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ABSTRACT We have measured the kinetics of electron transfer (ET) from the primary quinone (Q,) to the special pair (P) of
the reaction center (RC) complex from Rhodobacter sphaeroides as a function of temperature (5-300 K), illumination protocol
(cooled in the dark and under illumination from 110, 160, 180, and 280 K), and warming rate (1.3 and 13 mK/s). The
nonexponential kinetics are interpreted with a quantum-mechanical ET model (Fermi’s golden rule and the spin-boson
model), in which heterogeneity of the protein ensemble, relaxations, and fluctuations are cast into a single coordinate that
relaxes monotonically and is sensitive to all types of relaxations caused by ET. Our analysis shows that the structural changes
that occur in response to ET decrease the free energy gap between donor and acceptor states by 120 meV and decrease the
electronic coupling between donor and acceptor states from 2.7 x 107* cm™' to 1.8 X 107% cm™~'. At cryogenic
temperatures, conformational changes can be slowed or completely arrested, allowing us to monitor relaxations on the
annealing time scale (~103-10* s) as well as the time scale of ET (~100 ms). The relaxations occur within four broad tiers of
conformational substates with average apparent Arrhenius activation enthalpies of 17, 50, 78, and 110 kd/mol and preex-
ponential factors of 10'3,107%, 102", and 10%° s~ ', respectively. The parameterization provides a prediction of the time course
of relaxations at all temperatures. At 300 K, relaxations are expected to occur from 1 ps to 1 ms, whereas at lower
temperatures, even broader distributions of relaxation times are expected. The weak dependence of the ET rate on both
temperature and protein conformation, together with the possibility of modeling heterogeneity and dynamics with a single
conformational coordinate, make RC a useful model system for probing the dynamics of conformational changes in proteins.

INTRODUCTION

Proteins exhibit substantial variability around the averagdions reveal energetic aspects of the conformational changes
structure, as determined, for instance, by x-ray crystallogthat accompany the reaction. At low temperatures, many
raphy (Frauenfelder et al., 1979; Hartmann et al., 1982)degrees of freedom are thermally arrested, and distributions
This is because proteins do not possess a unique state ofreaction rates reflect the heterogeneity of the ensemble of
minimum free energy, but assume a large number of conprotein molecules frozen in different CSs. At intermediate
formational substates (CSs) that can be represented hgmperatures, conformational transitions occur on the time
nearly isoenergetic local minima in a complex energy land-scale of the reaction, which allows one to investigate protein
scape, separated by free energy barriers that have to leotions through studies of reaction kinetics. At sufficiently
surmounted during a conformational change (Frauenfeldehigh temperatures, each protein molecule fluctuates among
and Wolynes, 1994). In the energy landscape, the CSs atbe CSs on time scales shorter than that of the reaction, and
grouped in tiers that can be characterized by markedlkinetic averaging leads to single-valued rate coefficients.
different apparent activation energies. Because the barriefBhis interplay between protein dynamics and biological
differ widely in height, protein motions are characterized byfunction has been studied extensively in ligand binding to
time scales ranging over many orders of magnitude (Youndpeme proteins (Austin et al., 1975; Agmon and Hopfield,
etal., 1991; Jackson et al., 1994; Green et al., 1994; Johnsd®83; Steinbach et al., 1991; Nienhaus et al., 1992; Ansari
et al., 1996). et al., 1994; Agmon et al., 1994; Panchenko et al., 1995).
In proteins, conformational dynamics is intimately con- In this paper we have investigated the coupling of protein
nected to function. Rates of reactions can be governed bgotions to long-range electron transfer (ET) in reaction
the time it takes for the protein to fluctuate into a reactivecenters (RCs) of purple bacterisRlfodobacter spha-
conformation, and the transfer of a substrate molecule to aaroides. In these bacteria, the photon energy absorbed by
active site requires commensurate structural adaptations diht-harvesting complexes or RC cofactors is transferred to
the protein. Temperature-dependent studies of protein reathe special pair (P), a bacteriochlorophyll dimer on the
periplasmic side of the RC protein, and the electronic sys-
tem is promoted to the first excited singlet state, P*. An
electron is subsequently transferred from P* to a bacterio-
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restored to the ground state: Photoinitiation of the electron transfer cycle was accomplished with a
6-ns (full width at half maximum) pulse (532 nm, 80 mJ) from a frequency-
PHAQa doubled, Q-switched Nd-YAG laser (model NY-61; Continuum, Santa
Clara, CA). Optical absorbance changes were monitored with light from a
+ hy — P*H,Qx — P+H;QA — P+HAQ; — PHAQ,. tungsten lamp that was passed through a monochromator set at 435 nm.

The light intensity was measured with a photomultiplier tube (model R
(1) 928; Hamamatsu Corp., Middlesex, NJ) and digitized with a 500-MHz
digital storage oscilloscope from 30 ns to 1% (model TDS 520;
The charge separation during this cycle is a Substantia-fek”o”ix' Wilsonville, OR) and a home-made logarithmic time-base digi-
perturbation of the protein that results in conformational'ze" (Wondertoy Il) (Berendzen et al., 1989) fromy2 to 1000 . For a
. single transient, the noise was200 wOD on the millisecond time scale.
changes that influence the ET rate, as has been noted In the jpaded RC samples were cooled at a rate-20 K/min until the
previous studies of the “preillumination” effect and of de- sample cuvette was immersed in liquid helium (4.2 K). To cool under
|a_yed fluorescence (Noks etal., 1977; Kleinfeld et al., 1984 llumination, light from a 250-W tungsten lamp (Oriel), filtered with an IR
Woodbury and Parson, 1986; Rubin et al., 1994: Peloquin etfeat filter and a 650-nm long pass filter, was switched on at different

. . . t tured, . With thi tup, itati ake of the RC | |
al., 1994). These changes can be studied conveniently in thi§ e a gL WIT TS SEIUp, an exciiation rélg of the It Mojecties
of ~200 s * was achieved, as determined by measurement of the flash-

system because the reaction is initiated by light, can bgqyced signal amplitude with and without continuous background illumi-
followed spectroscopically, and is completed on the milli- nation. (The measured signal decreased by 85% upon illumination at 80 K,
second time scale. where the average electron transfer rate is 49)s

We have invesiigated e last and slowest ET step i the, M st o o o vos e
_Sequence_’ PQ’_“ - P_Q“ (because the pheophytin is not fixed temperature intervals, with-5 min of equilibration time at each
involved in this particular ET step, we drop the H for emperature and between flashes. For the measurement where the sample
simplicity), by measuring its ET kinetics at temperatureswas cooled in the dark, five traces were averaged at each temperature. In
from 5 to 300 K, and examined the influence of illumination the experiments where the sample was cooled under illumination, either 3
on the ET kinetics by switching on a strong light source®" 15 traces (depending on the warming rate) were averaged at each
during cooling at various temperatur8s to keep the pro- 'emPeratre.
tein in the charge-separated state. The experiments give
clear evidence that, after light-induced charge separation at
high temperature, the protein relaxes from a dark—adapte&EsuLTs
conformation to a light-adapted conformation that can berig. 1 shows measurements of thé @ — PQ, ET
trapped by cooling to low temperature. We probe theseinetics for various temperatures between 5 and 280 K.
conformational changes through their effect on the ET kineticssmall amounts-{15% of total amplitude) of an interfering

The P'Qy — PQ, ET is long-ranged, and the large process occur on the 1Q@s time scale, arising from the
spatial separation leads to weak coupling of the donor andecay of the triplet state of the special pair. (The triplet
acceptor electronic states, which ensures nonadiabatic Edignal arises from a small population of RCs lacking @n
from a thermally equilibrated initial manifold of vibrational inevitable consequence of ;Qdepletion.) However, this
states. We use the spin-boson model (SBM) (Leggett et alprocess can be easily separated because it is well repre-
1987; Warshel et al., 1989; Xu and Schulten, 1994) tosented by a single exponential, so that tHeQR — PQ,
describe the ET kinetics as a function of temperature irkinetics were accurately determined.
terms of the underlying physical quantities, introducing @ For the data plotted with diamonds in Fig.alandb, the
distribution of energy gaps and electronic coupling betweesample was cooled in the dark. Subsequently, the tempera-
the donor and acceptor states to account for the structur@lire was increased in a stepwise fashion, and the kinetics
heterogeneity in the sample. The analysis follows the diswere measured in 5-K intervals. For clarity, we show only
sipation of energy over a wide range in time and temperadata for 5, 60, 120, and 160 K in Fig.al and 200 and 280
ture, as the RC adapts to the change in charge distributior in Fig. 1 b. The solid and dashed lines are fits with a
due to ET. The results complement relaxation studies irmodel that will be described in the following section.
heme proteins and are likely to be of importance in under- The triangles represent data taken with the same sample
standing relaxation processes in proteins in general. after cooling under illumination frorfi, = 280 K. With the

excitation ratek, ~ 200 s * and an average recombination
rate of ~10 s ?, illumination keeps the proteins in the

