  U i W  4 4 4 J 4  W i V W M  k. fc 4 4  k U  l U i W i  A t W A A t  U 1 W  I W V i U W W W i
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primary quinone to the secondary quinone slows down and then stops when 

temperature is lowered.10

In isolated RCs with native ubiquinone as both QA and Qb/ the electron 

transfer rate was found to be 100 /is.57'59 The driving force of the QA' to QB 

electron transfer can be changed by replacing the native ubiquinone QA with low 

potential quinones.28 The increased driving force is found to have no effect on 

the 100 (is rate, which suggests that the direct electron transfer is not the rate

30limiting step in RCs with native ubiquinone as both QA and QB. Rather a

conformational change is likely to be the kinetic gating step of this process and 

the freezing out of the electron transfer is due to the activation barrier of this 

conformational change. One interesting observation is that if the RCs are frozen 

in light, the QA' to QB electron transfer can proceed with high quantum

efficiency.10 It was suggested that the RCs are trapped in the active conformation 

state while frozen under illumination. In RCs with low potential quinone as QA, 

another faster phase electron transfer was observed and found to be driving 

force dependent as predicted by Marcus theory.31,60 These RCs appear to be

prepared so that the conformational change is no longer rate determining. This 

can be attributed to the increased distribution of RCs in the activated state.

To further characterize this activated state, we studied in detail the 

absorption spectrum of the RCs trapped in the active conformation. The spectral 

shift is analyzed to reveal the change in the electrostatic environment of the 

cofactors. Also we studied the relaxation of the protein from this active 

conformation into an inactive form when the temperature is raised. When the
a
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RCs are warmed to between 120 K to 200 K, the relaxation leads not to the dark 

conformation, but a new inactive intermediate state with higher free energy. 

This part of the study will described in detail in Chapter 4.

5. Coupling between the electron transfer, proton transfer and conformational 

change.

In the reaction center, both the singly reduced QA' and QB' exists in the 

anionic form.37,61 But there is sub-stoichiometric proton uptake from the solution 

accompanying the first electron transfer to QB. At neutral pH, the proton uptake 

is small (<0.3), but it increases around pH 9 to about O.8.62,63 The proton picked 

up from the solution presumably goes to residues near the QB binding site, most 

likely Glu L212 or Asp L213. At neutral pH, computational work suggests that an 

internal proton shift between residues help stabilize the semiquinone.9 At high

pH when such internal proton buffer is exhausted, the proton uptake from the 

solution becomes necessary.

This proton uptake will have implication for the kinetics of electron 

transfer and indeed the QA‘ to QB electron transfer is observed to decrease at

high pH with an apparent pK of 9.5.6-1 The pH dependence can be changed by

mutation of residues near QB. When the Glu L212, which is only 4 A away from

Q b, is changed to Gin, the pH dependence disappears.22 In the Asp L213 -> Asn

mutant, onset of the rate decrease has now shifted to below pH S.65 Apparent

while proton uptake is not rate limiting in the native quinone at neutral pH, it
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can become rate determining at high pH or in mutants where proton uptake is 

necessary.

Therefore the RCs provides an ideal model system to study the coupling 

between this proton and electron transfer. The temperature dependence of the 

electron transfer rate gives us the activation energy of the reaction. How the 

activation energy will change with pH will tell us how the protonation state of 

the residue nearby influence the activation barrier to the electron transfer.

As discussed previously, the activation barrier to the electron transfer is 

actually the barrier to the conformational gating process. From the 

crystallography study, it was proposed that the quinone movement between 

two possible binding sites is the rate limiting step.18,66 If this suggestion is correct,

changing the chemical identity of the quinone or mutating the residue close to 

the binding site might change the mobility of the quinone and thus influence the 

kinetics and /or its temperature dependence.

To gain more insight into the problem of the coupling between the 

proton, electron transfer and conformational change, we measured the 

temperature dependence of the kinetics at various pH, with different quinones as 

Qb and with several mutants. This part of the study is discussed in chapters 5 and 

6.
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Chapter 2 
Material and methods

1. Sample preparation

Two strains of the purple non-sulfur photosynthetic bacteria Rhodobactor 

sphaeroides were used in this study. One is the carotenoidless mutant R-26; the 

other is an engineered poiy-histidine tagged, carotenoid containing strain 

provided by Professor Steven Boxer at Stanford, which can be isolated rapidly. 

The protocols for growing both strains and for reaction center isolation are well 

studied and documented.1'3

His-tagged reaction centers were purified using affinity chromatography, 

utilizing the high affinity interaction between the poly-Histidine tag and Ni-NTA 

(nitrilo-Tri-Acetic add) resin (from Qiagen).3 For the strain R-26, reaction centers 

were isolated following established procedures using lauryldimethylamine-N- 

oxide (LDAO) extraction and purified using ammonium sulfate and 

DEAE(diethylaminoethyl) chromatography.1 The native ubiquinones in QA and

Qb sites were extracted with 4% LDAO and 10 mM orthophenathroline using the 

method of Okamura4 with minor modification.5

In order to probe the factors that control the electron transfer, quinones 

with different redox potential, tail length, size, ionization state were substituted 

into the quinone binding sites of RC. Small quinones were usually first dissolved 

in alcohol, then added to the sample at the desired concentration. Quinones with a 

long hydrocarbon tail were dissolved in 2% Triton X-100. The relatively insoluble
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UQ-10 stock solution was heated for 5 seconds in a microwave oven before being 

added to the RCs.

2. Spectroscopy

Flash induced absorbance transient at single wavelength were measured 

using a flash spectrophotometer designed by the University of Pennsylvania 

Biomedical Instrumentation Group shown in Figure 2.1. The sample is excited by 

either lOps flash from a xenon flash lamp or 5ns, 532nm pulsed YAG laser 

(Continuum Surelite 2) pumping a fluorescent dye (LDS 751 or Rhodamine 640 

from Exciton) . The transmitted light is detected by a Thom EMI 9798QB 

photomultiplier. The signal is monitored using a LeCroy 9310M (300MHz) or 

9310A (400MHz) oscilloscope after it is amplified and filtered.

The flash induced absorbance transient was also measured in a large 

spectral range (For example, 700nm to 950nm) simultaneously using the setup 

shown in Figure 2.2. The probing light was provide by a weak, non-actinic 

submicrosecond xenon flash lamp (IBH Consultants, 5000XeF). The actinic light is 

the same as in the single wavelength experiment. The transmitted light was 

focused onto an optical fiber and into the spectrometer (Jobin-Yvon, HR460). The 

spectrum was recorded using a liquid nitrogen cooled CCD detector (Princeton 

Instrument, LN/CCD-1024-EHRB/l) with a ST-138 controller.

The delay between the pump and probe flash was varied with a delay 

generator (Stanford Research DG535) to follow the time dependence of the 

reaction. The time sequence of the triggering signal is shown in Figure 2.3. The 

laser was set at Q switch external trigger mode. In this mode, a 10 Hz TTL signal 

is used for the flash iamp of iaser and another Ti'L signal with proper delay was
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Figure 2.1. Setup for measurement of absorption change at single 
wavelength. The Flashlamp can be replaced by laser for faster 
measurement.
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Figure 2.2. Setup for time resolved absorption change
measurement in a large spectral range. Dashed lines 
represent the path of the light.
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Figure 2.3. Pulse sequence for the time resolved absorption study 
using the CCD detector.

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



20

sent to trigger the Q switch. The time jitter for this mode is 10ns. The CCD 

detector and the probing light were triggered simultaneously. The time jitter is 

-0.1 fiS for the probe light. The CCD detector was set at external trigger and 

continuous clean mode. When the actinic and measuring light are close in 

wavelength, the scattering and fluorescent effect from the sample and glass 

sample holder limits the time resolution of the measurement to -10 ms. But when 

the wavelengths are shifted apart far enough (>100 nm in the current setup), the 

time resolution should only be limited by the pulse width of the measuring light.

References

(1) Clayton, R. K.; Wang, R. T. Methods Enzymol 1971,23,696-704.

(2) Clayton, R. K.; Sistrom, W. R. The Photosynthetic Bacteria; Plenum 
Press: New York, 1978.

(3) Goldsmith, J. O.; Boxer, S. G. Biochim Biophys Acta 1996,1276,171-175.

(4) Okamura, M. Y.; Isaacson, R. A.; Feher, G. Proc. Natl. Acad. Sci. USA
1975,72,3492-3496.

(5) Woodbury, N. W.; Parson, W. W.; Gunner, M. R.; Prince, R. C.; 
Dutton, P. L. Biochim. Biophys. Acta. 1986,851,6-22.

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



21

Chapter 3 

Temperature dependence of the free energy, enthalpy and 

entropy of P*QA charge recombination in Rhodobacter 

sphaeroides R26 reaction centers

Abstract

For reaction centers of photosynthetic bacteria reconstituted with low 

potential quinones in the QA site, the state P+QA formed by light activation,

decays to the ground state via a thermally activated route through the P+H" 

state. The rate of charge recombination by this thermal pathway is proportional 

to the equilibrium constant between P+QA and P+H*. Thus the free energy

difference between P+QA and P+H can be determined by measuring the charge

recombination rate via the uphill route. The enthalpy and entropy change of the 

reaction can then be deduced from the temperature dependence of the charge 

recombination kinetics. The free energy, entropy and enthalpy changes between

P+QA and P+H~ were determined from 40 to 318 K for nine low potential

quinones. AH°=AG° from 200 K to room temperature, so the entropy changes are 

small. However, in the temperature region 80-200 K, a significant entropy 

change is observed and the free energy becomes strongly temperature 

dependent. The newly formed P+QA state lives for milliseconds. On this time
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scale at low temperature, the P+QA state appears to be trapped prior to charge

recombination in a state =200 meV (10 K) higher than the relaxed form found at 

room temperature.
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Introduction

The bacterial photosynthetic reaction center (RC) is the intrinsic 

membrane protein that facilitates the conversion of light energy to chemical 

energy. Upon absorption of a photon, charge separation is achieved by a series 

of electron transfers between the cofactors bound to the protein. The crystal 

structure and the electron transfer sequence of RCs from several species of 

bacteria have been well characterized. (For reviews, see references 1-3) Electron 

transfers in this protein proceed through a quantum tunneling mechanism. This 

protein has proved to be an ideal model system for study of the basic chemistry 

of electron transfer in biology and chemistry.4,3 In addition to the advantages of

having a well defined configuration of electron donors and acceptors, 

sophisticated methods are available to change the driving force of the reaction 

and to manipulate the local protein environment of the cofactors.6*9 In addition,

most of the electron transfer steps in this protein are able to proceed at cryogenic 

temperature, providing unique advantages for the study of protein dynamics.10'

14

The charge separation in reaction centers starts with a very fast 

picosecond electron transfer from the primary electron donor P, a dimer of 

bacteriochlorophyll, to the bacteriopheophytin H in the active L branch of the 

protein, followed by a slower reduction (~200 ps) of the primary quinone QA.

When the secondary quinone QB is absent, the resultant charges on P+ and QA'

recombine to return the system to the ground state (Figure 3.1). Following the
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electron transfer from P* to H the system can return to the ground state in a 

reaction that competes with the forward electron transfer to QA. Because of spin

rephasing in the P+H state, charge recombination yields the triplet 3P as well as

the singlet P. 3P returns to ground state through relatively slow intersystem

crossing.15,16

Several different methods have been applied to reaction centers from 

Rhodobacter sphaeroides strain R-26 to measure the free energy, enthalpy and 

entropy of different reactions. The energy level of P+QA relative to other state 

has been determined in several ways. During the slow charge recombination 

process of P+QA*, P+QA and P* are in pseudo-equilibrium. The fraction of the

population where electrons return to the donor reforming the P* state can be 

determined from the integrated amplitude of delayed fluorescence from P*. The

ratio of P* and P+QA in pseudo-equilibrium provides the free energy difference

between the two redox states. The enthalpy and entropy change of the reaction 

can then be deduced from the temperature dependence of the delayed

17 Ifi
fluorescence. ' A second, photoacoustic, method measures the enthalpy change 

of the reaction directly from the heat released during the electron transfer from 

P* to P+Qa\  Given the reaction free energy obtained by other methods, the

entropy change can be found.19'21

A third method of determining in situ thermodynamic parameters utilizes 

the fact that the P+QA‘ charge recombination can proceed through two 

pathways. One is by direct electron tunneling from QA to P+. in the other, P+QA
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equilibrates with a higher energy state, most likely P+H", which then decays to 

the ground state.18,22'24 The rate of charge recombination by this thermal 

pathway is proportional to the equilibrium constant between P+QA and P+H

and to the rate of charge recombination from P+H \ Thus by measuring the 

charge recombination rate via this uphill route, the free energy difference 

between P+QA and P+H ' can be determined using the known P+H‘ decay rate.

With the native ubiquinone-10 as Q v the activated state is 520 meV higher than 

the P+Qa' state, so the contribution of the uphill route to charge recombination is 

negligible compared to the direct route in the ambient temperature range. 

However, the ubiquinone in the QA site can be replaced with other quinones, a

technique that allows the reaction AG° of states involving QA to be changed.18,22'24

With substituted quinones with in situ redox potentials more than 100 meV 

lower than ubiquinone, the rate via this thermal route is comparable to or even 

much faster than the direct route.

The energy of P+QA with different quinones as QA measured by the rate 

of the thermal back reaction is consistent with that determined by the delayed 

fluorescence measurement18 (Fig. 3.2 ) and with values measured by P+QB

charge recombination through P+QA as an intermediate s ta te .9,25 Thermal back

reaction measurements have been applied to reaction centers with a series of low 

potential quinones1118 and several non-quinone compounds26 as QA. This
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27 ’’Sactivated reaction has been used to measure the effects of pH, " external 

electrical field6'13 and mutation25 on the in-situ quinone redox potential.

Measurement of the temperature dependence of the up-hill charge

18 *>6 '•S .. ,irecombination rate provides the enthalpy change of this reaction. ~ ~ The

reaction free energy, entropy and enthalpy influence the electron transfer rate 

and the portion of the photon's energy that is stored. A significant entropy 

change could indicate that conformational changes or binding or release of 

waters or ions are coupled to the electron transfer reaction. In the absence of 

direct measurements, most theoretical treatments of electron transfer in reaction 

centers assume the entropy change is negligible.4'5'29

The changes in entropy and enthalpy of several reactions involving QA 

have been investigated near room temperature. There are indications from 

delayed fluorescence that the change in entropy for the charge separation

1718forming P+QA from P*QA is small. ' . Several photoacoustic measurements also 

found that AH° is close to AG° for this reaction.19,20 However, recent

photoacoustic measurements, indicate instead that there may be a significant 

entropy change for the same process. A TAS° value of 420 meV (298 K) was 

found for native RCs where the AG° is -860 meV.21

The temperature dependence of the P+QA thermal charge recombination 

rate has been measured with several different quinones as QA.12,28 With 

anthraquinone as QA, AH0 changes between and P+HT by =400 meV while 

TAS° is =120 meV. The temperature dependence of the charge recombination
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kinetics for several non-quinone compounds that are functional in the QA site

26also showed enthalpy changes close to the reaction free energy change.