EXPERIMENTAL PROCEDURES charge-separated state95% of the time. From the com-
Reaction centers were freshly prepared fre®hodobacter sphaeroides par|§on of the th d_ata sets (partICUIa_‘r _m Flga)l it is .
(Marati and Wraight, 1988), and the quinones were extracted to less tha®PVious that illumination traps the protein in a conformation
1% Q. The protein solution in 0.1% LDAO, 1 mM Tris buffer (pH 8) was different from that obtained when it is cooled in the dark.
mixed with glycerol (75%, v/v). The sample was loaded inad00x 2.5 These differences persist as the protein is warmed in the
mm? plastic cuvette that was in thermal contact with a copper sampledark_ At higher temperatures, the difference in ET kinetics

holder in a storage cryostat (model 10-DT; Janis Research Co.,WiIming-b m ivel maller. demonstrating that th
ton, MA). A digital temperature controller (model DRC 82C; Lake Shore ecomes successively smaller, demonstraling a e

Cryotronics, Westerville, OH) was used to adjust the temperature to withifchanges are reversible. The significant loss in signal ampli-
0.3 K. tude upon cooling under illumination, mentioned in the
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, ; ' bach et al., 1992),

] N(t) = J £ (k) exp(—k)d log k. )

N(t)

% 1 In Fig. 1c, rate distributions are shown for 5, 60, and 120
%, Ty ] K that were calculated with the maximum entropy method
: 5, S, ] (MEM) (Steinbach et al., 1992). The slowing of the kinetics
PP o % with increasing temperature, observed after cooling in the
0.01 : “ : dark, is reflected by a shift of the rate distributions to slower
1.00 gy, (b) rates. For the sample cooled under illuminatié() nar-

] rows with increasing temperature, shifting slightly. An in-
teresting feature of the rate distributions, both for cooling in
the dark and under light, is that, for populations with 12
E s !, ET slows with increasing temperature, whereas the
1 opposite temperature dependence is observed for those RCs
with k < 12 s*. This is evident because the area of the
distribution withk > 12 s ' is temperature independent. In

: ‘ e the next section, this behavior will be explained by our ET
0.001 0.01 0.1 1 10 . . . . . . .

model, which predicts an isokinetic point, i.e., temperature-

independent kinetics, for molecules in conformations hav-
ing a rate coefficienk = 12 s *. We indicate this rate with
a dotted line in Fig. .

A model-independent characterization of the rate distri-
butions is provided by an average ratg;, defined by

"« o o cooled in dark

cooled in light
™ from 280 K

oA

0.01

log ket = J f(k) log k dlog k, 3

~log(k/s™)

and the standard deviation,, of the distribution

FIGURE 1 Normalized absorbance changes at 435NMit), represent- :
ing P*Qa — PQ, electron transfer ag 5, 60, 120, 160 K andbj 200 and o = yJ f(k)(logk — log ker)? d log k. 4)
280 K for reaction center samples cooled in the dar, @nd samples

cooled under illumination from 280 KA). The lines are fits with the ET  Fig. 2 shows average rate coefficierks) and widths §,)

model described in text. The absorbance difference at 435 nm (1 ms) wagf the distributions that were calculated from the kinetic
in order of increasing temperature, 510, 525, 542, 537, 503, and 503 mOIaata of the RC sample cooled in the dadia(’nondQ; and
for the dark-cooled sample, and 286, 263, 256, 279, 281, and 444 mOD for . . . .
the light-cooled samplec) Rate distributionsf(k), of the 5, 60, and 120 K cooled under illumination from various temperatures (110,
kinetics shown ira, calculated with the maximum entropy method for the 160, 180, and 280 K). It has long been known that, when RC
dark-cooled (—) and light-cooled (-—-) samples. The dotted line indicatessamples are cooled in the dark, the recombination process is
the isokinetic point; larger ET rates increase with temperature, and smalleg|owest at room temperature and speeds up severalfold as
ET rates decrease. the temperature is lowered & K (Parson, 1967). As shown

in Fig. 2a, the major part of this acceleration occurs over a

50-K window from 225 to 175 K. The steepness of this
figure caption, recovers between 250 and 300 K. Becausgeemperature dependence is not accounted for by any simple
the return of signal occurs at a distinctly higher temperatureheoretical descriptions of electron transfer without allow-
than the other motions we observe, we expect it to be aing for independent and sometimes ad hoc temperature
unrelated process that affects only the signal amplitude. dependences of multiple model parameters.

Only at the highest temperatures & 260 K) can the RCs cooled under light from 280 K display ET kinetics
P"Q. — PQ. ET be adequately described by a single markedly different from those of the dark-adapted sample
exponential. Because the kinetics are nonexponential dFigs. 1 and 2triangles. At low temperaturesi{ < 125 K),
lower temperatures, they carry more information than just ahe average rate coefficient-¢ s %) is similar to that seen
single rate coefficient for the electron transfer. No evidenceat room temperature. However, as the sample is rewarmed
exists for a particular decomposition into multiple discretein the dark, the recombination process accelerates to a
processes (hote, especially, the breadth and smoothnessroaximum at~175 K. Thereafter, it follows a pattern sim-
the curve measured & K after cooling in light, Fig. 1a). ilar to that of the dark-adapted sample.

Therefore, we describe the kinetidd(t), with a rate distri- By comparing the ET rates for RCs cooled in the dark
bution function,f(k), defined on a logarithmic scale (Stein- with those for RCs cooled under illumination, relaxation of
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[ " ] 2. The glass transition temperature of the solvent used in
L6 oo (a) 7 these studies (3/1 glycerol/water, v/v) is 175 K. Above this
: T ] temperature, solvent motions occur on time scales faster
o~ Lap” BN 1 than 100 s (Huck et al., 1988), enabling major conforma-
‘{ i > 75 1 tional rearrangements in the reaction centers. Studies of
& LRE o o 2 a e ] 7 ligand binding to myoglobin in many different solvents
o e ] indicate that protein dynamics is coupled to solvent viscos-
< 1.0F - i G ity (Beece et al., 1980; Ansari et al., 1994).
i felntiisegy 3. The behavior of the widths of the rate distributions also
0.8 fraausteanea et i suggests a dynamic origin for the step in the ET rates.
I , | l ‘ ] Below 170 K, nonexponential kinetics reflect mostly static
0.6 , . (b) . heterogeneity of the proteins frozen in various conforma-
i e, ] tions. Between 170 and 230 K, molecules that recombine
&' 0'4? E quickly do so from a dark-adapted conformation with its
0.2 [ss000a000 0s00m0s, AAA“:ggeen“ ] high return rate, whereas proteins that recombine more
P e ’ °‘*3i‘2ﬁ‘g““ ] slowly will have already evolved into a conformation that is
O'OO 50 100 150 200 250 °°°°§‘OO more adapted to the charge-separated state, with its slower
temperature (K) ET kinetics. The resulting time-dependent rate coefficient

leads to additional broadening of the nonexponential kinet-
FIGURE 2 ) Logarithm of the average rate coefficients of electron ics, as seen in Fig. Baround 200 K. Above 210 K, the rate
transfer (Eq. 3), measured while warming in the dark after_ cooling undergistribution begins to narrow because conformational fluc-
fllumination from 280 ), 180 (), 160 (x), 110 K () and in the dark 4 \5ii5ns allow each protein molecule to visit many different
(), using the rate distribution resulting from the best fit single Gaussian . e
energy distribution, except for the measurements after cooling in light fromCSS during the lifetime of the charge-separated state, so that
280 K. For the latter, fits between 5 and 175 K used a two-Gaussian energlg T OCcurs at an averaged rate. Fluctuational averaging of a
distribution. Arrows indicateT, , the temperature at which illumination particular motion is observed at a slightly higher tempera-
began during cooling. ET rates fof = 110, 160, 180 K were acquired on  tyre than the onset of the corresponding relaxation.

a sample with~60% Qs; dark-cooled ET rates in this sample were slightly We used two different experimental approaches to mea-
different from the data that are shown. Direct comparison of ET kinetics at

T,, before and after cooling under illumination (data not shown), revealed®U® Conformat!onal relaxation on widely separated time
no irreversible changesb)Widths (in decades) of the rate distribution fits SCales. To obtain data on long time scales’@ad 10 s),

for the sample cooled under illumination from 280 K)(and the sample we observed the change in the kinetics as the light-cooled
cooled in the dark<). sample was slowly warmed in the dark, indicating relaxation of
the cryogenically trapped light-adapted state toward the dark-
the protein conformation on the time scale of warmingadapted state. Relaxation on short time scales was determined
(hours) can be monitored. There is a broad temperaturfom the behavior of the dark-cooled sample, indicating the
range, primarily between 120 and 200 K, in which confor-extent of adaptation to charge separation in th&€00 ms
mational changes are trapped and annealed. These chandpetween charge separation and recombination. A proper de-
anneal at or belowl, , the temperature at which cooling scription of these qualitative observations requires a model of
under illumination started. Evidently, proteins in conforma-electron transfer that will allow a quantitative description of
tions adapted to charge separation have a slow€,P—  static heterogeneity, time-dependent rate coefficients, and fluc-
PQ, process than those cooled in the dark, regardless of thteiational averaging at the various temperatures and conforma-
temperature at which the adaptation occurs. tions produced by cooling under illumination. A suitable
Several observations and inferences suggest that the stemdel will be developed in the following section. It provides a
in kgt of the dark-adapted sample, centered around 200 K imapping of our observable, thé @, — PQ, electron trans-
Fig. 2 a, originates from conformational changes of the fer rate, onto a single physical parametenvhich represents
protein: the energy gap between"®, and PQ and describes the
1. The slow annealing of conformational changes ob-conformation of the protein. The relation between the ET rate,
served between 120 and 200 K requires that they be visiblk, ande is plotted in Fig. 3a for several temperatures. Those
on faster time scales at higher temperatures. After chargeeaders willing to accept our ET model are welcome to skip the
separation, the protein starts to relax toward the conformafollowing section.
tions that are adapted to the charge-separated state, which
has the slower ET kinetics. Below 170 K, it relaxes only to
a small extent during the 100 ms that charge separatioQUANTITATIVE MODEL OF ELECTRON
persists. Above 170 K, appreciable relaxation occurs, anMRANSFER
above 240 K, most of the relaxation is completed during thei3
lifetime of the charge-separated state. Thus, at sufficiently
high temperature, charge recombination occurs in a proteiA simple theoretical description of the rate coefficient for
that is adapted to charge separation. nonadiabatic electron transfer is given by Fermi's golden

escription
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2 w FC in terms of J(w), the vibrational density of states
® T weighted by the (linear) coupling strength of each mode to
5 50 the electronic transition:
x
3
= o5 2\|" et QD) Q1)
1 0 FC(e, T) = (ﬂ_ﬁ> J dt cos<ﬁ)cos( s ex et
r —— / B 0
- L ©
E with
ap
2 e q Jo) ;
ol | Q) = w5 sinat, (7)
0
and
B °°d J(w)(1 — coswt) hw g
L ‘."_ L ‘ e QZ(t) - w wz cot ZkBT . ( )
250 375 500 625 750 0

energy (meV) In the high temperature limit, where equipartition holds for
all modes coupled to the ET, the SBM reproduces the
well-known Marcus expression for the electron transfer
rates,

2w 1 (e = A)?
k(e, T) = WV \f/4m\kBT exp[— kT ] (9)

‘ where the energy gap, and the reorganization energy,

0 are defined so they both have positive values for an exo-
thermic reactionkg is the Boltzmann constant, is the

FIGURE 3 @) Calculated electron transfer ratésge, T), at 5, 50, 100, absolute temperature, andis related tOJ(w) by (Xu and

150, 200, 250, and 300 K used to convert rate distributighsinto energy ~ SChulten, 1994)
gap distributionsg(e). Included in the calculation is a linear dependence of

-1
—log (k/s7")

the logarithm of the matrix elemeion e (Eg. 13). Also shown are the 1 ([~ J(w)
distributions needed to fit the 5-K ET kinetics of RC cooled in the dark and A=—| — do. (10)
under illumination fromT,_ = 280 K. (nse) Spectral density used in this ™ 0 ®

calculation. Equation 6 was numerically integrated at 11 energies and 8
teTpefat_U:efS' and 'OBd_VefSUSIE a“dPT was interpo'gt?d hWith Ia TUPiC At low temperatures the classical (Marcus) picture fails
termediate values. Parameters used in the calculation ar e

S&Z:Tﬂibﬂ I1r.]IQ) Rate distributionsf, (k), resulting from the energy gap Eompletely, and the SpeCIfIC shape of the SpeCtﬂ(m) .

distributions and thé(e, T) shown ina for 5, 60, and 120 K. governs the temperature dependence of the ET rate coeffi-
cient. Physically, this is due to the zero point motion of the
vibrational modes coupled to the ET, which is ignored in

rule and the Condon approximation (Levich and Dogo-Eg. 9. Other approximations to the SBM are possible (Lev-

nadze, 1959; Jortner, 1976; Closs and Miller, 1988), ich and Dogonadze, 1959; Jortner, 1976; Schulten and Te-
sch, 1991), but they either place restrictions on the choice of
2 .
k=— \V2FC, (5) J(w) or are not valid for all temperatures. (The common
h approximation of discrete modes coupled to ET corresponds

where # is Planck’s constant divided bym V is the to choosingl(w) to be a sum o6 functions.) Thus we prefer

electronic interaction matrix element that describes thdh€ more complex expression, Eq. 6. _
weak coupling between the initial and final electronic states | "€ exact expression for the electronic matrix element,
involved in the ET, and the thermally averaged Franck-déPends on the model used (Hopfield, 1974; Beratan et al,,
Condon factorFC, is a measure of the amount of overlap 1985), but the WKB (semiclassical) tunneling approxima-
between the reactant and product nuclear wave functionsion (Sakurai, 1985),

To calculateFC, we use the spin-boson model (SBM), a AR
simple quantum-mechanical description of ET coupled to a Ve expl \“/2me|AE|d/ﬁ)’ (11)
spectrum of harmonic oscillators (Garg et al., 1985; Leggetis detailed enough for our purposes. Hergjs the mass of
et al., 1987; Warshel et al., 1989; Xu and Schulten, 1994)the electronAE is an average energy deficit of B, and
It provides the temperature and energy gap dependence BQ, below the multitude of bridging electronic states that
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mediate the electron transfer, adds the distance between

Journal Volume 74 May 1998

Eq. 12 predicts an increase in the ET r&teof ~40%,

P and Q. From ET rate measurements on a variety ofcompared with the observed increase by 670%. This esti-

different systems, the approximate empirical relation

ko< V2 o exp(— Bd), (12)

with B = 1.4 A~!, was obtained fora-helical proteins
(Moser et al., 1992), yielding a value of 1.8 eV fdE in Eq.
11. Consequently, a factor 2 changeévifa factor 4 change
in k) will result from a change il of 1.0 A, or a change in
AE of 140 meV, assuming a PxQlistance of 25 A.

Simplifying assumptions

To construct a viable model of electron transfer rates, w

mate suggests that temperature-dependent chanyesan

be neglected. If the bridging states are antibonding orbitals,
which move upward in energy as the bonded atoms move
together, it is possible that the effect ¥iof a decrease in

d is partially compensated by an increasgAft| (see Eq.
11), making the temperature-dependent changés éwen
smaller.

In our SBM calculation, the correlation time of energy
gap fluctuations is on the order 6f0.5 eV~ 8 fs, which is
much shorter than even the vibrational periods of the ener-
gy-accepting modes. Consequentlfw) depends only on
the coupling of vibrational states to ET, which is governed

Eby typical bond strengths, atomic masses, and the magni-

make two simplifying assumptions: 1) The logarithm of the e of partial charges. These properties are not expected to

electronic coupling/ varies only as an explicit linear func-

change appreciably with temperature or conformation. Thus

tion of €, independent of temperature and conformation; anqu use a singld(w) for all temperatures and conformations

2), the spectral densitjw) is a smooth function, indepen-

dent of temperature and conformation. Although we ratio-

nalize these assumptions below with physical argument
their ultimate justification lies in the ability of this model to
accurately fit the ET kinetics with a minimal number of

parameters and self-consistently explain a variety of phe

to calculate the electron transfer rate. We assume a smooth
J(w) because it simplifies the calculations substantially. A

%ugh J(w) will lead to a roughk(e) at low temperatures.