Measurements in reaction centers from Rhodopseiidomonas viridis also showed

23 30also showed small values for AS0. '

The ability to measure thermodynamic parameters over a wide 

temperature range allows the comparison of the protein above and below the 

solvent freezing and glass transition temperature. This can provide additional

information on the protein dynamics. The region around 200 K is of particular

31interest. Temperature dependent transitions of the equilibrium dynamical

32fluctuations in several proteins at have been observed at 200-220 K. The

solvent glass transition (Tg) is also found in this region. Tg is about 180 K for 3:1 

glycerol-water mixtures which is often the solvent for low temperature

measurements with protein, which may influence the measured protein reaction

33kinetics. Previous studies of the thermal back reaction kinetics with non-

quinone compounds and in RCs from Rps. viridis have been extended to 

cryogenic temperature. However, the temperature range for these earlier

measurements was still quite restricted. Either the indirect route of P+QA‘ charge

23 26  30recombination was frozen out above 200 K ' ' or measurements were only 

made at temperatures well below 200 K.26

Previous studies of reaction centers with the native ubiquinone-10 as QA

showed the exothermic, direct tunneling P+QA charge recombination rate 

undergoes an increase of about 4 fold over a relatively narrow temperature

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



28

range around 200 K.14 It has been suggested that this arises from changes in the

I^Qa energy level due to changes of the distribution of accessible protein

conformations with temperature. Further evidence for changes in the 

temperature region was also found in studies of the same reaction in mutants 

with a modified P /P+ midpoint potential. It was showed that the sum of the 

electron transfer reorganization energy and the reaction free energy decreases 

by about 280 meV from 293 k to 10 k, with the sharpest decline near 200 K.34

The work presented here reports a systematic study of the temperature 

dependence for the P+QA' thermal charge recombination kinetics from 40 K to 

318 K. Eight low potential anthraquinones and one naphthoquinone were 

substituted into the QA site. These quinones vary the AG° of the reaction by 

about 200 meV. The results clarify some of the discrepancies between different 

previous measurements and extend the measurement to cover a wider 

temperature range. Additional evidence is found for change in protein relaxation

for formation of the P+QA* state in the temperature region near 200 K.

Experimental Section

Reaction centers of Rb. sphaeroides strain R-26 were isolated following 

established procedures using lauryldimethylamine-N-oxide (LDAO) extraction 

and purified using ammonium sulfate and DEAE(diethylaminoethyl) 

chromatography.35 The native ubiquinones in QA and QB sites were extracted
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36with 4% LDAO and 10 mM orthophenathroline using the method of Okamura 

with minor modification18. The typical residual quinone after the treatment is: QA 

< 5% and QB=0%. In the final assay mixture the residual LDAO concentration 

from the RC stock solution is less than 0.025%. For QA reconstitution, quinones 

were first dissolved in alcohol, then added to the sample at the desired 

concentration. 10 mM Tris with 2.5 mM KC1 ( pH=8.0) was used as buffer. Eight 

anthraquinone and one naphthoqinone were used: 1-chloroanthraquinone (1-C1- 

AQ), 2-chloroanthraquinone (2-C1-AQ), 2-aminonaphthoquinone (2-Am-NQ), 

anthraquinone (AQ), 2-methylanthraquinone (2-Me-AQ), 1-aminoathraquinone 

(1-Am-AQ), 2,3-dimethylanthraquinone (2,3-dM-AQ), 2,7-dimethylanthra- 

quinone (2,7-dM-AQ), 1,3-dimethylanthraquinone (1,3-dM-AQ). 2,7-dM-AQ was 

synthesized in the laboratory of Dr. J. Malcolm Bruce (University of Manchester), 

the other quinones were purchased from Fluka (AQ and 2-Am-AQ) and Aldrich 

(all other).

Charge recombination kinetics was observed in a flash spectrometer of 

local design. The electron transfer reaction was initiated by a 10 ^s xenon flash. 

The changing redox state of the electron donor P was followed by monitoring 

the absorption change at 430 nm. The transmitted light was collected by a 

photomultiplier tube (Thom EMI9798QB). The signal was filtered and amplified 

before being sent to a LeCroy digital oscilloscope (model 9310M 300 MHz).

The temperature dependence of the charge recombination reaction was 

measured in the range of 5-45°C for all 9 quinones substituted into the QA site.

The reaction center concentration was 300-400 nM. The temperature was 

controlled by using a jacketed cuvette with a circulating waterbath (Fisher Model
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9101). A thermal-couple monitors the temperature change with an accuracy of 

0.1°C. Measurement starts =5 minutes after the sample reaches the preset 

temperature. 10 to 15 traces were averaged for each measurement.

For reaction centers with 2-C1-AQ, 2-Me-AQ and 2,3-dM-AQ as QA the

P+Qa' charge recombination reaction was monitored from 40K to 300K. The

temperature was controlled by a closed cycle helium cryostat system (APD 

cryogenics Inc., Model CSW202A) with a programmable temperature controller. 

The temperature resolution is 0.1 K and controllability is ± 0.4 K. The samples 

used for the low temperature experiment were obtained by mixing the reaction 

centers in Tris buffer with two volumes of glycerol. The final reaction center 

concentration is 3-4 /xM. The optical cell has a light path of 1 mm. The actinic and 

measuring light, which are perpendicular to each other, meet with an incident 

angle of 45 degrees at the sample.

The observed kinetics were analyzed by both one and two exponential 

decays plus a constant using a nonlinear least square fitting program of 

Levenberg-Marquardt algorithm (Igor Pro from WaveMetrics). For 2-Me-AQ 

and 2,3-dM-AQ at low temperature, an extra exponential function is needed to fit 

a fast phase that decays at about 5000 s”1. This phase can be attributed to the

formation of the triplet state of the bacteriochlorophyll dimer (3P).37

The observed reaction kinetics monitor the charge recombination in the

P+Qa state, which proceeds through a thermally activated pathway via P+H" in

addition to the direct tunneling rate (Fig. 3.1). Since the uphill rate monitors the 

equilibrium constant, the temperature dependence of the kinetics can provide
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the enthalpy and entropy difference between P+QA~ and P+H~ The charge 

recombination rate can be written as

k  =  lq) + k l QX p -A G
ks T

= k + k  exp(AS° IkB)exp -A H 0
V . (3.1)

where ko is the rate by the direct electron tunneling route, which is relatively 

temperature independent.10,11 ki is the quinone independent decay rate from

P+H' to reform the ground state, kB is the Boltzman constant, and T is 

temperature. AG°, AH0 and AS0 are the standard free energy, enthalpy and 

entropy change between P+QA and P+H . The thermodynamic parameters are 

obtained from the Van't Hoff plot of Log(k-ko) vs. 1/temperature,

lo g (* -* i)= l0gii + AS°
2.3 kB

AH
2.3k T

B (3.2)

Results

Analysis of the charge recombination kinetics. The temperature dependence of 

the F Q a' charge recombination kinetics was measured from 40 to 318 K in 

reaction centers substituted with different low potential quinones. The exact
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value of the rate is sensitive to the fitting procedure. The charge recombination 

kinetics were fit using single, double and distributed rate functions. With a 

double exponential, the fast rate (kf) is two to three times the slower rate (ks) in 

the ambient temperature range, for all Q a 's  with in situ midpoint potentials more 

positive than 1-Am-AQ (-285 meV relative to UQ10). As the Q* midpoint is 

lowered the rate becomes substantially faster (Fig. 3.2). The limited resolution of 

the measurements provides enough data for only single exponential fit. For the 

higher potential QA's, the double exponential fits the kinetic data with no 

systematic error while the single exponential fit underestimates the amplitude at 

early times (See Fig. 3.3). This has been observed previously.28,30'38 The different 

rates have been attributed to two populations of reaction centers with different 

protonation states of residues close to the QA binding site.* Because the fast and

slow phases are not very different, the parameters obtained for the two rates 

have larger uncertainty than the single exponential fit. The rates of charge 

recombination in RCs with 2-Me-AQ in aqueous solution are plotted in Figure 

3.4. As will be shown later, the values of AG° and AH0 are only weakly dependent 

on the fitting procedure. Therefore the simplest single exponential analysis will 

be used.

More complicated fitting schemes using distributed rates have been 

suggested by Kleinfeld et al.10 and McMahon et al.14 for analysis of low

temperature kinetics which assumes a distribution of conformational states. The

result from the single rate method can be regarded as the weighed average

39value of the distribution. The data obtained here can be fit as well by two
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exponential functions as by a model with a distribution of rate constants (not 

shown).

An additional complication is found at low temperature for the low 

potential QA's. In RCs with 2-Me-AQ and 2,3-dM-AQ as QA, an extra, fast phase

with a rate of approximately 5000 s’1 was observed below 200 K and 220 K

respectively. This phase can be attributed to the decay of the triplet state 3P.37,40

As expected, a phase with the same rate constant but larger amplitude is seen in 

reaction centers with no QA but not seen in reaction centers containing the native 

ubiquinone-10. The rate of this phase is fixed in the analysis of the reaction 

kinetics using the value measured in reaction centers with no QA.

The rates obtained by a single exponential fit for reaction centers with 

several different low potential quinones as QA in the temperature range 220-318 

K are shown in Figure 3.5. The rate varies with in situ Em as discussed in the 

methods section. It accelerates with increasing temperature as expected if AH0 is 

significant. Figure 3.6 shows the temperature dependence of the reaction 

between 40 and 300 K for reaction centers with 2-Me-AQ , 2,3-dM-AQ and 2-C1- 

AQ as Qa.

Aqueous buffer was used for measurement in the ambient temperature 

range, while in the low temperature experiments, 67% glycerol solution was 

used. The P+QA charge recombination rate in glycerol solution is very close to

the rate in aqueous solution at the same temperature (Fig. 3.5). This differs from 

previous results with Rps. viridis reaction centers where the rate was found to

J    ~1-----  — 1  J J „ J  23u c u c a a c  vvucii giyicivn vvas auueu .
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Choice of lq, and kt The free energy, enthalpy and entropy change going from 

P+Qa to P+H can be obtained using equation 3.2, given the P+QA charge 

recombination rate through the direct electron tunneling route, k0, and the

charge recombination rate from P*H, kj. The direct electron tunneling rate from

“  34 41Qa to P , k0, is only weakly temperature dependent. ' So for each QA/ the low

temperature value (-35 K) was used for k0 at all temperatures. This rate was

41either measured here or taken from earlier studies. For most of the QA's used 

here, the charge recombination rate is over 100 s"1 in the ambient temperature 

range. This is much larger than Iqj, which is less than 30 s_1 so the fitting process 

is not sensitive to errors in Iq,. However, for 1-C1-AQ and 2-C1-AQ, whose charge 

recombination rates (-20 s'1 ) are of the same magnitude as k0 (-10 s '1), the 

fitting is sensitive to the choice of k0. For these relatively high potential QA's,

increasing k0 by 1 s_l increases the TAS° estimate by 50 meV. Given k0, the

temperature dependence of the measured charge recombination rate can be fit 

using equation 3.2. The slope of the resultant line gives the standard enthalpy 

change between P+QA and P+H" (Fig. 3.4).

The charge recombination rate was measured down to 275 K with all 9 

Qa 's. In this temperature range there is a clear, simple linear dependence 

between the rate and 1/T. Measurements of the rate were continued to 40 K for 

reaction centers with 3 of the QA's. Above -210 K, the charge recombination rate
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decreases with the temperature as predicted by equation 3.2 (Fig. 3.5) with 

essentially the same slope as found in the aqueous sample at room temperature. 

The entropy change is quite small in this temperature region. However, below 

-210 K, the rate decreases much more slowly as the temperature decreases. The 

temperature dependence between 80 and 210 K suggests the reaction has a much 

smaller enthalpy (Fig. 3.6). For these two QA's the AH0 is close to 300 meV above

200 K and only 30 meV below the transition temperature (Table 3.3). Below 210 

K the kinetics do deviate more from a simple exponential decay. However, a 

double exponential function still fits the data well. The slow and fast phases have 

a similar temperature dependence and therefore have similar enthalpies (data 

not shown).

The kinetics for reaction centers with 2,3-dM-AQ was also measured in 

33% glycerol buffer (Fig. 3.6b). As the temperature is lowered from room 

temperature the reaction rate and the enthalpy are independent of the solvent. 

However, the temperature of transition to a smaller enthalpy reaction occurs 

about 15 K higher in the low glycerol sample. Thus, this transition seems to 

relate to some property of the solvent. Below the transition temperature the 

temperature dependence of the rate is the same in both low and high glycerol 

solvent. Thus, the reaction enthalpy is unaffected by this change in solvent. 

However, the reaction AG° is dependent on the glycerol concentration as seen by 

the faster back reaction rate with lesser glycerol concentration. The solvent thus 

appears to change the reaction AS0.

To determine the reaction free energy and entropy from the observed 

P+Qa’ decay kinetics, the charge recombination rate of P*H, kx, is needed. This
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decay rate has been previously established to be 5~8xl07 s '1.37,40 For the

calculation reported here, is taken to be 7.7 xlO7 s '1. Different values have

23 42been used when the triplet decay pathway was taken into consideration. ' But 

as will be discussed later, the triplet pathway seems to be separate from the 

charge recombination pathway found in these reaction centers, kj has a weak

temperature dependence.37,40 The rate increases approximately 20% from 5 to

45°C, causing a -30 meV correction of the enthalpy measured in this temperature 

range for all the quinones. This correction is smaller (— 10 meV) for the 

enthalpy measurements over the larger temperature range. The reported 

enthalpy was corrected for the temperature dependence of kj.

The entropy, enthalpy and free energy. The free energy, enthalpy and entropy 

changes for reaction centers with 2-Me-AQ as QA are listed in Table 3.1. These

values compare measurements in the ambient temperature range (278-318 K)

and in 67% glycerol between 220 to 300 K. Remarkably the results show that the

reaction entropy and enthalpy is temperature independent down to 220 K. The

enthalpy change is the dominating term being close to the reaction free energy

and so the entropy change is small. Thus the free energy is nearly temperature

independent. The AG° value obtained for the single exponential fit is 265 meV

12 18(298 K). This is in good agreement with previous measurement of 270 meV. '

The free energy difference between the fast and slow phase is about 30 meV (298 

K), which reflects the approximately 3 fold difference in the two rate constants.

The parameters from the single exponential fit above the transition 

temperatures for reaction centers with nine different QA’s are listed in Table 3.2.
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The measured entropy and enthalpy change vs. the free energy change are 

plotted in Figure 3.7. The enthalpy change is slightly larger than the free energy 

change, and the difference becomes smaller when the AG° decreases. On 

average, AH0 is within 10% of AG°. AQ has the largest absolute entropy change, 

TAS° =100 meV, while in 1-Am-AQ the entropy change is the largest fraction of 

the reaction free energy change. The entropy change is never more than 25% of 

the reaction AG°.

The reaction enthalpy, entropy and free energy were determined below 

210 K using the same thermal back reaction model and the same kt value (Table

3.3). The enthalpy drops about 250 meV below the transition temperature, and 

the entropic contribution to the free energy increase by the same amount. Now 

the free energy change decreases with temperature.

One possible source of error in the derivation of the thermodynamic 

parameters is the use of a constant value for k0, especially at temperatures below 

210 K. Previous studies34'41 show that k„ increases by 50 -100% from 210 K to 90 

K in wild type RCs and in mutants with different P/P* midpoint potentials, 

which is in the opposite direction of the rate change observed here. The use of a 

constant for Iq, will cause the enthalpy of the reaction to be underestimated, but 

it is not nearly enough to explain the difference in the enthalpy change above 

and below the transition temperature. If k0 is assumed to double over this 

temperature range in RCs with substituted quinones , the correction on the 

enthalpy data derived is less than 3 meV, within the error of the measurement.

Discussion
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The temperature dependence of the P+QA charge recombination kinetics

was measured from 40-318 K for reaction centers with low potential quinones 

substituted in the QA site. With these QA's the reaction occurs via an pre-

22equilibrium with the P+H" state. Thus, the reaction kinetics provide a simple 

measurement of the in situ thermodynamics for the electron transfer from QA* to 

H. The use of these different QA's allows the reaction AG° to be varied over a 

range of =200 meV. In the native RCs with ubiquinone as QA, the contribution of 

the uphill pathway is negligible. Here charge recombination mainly proceeds 

through the direct tunneling from QA* to P. This reaction is close to temperature

independent, therefore it provides little information about reaction 

1113thermodynamics. ' The temperature at which the thermal route freezes out 

and the direct tunneling rate becomes the dominant pathway decreases as the 

quinone midpoint potential is lowered.24

When the charge recombination reaction proceeds through the thermally 

activated route via the P+H‘ state, the AG° between the P+QA and P+H' states can

be determined from the charge recombination rate at a given temperature, and 

the temperature dependence of the rate provides AH0 and AS0. Above about 210 

K, the reaction enthalpy is found to be close to the free energy change (Fig. 3.7). 

This is consistent with previous measurement on a smaller number of samples 

using the same method.28,41 The entropy change is small (<3.3 mev/K) and

positive, indicating that the intermediate P+H" stale is somewhat more
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disordered than P+QA‘. Between 80 K and 200 K, AH0 is much smaller, AG°

becomes more strongly temperature dependent and AS0 becomes significant.