Consequently, interpolation of rates in battand temper-
ature becomes unreliable, and Eq. 6 would need to be
evaluated at many more valueseofndT.

nomena associated with relaxation and disorder in reaction Our model, then, is based on Eq. 5, Wit given by Eq.

center proteins.
In our SBM calculation,e (Eqg. 6) is the difference in
energy between RQ, and PQ, whereasAE (Eq. 11) is the

6 andV given by Eqg. 13. The heterogeneity in the protein
ensemble is modeled entirely by distributiogge), of the
energy gap between®, and PQ. The relation

average deficit of these two states below the multitude of

bridging electronic states. Because the changes are
small compared to the magnitude &fE, we expect a
coupling between lody and e of the form

logV = log V, + v(e — &), (13)

whereV, is the value ol at the (arbitrarily chosen) energy
gap €. The coefficienty will be positive if the energy of
P"Q, changes more than that of RQand will be negative
if PQ, changes more than®,. If the relaxations of
P"Q, and PQ are equal and oppositey equals zero.
Another mechanism that leads to a chang¥ iafter ET is
a change in the donor-acceptor separation. Becdiaso

g(e)de = f(k) dlog k (14)
enables us to convert the energy distributions into rate
distributions by using the calculatdgle) at the appropriate
temperature.

With f(k) calculated from the model, the observed ET
kinetics,N(t), can be obtained with Eq. 2. Alternatively, we
can express the observed electron transfer kinehi¢s,
directly in terms of an energy distributiog(e):

N(t) = J g(e) exp(—k(e)t) de. (15)

appears in the exponent of Eq. 11, a logarithmic relation like

Eq. 13 will be expected in this case as well.

Equation 13 allows us to account for conformational

changes affecting botlh andV, but without distinguishing
the relaxation of two independent distributions. Betand

This approach allows quantitative comparison of the exper-
imental data with the model on the basis of one specific
measure of protein conformation, the energy gap

V are distributed and treated equivalently in the analysis; a

distribution inV is a distribution ine, and a relaxation o¥/

is a relaxation ok. Our choice to discuss the heterogeneity

in terms ofe rather tharV is due to its additional connection
to the free energy of the protein as a whole.

Parameter determination

Both conformational changes (changes that affi¢ef) and
the inherent temperature dependence of the ET kéteT)

As temperature decreases, thermal contraction is likely tin Fig. 3a) are responsible for the temperature dependence

increase/ because of the decreasediof Eq. 12. If we take

of kgt in Fig. 2. By cooling under illumination front,

the data on myoglobin as typical for thermal contraction in110 K and observing that the changes annealed completely
proteins, we expect a decrease in linear dimensions of 1.4%y 40 K, we demonstrated that, between 40 and 110 K, the
upon cooling from room temperature to 80 K (Frauenfeldersecond effect dominates on the warming time scale. There-
et al., 1987). With a donor-acceptor separatibaf 25 A, fore, the low temperature kinetics in Figalcan be used to
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determine the three temperature-independent quantities light-adapted conformation from which recombination oc-
our ET model,J(w), V,, andv. curs at room temperature.

The shape ofl(w) is determined from the temperature  Once we have decided on the spectral density shown in
dependence dé-1, which becomes progressively weaker asFig. 3 a (inse), the SBM predicts the ratio of the fastest
the temperature is lowered, because the vibrational motiongossible rate to the rate at the isokinetic point to-3& for
reach their zero point energiekgT ~ %w), and nuclear constan¥. Introducing the interdependence\wainde (Eq.
motions no longer depend on temperature. The behaviat3), with y equal to 0.0014 decades/meV, reproduces the
between 140 ah 5 K (Fig. 2 a) requiresJ(w) to have observed value of 7 (see Fig.cl. Finally, V, is simply a
substantial contributions from modes broadly distributedmultiplicative factor that scaleSC to the actual ET rate in
below 100 cm?®. We chose to parameterize the spectral[s ]. Values of all model parameters are compiled in Table
density with a continuum of such low-frequency modes,1, and the resulting(e, T) curves are shown in Fig. &.
plus broad distributions at higher frequencies, to reproduce Qualitative support of our ET model is provided by the
the temperature dependence of the ET rates in Figwith ability of a Gaussiar distribution to reproduce the distinc-
minimal conformational changes (changeg(g)) between tive shape of the rate distributions shown in Figc.IThis
40 and 110 K on the time scale of sample warming. (Inclucan be quantified by comparing the reduggdfor several
sion of some high-frequency modes ¢ 200 cmi *) can be  different fits of the normalized ET kinetic & K for the
accommodated (accounting fe120% of the reorganization sample cooled in the dark. The time-dependent errors in the
energy), subject to the constraints given in the caption talata were~10"2 in transmittance space, as determined
Table 1. They will, however, decrease the ability of ourfrom the shot-to-shot variation in the kinetics. A single-
model to reproduce the absence of conformational changexponential fit (one parameter) yielgé = 175, a Gaussian
on the warming time scales between 50 and 1200kw) is  f(k) distribution (two parameters) yielgg = 2.2, a Gaus-
plotted in Fig. 3a, and the complete parameterization is siang(e) distribution (two parameters plus model) yielgs
given in Table 1 and its caption. Molecular dynamics sim-= 0.78, and a two-exponential fit (three parameters) yields
ulations support a picture in which a continuum of modesy® = 0.62. The ET model not only provides physical mean-
with energieshw < 100 cm * accepts most of the energy ing, but also eliminates one arbitrary parameter from the
during the electron transfer reaction (Warshel et al., 1989fitting procedure.

Schulten and Tesch, 1991; Treutlein et al., 1992). As the At5 K, the ET kinetics of light-cooled RCs are dispersed
temperature is raised, the specific shapéd(e) matters less over three decades and cannot be adequately fitted by a
and less; in the high temperature limi, T > Zw, Eq. 9  single Gaussiag(e) distribution (or two exponentials), so
applies, and the shape dfw) is irrelevant. we used a two-Gaussiag(e). The second Gaussian was

Any value of the reorganization energy, can be ob- used only below 175 K for the sample with = 280 K.
tained by scaling(w) by an appropriate factor (see Eq. 10). Because the two Gaussians overlap strongly, the combined
To obtain the correct normalization, we exploit a peculiaritydistribution, shown in Fig. 3, is unimodal, and we also
of activationless ET. Fig. & shows that thé(e) curves for  characterize it with an average ener{y and standard
different temperatures cross one another, and Riggl®ws  deviationo, using Egs. 3 and 4. In Fig. 4, the data in Fig.
the temperature dependencef@) produced by a temper- 2 are plotted in terms ofe) and o. as a function of
ature-independer(e) distribution. For RC molecules with temperature; the parameters for data takeh ld are given
e > 520 meV, the ET rat&k decreases with increasing in Table 2.

temperature, whereas for RCs with<< 520 meV, Kk in- We can evaluate the success of our ET model by check-
creases with temperature. Examination of Figc $hows ing whether it reproduces the observation that no relaxations
that the isokinetic point lies at log = 1.1. Choosing\ = occur between 40 and 110 K on the time scale of warming.

667 meV places the isokinetic point at 520 meV and théWe see that it does, because both light- and dark-adapted
light-adapted conformation close to= 0.5 eV, in agree- samples show the same change(éh with temperature,
ment with the value known from redox titration (Lin et al., which results from 100-ms relaxations of the protein occur-
1994) or delayed fluorescence (Arata and Parson, 1981)ing in both the light- and dark-cooled samples. Further-
We place the light-adapted distribution here because it is thenore, we see that the light-cooled conformation Tor=

TABLE 1 Temperature-independent parameters of the ET model

Vo Y A S Si00 Siso So0 S50
1.81x 10 “cm™* 0.00141 decades/meV 667 meV 19 6.4 5.7 3.2 4.6

V, at e = 485 meV andy, which determine the electronic wavefunction overlap, are defined in Eq. 13. The coupling strunigtiesminel(w) by the
equation(w)lo = SY(1 + (w/we)?) + =, S.,,G(w;, 07), wherefiwg = 60 cm?t andsS,, is the area of a Gaussian distribution of mod8}, Centered at
an energyhw; with standard deviatioo, ~ 0.15 w;. J(») was truncated at 0 and 400 ch(seeinsetof Fig. 3a). The reorganization energyis defined
in Eg. 10. We note thal(w) is not uniquely determined; any broad distribution with similar valuea ehd [ J(w)dw, which determines the width of
k(e) at low temperatures, would yield similar results.
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“ecemege our distributions were determined for all temperatures explored,
600 ot . U (a) ] and the averagese), and standard deviations,, are plot-
) n‘°:°§\L ] ted as a function of temperature in Fig. 4. These data
. 1 provide the time and temperature dependence of protein
I 1 motions in terms ok.
°50 i ° i The energy gag is the difference between the energy of
. : : the protein/solvent system in the two electronic states in-
. .o ] volved in ET, P Q, and PQ. The value ofe depends on
I . | the conformation of the protein, which we represent by a
500 ., , 00 a fa,% 7 . . . .
s ey, ey ot g conformational coordinate in Fig. 5. The average structure
—— : in the PQ, state, around which the protein tends to fluctu-
R (b) ate, is represented by a minimum in the free energy surface
40 [reesesoee oosoea ETIN ] (solid line), and the heterogeneity in this state is indicated
1 s ] by the Gaussian centered over this minimuwhot{ed ling.
20 Sorga The same description applies to the charge-separated state,
’ ot P"Q, (dashed ling except that the fluctuations will be
0 50 100 150 200 250 300 about a different average structure. The relative placement
temperature (K) of the surfaces is determined by the low temperatare
distributions in Fig. 3, which correspond to the Gaussians
FIGURE 4 @) Peak positions andbf widths of theg(e) distributions  along the conformational coordinate in Fig. 5. When the
resulting frqm fits to electron transfer kinetics, using _the model calculationsamp|e is cooled in the dark, the protein molecules are
shown in Fig. 3. The symbols correspond to those in Fig. 2. frozen in the distribution determined by the P@nergy
surface, with(ey) = 607 meV. When cooled under illumi-
TABLE 2 Low temperature (5 K) distributions nation from 280 K, the proteins are frozen in a distribution
loglke/s ) o, (decades) (e) (meV) o, (meV) determined by the PQ, energy surface, witke,) = 499
meV, as given in Table 2.

<e> (meV)

o, (meV)

Darf 1.60 0.20 607 Structural adaptations will change we expect these to

T, = 110K 1.54 0.21 593 41 . . ) . ;

T = 160K 1.42 0.29 574 47 include dielectric relaxations of protein and solvent,
T, = 180K 1.15 0.37 534 47 changes of protonation state, domain shifts, and rearrange-
T, = 280K 0.80 0.62 499 60 ment of cofactors in their pockets. It is apparent that

Values are average and standard deviation of distributions describin§ust decrease monotonically when the protein adapts to the
P*Qa — PQ, ET kinetics a5 K after cooling RC in the dark or under P Q, state and must increase monotonically during adap-
illumination from various temperaturef . Rate distributionsf(k), are tation to the PQ state. It is also necessary that every
defined by Eq. 2, and energy distributiote), are defined by Eq. 15.  conformational change with an equilibrium affected by

They are related to each other (Eq. 14) bykte 5 K) curve shown in Fig. . . .
3 a. Both f(k) andg(e) distributions are plotted in Fig. 3 for RC cooled in Charge separation be reflected in a relaxatlone}n

dark and light withT, = 280 K. All g(e) are Gaussian, except fof = 280 ' At 5 K, the Stand.ard deviations of the energy d'iStri_bU'
K, which is the sum of two Gaussians, wit = 515 and 440 meVg, =  tions, o, of the proteins that were cooled under illumination
35 and 46 meV, and areas of 0.78 and 0.22, respectively. from various temperatures are all similar (Table 2). This

observation suggests that the proteins remain structurally
intact when cooled under illumination. They simply visit

280 K has approximately the saf® at 5 K as isobserved

at 300 K, as it must if we are trapping the charge-separated 0.8~
conformation. i -~ T ]
0.6 R STl

PROTEIN CONFORMATION

Structural heterogeneity

G (ev)

The electron transfer model presented in the previous sec-
tion enables us to characterize the nonexponential ET ki-
netics of a heterogeneous sample of RC proteins with a conformational coordinate

distributiong(e) of the energy gap between B, and PQ.

A weighted nonlinear least-squares routine provides thé&lGURE 5 _Schemati(j of the free energy surfaces that govern the protein
position and width of a Gaussiae) such as the one shown conformationinthe PQ, and PQ states. The energy gapsat the center

in Fio. 3a for 5 K. which best d the ET kineti of both the light- and dark-adapted distributions are indicated. The widths
Ir! Ig: a or » whic est reproduces .e , _me ICS of the Gaussian distributions-(-) are determined by thg(e) distributions
(linesin Fig. 1,a andb). Parameters of the distributions at i, Fig. 3. Because the parabolic energy surfaces have the same el@pe,

5 K are given in Table 2. Based on the ET model, linear in the conformational coordinate shown.
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different sets of CSs that are energetically more favoreFluctuational averaging

when in the PQ, state. The Gaussian shape of the dlstrl-FeIOW 160 K, o of the sample cooled in the dark (Fighd

bution that is obtained upon cooling in the dark is consistent,. . .
. . diamond} is constant because conformational changes are
with many small and uncorrelated structural differences

. . much slower thalz; the protein is effectively frozen in the
hetween .CSS' In the I|g_ht—adapteq state, an addlmonal k.)\%QA conformation gn the time scale of ET. The increase in
energy tail and loss of signal amplitude (see caption to F'gtr at 195 K is due to the concurrence of relaxation with ET,

1) indicgte more significant struptural (?hanges upon chargg ~ ke, giving a time-dependent (decreasing) rate coeffi-
separation in some of the proteins, for instance, those due {Qgnt At temperatures above 220 K, a narrowing of the
displacement of the charged,Q apparenie distribution is observed. This behavior does not
indicate that the actual distribution narrows with increasing
temperature (it should widen), but that each molecule fluc-
tuates among CSs with different energy gaps during the
time that the charge-separated state persists. In the presence
At low temperature (5 K), in a sample that has been coolef fluctuations, the ET rate coefficient is given by an aver-
in the dark, charge recombination occurs in a nonrelaxeége over the CSs visited. With increasing temperature, the
conformation, withe) = 607 meV. Upon warming to 160 fraction of CSs that interconvert rapidly on the time scale of
K, (e) decreases by 20 meV (Fig.ad, whereas the width of ET, or fluctuationally average, increases until all RCs fluc-
the distribution,o, stays fairly constant (Fig. 4). By 220  tuate among CSs with values ef representative of the

K, {€) has decreased by 105 meV, and a transient increase @ntireg(e) distribution, resulting in exponential recombina-
o is seen. Both observations indicate the onset and develion above~260 K.

opment of the capacity of the protein to relax toward the If we denote the distribution of energy gaps that each
light-adapted (PQj,) state on the time scale of the charge protein is able to visit during the lifetime of the charge-

Protein relaxation

recombination~100 ms. separated state iy, (€), the averaged raték), is given by
After the sample is cooled under illumination, charge .

recombination occurs in an ensemble wWigh = 499 meV (K = K(€)giu(€)de. (16)

anda, = 60 meV (see Table 2). Between 120 and 250 K, -

both the average value and the standard deviation of the
energy distribution steadily approach the values observetote thatk) differs from the ET rate at the average value of
for the sample cooled in the dark. The RC proteins that weregj,(€). Consequently, the peak position (first moment) of the
frozen in the light-adapted conformation are increasinglyapparentg(e) distribution in Fig. 4a does not reflect the
able to return to the dark-adapted conformation, and weéverage energy gap about which the protein is fluctuating,
observe relaxation toward the dark-adapted {PSate on but overestimates this value, because higher values of
the time scale of sample warming, which4s10* s (vida  result in higher ET rates and so count more in the average.
infra). The amount of this overestimation depends on the width of
On warming of the sample cooled in light from 280¢¢) ~ 9(€) and the average slope biersuse. If, for instance, we
reaches a maximum value at 175 K, which is only two-2Ssume a Gaussiafe) centered at 477 _meV, with a_width_
thirds that of the dark-adapted value. At this temperature®f 100 meV, at 300 K, complete fluctuational averaging will
the dark-adapted value &6 has decreased by 25% from its '€Sult in an apparem(e) centered at 485 meV with a width
value at 5 K. Thus comparison of the light- and dark—Of Z€r0, as obs_erved m_the data (Figay This shift of 8
adapted curves shows that at 175 K, 25% of the conformar—nev is approximately given by
tional energy is dissipated in less than 100 ms, whereas de
another 25% does not relax, even irf 50 Ae = Aka(
Our model does not invoke or allow for temperature
dependence of the protein structure that affects ET modekhere Ak is the difference between the fluctuationally av-
parameters other than those determini¢). The validity — eraged rate(k), and the rate at the average of tb&)
of this approach is supported by the observation that théistribution,k((e)),
energy gap at room temperature is almost identical to the
energy gap observed below 110 K when the sample is
cooled under illumination (Fig. 4). This behavior is ex-
pected if 1) the sample recombines at room temperature
from the same conformation (adapted to the charge-sepayith k((e)) = k(J~.. € g(e)de). In our case, the shift is small,
rated state) that is trapped by cooling under illuminationbecause of the very small slopel/de, characteristic of
and 2) temperature-dependent changes of the protein, suelttivationless ET, so we neglect it. The small shift also
as thermal expansion, result in negligible changes in théndicates that conformational fluctuations of the protein are
SBM parameters, as discussed above. not important in determining(w), in contrast to the so-

@ (17)

Ak = [ g(e)k(e)de — k((e)), (18)
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called solvent-controlled ET (Rips and Jortner, 1987;where the values for are taken from Fig. 4. &4, measures
Onuchic, 1987). relaxation along the PQ, surface in Fig. 5 on the time