The method used here for estimation of thermodynamic parameters of 

the reaction centers relies on the validity of the model illustrated in Figure 3.1. A 

few possible complications exist:

The identity of the intermediate state. The variation of the charge recombination 

kinetics with the energy of the P+QA' state strongly supports a mechanism where

P+Qa‘ pre-equilibrates with a higher energy intermediate (Fig. 3.2). This

__  ̂|g 23
intermediate is most likely P+H". ’ ' Some controversy exists in the literature 

regarding the exact free energy of this state. Measurements on the nanosecond 

or faster time scales find values varying from 90 meV to 250 meV below P*43"47 

Explanations for the variation include relaxation following the initial charge 

separation and a distribution of free energies for P+H’. Using 7.7xl07 s '1 for kj

and a AG° between P* and P+QA' of 860 meV for the native reaction centers, the

thermal intermediate is 340 meV below P*. This estimate uses measurements on 

the micro- to millisecond time scale. The lower energy suggests the thermal 

intermediate state observed in P+QA charge recombination utilizes a more

relaxed form of P+H as the high energy intermediate.

The free energy change from P+QA* to P* has also been measured

18independently using the delayed fluorescence method. If the free energy 

change of P+QA to P* is compared to the free energy change between P+QA and
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P+H , the difference is a constant for the different quinones as QA (Fig. 3.2). Thus, 

the free energy of the thermally accessible P+H state is independent of the 

identity of the quinone in the QA binding site. So regardless of the exact nature of 

the thermal intermediate, this state can be used as a reference point for 

determining the relative P+QA energy under different conditions.

Triplet formation on the charge combination pathway. Triplet states will be 

formed in quinone substituted reaction centers if the quantum yield for

formation of P+QA is lower than 1. Some formation of triplet state in reaction

centers containing 2-Me-AQ and 23-dM-AQ at low temperature is consistent

with previous quantum yield measurement.41

The triplet state might also be formed in charge recombination via P+H .

Equation 3.1, does not account for this additional route for P+QA charge 

recombination. However, at low temperature the triplet decay rate is seen to be 

distinct from the decay of the P+QA state, indicating that the triplet state is not in

equilibrium with the P+H state. It has been observed previously that no extra

triplet was formed from the thermal back reaction through the P+H ' state for 2,3-

18dM-AQ substituted reaction centers. Therefore the triplet pathway seems to be 

separate from the thermal back reaction route through the P*H state. The

observed triplet most likely arises in RC where P+QA‘ is never formed. 

Comparison with previous results. The temperature dependence of AG°, AH0, - 

TAS° for reaction centers with 2-Me- as QA is illustrated in Figure 3.8. At
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temperatures above 210K AG°=AH° and AS0 is small. At lower temperatures, 

-AG° diminishes with temperature. The interpretation presented here is a first 

order approximation, which assumes AH0 and AS0 are constant above and below 

the transition temperature.

The entropy and enthalpy differences between P* and P+QA have been 

obtained in the room temperature region by measuring the temperature 

dependence of the delayed fluorescence via the P* state. For UQ10, the entropy

17change is 110 meV while the free energy difference is -860 meV. For AQ and

2,3,5-trimethyl-NQ, TAS° was 10 meV and -20 meV relative to AG° of -700 meV 

18and -770 meV. Thus, the reaction entropy between P+QA’ and P* is small.

The thermodynamic parameters of the charge separation from P* to 

P+Qa' have also been measured by a photoacoustic method, which is a more

direct calorimetric measure of the enthalpy change. The results from

photoacoustic measurements vary. Early estimate showed relatively small values

19 20of AS0 in agreement with the delayed fluorescence measurement. ' However a

recent study using improved methodology and sub-microsecond time resolution 

found a surprisingly large portion of the free energy change (-50% for UQ10) to 

21be entropic. Possible causes of this discrepancy were discussed in detail in that

paper. One important factor may be the different time scales of the 

measurements. It was proposed that more relaxation of P*QA‘ occurs in the

slower delayed fluorescence measurements (10 /iS to 100 ms) than in the fast 

ohotoacoustic measurement (<100 nsl. The thermodvnamic parameters obtained
4 # 4
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here by the thermal charge recombination measurements are in good 

agreement with those found by delayed fluorescence. These methods both 

monitor the system during the lifetime of P+QA‘.

The observation of a large entropy change at temperatures lower than 

210 K also suggests that P Q a" is formed in a state which can be trapped before

relaxation. The reaction AS0, if extrapolated to room temperature, is 300 mev (298 

K) for 2,3-dM-AQ, which is comparable with the value of 210 meV measured by 

the photoacoustic method at the same temperature. At low temperature, protein 

motions are slowed down, and the P+QA state formed by the flash may not be

able to fully relax in the milliseconds before the charge recombination. A trapped

state can result from energy barriers internal to the protein and as well as from

33high solvent viscosity. The reaction entropy and enthalpy changes are

therefore different from their values at room temperature. Thus, a large AS0 may 

be found by the photoacoustic method because an early intermediate is assayed, 

while similar results are found below 210 K where an unrelaxed state is trapped.

Extrapolating the -AG° for electron transfer with 2-Me-AQ to 0 K show 

that the ebergy gap between P^Qa* and P+H‘ is 220 meV smaller than at room

temperature (Fig. 3.8). The temperature dependence of the P+QA state is likely to 

be greater than of the P+H~ state, which lives less than a nanosecond and so has 

little time for relaxation at any temperature. Several other, less direct estimates 

of the temperature dependence of the P+QA energy level exist from estimates of

the temperature dependence of the free energy gap between P+QA" and the
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ground state. The rate of P+QA" charge recombination by direct tunneling from

-  14Qa to P was analyzed using a distributed conformation model. Analyzing the

change in rate with quantum mechanical electron transfer theory, the average

free energy difference between P+QA and P appears to increase by about 130

meV from room temperature to 5 K. This is consistent with P+QA" being

trapped in a higher energy state at low temperatures.

A similar study determined the temperature dependence of electron

+  34tunneling from QA' to P in mutants with different P /P  midpoint potentials.

The relationship between the electron transfer rate and driving force was 

analyzed using Marcus theory. The maximum of the theoretical curve, i.e. the 

driving force (-AG0) at which the electron transfer is optimized, shifts by -280 

meV from room temperature to 10 K. This shift could be explained by either a 

decrease of the reorganization energy (X) or an increase in the driving force 

(-AG0). The contribution of each variable could not be separated in the analysis. 

However, the results reported here suggest that a significant portion of the shift 

is due to an increase in -AG° as P Q /  is trapped at a higher energy at low 

temperature.

Conclusions

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



44

The free energy, entropy and enthalpy changes between P+Qa'  and P+H' 

were determined for 8 anthraquinones and 1 naphthoquinone as QA. The 

temperature dependence of the charge recombination kinetics was studied from 

40-318 K. The entropy changes are found to be small from 210 K to room 

temperature. However, in the temperature region 80-210 K a significant entropy 

change is observed and the free energy is strongly temperature dependent.

Thus, at lower temperatures P+Qa" appears to be trapped in a higher energy 

state. This is consistent with early studies that inferred changes in the energy of 

this state at low temperature without being able to measure the in situ AG° 

directly.
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Figure 3.1. The electron transfer pathway and free energy level in Rb. spharoides 

RCs. The free energy level of the P+HQA state is shown for the native 

ubiquinone. The energy range for the substituted low potential quinones used as 

Qa in the experiment is also shown. The uncertainty of the P+FT free energy level

is indicated by the box (see discussion). With native RCs at room temperature, kj 

= 7.7x 107 s'1 and is assumed to be independent of quinone at the QA site, kHA= 

5xl09 s'1, ko = 9.3 s'1.
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Figure 3.2. The relation between the P+QA charge recombination rate and the in-

situ free energy measured by delayed fluorescence.18 +, charge recombination 

rates taken from reference 41; o, values measured here. The line through the 

data was drawn so that the rate increases by a factor of 10 for each 60 meV 

increase in the energy of P*QA as predicted if the reaction mechanism involves

equilibration of P*QA with a higher energy state. Assuming this state decays at

7.7xl07 s'1, as expected for P+H", the intermediate is 520 meV above P+QA when

Qa is UQ.
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Figure 3.3. Flash induced absorption change for RCs with 2-Me-AQ as QA. The 

single (a and b) and double (c and d) exponential fit to the kinetics at two 

different temperature are shown. The residual error is also shown. pH =8.0, 

{RC]=400 nM, [2-Me-AQ]=4 nM. k,mglc is the rate obtained from the single 

exponential fit while kf and ks are the faster and slower components of the 

double exponential fit. The fit parameters are: at T =9°C, k,mglf =1.8xl03 s '1, 

kpl.2x10s s‘l(46% of total amplitude), ks= 4.6xl03 s'1(54%), at T =39°C , k,mglc 

=5.4xl03 s '1, kf=3.2xl03 s'^SS^o), ks=1.2xl04 s‘1(45%). The constant in the single 

exponential fit is less than 5% of the total amplitude in both cases.
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Figure 3.4. The Van't Hoff plot for the single exponential fit and for the 2 phases 

(kf, ks) of a double exponential fit of the charge recombination for 2-Me-AQ in 

the ambient temperature range. Fitting parameters are given in Table 3.1.
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Figure 3.5. The temperature dependence of the P+QA* charge recombination rates 

for reaction centers with four different QA's. The rates are obtained from single

exponential fit to the kinetic data. Filled symbols represent values measured in 

the 210-300 K region (with 67% glycerol) and unfilled symbols represent values 

measured between 278 and 318 K. 2,3-dM-AQ, A, ▲ 2-Me-AQ, ♦, AQ, 0 ,# 1 -  

Cl-AQ. The lines shown are fit to equation 3.2. Fitting parameters are given in 

Table 3.2.
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Figure 3.6. The temperature dependence of the P*QA charge recombination rate

(single exponential fit) for three quinones as QA(40-300K). With 67% glycerol +, 

2,3-dM-AQ, o,2-Me-AQ, ▲, 1-C1-AQ; with 33% glycerol 0, 2,3-dM-AQ (b only). 

Fitting parameter given in Table 3.3. (a) fit to equation 3.1. (b) Data fitted with 

contribution of direct tunneling pathway (Iq,) subtracted and equation 3.2 fitted 

independently above and below transition temperature.
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Figure 3.7. The enthalpy and entropy change vs free energy change for the 

reaction from P+QA" to P+H‘ with eight anthraquinones and one naphthoquinone 

as Qa. The lines through AH0 and TAS0 have slopes of 1.1 and 0.1 respectively. A 

line where AG°=AH° is also shown. Identity of each reaction center: (1-9): the 

data in table 3.2 measured between 278-318 K. The primed labels (1', 5’, 9’, and 

14'): measured between 210 and 300K. (10-12): data with non-quinones 

substituted for QA from reference 26. 10: l-nitroso-2-hydroxynaphthalene; 11: 

2,4,7-trinitro-6-fluorenone; 12: l,2,3,4-tetrafluoro-9-fluorenone. 10 and 11 are 

measured between 200 and 300 K; 12 is measured below 150K. 13: AQ as QA 

from reference 28.14: Rps. viridis reaction centers with the native menaquinone 

as Qa measured between 274 and 308 K.23
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Figure 3.8. The temperature dependence of AG0, AH0 and -TAS0 from P*QA to 

P+H" in reaction centers with 2-Me-AQ as QA. The region below 80K is an 

extrapolation assuming constant values for AH0 and AS0.
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Table 3.1. Free energy, enthalpy and entropy change from P+QA’ to P+FT in RCs 

with 2-Me-AQ as QA, using different fitting procedures.

Rate AGU (meV) 
(298K)

AHu(meV) TASu(meV)
(298K)

278-318 K
Sinele 265±7 326± 5 61+5

Double Fast 240±23 240±16 0±16
Slow 273±26 273±18 -3+19

210-300 K
Sind e 264±17 297±16 33±5

Double Fast 251±85 277±76 26±40
Slow 280±53 305±45 25±28

Single: Charge recombination fitted with a single exponential.

Double: fast and slow phases of the two exponential analysis.

The error quoted here is the standard deviation of the fitting to the Van't Hoff 

plot (Temperature range 278-318 K ).
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Table 3.2. Free energy, enthalpy and entropy change from P+QA" to PH* for RCs 

with nine different quinones as QA.

278-318 K 210-300 K

k° i ( s ' )
AGu(meV) 
(298 K)

AH°
(meV)

TASu(meV) 
(298 K)

AGu(meV) 
(298 K)

AH”
(meV)

TASu(meV) 
(298 K)

1 2-C1-AQ 12.2 410 460 50
2 1-C1-AQ 10.2 391 425 34 402 420 18
3 2-Am-NQ 10.0 364 400 20
4 AQ 7.4 330 430 100
5 2-Me-AQ 19.7 265 326 61 264 297 33
6 1-Am-AQ 6.8 234 306 72
l 1,3-dM-AQ 20.0 221 l i l 31
8 2,3-dM-AQ 27.7 219 244 25 200 282 82
9 2,7-dM-AQ 20.9 203 228 25

The kinetics was fitted using a single exponential plus a constant. The uncertainty 

of the thermodynamic parameters is less than 25 meV. The values listed under

278-318 K were measured with samples in aqueous buffer (Tris pH=8) in this 

temperature range, while the values listed under 210-300 K were measured using 

2 to 1 glycerol water mixture as the solvent.
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Table 3.3. Comparison of free energy, enthalpy and entropy change from P+QA* 

to P+FT above and below the transition temperature.

AG°(meV) 
(298 K)

AHu(meV) TASu(meV) 
(298 K)

3+Qa-->P+H-
2-Me-AQa 264 297 33

2-Me-AQb 350 30 -320

2,3-dM-AQa 200 282 82
2>dM-AQb 330 30 -300

5+Qa'->p*
2,3-dM-AQc 570 360 -210

For comparison, all values are extrapolated to 298 K. 

a Values measured in the temperature range 210-300 K

b Values measured in the temperature range 80-210 K, the AG values at 298 K are

extrapolated from the measured values of AS and AH at low temperature. The 

operating AG at low temperature is much smaller (See figure 3.8).

c The difference between P* and P+QA" measured by photoacoustic method on 

the sub-microsecond time scale.”
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Trapping conformational intermediate states in the reaction center 

protein from photosynthetic bacteria 

Abstract

In protein, conformational changes are often crucial for function but not easy 

to observe. Two functionally relevant conformational intermediate states of 

photosynthetic reaction center protein (RCs) are trapped and characterized at low 

temperature. RCs frozen in the dark do not allow electron transfer from the reduced 

primary quinone, QA", to the secondary quinone, QB. In contrast, RCs frozen under 

illumination in the product (P+QAQB) state, with oxidized electron donor, P+ and 

reduced QB', return to the ground state at cryogenic temperature in a conformation 

that allows a high yield of QB reduction. Thus, RCs frozen under illumination are 

found to be trapped above the ground state in a conformation that allows product 

formation. When the temperature is raised above 120 K, the protein relaxes to an 

inactive conformation which is different from the RCs frozen in the dark. The 

activation energy for this change is 87±8 meV, and the active and inactive states 

differ in energy by only 16±3 meV. Thus, there are several conformational substates 

along the reaction coordinate with different transition temperatures. The ground 

state spectrum of the RCs in active and inactive conformations report differences in 

the intra-protein electrostatic field demonstrating the dipole or charge distribution 

has changed. The electrochromic shift associated with the QA' to QB electron transfer 

at low temperature was characterized. The electron transfer rate from QB‘ to P+ was
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measured at cryogenic temperature and is similar to the rate at room temperature as 

expected for an exothermic, electron tunneling reaction in RCs.
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Conformational flexibility is important for the function of proteins.1,2 At room 

temperature, proteins fluctuate amongst many conformational states. At low 

tem perature, protein will become trapped in harmonic motions near the 

conformation it was frozen into.3'9 Intra-protein reactions are inhibited if this 

conformation can not access the transition state. When the temperature is raised, 

relaxation between conformational sub-states becomes possible. Elastic incoherent 

neutron scattering and x-ray crystallography measurements of bacteriorhodopsin10

and myoglobin4 show that different parts of the protein relax at different

temperatures.11

Bacterial photosynthetic reaction center protein (RCs) has a number of 

physiological electron tunneling reactions that occur even at cryogenic 

temperatures. This system can therefore be used to characterize conformational 

sub-states of physiologically important reactions. Previous studies of RCs have 

characterized the protein at cryogenic temperatures. RCs can be trapped in a 

distribution of sub-states which exhibit a wider distribution of reaction rates.12,13 

Other studies have characterized unrelaxed product states.14 In addition, reactions 

that normally do not occur at low temperatures have been observed when the 

protein is frozen into appropriate conformational states.12

The bacterial photosynthetic reaction center is the membrane protein that 

facilitates the conversion of light energy to chemical energy. Upon absorption of a 

photon, a separation of charge is achieved by a series of electron transfers between 

the cofactors bound to the protein. (For reviews, see Ref. 15-17) Charge separation 

starts with a very fast picosecond electron transfer from the primary electron donor
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P, a dimer of bacteriochlorophyll, to the bacteriopheophytin in the L branch of the 

protein, BPh^ followed by a slower reduction (-200 ps) of the primary quinone, QA. 

The electron is then transferred to the secondary quinone, Q B. When no external 

electron donor is present, the electron returns to P+ and the system is restored to the 

ground state (Fig. 4.1).

At cryogenic temperatures charge separation to form P+QA* and charge 

recombination to regenerate the ground state occurs with rates and yields little 

different than found at room temperature. However, at low temperatures, the 

electron transfer from QA' to QB stops, demonstrating that some activated step limits 

this electron transfer. Kleinfeld et al.12 observed previously that RCs frozen under 

illumination in the P+QB' state and then allowed to return to the ground state can 

support electron transfer from QA' to QB. Thus, RCs can be trapped in an activated 

conformation. It is this observation that will be explored here.

The importance of conformational change in the QA‘ to QB electron transfer 

has also been seen in kinetic studies at room temperature. Two kinetic phases can be 

found.18,19 The slower (t=100 /i s ) is independent of the driving force, indicating that 

the electron transfer itself is not rate limiting and that the reaction is gated by some 

other process.20 This is the predominate process in isolated, native RCs. The faster 

rate (t< 10/is), depends on the driving force as predicted by Marcus electron transfer 

theory,21 indicating RCs can be prepared where the gate is open and the electron 

transfer itself determines the rate. Binding a Zn2+ or Cd2+ ion to a surface site on the 

RCs slows down the 100 fis phase of the QA' to QB electron transfer. Thus ion 

binding impedes the rate limiting conformational change.22,23
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High-resolution X-ray crystal structures can follow significant, heavy atom 

conformational changes along a reaction coordinate if an intermediate state can be 

trapped.24"27 RC structures have been obtained at 2.2 and 2.6 A resolution of the 

protein frozen in the dark in the ground state and under illumination in the P+Qb' 

state. Comparison reveals some structural differences even at this resolution, the 

most significant being that QB occupies a site 3.5 A closer to QA in crystals frozen in 

the light rather than in the dark.28 However, other processes may also contribute to 

the temperature dependence of QB reduction which could not be seen at the 

resolution of these structures. Experimental and computational studies suggest that 

proton transfer, changes in hydrogen bond patterns, and side chain reorientation 

need to occur for the electron transfer from QA' to QB to be energetically favorable.29"

34

In order to further characterize the conformational gating that controls 

electron transfer from QA" to QB, RCs were trapped in an active state by freezing 

under illumination using methods developed by Kleinfeld et al.12 The loss of activity 

in the dark adapted protein follows the temperature dependence of the rate of 

reduction of QB. The stability of the active conformation at different temperatures 

probes the shape of the energy landscape near the active conformation. 

Electrochromic shifts, that monitor changes in the electrostatic fields in the protein 

are compared in the ground states of light and dark adapted protein as well as in the 

P+Qa" and P+QB" states at low temperature. In addition, the temperature 

dependence of the charge recombination reaction from P+QB" to the ground state is 

characterized.
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Materials and Methods

Engineered poly-histidine tagged, carotenoid containing, Rb. sphaeroides 

reaction centers were purified utilizing the high affinity interaction between the

poly-Histidine tag and Ni-NTA (nitrilo-Tri-Acetic acid) resin.35 Non-His-tagged

carotenoid-less strain R-26 RCs was also used for comparison with previous 

measurements. No significant difference between the two strains was observed in 

the measurements reported here. The non-His-tagged protein was isolated 

following established procedures using lauryldimethylamine-N-oxide (LDAO) 

extraction and purified using ammonium sulfate and DEAE (diethylaminoethyl) 

chromatography.36 The QB site is less than 5% occupied after either purification.

Protein for QA reconstitution has the native ubiquinone-10, QA, extracted with 4%

LDAO and 10 mM orthophenathroline using the method of O kam ura37 with minor

modification.38 After this treatment, the quinone content is: QB = 0% and QA < 5%.

The residual LDAO concentration from the RC stock solution is 0.025%.

Quinones added to the RCs, ubiquinone-10 (UQ10), ubiquinone-1 (UQ1) and 

manaquinone-4 (MQ4), were dissolved in 2% Triton X-100. The relatively insoluable 

UQ10 stock solution was heated for 5 seconds in a microwave oven before being 

added to the RCs. To reconstitute QA activity with MQ4, about 1.5 MQ4 per RC was

added. QB was reconstituted with 15-20 UQ10 or UQ1 per RC.39 RCs with MQ4 at 

Qa and UQ10 at QB were prepared as described previously.21

Flash induced absorbance transients were m easured w ith a flash 

spectrophotometer of local design. The sample was excited by a 2.2 joule, 10/is flash 

from a xenon flash lamp. A low pass filter with cutoff of 750nm (Oriel) filtered out
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the shorter wavelengths. The transmitted light was detected by a Thom EMI 9798QB 

photomultiplier. The electron transfer kinetics were monitored by following the 

difference in P and P+ absorbance at 430nm.

Absorbance changes from 700nm to 950nm were measured with a liquid 

nitrogen cooled CCD detector (Princeton Instrument, LN/CCD-1024-EHRB/l). A 

weak, non-actinic xenon flash lamp (~0.4/zS FWHM) (IBH Consultants, 5000XeF) 

provided the measuring light. The transmitted light was focused onto an optical 

fiber and into the spectrometer (Jobin-Yvon, HR460) with the CCD detector at the 

image plane. The absorbance was calculated by comparing the light transmitted 

through a buffer solution (I0) and through the RCs after excitation I(t) at the same 

temperature. A(t)=Log(I0/I(t)). The delay between the pump and probe flash was 

varied with a delay generator (Stanford Research DG535) to follow the time 

dependence of the reaction. As the absorbance changes are collected in the same 

spectral region as the exciting flash, a minimum delay of 20ms was needed to give 

the CCD time to remove the charges induced by the actinic flash.

The low temperature measurements were carried out in a closed cycle helium 

cryostat system (APD cryogenics, CSW202A) with a programmable temperature 

controller. The temperature resolution is 0.1K and controllability is ±0.4K.

For low temperature experiments, RCs in Tris buffer were mixed with two 

volumes of glycerol. The final RC concentration was 3-4 nM for single wavelength 

kinetics measurements and 30 /tM for time resolved spectral measurements. The 

optical cell has a light path of 1 mm. The actinic and measuring light were 

perpendicular to each other with an incident angle of 45 degrees at the sample.
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Two different methods were used to trap the protein in the light induced 

P'Qb" conformation. Following the method used by Kleinfeld et al.,12 the sample was 

plunged into liquid nitrogen for about three seconds while under illumination, then 

transferred to the cryostat at 40 K. The sample was dark adapted for 30 minutes at 

40 K to let the RCs reform the ground state, then brought to the measurement 

temperature. Helium gas was blown through the chamber when frozen samples 

were placed in the pre-cooled system. The cryostat temperature was found to 

increase by 40 K or less and then return to the set temperature in about three 

minutes. The protein was also trapped by cooling the sample slowly (at =5 

K/minute) under a 75W continuous Xenon light or with actinic flashes repeated at 

1HZ. A 675nm low pass filter (Corion) was used in either case.

When RCs are activated at any temperature with an actinic flash P+QA' is 

formed. This can either yield P+QB‘ by electron transfer from QA‘ to QB (kAB) or 

return to the ground state at (Fig. 4.1). The quantum  efficiency of P+QB' 

formation reflects the competition between these two steps. In dark adapted 

samples kAB slows with temperature so that the rate can be estimated from the 

quantum efficiency, 0, of P+QB" formed from P+QA', where 0 is:

0 = — --------- (4.1)
kAB + kAP [p +q ; u +[p +QbU

Over the temperature range when kAB and k ^  are comparable, 0 differs from zero 

and 1.0, and Eqn. 4.1 can be used to derive kAB. 0 for P+QB' formation is the fraction 

of excited RCs that form I^Qa*. This can be readily determined from the kinetics of 

reduction of P+ which occurs at very different rates from the P+QA' and P+QB states. 

The rate k ^  has been well characterized, increasing from 9 s'* to 37 s' 1 as the
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temperature is lowered from room temperature to 5 K.12,13,40 In contrast, once formed 

P+Qb' returns to the ground state at rates between 1 and 0.02 s'1.

The use of 0 to determine kAB can be tested by exciting a sample when most 

of the P+Qa' RCs have returned to the ground state, but the P+Qb’ RCs have not. The 

second flash reforms P+QA of which a fraction 0 should generate additional P+Qb'. 

The yield of P+QB' should be the same on each flash if the competition between kAB 

and k ^  is the sole cause of the low P+QB' yield. Here caution must be taken to 

correct for the incomplete saturation of the actinic light so that not all RCs form 

P+Qa' in a single flash and also for the portion of the RCs without bound QB.

When the temperature of light-adapted RCs is raised above 120 K, the 

trapped conformation which can form P+QB* relaxes so that only the faster decaying 

P+Qa RCs are seen after a flash. The relaxation rate was measured at different 

temperatures. Starting at 40K it takes =15 minutes to reach 200 K. The time at which 

the temperature reading reaches the set value is used as time zero. The position of 

the temperature and optical measurements are separated by about 0.5 cm.

For measurements at constant temperature, 5-10 flashes approximately 20 

minutes apart were averaged. No averaging was carried out for the measurement of 

the relaxation processes in the 120-200 K temperature region.

The P+Q b'  charge recombination kinetics were analyzed by two exponential 

decays plus a constant using a nonlinear least square fitting program of Levenberg- 

Marquardt algorithm (Igor Pro from WaveMetrics). The constant is 10% or less of 

the total amplitude. A more general distributed rate model can also be used to 

analyze this type of kinetics41 where:

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



69

AA(r) = &A(0)fD(k)e~bd log k (4.2)

D(k) is the distribution of rates on the log(k) scale. This Laplace transformation can 

be inverted numerically using Tikhonov-Miller regularization method.42

Results

RCs trapped in the dark-adapted conformation. At low temperature, flash 

excitation yields P+QA’ in essentially 100% of the RCs.43 P+Qa returns to the ground 

state at ~9 s' 1 (kAP). When the electron is transferred to Q0 charge recombination 

slows to <1 s'1 at room temperature and becomes even slower at lower temperature 

(see below). Thus, it is possible to differentiate between RCs in P+QA' and P+Q0' 

states by monitoring the rate at which the P+ formed on a flash is rereduced to P at 

430 or 890 nm. As the temperature is lowered, the slow component of charge 

recombination is lost (Fig. 4.2).44 In native RCs at pH 8.0 (67% glycerol), the quantum 

yield of P+Q0' (<» is 50% at -225 K. At this temperature kA0 = k ^  =10 s'1.

An estimate of the activation energy of 8±1 Kcal/mol for kA0 can be derived 

from the temperature dependence of quantum efficiency (Fig. 4.2). Equation 4.1 is 

used to estimate kA0 from q for P+Q0‘ formation. Between 250K and 180 K electron 

transfer from QA‘ to Q0 (kA0) slows to where it can no longer compete with kAP ( kA0 

»  k ^  (q=l) to kA0 «  k ^  (q « 1 ) )  (Fig. 4.2).12,45 Eqn. 4.1 makes the simplification 

that the electron transfer from QA' to Q0 happens at a single exponential rate. Direct 

measurement indicates that the QA‘ to Q0 kinetics become more inhomogeneous 

when temperature is lowered.18 Therefore, the rate obtained from equation 4.1
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represents a weighed average and the derived activation energy is a rough estimate 

of the true value. Given a single enthalpy barrier, the error will be small if the 

energy distribution of RCs is much smaller than the activation energy itself.

RCs trapped in light-adapted conformations. When RCs are frozen under 

illumination, 3 populations are seen after dark adaption. The near-IR spectrum 

shows a loss of the 890nm P absorbance indicating that some RCs are trapped in an 

inactive state where P+ is remains oxidized (Fig. 4.3). At 110K, no change in this 

spectrum is observed in 24 hours. This inactive fraction has been seen previously45 

and may represent RCs frozen in a P+QaQb state where the quinone has been 

oxidized by adventitious mediators.12 Generally, the stronger the illumination 

during freezing, the more RCs are trapped. The protein is not permanently damaged 

as it regains activity when thawed. This population will not be discussed further.

Under conditions used here more than 80% of the protein which is frozen in a 

charge separated state returns to the ground state after 30 minutes at low 

temperature. After an actinic flash two kinetic components are now seen for P+ 

rereduction. Approximately, ten percent of the RCs lack QB. These form only the 

P+Qa' state, which decays back to the ground state at the characteristic 37 s 1 (40 K) 

after a flash. In a given sample, the fraction of RCs without QB at low temperature is 

unchanged, within 10% of that found at room temperature.

As has been seen previously,12 RCs with bound QB frozen under illumination 

adopt a ground state conformation that supports electron transfer from QA' to QB. In 

these RCs the P+ formed by an actinic flash decays back to the ground state in tens 

of seconds (Fig. 4.4A). In contrast, the absorbance change decays to zero in less than 

a second in RCs frozen in the dark. (Fig. 4.4B) The quantum efficiency, 0, of the
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electron transfer, determined with the multiple flash method, is greater than 98% in 

the light-adapted RCs at 40 K. Given the known kAP value of about 10 s'1 in the light- 

adapted RCs at 40 K,12 kAB in the active conformation must be faster than ~103s 1 

(Eqn. 4.1). The spectral changes associated with the slow phase are consistent with 

those expected for P+Q b’ returning to the ground state.

The double difference spectrum (AAA) of the flash absorption change in RCs 

frozen under illumination (AAL) and in the dark (AAD) is AAA=AAL-nAAD (Fig. 4.5). 

This difference between the [P+QB‘ - ground state spectrum] (AAL) and the [P+QA' - 

ground state spectrum] (AAD) provides the spectral difference between RCs with QB‘ 

and Qa'. The normalization factor, n, matches the absorbance change in the 2 

samples at 890nm. This corrects for the activity lost in the light adapted samples as 

well as for the decay of the P+ signal during the 20ms between the actinic and 

measuring flashes. The latter is a small factor in the P+QB' RCs, but more significant 

in the P+QA' RCs.

The near-IR spectra of RCs is dominated by the absorbance bands of the 

bacteriochlorophyll dimer (P), monomers (BL and BM), and bacteriopheophytins (HL 

and Hm) (see Fig. 4.3). The features of the double difference spectrum, where the 

changes at P are subtracted out, show band shifts which result from changes in the 

electric field at each chromophore. The spectrum qualitatively agrees with the QB- 

QA spectrum at room temperature.18 However, because the absorption bands are 

much narrower at 40 K, more features are seen. From previous assignments of the 

absorption peaks for each species,46,47 the major features in the spectrum can be 

tentatively assigned (Fig. 4.3 and Fig. 4.5). The difference spectrum shows a =15 cm'1
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blue shift of BChlM and BPh^ and a comparable red shift for BChlL and BPhM. From 

the orientation of the four chromophores, this indicates an increase of the field 

intensity at BChlM and BPhM, and decrease at BChlL and BPhL. These shifts are 

consistent with the negative charge moving from QA to QB, reducing the distance to 

the M side cofactors and increasing it to the L side cofactors. The broad feature near 

900 nm indicates some absorption change on the red side of P+. This could represent 

either some relaxation process near P, or a difference between its long range 

electrostatic interaction with QA‘ and QB'.