Finally, we briefly address the small dip that appears inscale of ET (100 ms)d,, = 1 represents the most unre-
(e) versusT near 250 K (Fig. 4). Additional measurements laxed protein detectable on the time scale of ET, Wéph=
(data not shown) indicate that, at this temperature, slov607 meV, andd,, = O represents the completely relaxed
changes in the protein conformation occur that are noprotein, with{e) = 485 meV.
caused by the charge separation process or illumination, but To measure relaxation of the sample cooled under illu-
depend only on the residence time of the sample at 250 Kmination toward the dark-adapted conformation on the time
Because the light-cooled sample in Figadvas warmed scale of sample warming, $@r 10* s (to the left along the
more slowly than the dark-cooled sample, it shows a largePQ, surface in Fig. 5), we define a similar relaxation
dip, centered at a slightly lower temperature. With minimalfunction, ®,;, from the differencesy, — €, normalized by
waiting time, the dip disappears. This effect may be assothe same total energy span of relaxation asdigg above,
ciated with aggregation of RC molecules or crystallization
of solvent molecules at the protein surface. d(T) = (eadT)) — (&)

' (€(5K)) — (€a(300K))’

although slight differences in the light-cooled samples re-
ENERGY LANDSCAPE IN RCs quired us to scal®, of the sample warmed at 13 mK/s by
Motion along the conformational coordinate sketched ina factor of 1.07. (In a temperature ramp experiment, the time
Fig. 5 is inhibited by free energy barriers. The wide range ofscale probed depends on both the warming rate and the
temperatures at which conformations can be trapped den@ctivation energy of the motion involved. From measure-
onstrates that the barriers between CSs vary greatly in siz&ents at two different warming rates, it is possible to
The similar temperature dependence &r samples cooled determine the time scale, as we do in the following sec-
under illumination from different temperatures (Fig.a  tions.)
shows that the conformational barriers encountered at low The three relaxation functions obtained from the data are
temperatures do not depend in a systematic way on thelotted in Fig. 6a as a function of temperature. As expected,
value of the conformational coordinate. The small barriergelaxations occur at lower temperatures when the observa-

are similar within each different region of conformational tion time scale is longer. By comparing the twg func-
space separated by high barriers. tions for tenfold different warming rates (1.3 mK/s and 13

We have studied the dynamics of interconversion bemK/s), we see that, between 120 and 180 K, these relaxation
tween CSs with two different protocols. 1) After the protein processes speed up by an order of magnitude in rate when
was trapped completely in the light-adapted conformationthe temperature is raised by7 K. Thus the difference of 35
the sample was slowly warmed, and ET kinetics were meaK betweend, for slow warming andb, is consistent with
sured with a laser flash at 5-K intervals. This protocol wasthe 10 ratio of time scales probed by the two methods.
carried out at two different warming rates, 1.3 and 13 mK/s.

Progressive changes in the ET kinetics reflect relaxatio . .
toward the dark-adapted state. 2) After the sample WarSBarrlers to relaxation
cooled in the dark, the nonexponential ET kinetics reveallo relate the three relaxation functior, to one another,
the ability of the protein to relax from the dark-adapted towe need a model that predicts the temperature dependence
the light-adapted conformation during the time that chargeof the rates of conformational transitiong(T). By far the
separation persists;100 ms. Thus we were able to study most widely used relation is the Arrhenius Law,
protein dynamics on three different time scales ranging over
five orders of magnitude, which allowed us to analyze the k(T) = A, I exp(—En/ksT), (1)
energetics of relaxation. The use of an ET model to convert To
frqm rqte t_o energy is c_ritical for the _comparison of relax- here A, is a preexponential factolE, is an enthalpy
ations in different directions and at different temperaturesy, rier to the transitiorT is the absolute temperatufE, is
a reference temperature (which we take to be 100 K)kgnd

. . is the Boltzmann constant. This equation can be understood
Relaxation functions in terms of a thermally activated transition over a one-
To quantify the extent of relaxation, we need a measure oflimensional barrier of heigHg,.
the progress along the conformational coordinate in Fig. 5. In systems in which cooperative transitions are involved,
For the sample cooled in the darke) itself is such a such as proteins and viscous solvents, Ferry's Law (Ferry et
measure, and we simply scale it from zero to one to obtai@l., 1953; Frauenfelder and Wolynes, 1994),

the relaxation function, k(T) = Ac exp— (EdksT)?, (22)

(20)

(€a(T)) — (€a(300K)) (19) often provides a better description of the rate coefficients.
(eg(BK)) — (€4(300K))’ Note thatA- and Ex have an interpretation different from

Dy (T) =
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> FIGURE 7 Arrhenius plot constructed from the relaxation curves in Fig.
o F ‘ 6. The temperatures at whidh, reaches values of 0.9, 0.8, and so on, are
[ f;; - j%\fﬂ * plotted at 10° and 10* s™* for the fast and slow warming rates, respec-
IRYCS TN !

tively. The temperature at which,, reaches 0.9, 0.8, and so on, is plotted

0 50 100 150 200 250 300 at k1. Solid lines labeledc,, and k.5 rates of exchange between taxo-
temperature (K) nomic substates in carbonmonoxy myoglobin (Johnson et al., 1996);

dashed line: temperature dependence of the peak rate of the dielectric loss

FIGURE 6 @) Relaxation functionsp,(T), calculated with Eq. 20 from  of the solvent used in this study (3/1 glyceroliwater, viv), taken from Huck
the data in Fig. 4, as a function of temperature for warming rates of0.3 (¢t a). (1988).

and 13 mK/s {), and®4,(T) (<€), calculated with Eqg. 19 and the data in
Fig. 4. The fit tod,(T) for warming rates of 1.3 (—) and 13 mK/s-() was
calculated with Eq. 23, and the fit tb,(T) (——-), calculated with Eq. 24,

used the Arrhenius Law (Eq. 21 and the parameters in Tab{k,J)---) for A more sophisticated analysis can be carried out by
the sample annealed at 1.3 mK/s was scaled by a factor of 1.07. Each tier.

of CS is indicated. Vertical lines indicate the temperature at which solvenélmljm“aneOUSIy flttlng a set _Of preexponen.uals' and energy
relaxations occur in T0s (—), 1¢ s (), and 100 ms (——-).by  barriers to all three relaxation functions in Fig.a6 To

Derivatives, &@/dT, of smoothedP presented irm. Symbols correspond to ~ achieve a quantitative description, it was necessary to as-
those ina. The peaks visible indh,/dT of the sample warmed at 1.3 mK/s  sume four Gaussian energy distributiog&;), each with a
at 140, 165, and 205 K correspond to CS2, CS1, and CSO, respectivelyjistinct preexponential factoh and a full width at half-
CS3 is not clearly visible. A peak is seen at the solvent relaxation temper- . . . .
ature in the @/dT for each time scale. The straight dashed linedn,ddT maXImum’.F' This implies that the bam?rs between the
from 230 to 270 K and omission of data above 230 K ihiT are to ~ cOnformational substates are arranged in four classes or
prevent the process at 250 K, described in text, from being misinterpretetiers, each of which has a characteristic range of energies. In
as part of the relaxation functions. Fig. 6 a, the separation into tiers shows up as structure on
the relaxation functions. This can be seen more easily in the
that of the analogous parameters in Eq. 21. Our range of rafirst derivative, db/dT, plotted in Fig. 6b, where each tier
coefficients is still too small to allow us to distinguish gives rise to a local maximum on the curve. We refer to the
between these two relations. But, because they differ in theifour tiers as CS0, CS1, CS2, and CS3, in order of decreasing
extrapolation to high temperatures, we present fits and exbarriers, following nhomenclature introduced in studies of
trapolations, using both relations. heme protein dynamics (Frauenfelder et al., 1991; Nienhaus
It is possible to extract information about barriers andand Young, 1996).
preexponentials from the relaxation functions that is inde- The kink seen a® = 0.2 in Fig. 6ain all three relaxation
pendent of the particular parameterization of the data. Wéunctions identifies the highest tier, CSO0, for the slowest
need only assume that the various relaxation events in RQ=laxations. On the TG time scale, its temperature range is
occur in the same sequence for all three relaxation function$80-240 K. The relaxation betweeh = 0.85 and 0.2
in Fig. 6a. This means that the crossing points of horizontalappears as a single, broad proces®jg, but on the longer
lines with the relaxation functions give the temperature atime scales, seen i, this part of the relaxation is dis-
which a particular motion happens on each of the thregersed into two processes, CS1 and CS2, of approximately
different time scalesi(= 100 ms, 18s, and 10 s) exam- equal amplitude. This distinction is clearly seen in the
ined here. We then invert the time scales to obtain rateld®/dT data in Fig. 60 on the time scale of 10, where tier
coefficients for conformational change,= = *. In Fig. 7, 1 relaxations can be observed between 160 and 180 K,
these rates are plotted against the inverse temperature in amereas the relaxations in CS2 occur between 130 and 160
Arrhenius plot (logk versus 1T) for every 10th percentile K. Relaxations in the tier with the smallest barriers, CS3,
of the relaxation function. The different slopes indicate thatappear in the range of & ® < 0.85 at temperatures below
the activation energies differ widely. For the motions hap-100 K in ®,. However, because we were unable to cryo-
pening after 90% of the relaxation is completedat 0.1),  genically trap CS3 completely, it is not clearly evidentlip
barrier energies of 110 kJ/mol are obtained, in contrastto 7€r T, = 280 K. Thus we cannot determine both preexpo-
kJ/mol at the level ofb = 0.8. nential and a barrier distribution for this tier.
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Becaused,, and &, were measured in different ways, of glass-forming liquids, including a large apparent Arrhe-
different formulas relate preexponenti@isand barrier dis- nius activation energy and non-Arrhenius temperature de-
tributionsg(E) to &, anddy,. If the sample is warmed at a pendence. Comparison of solvent dynamics and RC relax-