Some changes must be trapped in the RCs frozen in the light to allow electron 

transfer from QA' to QB. The difference between the ground state spectrum of RCs 

frozen in the light and the dark was measured to see if the electrostatic fields 

throughout the protein are different (Fig. 4.3). One complication here is that the 

population of RCs trapped in the inactive P+ state also contributes to this difference 

spectrum. But as mentioned previously, the percentage of the RCs trapped in the 

inactive P+ state can be varied by changing the illumination conditions. By 

comparing spectra with different percentage of the two species, the spectrum of the 

trapped RCs and the difference of the ground states for the light and dark adapted 

ground state spectra (Fig. 4.3) can be separated.

Although the signal to noise ratio is not ideal, there appears to be an 

electrochrom ic shift of the bacteriopheophytin  (BPh) and m onom er 

bacteriochlorophyll (BChl) bands when RCs are frozen in the light. The 

electrochrom ic shift of the bacteriopheophytin  (BPh) and  m onom er 

bacteriochlorophyll (BChl) bands is caused by a change in the electrical field at the 

chromophores, i.e. a Siark shift. These shifts have been analyzed in detail for the
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P^Qa' charge separation.47 The shift caused by freezing RCs in the light is in the 

opposite direction from that induced by the P+QA or P+QB‘ charge separation, 

indicating a difference in the electric field at the chromophores which is opposite to 

that induced by the P+Qa or P+QB‘ charge separation. The extra field's projection on 

the transition dipole of BPh or BChl can be estimated from the magnitude of the 

shift, which is proportional to the height of the difference signal when the shift is 

small comparing to the width of the peak. The change in the field projection is about 

20% of that found for the P+QA or P+QB charge separated states.

P+Qb charge recombination kinetics. In light-adapted RCs, the P+QB' charge 

recombination kinetics can be examined in detail at low temperature for the first 

time. The rate of this reaction was measured at 430nm, monitoring the change of the 

P absorbance (Fig. 4.6). At 40 K the kinetics can be fit with two exponentials at 0.21 s‘ 

1 and 0.025 s'1 and a constant which is less than 10% of the total amplitude. Since the 

two rates differ by more than ten fold, they can be easily separated in the kinetic 

analysis (Fig. 4.6A).

The kinetics were also analyzed with a distributed rate model as Eqn. 4.2 (Fig. 

4.6B). The distribution has rates centered around the same two values obtained in 

the 2 exponential fit. There may be a slightly broader distribution of the faster rate 

(data not shown). However, Fig. 4.6 shows that the residuals with the simpler, 2 

exponential fit is comparable to that found with a distribution of exponential 

decays. Both charge recombination rates show little temperature dependence from 

40 K to 110 K. (Fig. 4.7A). However, the fraction of the reaction at the faster rate 

decreases from 44% to 30% as the temperature is raised (Fig. 4.7B).
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Since the light induced product state has a long lifetime, one practical 

concern is whether the weak measuring light will cause some RCs to be trapped in 

the product state, distorting the measured kinetics. To assess the contribution of the 

measuring light, its intensity was varied by 10 fold around the value normally used, 

from approximately 10u to 1012 quanta/second. The charge recombination kinetics 

were independent of the measuring light intensity (data not show n).

There are 2 pathways for charge recombination in P+QB‘ RCs. One is by 

electron tunneling from QB' to P+. However, at room temperature, P+Q0" charge 

recombination proceeds predominantly via P+Qa as an intermediate.44,48 The rate is 

therefore dependent on a pre-equilibrium between the P+QA* and P+QB' so is 

sensitive to the energy level of QA'.21,49 The P+QB‘ charge recombination rate was 

measured at 40 K in RCs with MQ4 rather than UQ10 as QA. QB is still UQ10. The 

free energy of the P+QA* state w ith MQ4 is 30meV higher than with UQ10. If charge 

recombination depends on the thermal equilibration of the P+Qa and P+QB‘ as it 

does a t room  tem perature, the rate would be expected to slow by more than 1000 

fold at 40 K. However, the measured rate is independent of the energy of the P+QA' 

state (Fig. 4.7). Thus, the contribution of this indirect route to the P+QB* charge 

recombination is negligible and the reaction proceeds at a QA independent process 

via direct tunneling from QB' to P+.

Relaxation of the active, light-adapted conformation. Light-adapted RCs remain 

capable of forming P+QB‘ on a flash for at least 24 hours at temperatures below 70K. 

However, when the temperature is then raised, the protein begins to relax to an
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inactive conformation. There is no loss in the initial charge separation reaction since 

the amount of P+ formed remains almost unchanged (Fig. 4.8). However, with time 

the amplitude of the slow, P+QB', charge recombination decreases and that of the 

fast, P+Qa\  component increases. The kinetics of P+QB’ charge recombination can be 

fitted with a two exponential decay with similar rates as at lower temperature. Fig. 

4.8 shows that the percentage of the slower kinetic phase seems smaller than 

expected at early times. This might be caused by difference in the relaxation rate of 

the two substates of the active conformation. The relaxation rate becomes faster as 

the temperature is raised (Fig 4.9). The Van't Hoff plot of log(k) versus 

1/tem perature indicates the activation energy for inactivation is 87±8 meV. (Fig. 

4.10)

As the RCs frozen in the light are allowed to come to equilibrium at 

temperatures between 120 and 200K, some P+QB‘ activity remains even after 24 

hours. Thus, at these temperatures an equilibrium is set up between an active and 

inactive conformations. As the temperature is raised the active fraction is larger. 

The multi-flash method shows the fractional activity does not represent a 

homogeneous population of RCs with a quantum yield less than 1, since a second 

actinic flash 1 s after the first yields no additional P+QB*. Rather, the system relaxes 

into a slowly equilibrating mixture of active and inactive ground state 

conformations.

The equilibrium constants derived from the ratio of the active and inactive 

conformations between 160 to 200 K yield a free energy difference of 16±3 meV. At 

120 K and 140 K the free energy difference is smaller (4 meV and 8 meV) 

respectively. This may be caused by an overestimate of the active conformation
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because the very slow reaction does not reach equilibrium at these temperatures. 

The RCs frozen in dark show no QB activity in this temperature range. Thus this 

relaxed conformation represents a previously unobserved intermediate state 

different from both the dark-adapted and active light-adapted conformations.

The most obvious conformational change between the RCs frozen in the dark 

and light in the crystallographic study is the position of the quinone.28 Therefore the 

quinone movement is suggested to be the rate limiting conformational change. To 

check whether quinone movement is involved in the relaxation of the active 

conformation between 120-200 K, UQ1, which has a much shorter isoprene tail, was 

also used as QB. A much faster relaxation rate might be expected if rotation of the 

bulky tail limits the movement of the native quinone. Instead, similar relaxation 

rates were observed with UQ1 or UQ10 as QB.

Discussion

When reaction centers (RC) are frozen in dark, the yield of electron transfer 

from Qa' to Qb diminishes with temperature so that almost no reaction is seen below 

200 K. In contrast, in RCs frozen under illumination the reaction proceeds with high 

yield even at 50 K.12 Thus, RCs frozen in the P+QB' state must retain some 

conformational changes at low temperature so they return to the ground state in an 

altered conformation that now supports rereduction of QB. Below 70 K the dark 

and light adapted structures remain trapped for days. Between 120 and 200 K the 

active conformation relaxes into a nearby inactive state. There is an 87 meV 

activation energy for this relaxation. Active and inactive RCs remain in equilibrium
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in this temperature range. In contrast, in protein frozen in the dark there is no 

activity at these temperatures. The relationship between the active and two inactive 

conformation are summarized in Fig. 4.11.

The charge recombination rate in the light conformation is consistent with direct electron 

transfer from QB' to P+.

The earliest observation that RCs could be frozen into an active conformation 

was made by Kleinfeld et al.12 The general results reported here are in good 

agreement with that earlier study. The one significant difference in the observations 

is that P+Qb' returns to the g round  state here m uch faster than  previously 

reported, and at a rate that is temperature independent. The reason for the 

discrepancy is not clear, but the result presented here seems to be more consistent 

with that found for other electron tunneling processes in RCs at low temperature.

At room temperature, charge recombination in P+QB' RCs proceeds at ~1 s'1 

predominantly via the intermediate state of P+QA'. The direct electron transfer from 

Qb‘ to P+ is much slower. The latter mechanism only becomes important when the 

free energy of either QA or QB is altered by quinone replacement34,50'51 or by 

mutation34,49,32 to make electron transfer via the indirect route slower than the direct 

route. The direct electron transfer from QB' to P+ occurs at 0.12-0.19 s '1 at room 

temperature.34,50'52 Charge recombination in P+QB' RCs in the light-adapted 

conformation at cryogenic temperature shows two phases at 0.2 s'1 and  0.02 s '1 with 

comparable amplitudes. The faster rate is similar to that seen at room temperature. 

At low temperature the conversion between the two states producing the two rates
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is much slower than charge recombination. If the equilibration becomes faster at 

room temperature, the observed rate would be close to that of the faster component. 

Therefore the rate of electron tunneling from QB‘ to P+ appears to be essentially 

temperature independent.

This measurement of the direct tunneling along the M branch of the RCs from 

Q b'  to P+ at cryogenic temperature can be compared with the well characterized 

charge recombination along the L branch of the protein from QA' to P+. Both 

processes are somewhat biphasic, although the difference in rates is larger for the 

electron transfer from QB' to P+ than from QA'.14,53'55 In RCs frozen in the light in the 

absence of QB/ QA' to P+ electron transfer is better analyzed by a distribution of 

exponentials than by one or two exponentials.12,13 In contrast, in light-adapted RCs 

the Qb‘ to P+ reaction remains well characterized by 2 exponentials (Fig. 4.6A).

The Qb* to P+ reaction is independent of temperature below 110 K and the low 

temperature rate is comparable to that found at room temperature. This is again 

similar to that found with the QA' to P+ electron transfer. In RCs frozen under 

illumination, the P+QA‘ charge recombination rate is almost the same at room and 

low temperature.12,13 In RCs frozen in dark, the P+QA' charge recombination rate is 

approximately 4 fold slower at room temperature than at low temperature, with 

much of the change occurring between 180 and 250 K.

The free energy dependence of the QA' to P+ electron transfer reaction has 

been shown to shift as the system is cooled from room temperature to cryogenic 

temperature.56 Part of this comes from P+QA' being trapped in a higher energy 

conformation at low temperature.14 In addition, the reaction reorganization energy 

is dim inished at low tem perature because large protein changes become
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inaccessible.57 The reorganization energy of the QB' to P+ electron transfer is larger 

than found for QA' to P+ at room temperature.51 The method described here should 

make it possible to monitor the free energy dependence of the electron transfer from 

Qb' at low temperature to more fully characterize this reaction. A smaller value for 

the reorganization energy would be expected in the light-adapted samples at low 

temperatures because smaller changes are needed in the light trapped conformation.

The temperature dependence of the electron transfer rate from QA~ to QB.

The electron transfer from QA' to QB is measured to be 104 s 1 at room 

temperature in native RCs.18,48,58'60 The driving force for this reaction can be modified 

by replacing the native ubiquinone QA with other low potential quinones. The rate is 

independent of driving force and so it appears to be limited by a conformational 

gating step rather than the electron transfer itself.20,21 The rate of this 

conformational change decreases with temperature in dark adapted RCs, indicating 

that this is an activated process (Fig. 4.11). The loss of quantum yield shows the rate 

decrease to less than 1 s '1 below 200 K. In contrast, the estimated rate of QA' to QB 

electron transfer is faster than 103 s '1 at 40 K in RCs frozen under illumination so the 

rate limiting conformational gate appears to be trapped in the open position in RCs 

frozen in the light.

In RCs with low potential QAs, a faster phase (>105 s '1) was observed for the 

Qa to Qb electron transfer. This rate is free energy dependent and so monitors the 

electron transfer itself not a conformational change.19 Since the QA' to QB electron 

transfer in RCs frozen in light is likely to be direct electron transfer, it's more 

appropriate to compare this rate with the fast phase observed at room temperature.
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The rate has an activation energy of 3.8 Kcal/mol (2-25 °C).18-19 If temperature is 

lowered further, this quantum  tunneling rate would be predicted to become 

relatively temperature independent.61-62 The lack of temperature dependence of the 

quantum yield in the light adapted RCs is consistent with a very small activation 

energy for the reaction.

The electrochromic shifts associated with the Q /  to Qg electron transfer and with the 

trapped conformational changes.

The electrochromic Stark shifts in the cofactor absorbance bands are caused 

by changes in the electric field at the cofactor. For QA‘ to QB electron transfer, this is 

caused by a change in the distance between the negative charge and the cofactors. 

Part of the shift may also come from the difference in the dielectric screening on the 

L and M sides of the protein.47

The electrochromic shifts associated with the QA‘ to QB electron transfer at 

cryogenic temperature are qualitatively consistent with the kinetically measured 

difference spectrum at room temperature.18 But because the absorption peaks are 

narrower at low temperature the resolution is significantly improved. In addition 

the spectrum measured at room temperature will contain contributions from the 

gating conformational changes and from relaxation after the electron transfer. In 

contrast, significant conformation changes will already be frozen into the ground 

state so will not be seen in the kinetic difference spectrum and much less relaxation 

would be expected at cryogenic temperature.

An electrochromic shift associated with the conformational change at low 

temperature can be observed in the spectrum of the ground state of the RCs frozen
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in the light and in the dark (Fig. 4.3). The observed shift shows a change in the 

electric field at the chromophores opposite to the direction of the field produced by 

the negative charge in P+QA‘ or P+QB' in the active, trapped RC conformation. This 

more positive field could come from proton uptake, internal proton movement or 

other dielectric response of residues. These changes would help stabilize the QB' 

state and make the electron transfer from QA' to QB energetically more favorable. 

These changes are trapped in the light adapted RCs and should aid and may be 

required for the electron transfer from QA' to QB.

Relaxation processes in frozen RCs.

The RCs trapped in the QB active conformation can relax slowly to an inactive 

conformation at temperatures above 120 K. The relaxation in the temperature region 

120-200 K results in a slow equilibration between the active and a new inactive state. 

This relaxed, inactive state is distinct from the dark frozen state as the latter never 

accesses the active conformation. Thus, only part of the trapped conformational 

changes can be annealed out in this temperature region. The energy barrier and free 

energy difference between active and inactive states are quite small.Possible sources 

of relaxation to this inactive conformation include quinone movement, internal 

proton shift or more general dielectric response of residues nearby. The underlying 

conformational change makes the formation of P+QB‘ energetically unfavorable or 

very slow.29-33,34 The similar relaxation rates of RCs with UQ1 and UQ10 as QB 

suggest that quinone movement is unlikely to be the cause of this relaxation.
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Quinone translocation between binding sites might be expected to have a higher 

activation energy and so would freeze out at higher temperature.

Other conformationally unrelaxed states have been previously characterized 

in RCs. When RCs are frozen under illumination in the absence of QB/ the protein is 

also found to be trapped in a light adapted state, which is indicated by the slower 

and more distributed P+QA' charge recombination rate.12,13 As the RCs are warmed 

up slowly (> 103 s), an incomplete relaxation from the light adapted to the dark 

adapted conformation is observed in the 120-200 K temperature region.12,13 This is 

the same temperature for relaxation to the partially inactive conformation found 

here. In addition, the RCs are found to be trapped in an unrelaxed conformation of 

the product state, P+QA' below 200 K for the ms lifetime of this state.14 The unrelaxed 

initial product state is at a energy level 200 meV higher (extrapolated to 0 K) than 

found for the room temperature relaxed state.

Implication for protein dynamics.

Motions in proteins are often critical for their biological function. The protein 

energy landscape can be described as a rugged hyperspace with many local minima 

corresponding to different conformational substates. At room temperature, proteins 

can fluctuate between substates. But at low temperature, the system is confined to 

harmonic oscillations near the conformation that it is frozen into.

Here RCs have been shown to be trapped into active or inactive 

conformational substates depending on the freezing procedure. The partial 

relaxation of the active conformation into a previously unobserved inactive
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conformation shows substates with different enthalpy barriers near the active 

conformation. At 120-200 K, the protein is able to overcome only the lower tier of 

barriers in the light-adapted sample. This transition is to a state separated by only 16 

meV from the active light-adapted protein. This would appear to represent a local 

change in the protein with its own transition temperature. From elastic incoherent 

neutron scattering and X-ray crystallography study of bacteriorhodopsin and 

myoglobin, the relation between the magnitude of fluctuation and temperature 

shows that different regions of the protein can have different glass transition 

temperature with tiers of barriers having different heights.10,11 RCs now provide 

another example for this type of hierarchical organization of energy barriers.

Other conformational changes in RCs caused by freezing under illumination 

have been previously explored.12,29,63'65 The original studies of the QA‘ to QB electron 

transfer by Kleinfeld et al. suggested a key role for proton binding in the trapped 

active conformation.12 Measurement of the pH buffering capacity of dark and light 

adapted RCs at room temperature shows four independent protonable groups may 

be involved, with their relative importance changing with pH.64 Theoretical 

calculations suggest that proton transfer between 2 acidic residues in the QB pocket 

are required for electron transfer from QA‘ to QB.29 Recent theoretical calculations 

have highlighted the role of protein dynamics in promoting the electron transfer.65 

The measurements presented here show that even very small changes can transform 

RCs from active to inactive conformations, and factors in addition to quinone 

movement are important. Changes in RC spectra suggest active and inactive 

conformers differ in the intra-protein electrostatic potentials. Future studies, 

determining the temperature dependence of inactivation of both dark and light
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adapted RCs as a function of pH and other parameters may provide a more detailed 

atomic picture of the energy surface between reactant and product for this reaction.
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Figure 4.1. Cofactor arrangement and electron transfer pathway in Rb. sphaeroides RCs. At 

room temperature, the electron on QB' returns to P+ by thermal repopulation of the P+QA' 

state. At cryogenic temperature, the direct tunneling at kBP is seen. Approximate rate 

constants at cryogenic temperatures in the light-adapted protein are given. The values for 

kBP and kAP12,13 were determined directly. The value for kAB is estimated from the high 

quantum yield of P+QB' formation.
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Figure 4.2. The fraction of RCs that show the slow, P*QB component of P+ decay after an 

actinic flash. [RC]=4 fiM, pH=8.0. For RCs frozen in dark, the amplitude was normalized 

against the value at 300 K. For RCs frozen under illumination, the maximum amplitude after 

10 flashes (0.1 seconds interval) is taken as 1. Such normalization corrects for the portion of 

RCs without bound QB or RCs trapped in an inactive state. The fall-off in QB reduction in the 

dark-adapted RCs is fit using equation 4.1, assuming that kAP is temperature independent and 

kAB is an activated process, kAB= ko Exp( -Ea / kT )+k,. kAP is 9 s '1 and kAB is 104 s 1 at 

300K.19 ki is a constant for the fitting. If the process has a single activation energy of 8 

Kcal/mol (340 meV), kAP will equal kAB and the quantum efficiency will be 50% at -225 K.
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Figure 4.3. The spectrum of the RC ground state for protein frozen in the dark (solid line) 

and under illumination (dashed line). The peak assignments are from Ref. 46. The difference 

between the two spectrum is also shown. The difference spectrum is corrected for a trapped 

population of P+ as described in the text. [RC] = 3 1/xM, T = 40 K.
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Figure 4.4. The time dependence of the absorption change at 40 K after an actinic flash in 

RCs frozen under illumination (A) and in the dark (B) at 40 K. The narrow peaks, most 

prominent in the Is trace (4B) are lines in the weak Xenon measuring flash. Five transients 

were averaged at each time.
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Figure 4.5. Comparison between the light induced absorption change in RCs frozen under 

illumination (P+QB ) and in the dark (P+QA) at 40 K. The spectra are normalized to match the 

P+ signal at 890 nm. The difference shows the shifts in the cofactor spectra in the presence of 

Qb' instead of QA\
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Figure 4.6. The kinetics of the P+Q0‘ charge recombination fitted by (A) double exponential 

fit and by (B) distributed rate model (Eqn. 4.2). The lines at the bottom are the residuals from 

each fit. The fitting parameters for (A) are given in Fig. 4.7.
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Figure 4.7. The temperature dependence of the two components for the P+QB' charge 

recombination from the double exponential fit. (A) The rates. (B) The amplitude. Filled 

symbols the slower component, open the faster rate. Circle, UQAUQB; triangle, MQAUQB 

(40 K only).
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Figure 4.8. The charge recombination kinetics after the RCs trapped in the active state are 

wanned up to 160 K from 40 K. t=0 is the time when the thermometer reading reaches 160 

K. The RCs return quickly to the ground state from P+QA\  while those that form P+Qb' show 

much slower charge recombination. The difference in the P+Qb’ charge recombination 

kinetics at early time might be due to a difference in the relaxation rates of the two substates 

of the active conformation. The traces were fitted with two exponentials plus a constant fixed 

at 10% of the total amplitude. The fractional constant is estimated from measurements on a 

longer time scale. The fitting parameters are: t=0, k,=0.20 s '1 (55%), k:=0.02 s'1 (35%); t=15 

m in,, k,=0.27 s 1 (22%), k:=0.02 s*1 (68%); k,=0.28 s'1 (28%), k2=0.02 s 1 (62%).
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Figure 4.9. The percentage of the P+QB' component in the charge recombination kinetics as a 

function of time. The RCs were frozen under illumination to 40 K, equilibrated for 30 min. 

and brought up to the measuring temperature in 10-15 min. The relaxation of the active, 

light-adapted RCs into a conformation where P+QB‘ is not formed is fitted to an exponential 

decay at each temperature.
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Figure 4.10. The temperature dependence of the relaxation of light-adapted RCs into an 

inactive conformation (Fig. 4.9). The activation energy is 87±8 meV and the rate at infinite 

temperature is 2 s"1.
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Figure 4.11. A model of the three conformational states characterized here. In dark adapted 

RCs, the protein is trapped in the inactive C conformation. In light adapted RCs, protein is 

trapped in the active A* conformation. When RCs trapped in the active conformation are 

warmed above 120 K, the protein relaxes into another inactive state B, which remains in 

equilibrium with A*. The free energy difference between A* and C is derived from the 

model of Li et al.:i The activation energy between C and A* is estimated from the data in 

Figure 4.2.
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Chapter 5

Exploring the energy profile for the QA' to QB electron transfer 

along the reaction coordinate 

I. pH dependence of the conformational gating step

Abstract

The ability to transform from one conformation to another at the 

appropriate rate is often crudal for the function of a protein. In isolated 

photosynthetic reaction centers (RCs), the electron transfer from the reduced 

primary quinone, QA\  to the secondary quinone, Qb is rate limited by a

conformational change. The dependence of this conformational gating step on 

the protonation state of the protein was investigated by measuring and 

analyzing the temperature dependence of the kinetics at different pH. The 

energy barrier which is the rate limiting step is proposed to depend on the 

equilibrium between the protonated and unprotonated population. The apparent 

pK is 9.7. The energy barrier to the protonation step limits the electron transfer 

rate at high pH. This study demonstrates that the correct protonation state must 

be reached before the electron transfer could take place and the method has the 

potential for further elucidate the nature of the conformational gating step.
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Reaction rates in proteins are often determined by the time scale at which 

the reactant can undergo conformational changes.1,2 The 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 studies7,8 or by trapping the intermediate states of the reaction 

process.9,10 Evidence for substrate motion has been found by trapping 

photosynthetic reaction centers (RCs) in different redox states.11 But often only 

small-scale motions such as changes in protonation states or hydrogen bonding 

pattern are required. These cannot be observed in any but the very highest 

resolution protein structures.

Structural studies may show what changes between reactant and product, 

they cannot provide the energetics of reaction barriers. Rather kinetic analysis of 

the temperature dependence of rates and free energy are required. Detailed 

kinetic measurements as a function of a variety of conditions such as pH, 

substrate, and mutation can provide clues as to what aspects of the protein 

structure contribute to the barriers to reaction. The well characterized 

photosynthetic bacterial reaction centers (RCs) is an excellent model system for 

such study. In this system it is possible to initiate the reaction with a pulse of light 

allowing single turn-over measurements at any time-scale. Reactions are 

reversible, allowing signal averaging. In addition, a remarkable scope for 

temperature dependence measurements is provided by the functionality of the 

protein even at cryogenic temperatures. Lastly, it is possible to determine
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reaction free energies and associated thermodynamic parameters below 200 K 

for several intra-protein reactions, including the one considered here.

In the bacterial photosynthetic reaction centers from Rb. sphaeroides, the 

electron transfer from the reduced primary quinone, QA‘ to the secondary 

quinone, Qb is rate limited by a conformational change in isolated RCs with 

native ubiquinone as QA and QB.12 When RCs are frozen in the product P+QB’

state they can return to the ground state even at 40K. When prepared in this 

manner the required conformational changes are trapped and electron transfer 

from Qa‘ to Qb will occur with high yield.13

X-ray crystallography11,14 and other experimental15-18 and theoretical19'24 

methods have been used in the attempt to characterize the conformational 

change needed for the electron transfer from QA' to QB. In the crystal structure of

the reaction centers frozen under illumination (in the P+QB' state), the QB quinone 

occupies a site which is about 2.7 A closer to QA than is found in protein frozen in 

the dark. This shift of the quinone position has been proposed to be the 

conformational gating step.11,14 Other studies suggest that proton shift or proton 

uptake, hydrogen bonding pattern change might also be involved.20,22

The dependence of the conformational gating step on the protonation 

state of the residues nearby QB was investigated through the analysis of the

temperature dependence of the kinetics as a function of pH. A model is 

proposed where the protein must cross over additional barriers at high pH when 

active residues are deprotonated in the reactant state. The activation energy, 

enthalpy, and entropy of this barrier is characterized. In addition, the free
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energy of the electron transfer from QA' to Q0 is determined from room 

temperature to 260 K from pH 6 to 10.5.

Materials and Methods

Engineered poly-histidine tagged strain of Rb. sphaeroides reaction 

centers25 were used. The isolation of the reaction centers has been described in 

the Chapter 2, as well as the protocol for the quinone reconstitution.

pH buffers Mes,[pH5.5-6.5], Hepes, [pH 6.9-8.0], Tris,[pH 7.5-8.5J, 

Ches[pH 8.6-10.0] and Caps[pH 9.7-11.1] were used for different pH range. The 

pH values were given at 25°C. They were also measured at 5°C. The value at 5°C 

is 0.5-0.6 pH units higher than at 25°C except for Mes and Hepes which increases 

by about 0.2-0.3 from 25 to 5°C. The magnitude of the temperature dependence 

is consistent with previous reports.26-29 The effect of the temperature 

dependence of pH on the experimental result will be explored later in the 

discussion.

The low temperature optical setup has been described in chapter 4. The 

charge recombination kinetics is measured by monitoring the decay of the P+ 

signal at 430 nm with a photomultiplier(Thron EMI 9798QB). A 10 fts Xenon flash 

lamp with a long pass filter (750nm) provides the actinic light. The concentration 

of the RCs is 3-4 pM  for the experiment. The measurement starts 15 minute after 

the set temperature is reached to allow for thermal equilibrium. The signal is 

average 10 times at 2 minute interval.. The sample was cooled in an APD dosed- 

cyde Helium cryostat.
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The kinetics of the return of the P+ to the ground state was fitted to a two 

exponential function using the nonlinear least square fitting algorithm in the 

program IGOR Pro (WaveMetrics). The slower component (e ls '1) is the charge

recombination from RCs with QB' while the faster component (-10 s'1) is the 

charge recombination from QA'. The kinetics is modeled using the program 

Mathematica 3.0 (Wolfram Research).

The quantum yield of the QA' to QB reaction can be experimentally 

decided from the percentage of the slow phase. One complication to this 

approach is the small percentage of RCs (5-20%) without QB quinone due to the 

incomplete reconstitution. They must be subtracted from the fast phase before 

the calculation of the quantum efficiency. The contribution of the RCs without QB 

to the fast phase can be decided at room temperature, where the quantum 

efficiency is close to 1 for RCs with reconstituted QB. Correction at all 

temperatures is made assuming the QB site occupancy is temperature 

independent.

Results and Analysis

When the P*QA' state is formed, the electron on QA' can go either 

forward to reduce QB (at kAB) or back to P+ (at kAP) reforming the ground state 

(Fig 4.1). The quantum yield (<I>) for QB' formation is determined given the 

amplitude of the slow (As) and fast (AF) components of the P+ charge 

recombination. The slower component (<ls_1) follows charge recombination
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from Qb' while the faster component (-10 s*1) is the charge recombination from 

Qa\  Thus:

<E> = As = — ^ —  (5.1)
A s + A f kAB + kAP

kAP can be independently measured in RCs with no QB and has been found to be 

essentially temperature 30-31 and pH 32 independent. Given kAP, kAB can be 

determined from a measurement of d>. This analysis assumes that kAP and kAB 

can be well modeled with discrete rate constants at all temperatures. The 

consequences of this assumption will be discussed below.

The temperature dependence of QB' formation was measured from pH 6

to 10.5 in the temperature range 150-300 K (Figure 5.1). The quantum yield

decreases as the temperature is lowered until no QB' is formed. At high pH the

reaction freezes out at warmer temperature than at neutral pH. At pH near 9.5, 

the temperature dependence of 0  has s a more stretched, bimodal shape. The 

temperature dependent decrease in O monitors the slowing of the QA' to QB 

electron transfer rate kAB. The pH dependence of <t> indicates that the reaction is 

dependent on proton binding.

The model of the reaction. To fit the temperature and pH dependence of <1> (Fig.

5.1), a minimal model with 3 states is used (Fig 5.2). The reactant P+QA‘ state can 

be protonated (A) or unprotonated (A1). The 2 populations are in equilibrium 

with an apparent pK of 9.7 (at room temperature). The product state (B) is 

assumed to be always protonated. At pH below 8 there is less than 0.3 protons
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bound from solution on electron transfer from QA‘ to QB.3334 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 change by the same amount 

keeping AG; 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, AG; will be assumed to be pH independent, while the

free energy of the reaction from the unprotonated reactant (AG2) is pH

dependent with AG2=AG;-2.3 k;,T(pH-pK2). kb is the Boltzman constant and T is

the temperature.

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 AG;*. At higher pH most

RCs are in the unprotonated (A’) reactant state. Now the taller, pH dependent 

barrier representing proton uptake must be crossed. In the model AG2* is the

barrier to the pH independent transformation from A to A'. The forward 

direction activation energy for proton binding is AG2*+2.3k(,T(pH-pK2). When

the pH is near pK2 there is a mixed population of protonated and unprotonated 

reactant. Both populations are seen in the stretched temperature dependence of 

<t> because the transformation from A’ to A is slower than from A to B. If AG;

and AG2 are known then the dependence of <I> on temperature will provide AG;* 

and AG2* and the associated activation entropies and enthalpies for the reaction.
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Determination of the free energy, enthalpy and entropy change between the 

three states. 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

(PQ aQ b) ( k g ^ )  32,35,36 There are 2 basic pathways. (Fig. 4.1) One is direct

electron transfer from QB‘ to P+ (at kgp). The second is an uphill pathway

reforming P Q a" which then returns to the ground state. At room temperature, 

the indirect pathway dominates, 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 A') rather than P+QB‘ state and so monitors the

equilibrium constant between these states. At physiological pH, charge 

recombination goes from the protonated product (B) through the protonated 

reactant (A) back to the ground state (Fig5.2). The pH independent free energy 

difference is AGj. At high pH the protonated product equilibrates with the 

unprotonated reactant (A’) with the free energy difference of AG2+2.3kj,T(pH- 

pK2). At room temperature, AGba=AGba- at pH 9.7, identifying this as the pKAA.

for proton uptake. Assuming equilibrium between A, A' and B, the charge 

recombination rate is determined by:

k*  = kBP + k„[A) + kA.P[A' ] = kBP + (5.2a)

The P+Qa’ charge recombination rate (kAp) is relatively pH independent so kA-p is 

assumed to equal kAp. Equation 5.2a can be transformed to recover the more 

familiar formula.32’35,36
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rA C jM /ijT  g -iG ft* -

(5.2b)

where KAB is the measured equilibrium constant between P+QB" (B) and the P+QA

only slightly temperature dependent. (Fig. 4.7) kAP is assigned to be 10 and kBP 

0.1 s’1.37'39 The temperature dependence of AGj is determined at pH 8.0 where 

the P+Qa‘ state is fully protonated, while the temperature dependence of AG2 is 

determined at pH 10.5 where the unprotonated A' state predominates (Table

At an arbitrary pH, AG2 is assumed to be AG2(at pH 10.5)—2.3 kbT(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.26"29 The estimate of AG2 thus assumes that 

the pH differs from the buffer at pH 10.5 (298 K) by the same amount at all 

temperatures. The lines for KAB at intermediate pH’s in figure 5.3 are thus not

the best fit to but derived from AGj determined at the lowest pH, AG2

obtained at the highest pH, and the assumption that the difference in pH of 

different samples is the same at each temperature.