constant rates, ®,, is given by ations can be made with Figs. 6 and 7. Fig. 6 shows the
temperature of solvent motions on each relevant time scale

e e as a vertical line, revealing that CS1 on both slow time

u(T. B) = i:EO G(Bjexy — k(E, A, pt)dt |oE, scales is correlated with the solvent glass transition. Exam-

0 5KIB

(23) ination of db/dT in Fig. 6 b shows clear peaks in the regime
of solvent relaxation. The coincidence of the solvent glass
where the sum extends over the different tiers of @&E)  transition with the steep part of the relaxation function and
is the energy distribution characterizing conformational barphysical intuition both suggest a coupling between RC
riers in theith tier, andx(E, A, T) is the relaxation rate dynamics and the solvent. The interplay between protein
coefficient, which can be given by either Ferry’s Law or the and solvent dynamics has been characterized in previous
Arrhenius Law. The exponent contains an integral t0 acsyydies in myoglobin (Beece et al., 1980; Ansari et al.,
count for the variation ofk with time (because of the 1994).
changing temperature), instead of the commonly encoun- pejaxations in RCs differ considerably from those of

te;red expression with a'constafﬂt .Calculatlon 0f Dy is simple glass formers, with the principal difference being the
simpler; the energy barriers are given by division of RC relaxations into four widely separated broad
3 tiers of approximately equal size. As the temperature is
Dy (T, Ter) = EJ g(E)exp(—k(E, A, DendE,  (24) Iqwered, the differer_lt tiers of motions freeze out succes-
i=0 sively. In the following, as we compare the motions on
successive tiers of CSs, we emphasize how different acti-
whererer is the inverse of the average ET régg, givenin  yation enthalpies and time scales of motions imply different
Fig. 2 a. This equation is greatly simplified because thephysical motions involved in each tier. Note that our relax-
gxtent of relaxation during the nonexpone_ntlal recombma—ation functions weigh the tiers according to the energy
tion is small compared to the total relaxation. The fits aregissipated.

shown as lines in Fig. &, and the parameters describing the The slowest 25% of the protein relaxation occurs in a

barrier distributions are compiled in Table 3. group that we refer to as CSO0. It is separated from the faster
relaxation processes by a distinct kink in the relaxation

Characteristics of the energy landscape function. The end of the relaxation is marked by the flatness

of ®(T), which is somewhat obscured, but clearly occurs by

The simultaneous fit of relaxation functions from three 250 K in ®,(T). The large values of the paramet&isand

different time scales showed that energy is dissipated durin . . .
protein relaxation on at least four distinct tiers, each char—gp’ together with the observation that CS0 relaxation occurs

acterized by a preexponential, a distribution of energy barmore than 1000 times slower than solvent relaxations, imply

riers to relaxation, and either the Arrhenius Law (Eq. 21) orthat these slow relaxations are highly cooperative, needing

Ferry's Law (Eq. 22). This procedure yields a quantitative_Sizable changes in prqtein conformation to occur. This abil-
characterization of protein relaxations, allowing extrapolaty t0 store conformational energy on time scales that are
tion and interpolation of the data for comparison with iso-10ng compared to the solvent relaxation times may be a

thermal relaxation experiments, and aiding our understand=onsequence of the complex structure of proteins.
ing of the physical mechanism of relaxation. A second set of cooperative motions, CS1, which appears

The dielectric relaxations of the solvent (75% glycerol/on the same time scale as the solvent dielectric relaxations,
25% water, v/v) have been measured by Huck et al. (1988yccounts for 25% of the relaxation. However, examination
They show a temperature and frequency dependence typicaf Fig. 6 shows that CS1 cannot be direct observation of

0

TABLE 3 Energy barriers to conformational change

Process Amplitude lod(,/s™ ) E, (kJ/mol) I'a (kd/mol) log@e/s ™) E: (kd/mol) I'c (kJ/mol)
CSO 0.21 25 110 24 11.7 9.9 2.2
Cs1 0.28 21 78 10 10.6 7.8 0.9
CSs2 0.38 15 50 10 — — —
CS3 0.13 13 17 13 — — —

Values are amplitude, preexponential factors, mean, and full width at half-maximum of the four Gaussian distributions obtained from a gldteal fit to t
relaxation functionsb,, and®, shown in Fig. 6a, using either the Arrhenius Law (Eq. 21) or Ferry’s Law (Eq. 22). The preexponential for CS3 was fixed

at 102 s~ Ferry Law parameters for CS2 and CS3 are omitted because the Arrhenius parameters indicate that these motions are indeed appropriately
modeled with the Arrhenius relation. Moreover, using a Ferry parameterization for CS2 and CS3 gives unreasonable results for the extrapotation to ro
temperature.



McMahon et al. Electron Transfer and Protein Dynamics 2579

solvent relaxation for two reasons: 1) The change in rat€Extrapolation to physiological conditions

with temperature of solvent relaxation, indicated by the . .
P y Although study of relaxations at low temperatures provides

vertical lines, is much greater than that of the protein . : . :
. . . the best separation of conformational changes into their
relaxation, and 2) solvent relaxations occur in a much nar-

. component tiers, it is the behavior of proteins at higher
rower temperature window than C51 (Huck et al., 1988)’temperatures that we ultimately wish to understand. The

.they. would be represented by a peak with a F_WHM _Of 4 Kielaxation functions that we have presented quantify the
in Fig. 6 b. Whether CS1 relaxations are motions directly gytent o which static heterogeneity, relaxation, and fluctu-
coupled to the solvent or simply represent a glasslike Proggiona| averaging are present in the protein ensemble. The

cess intrinsic to the protein that happens to have a glasgarrier distributions described in Table 3 allow us to calcu-
transition temperature similar to that of the solvent can onlyjate isothermal relaxation functions as

be addressed by measuring the relaxation as a function of

time and temperature in a variety of solvents. 3 [
On the 100-ms time scale, only one broad relaxation O, T) = ZJ g(BE)exp—k(E, A, THt)dE, (25)
process is visible between CS0 and CS3 in Figa. 6At i=0J,

lower temperatures or, equivalently, on longer time scales,

this broad process splits into two parts, one of which, CS2where the notation is the same as in Eq. 23. Calculated

occurs in an immobile solvent. The Arrhenius preexponentelaxation functions are plotted in Fig. 8 for several tem-

tial of 10'° s~ for CS2 is closer to that expected for a Peratures, and vertical lines indicate the three time scales at

one-dimensional activated barrier crossing than that of eiwhich ®(T) was determined.

ther CSO or CS1. Consequently, in this tier we expect At 300 K, we see a smooth, featureless decayb)

transitions between the minima of independent double-welfl®m 10 ps to 1 ms. From this we learn, for example, that at

potentials in an otherwise immobile protein. 0 ns, ~40% of the relaxations are completgd. For thg
Motions between 40 and 110 K are absent in RCs on th§1jOrity of CSs, however, we need to consider a static

10* s time scale. This was useful for determination of the ETdistribution of protein conformations as well as time evo-

. . 0 . :
model parameters(w) andV(e), and indicates a gap in the lution of propertles'for the 10% Of. relgxa_ltlogs W"th% 1.0

N : ns. Because the width of the static distribution is similar to
distribution of barriers between CS2 and CS3.