The equilibrium constant KAB was determined down to 240 K at pH 8.0 

while at pH 10.5 where AGab is more negative, the indirect route which provides 

Kab becomes slower than kBP by 260 K (figure 5.3). The back reaction rate, even

at room temperature and low pH is two fold slower in 60% glycerol than in 

aqueous solution. Thus, AG1 is 20 meV more favorable. This change has been

state (A o r/and  A') found at a given pH and temperature. Both kAP 30,31 and kBP is

5.1).
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ascribed to dehydration of the protein due to the osmotic stress at the glycerol 

concentration used for the cryosolvent.40

The reaction entropy and enthalpy is derived from the temperature 

dependence of the equilibrium constant (Table 5.1). 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 that at pH 

10.5 provides the entropy and enthalpy for the reaction from state A' to B. The 

correction for the temperature dependence of the pH will be discussed later.

A '->B 
(pH 10.5)

A-> B RC proton 
uptake 

(pH10.5)
(if pH T 

independent)

Caps Buffer 
at pH 10.5 

(Temp 
correction pH)

meV 
at 298a

AGaB — a g°ab + 2.3 kBT(pH25oc 
-P K<x)

+ 2.3 kBT(pHT 
_pH25°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)
Tab e 5.1. The equilibrium free energy, enthalpy and entropy change 

between the A, A' and B substates derived from Figure 5.3. The 

buffer proton dissociation enthalpy of Caps is obtained from Fukada 

et al.29 The thermodynamic parameters for the proton uptake of the 

protein is calculated as explained in discussion.

Determination of the energy barriers. The reaction rate can be obtained 

assuming that state A can go on to A’ (at k ^ .)  to B (at kAB) and to the ground

state (at kAP) and is formed from A' (at kA-A) or B (kBA). State A’ can go to A, B, 

or the ground state and is reformed from A. State B can go to A or the ground 

state and be formed from A. State B and A' do not inter-convert directly but 

must pass through A. Formation of the ground state is irreversible. All 

reactions which do not involve A' are unimolecular. Thus, they are dependent
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on the reactant concentration and a unimolecular rate constant. For example, 

for the electron transfer between A and B:

fi is the Planck constant. Similar relationships are assumed for all other

unimolecular rates.

The electron transfer from A' to A is bimolecular as it depends on proton 

binding. Thus, the psudo-first order rate kAA is proportional to proton 

concentration,

The constant kg is second order rate constant. kA A can also be calculated from the 

equilibrium between the A and A' state. At pH 10.5,

AS^ AH! are entropy and enthalpy change from B to A state, AS, and AH2 are the

entropy and enthalpy change going from B to A' state.(Table 5.1) From equ. 5.4, 

kA A is proportional to the proton concentration, therefore at arbitrary pH,

(5.3)

(5.4)

(5.5)

(5.6)

The initial condition are assumed to represent equilibrium between A and A' 

given the pH and pKA-. There is no B.
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A [ t  = 0] =  \ h ~ b k
1 + 10 p H ~ p K

\r\pH-pK

A'[ '  = ° ] = l + l0 PH-/>f (5.7)

B[I = 0] = 0

The quantum efficiency (<l>) is calculated given the kinetic model (Fig. 5.2) 

assuming kABcan be derived from <t> using eqn. 5.1. As before, kAp is assigned to

be 10/s and kpp 0.1/s. The thermodynamic values for the reactions are derived

from the rate of reformation of the ground state (Table 5.1). The data in Fig 5.1 

is used to obtain the activation energies, enthapies, and entropies given in table 

5.2. As before for the reaction connecting A' and A, the activation parameters 

are given relative to the protonated (A) P+QA' state (Fig 5.2). The simulation 

using the 3 states model is generally consistent with the experimental data. 

Although accurate assessment of the error for these parameters is difficult to 

obtain, The range of the parameters that can fit the data can be estimated from 

visual inspection of the simulation result. The second order rate constant for 

proton uptake ko can be calculated combing equ. 5.4 and 5.6. The obtained k0 at

room temperature is ~1012 M'1 S'1..

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



113

AG*(meV) 298 K AH*(meV) -TAS*(meV), 298K

Barrier I 500±100 420±80 80±60

Barrier II 620± 60 830±50 -210±40

Table 5.2. The activation energy, enthalpy and entropy 

obtained from the simulation. Barrier I refers to the barrier 

between A and B , barrier II is the barrier between A' and A.

Model II. The simulation predicts that the quantum yield at lower pHs will 

decay faster at low temperature than is found (Fig. 5.1). This suggests the 

presence of a protonated reactant state with a smaller barrier to reaction, A*. A 

state of this kind has been characterized previously. RCs can be trapped in a 

conformation that is active at low temperature by freezing the protein under 

illumination.13 RCs in this light adapted state has the proper conformation for the 

Qa t0 Qb electron transfer to occur. In addition, faster, driving force dependent 

electron transfer reaction, with a smaller barrier to electron transfer has been 

observed when the ubiquinone QA is replaced by other quinones with lower in 

situ midpoint potentials.41

Model I was modified to included an adapted state (A*) in equilibrium 

with the other two P+QA' states (A and A’).(Figure 5.4) The barrier to the QA‘ to

Qb electron transfer in this conformation is assumed to be so low that the 

electron transfer from A* doesn't slow down significantly in the temperature 

range of the measurement therefore all the RCs in this substate will proceed to 

the P+Qb' state rapidly after the actinic flash. The free energy level of this state is
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assumed to be 40meV above the protonated P+QA' state, and for simplicity AS is 

assumed to be zero. The equations for Model I remains the same and only the 

initial condition is changed to

A[, = 0 ] = l + 10 ?h-pk+e-*c0,tJ  
tnpH-pK

A’ [r = 0] = -------- ^ -------- \r~ m r (5.8)1 1 J _ |.  I Q P H - p K  ^ - 4 G 0 / t 5r  '  '

-sa0n j
B[t = 0] = A * [/ = 0] =  ̂+ ^pH-pK + g-4G0 lt„T

The result of the simulation is also shown in Figure 5.1.( Dashed line) The low 

temperature tail from the freeze out curve at low pH is well fitted using this 

model but the quantum efficiency becomes a bit overestimated in the pH region 

near the pK. If the energy barrier from A to A' is raised, the freeze out curve at a 

pH close to pK can be fitted better, but the low temperature part of the low pH 

freeze curve is underestimated again. This problem may show a breakdown of 

the assumption that only the level of A' state shifts relative to other states when 

the pH is changed.

Discussion

The temperature dependence of the quantum yield of the QA‘ to QB

electron transfer is measured at the pH range of 6 to 10.5. At all pH values, the 

quantum yield diminishes as temperature is lowered. But the detail of the freeze 

out is pH dependent with an apparent pK of 9.7. At higher pH, the freeze out 

happens at higher temperature. At pH~pK, two populations are observed. It 

appears that a proton uptake step is necessary for the QA‘ to QB electron transfer 

in the unprotonated population and this is rate determining at low temperature.
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Simulation based on such models fit the experimental data nicely. The 

thermodynamic parameters of the different substates and the barriers are 

obtained.

Validity of the models. A model with two different energy barriers is the 

simplest model necessary to explain the experimental data. A single barrier that 

changes with pH can't explain the stretched, bimodal behavior of the freeze out 

curve at pH~pK. The model assumes a sequential mechanism where 

unprotonated A' state must bind a proton to form A before B can be formed. A' 

does not go to B, a path that would require formation of an unprotonated P+Qb“ 

state (P) as an intermediate. The proton binding groups are predominately near 

the Qb site. Thus, the energy difference between A and A' is modest as the 

electron on QA is interacting with ionized, acidic residues in the Qb site.42 In 

contrast, a P state would require Qb" to be formed quite close to a cluster of 

unprotonated acidic residues.20 Thus, P would be expected to be at much higher 

energy than B and so is ignored.

The addition of the A* state to model I is necessary to explain the low 

temperature residual activity on the low pH freeze out curve. It is assumed that 

the electron transfer from A* to QB happens more quickly and is less

temperature dependent than from A. This assumption is based on the study 

described in Chapter 4. The A* state is likely to be the light adapted state. 

Limitation of the models. The proposed model here treats each state as a 

homogeneous population with the overall kinetics a sum of two or three 

exponential functions with discrete rate connecting the substates. This is a

d a it^ m iv a u u ii  a o  u i  u ic  iccu  p iu L cm  c v c i j  d ia tc  o  tu  c u itd is i o i  cut
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inhomogeneous population which will results in kinetics with distributed 

rates.43,44 The conversion among the substates is usually fast enough at room 

temperature for the reaction to appear homogeneous. But the distribution of the 

rates becomes more apparent when temperature is lowered as the 

interconversion slows down. Indeed when the QA' to QB electron transfer is 

measured directed, this effect is observed.40 So the energy barrier obtained from 

the model should be regarded as an average value with possibly some error 

caused by this effect. This complication should cause the enthalpy barrier to be 

overestimated and entropy barrier underestimated, because the substates with 

faster rates will contribute more to the kinetics at higher temperature. The exact 

magnitude of the error depends on the exact distribution of the rates. This is 

difficult to measure because the absorption change used to follow electron 

transfer also contain contribution from the charge compensating effects which 

happens after the electron transfer.41 These become especially hard to distinguish 

when they occur in overlapping time scale as is found at low temperature.45 Thus 

the easier method of estimating the rates from the quantum yield is used here. If 

the rate distribution is reasonably limited, for example, within 2 orders of 

magnitude at 200 K, then the activation enthalpy is likely to be overestimated by 

no more than 30%, but that the activation entropy can be underestimated by as 

much as 120 meV. Therefore while the model gives us reasonably good estimate 

of the activation enthalpy, the activation entropy might be not so accurate. 

Temperature dependence of the buffer pH. One complication in the experiment 

is the temperature dependence of the buffer pH. In the experiment, the pH is 

given at 25°C. The temperature dependence of various buffers have been 

measured previously in aqueous solution from 0 to 50 °C26,29 or in cryosolvent
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from -50 to 20 °C.27-28 The temperature factor for the buffers used in the 

experiment, except Mes and Hepes, was reported to be about -0.03/°C. Mes and 

Hepes have smaller temperature factor at -0.01/°C. The pH value measured in 

this experiment at 5°C in the glycerol/buffer mixture is similar to previous 

reports. In the model used here,

&GAA = AG, -  AG, = -2 3 k sT(pH -  pK) = -2 3 kBT{pH -  p H ^ c) + 23k„T(pHJs.c -  pK)
(5.8)

The first term is the contribution from the temperature dependence of the 

buffer, the second term is the corrected enthalpy for proton uptake by the 

protein at pH value measured at 25°C. The temperature dependence of the 

buffer pH comes from the enthalpy (AHi) and heat capacity change of the 

deprotonation for the buffer. The heat capacity change is usually small, and pH 

at arbitrary temperature is

<5-9>

AHi is measured to be about 500 meV for CAPS. The enthalpy for the Tris and 

CHES is not reported. But from the temperature factor that has been reported 

for these two buffers, their enthalpy should be similar to CAPS. Using this value, 

the corrected enthalpy for proton uptake by RCs can be calculated (Table 5.1).

One concern here is whether the stretched bimodal shape at pH~pK is an 

artifact caused by the pH shift. This is unlikely as this would require the pH to 

shift in the opposite direction abruptly in a small temperature range around 250 

K. And even such a shift is true, such a pH shift will cause the rate to increase 

with decreasing temperature in this region and this is not observed. Therefore 

again, the two barriers model is necessary for the explanation of the observation 

reported here.
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The free energy, entropy, enthalpy change along the reaction pathway. The

equilibrium parameters in table 5.1 and the activation parameters in table 5.2 

gives a profile of the free energy, entropy and enthalpy along the reaction 

coordinate for the QA' to QB electron transfer. For the electron transfer from the

protonated state, the system needs to cross a barrier which is 80% enthalpic at 

room temperature. The electron transfer from A to B has favorable enthalpy 

change and unfavorable entropy change. For the proton uptake step, a energy 

barrier which is about twice as high needs to be crossed. Again this barrier is 

mostly enthalpic. The proton uptake step has favorable enthalpy change and 

unfavorable entropy change. Depending on the pH, the entropy change(-TAS) 

can be larger or smaller than the enthalpy change, thus making the proton 

uptake unfavorable or favorable.

Comparison with previous results. The pH dependence of the QA‘ to QB electron 

transfer have been previously measured at room temperature from the 

electrochromic shift of the bacteriopheophytin.46 The rate is constant below pH 9 

and it decrease above pH 9 with an apparent pK of 9.5. The model proposed 

here is obviously consistent with this observation. The QB quinone is not directly 

protonated in the semiquinone state, so the observed pK comes from amino add 

groups dose to the QB site change protonation. Several mutants have been found

to have different pH dependence than the wild type. For example, in the Glu 

L212-> Gin mutant the pH dependence is eliminated47 while in Asp L213-> Asn, 

the pK is shifted to below 737. The Glu L212 is suggested to be the protonation
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site associated with the pK value of 9.5 and Asp L213 interacts strongly with Glu 

L212.37-47"49 The temperature dependence of the kinetics in these two mutant RCs 

is currently being investigated.

The temperature dependence of the QA‘ to QB electron transfer rate at 

neutral pH has been previously measured over smaller temperature range.35,40-41 

A much higher activation enthalpy of 14.3 kcal/mol was reported with the 

kinetics being fitted by one exponential phase.35 In more recent results, the 

kinetics was resolved to two exponential phases, and the activation enthalpy for 

them are 2.7-4.5 kcal/mol for the faster phase and 9.5-11.5 kcal/mol for the 

slower phase.40-41 The result here is more in line with these results.

p  1 1
The protonation kinetics. The apparent bimolecular rate constant of 10 M s at 

room temperature is larger than expected for a simple diffusion limited reaction, 

but it is actually consistent with previously reported value. For the P+QA' state, a

bimolecular rate of 2xl013 M 'V 1 at pHIO was reported by Maroti and Wraight.50 

These authors argued that proton transfer reactions in solution are not generally 

limited by the diffusion of H+ or OH'. The large activation enthalpy observed

here also indicate that this protonation step is not diffusion limited, since 

diffusion limited reaction usually have activation enthalpy in the range of 0.08- 

0.15 eV. Again the observation of a high enthalpy barrier is similar to that have 

been reported for P+QA‘ state,50 although the activation enthalpy here is much 

larger. The energy barrier, as suggested for the P+QA‘ state, may come from the 

conformational change between the proton accessible and inaccessible state.
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Further work. The study presented here provides the energy profile along the 

reaction coordinate of the QA' to QB reaction. Although the parameters obtained, 

especially preexponential factors or activation entropy should be regarded as 

rough estimates, this provide a useful model for further study of the 

conformational gating process. Factors such as mutation or quinone replacement 

may change the energy barrier of a particular step thus help assessing the 

contribution of those factors to the gating step. For example, the study presented 

here argues that the proper protonation state is a prerequisite for this electron 

transfer step.
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Figure 5.1. The temperature dependence of the quantum efficiency for the QA' to 

Qb electron transfer. The different symbols represent different pH value of the 

sample. At room temperature: 0, pH 6.0; o, pH 8.0; 0 ,  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 I (Figure 5.2) and the dashed line with Model n. (Figure 5.4) The pH 

value is allowed to shift slightly (no more than 0.1 pH unit) from the measured 

value to get better fit.
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Figure 5.2. The free energy change along the reaction 
coordinate in Model I. A1 state, which is the unprotonated 
P+Qa “ state, shifts in energy with pH relative to the A 
and B state.
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Figure 5.3. Temperature dependence of the equilibrium constant between the 

combining A and A' substates) and P+QB‘ state. The lines are from 

calculation from Equ. 5.2 using parameters decided from the highest and lowest 

pH line. Symbols: ♦, pH 7.0, ■, 8.7, □ , 9.0. The other symbols are same as in 

Figure 5.1.
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Figure 5.4 The free energy change along the reation 
coordinate in Model II. The only difference from Model 
I is the addition of the A* state, which is an activated 
P+Qa‘ state. The energy barrier between A* and B is 

assumed to be very low.
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Chapter 6

Exploring the energy profile for QA* to QB electron transfer along 

the reaction coordinate 

II. Substrate and L209 Proline mutational effects on the 

conformational gating step

Abstract

The electron transfer step QA' to QB in photosynthetic reaction center 

(RCs) is rate limited by a conformational change. It has been suggested that the 

movement of the QB quinone from a distal binding site to a proximal site is this 

conformational change. This hypothesis is tested using three L209 Proline 

mutants and also using ubiquinones with different hydrocarbon tail length. One 

of the L209 mutant, L209PY, has been shown to have QB quinone trapped in the 

proximal site even in the dark state by X-ray crystallography. The temperature 

dependence of the quantum efficiency for the QA‘ to QB electron transfer for L209 

m utants is found to differ from the wild type RCs. Entropy-enthalpy 

compensation is found to be responsible for the similar kinetics at room 

temperature. But the electron transfer reaction still stops at low temperature for 

all three mutants. No dependence on the quinone tail length is observed for the 

electron transfer. These observations suggest that a simple shift of the QB 

quinone is unlikely to be the only conformational gating step. Other processes 

such as the flip of the quinone ring or protonation of the residues near the 

quinone also play a role.
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The bacterial photosynthetic reaction center is the membrane protein 

where the light reaction of the bacterial photosynthesis takes place. The 

absorption of a photon by the electron donor, which is a pair of 

bacteriochrolophyll, can trigger a series of electron transfers between cofactors 

bound to the protein and create a separation of charge.(For reviews, see Ref. 1-3) 

RCs prove to be a useful model system for studying factors that control the 

electron and proton transfer process in protein. The electron transfer from the 

reduced primary quinone, QA'to  the secondary quinone, Q B is rate limited by a 

conformational change process in isolated RCs from Rhodobacter sphaeroides with 

native ubiquinone as QA and QB.4

The conformational change step needed for the electron transfer from QA' 

to Qb has a significant activation enthalpy thus the reaction freezes out at low 

temperature. It was observed that if the reaction center is frozen under 

illumination, it can be trapped in a different conformation that now allows the 

efficient electron transfer from QA' to QB.5,6 Temperature dependence of the 

kinetics has been measured to investigate the energy profile of this 

conformational gating step in the Chapter 5. The pH dependence of the freeze 

out curve reveals that an extra protonation step is required for the electron 

transfer above an apparent pK of 9.7.

Several possible protonation uptake pathways have been proposed given 

results of the structural,7 mutational8,9 and metal ion binding10,11 experiments. 

One of those proposed proton pathways involves a water chain close to the L209 

Proline residue.12 A series of mutations is made at this site to test the importance

of ffcJo rU-iin 13 XKo c fn iff i iro  (r\i* fKroo r s f  fkoco m n H n fc  »c nour
UUJ • * UIWi WitUUki lilW Cl J JkUl J ll uClUlW. 1U1 feAhAWW Vi bAtwOW 111W1W11IJ i j  !»!/••
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available.14 One unexpected observation is that the mutation of L209 Pro to Tyr 

causes the QB quinone to shift to a new position. Two sites have been observed 

previously in the crystallography studies of RCs. When RCs from Rb. sphaeroide 

are frozen in the dark, the quinone mainly occupies the distal site, while in RCs 

frozen under illumination, the quinone occupies the proximal site which is about 

2.7 A closer to QA. In the L209 Pro to Tyr mutant structure, the QB quinone is in 

the proximal site even in the dark state. This provides an opportunity to assess 

the contribution of the quinone movement to the electron transfer.

Another way to check the contribution of the quinone motion is to 

measure the effect of replacing the native UQ-10 with shorter tail ubiquinones, 

which will be expected to be more mobile. Kinetics measured at room 

temperature show no significant dependence on the quinone tail length.15,16 It 

was suggested that the rate limiting step in the quinone shift might be protein 

breathing motion or quinone breaking away from the distal site instead of the 

pure diffusion.4 Lowering the temperature of the measurement might reveal 

more difference between the kinetics as the viscosity of the solution increases, the 

diffusion step could become rate limiting.

In this report, the mutation effects of the residue L209 Proline is 

investigated and the effect of shortening the QB quinone isoprenoid tail is also 

studied.

Materials and Methods

The reaction centers from the three L209 mutants were prepared as 

described in Ref. 13. The optical measurement and the data analysis has been
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described in detail in Chapter 4. For quinone isoprenoid tail dependence 

measurement, the his-tagged Rhodobacter Sphaeroides strain was used. The 

ubiquinones used are UQ-l(from Sigma), UQ-4( Fluka) and UQ-lO(Sigma). The 

mutant RCs can be trapped in the light adapted state as described in Chapter 4. 

All the measurements are done in Tris buffer, pH 8.0.

Results.

The L209 Pro mutants. The loss in quantum yield for the QA' to QB electron 

transfer was measured in RCs when Pro L209 was mutated to Tyr, Glu and Thr. 

As in the reaction centers from the wild type bacteria, the quantum efficiency of 

the Qa‘ to Q b electron transfer decreases with tem perature in all three 

mutants.(Figure 6.1) But the temperature at which this electron transfer step 

freezes out differs significantly with the different mutants. In both the L209 PT 

and L209 PE, the quantum efficiency decreased to 50% at ~260K, much higher 

than in the wild type. The falloff in L209PE seems to be more abrupt than in the 

L209PT mutant. In contrast, the freeze out happens at lower temperatures in the 

L209 PE mutant than the wild type protein. The shift is significant. Although the 

shift on the temperature axis is only ~15K, the quantum efficiency in the L209PY 

m utant is much higher below 240K than in the wild type at the same 

temperature.

The loss of the quantum efficiency is due to the slow down of the QA‘ to 

Q b electron transfer rate. As the forward electron transfer rate decreases, more 

RCs in the P+QA‘ state will proceed through the back reaction from P+ to QA‘ to

t-hp crrnunH ct-at-p at- Ir. _ w h irH  ic  a lm oct- tp m n p r a h jr p  in rtp n p n H p n t W h p n  thp
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forward and backward electron transfer rate are equal to each other, the 

quantum efficiency drops to 50%. In the wild type RCs, the temperature 

dependence can fitted with a single energy barrier at pH 8. The fitting results for 

the mutants are shown with the parameters in Table 6.1 (Figure 6.1). As in the 

wild type RCs, this simple fit underestimate the quantum efficiency at low 

temperature in the Tyr mutant, which is not completely frozen out above 100 K. 

As in the analysis for the wild type, this can be compensated by adding the "light 

adapted substate" which corresponds to the conformation the RCs can be 

trapped into when they are frozen under illumination (see Fig. 5.4). As in the 

wild type RCs, the light adapted substate is about 40meV higher in energy than 

the dark adapted substate. But in contrast to the wild type RCs, the free energy 

difference has to be mostly entropic in order to fit the temperature dependence of 

the quantum efficiency (Table 6.1). One underlying assumption in the model, as 

discussed in Chapter 5, is that the states are assumed to be in equilibrium before 

the reaction starts. This is probably true above 200 K, but is questionable below 

the glass transition. It has been observed in RCs and other systems that the 

conformational relaxation kinetics became non-exponential below 200 K and that 

the higher tiers of the energy' barriers for relaxation are only crossed very slowly. 

Therefore an alternative explanation for the low temperature "tail" of the L209 

Tyr mutant is that a small population is trapped in the light state during the 

cooling.
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AG'(meV) 298 K AFP(meV) -TAS;(meV), 298K

Wild type 500+100 420±80 80±60

L209PY 540± 60 260±40 280±40

L209PE 520± 70 530±60 -10± 40

L209PT 550± 70 500+60 50±40

Table 6.1. The activation energy, entropy and enthalpy for the wild 

type RCs and L209 mutants at pH 8.0. The parameters is obtained 

from simulation using Model II (Figure 5.4) discussed in the last 

chapter.

No such low temperature tail is observed for the other two mutants, 

suggesting that the activated or light state is probably at higher energy in these 

mutants. The enthalpy barrier is considerably higher than in the wild type RCs 

for both mutants. However it is not as high as the enthalpy barrier for proton 

uptake in the wild type RCs at high pH (Fig. 5.2). For each mutant, the free 

energy barrier for the electron transfer is similar at room temperature to the wild 

type.

The effect of the isoprenoid tail on the kinetics. The temperature dependence of 

the Qa‘ to Qb quantum efficiency is almost identical for RCs with UQ1, UQ4 and 

native UQ10 as QB (Figure 6.2). The independence of the kinetics on the 

isoprenoid tail length has been observed previously at room temperature.15,16 

When the RCs trapped in the light adapted active conformation are warmed up 

to the 120-200 K, the RCs relax to an inactive conformation (Fig. 4.8). This
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relaxation kinetics is also found to be independent of the isoprenoid tail length 

(Chapter 4).

Discussion.

The temperature dependence of the QA' to QB electron transfer reaction 

were measured for three L209 Proline mutants and compared with the wild type. 

Although the kinetic rate at room temperature is similar for the mutants and 

wild type RCs,13 differences were observed when the temperature is lowered. Of 

particular interest is the freeze out behavior for the L209 PY mutant, the crystal 

structure of which shows that the QB quinone occupies the proximal position 

even in the dark.14

The role of the quinone movement. The freeze out curve for the L209 mutant 

and wild type RCs with the shorter tail quinones were measured to test the role 

of the quinone movement in the QA' to QB electron transfer process. Two binding 

sites for the QB quinone were previously observed in crystallography studies of 

both Rhodobacter sphaeroides1718 and Rhodopseiidomonas viridis RCs.7 The two sites 

are displaced by about 4 A along the path of the isoprenoid tail. In addition, the 

quinone ring planes differ by a 180° rotation around the isoprenoid tail. The 

quinone movement from the distal site to the proximal site, which is closer to the 

non-heme iron, has been suggested to be the rate limiting conformational change 

in the QA‘ to QB electron transfer.7,17 The evidence supporting this suggestion 

comes from the comparison between the crystal structure of the RCs frozen in the 

dark and frozen under illumination.17 It was known previously that the Qa to Qb 

electron transfer can proceed in RCs frozen under illumination but it stops in
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RCs frozen in the dark.5,6 The QB quinone is found to occupy predominately the 

distal site in the dark structure but proximal site in the light structure. Molecular 

dynamics simulation indicates that the proximal site is the preferred site after the 

reduction of QA to semiquinone and the proton uptake in response to the QA 

reduction.19 While the shift of the quinone from the distal to the proximal site can 

happen spontaneously, the flip of the ring plane can't be seen on the time scale of 

the simulation and a high energy barrier is expected for such a flip even at the 

most favorable binding position.20

One interesting feature in the crystal structure for the L209 PY mutant is 

that Q0 occupies the proximal position even in the dark structure although the 

orientation of the quinone ring is undetermined with respect to the 180° rotation. 

This change in the favored position indicates a change in the relative free energy 

of the two binding sites. The replacement of the proline L209 with tyrosine also 

causes the displacement of several residues close to the QB binding site including 

Asp L213, Glu H173, Thr L226 and Phe L216. The measured QA‘ to QB electron 

transfer rate is similar to the wild type at room temperature and this electron 

transfer still freeze out at low temperature.

The similarity of the wild type and the L209PY mutant kinetics at low 

temperature could have several explanations. One possibility is that the quinone 

ring might be in the wrong orientation in the L209 PY mutant and the flip of the 

quinone ring is still the rate limiting step. The two orientations of the ring have 

different hydrogen bonding patterns. Although the distance between QA* and QB 

is similar in the two ring orientations, the free energy difference an d /o r 

reorganization energy might be quite different so that the electron transfer can't
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proceed when the ring is in the wrong orientation. The flip of the quinone ring 

inside the protein is expected to be difficult. Molecular dynamics simulation 

shows that even at the most optimized position, the activation barrier could still 

be larger than 20 kcal/mol.20 Thus the quinone may need to dissociate from the 

protein in order for the quinone to flip around.

The second possibility is that some process other than the quinone shift is 

the rate limiting step although the quinone movement happens before or after 

the electron transfer. The rate limiting step could include protonation of key 

residues such as Glu L212, Asp L213, hydrogen bonding pattern change through 

the water channels near the QB site. Such processes will stabilize the QB' state 

thus make the electron transfer favorable.

It seems unlikely that the displacement of the residues near QB caused the 

failure at low temperature since the rates at room temperature are so close to that 

found in wild type RCs.13 If the rate limiting step in the L209 PY mutant is 

different from wild type, a change in the room temperature kinetics is expected.

The observation of the identical temperature dependence for RCs with 

UQ-1, UQ-4 and UQ-10 as QB also demonstrates that a simple shift of the 

quinone without flipping the ring is unlikely to be the rate limiting step. The 

electron transfer rate measured at room temperature was also found to be 

independent of the quinone tail length.15,16 Since the barrier to a flip could come 

mainly from the head group, which is same for all the quinones used, these 

measurements don't disprove that the flip of the ring might be rate limiting.

The shift of the freeze out curves in the mutants. Although the room 

temperature kinetics for the QA' to QB electron transfer is almost same for all

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



137

three mutants,13 the freeze out behavior is quite different. The L209 PY mutant 

freezes out at lower temperature than the wild type, while the other two mutants 

freeze out at higher temperature. The freeze out is due to the activation energy 

barrier of the rate limiting process. The analysis of the energy barrier indicates 

the activation enthalpy and entropy change significantly from the wild type RCs, 

but the effect of these two contribution are opposite to each other and at room 

temperature they largely cancel out. This explains why the rate is similar at room 

temperature. The enthalpy-entropy compensation effect is common in biological 

processes, including protein folding and macromolecule interaction.21 Therefore, 

the specific favorable or unfavorable interaction between the protein and 

quinone or semiquinone caused by the mutation here is large compensated by 

the entropy change to give the QA' to QB reaction the proper driving force. As 

temperature is lowered, the entropy contribution decreases and the different 

changes becomes evident.
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Figure 6.1. The temperature dependence of the quantum efficiency for the wild 

type RCs and for the three L209 mutants. The solid line is the result of the fitting 

using Model II in Chapter 5. (Figure 5.1 and 5.4)
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Figure 6.2. The temperature dependence of the QA' to QB electron transfer step for 

wild type RCs with ubiquinone with different hydrocarbon tail.
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Conclusions

Using the reaction center protein from photosynthetic bacteria as a model 

system, we investigated the role of conformational change in two electron 

transfer reactions. By extending the temperature range from room temperature to 

40 K, a series of conformational substates has been trapped and characterized. 

For the P+QA' charge separation, conformational change is found to help stabilize 

the product state through an enthalpy driven relaxation. For the QA' to QB 

electron transfer, a profile of the energy landscape along the reaction pathway is 

becoming established by the characterization of a series of conformational 

substates. Factors such as pH, side chain mutation and substrate itself that 

perturb the energetics along the reaction pathway were investigated to provide 

clues for the identity of the rate limiting conformational change. The right 

protonation state of residue near the QB site is found to be a prerequisite for the 

Qa t0 Qb electron transfer. The method established here has potential for the 

further elucidation of reaction mechanism for electron transfer process in 

reaction centers.
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