The full amplitude of the relaxation in CS3 was only the total extent of relaxation (see Fig. 3 or 5), it is not appro-

visible in ® it is not ible to uniquely determin priate to neglect either static heterogeneity or relaxation.
bsh eh dks SO st IO pdoss et l]f hque yth el € b € Fig. 8 indicates a practical difficulty encountered in mea-
oth the preexponential and the size of the enthalpy ameéuring protein relaxations isothermally. Below 240 K, the

to transitions. There are two possible explanations for oug,est relaxations require more than 1 day to occur, but at

apparent inability to cryogenically trap the light-adaptedzgg k| relaxations will have begun in a few picoseconds.

state in CS3 (Fig. 7): 1) The transition may occur by gyen an experiment that covers several orders of magnitude

tunneling through a barrier at a temperature-independen time will capture only a fraction of the total relaxation.

rate of less than an hour below25 K, thus preventing ynless a marker for relaxation is found that can be unam-

cryogenic trapping on our very slow warming time scales higuously compared at different temperatures, it will not be

2) The relation betweel ande (y in Eq. 13) in CS3 may clear whether the same conformational change is being

be different from that in the other tiers. Consequently, weobserved at each temperature. The temperature ramp exper-

arbitrarily assume an, of 10"*s™*, which corresponds to  iments circumvent this problem by allowing each relaxation

a typical barrier crossing attempt frequency in transitionto be observed once, and only once, on each different time

state theory (Atkins, 1990). The time and temperature descale.

pendences of these relaxations correspond to those observed

in temperature cycle hole burning experiments on horserad-

ish peroxidase (Zollfrank et al., 1991), and we have not

excluded the possibility that the relaxations involved occur

in a photoactivated state (as opposed to the charge-separated

state). < 0501
The motions in the four different tiers have been modeled

with thermally activated processes because they gradually

speed up with temperature. It is also possible for phase °~°912 e a . P

transitions (for example, thawing of surface water) to facil- log (time/s)

itate relaxations at one temperature on all time scales. This

will lead to a peak in all three®/dT at the samd. Indeed, FIGURE 8 Isothermal relaxation functions calculated with the Ferry

. . s Law for CS0 and CS1 and the Arrhenius Law for CS2 and CS3 (—) or the
such a feature appears in Flgb&t 210 K. However, it is Arrhenius Law for all tiers (———) and the parameters in Table 3, at 50, 100,

eVide""t that the t?U”( of the r.elaxatior) is more appropriately;so, 200, 250, and 300 K. Vertical lines indicate the time scales at which
described as activated barrier crossing. ®(T) was measured.

1.00

0.75

0.25
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Our experiments were performed with RCs in a glycerol/broadening is known, analysis of the rate distributions (or
water mixture (3/1, v/v). Measurements of rates of proteinET kinetics) allows determination of the dependence of the
conformational motions derived from CO recombinationET rate on energyk(e). Their experimentally determined
kinetics in myoglobin and spectroscopic changes after flask(e) is in reasonable agreement with our findings, although
photolysis in myoglobin both suggest that replacing thesomewhat broader. This may be due to the different treat-
glycerol water mixture with water should speed up confor-ment of the zero-field, dark-cooled kinetics, which they split
mational changes by a factor of 6 at room temperature. Thato two independent processes obeying unrel&teyl re-
decreased viscosity is probably the most relevant changitions, whereas we used a single distribution, subject to a
(Beece et al., 1980; Ansari et al., 1994). singlek(e) curve. Additional uncertainty exists in that work

because the value of the protein dielectric constant is un-
certain (Steffen et al., 1994).
DISCUSSION Another experimental method of determinik(k) is to
systematically vary the quinone redox potential by substi-
tution of the native ubiquinone with other types of quinones
e(‘Gunner et al., 1986), or the special pair redox potential by

distribution of CSs,g(e); the temperature dependence of > . L h h fh
interconversion between CS$(t, T); and the parameters amino acid sqbsututlon to change the number o ydr'ogen
L7 bonds toP (Lin et al., 1994). Gunner et al. (1986) first

describing the fundamental ET procel, T). All of these demonstrated that a substantial difference betweand A

can be determined by requiring a self-consistent description o . : e
. . . : can exist in proteins that display activationless ET. They
of our relaxation experiments. The relaxation functidt, . .
. : . . also showed tha¥ varies by a factor of~3 when substi-
T), can be described in terms of the energetics of intercon;: . . . : . ;
: L ) - - tuting a wide variety of different types of quinone in the Q
version among CSs on four distinct tiers, providing a basis . ; ; .
: . . . site, consistent with our observation that bathand V
for physical models of protein dynamics. Comparison to . . o
. : . . ..~depend on protein/cofactor conformation. The site-directed
extensive studies of heme protein dynamics reveals similar . .
. . . . mutants of Lin et al. (1994) are a beautiful example of the
relaxation properties and illustrates the variety of effects . o .
. . . -use of proteins to observe the effects of specific modifica-
that these relaxations can have on protein function. In this. . .
. . S ?IOHS of a complex system at the atomic level. The slightly
section we relate our work to previous studies in each o hall | h fthe P O~
these areas shallower s ppet ey obsgrved fi(ee) of t e Qr — PQa
' ET may indicate a coupling of ande (y in Eq. 13) upon
modification of the electronic state Bfthat differs from the
one observed here.
Three of the groups mentioned above extended their
A direct way to experimentally determimkée) is to apply an  studies to low temperatures (Gunner et al., 1986; Franzen
external electric field across the RC to change the energy adnd Boxer, 1993; Ortega et al., 1996) and noted the peculiar
recombinationg, and measure the flash-induced ET kinet-temperature dependence kfe). They did not consider,
ics. With appropriate assumptions and control experimentdyowever, the central importance of conformational change.
one can relate the shift into the voltage applied across the Franzen and Boxer (1993) and Ortega et al. (1996) noted
sample. This has been done with RCs incorporated into ¢hat the difference betweenande is larger at high tem-
lipid bilayer with a small preferential orientation of func- perature than at low, but because in the classical ET theory
tional RCs (Gopher et al., 1985). Within the experimentallythe rate coefficient depends on — A, they could not
accessible range, there was no detectable dependence of #xperimentally determine which quantity was temperature
rate on the applied field. However, the range of fieldsdependent. Note that Eqgs. 9 and 10 imply thanhde affect
applied was limited to less than>3 10° V/cm. Using dried  the width of k(e) differently, but the width ofk(e) also
monolayers, also with perpendicular orientation, Popovic etlepends o1id(w), which is undetermined in earlier work by
al. (1986) were able to apply much larger fields and ob-Franzen and Boxer (1993) and Ortega et al. (1996). Both
served significant changes in the yield of charge separatiorgroups chose to makg temperature dependent, although
They also reported a10-fold change in the recombination Ortega et al. (1996) do point out that this would imply that
rate, over a range of external field estimated to be\/@m, ET is coupled primarily to vibrations of the solvent mole-
but the disagreement with Gopher et al. (1985) and uncereules. When their results are reinterpreted in terms of a
tainties in their exact experimental conditions make detailecthanginge and a fixed\, the size of the shift{120 meV)
comparison of their data to ours difficult. is in agreement with our results. Although we also measure
Boxer and co-workers have carried out extensive studiesnly the differenceg — A, we attribute the changes with
on randomly oriented RCs in thin PVA (polyvinyl alcohol) time and temperature wfor physical reasons, as explained
films to which they could apply electric fields as high a8 10 in Quantitative Model of Electron Transfer.
V/cm (Franzen et al., 1990). In the notation of our work, In their figure 1, Ortega et al. (1996) have plotted the
they broadened the existing distribution of energy gapstemperature dependence of thée @ — PQ, for three
d(e), by applying an external electric field to the sample. mutants with energy gaps of 425, 500, and 580 meV. The
Because the exact form and electric field dependence of théata show an interesting behavior that is predicted by our

A statistical treatment of the CSs in RC allows us to de-
scribe the ET event in terms of three protein properties—th

Electron transfer



McMahon et al. Electron Transfer and Protein Dynamics 2581

model of RC relaxation. Those mutants with large values ofat a higher temperature than the relaxations we observed, as
€ (600 meV) show a uniform temperature dependence of expected from the much shorter time scale involved (hano-
from 10 to 300 K, whereas mutants with lower valuesof seconds, compared to milliseconds or kiloseconds). We also
(500 meV) show temperature-independkrtelow 150 K,  find general agreement when comparing the 295 K relax-
with a sharp decrease above 180 K. Examination of ouation data from figure 5 of Peloquin et al. (1994) with our
relaxation function on the ET time scale in FigaGhows extrapolated 300 K isothermal relaxation function in Fig. 8.
that e is constant below 150 K and decreases rapidly withOur data indicate that the relaxation should only have pro-
increasing temperature near 180 K. Thus the temperaturgressed about two-thirds of the way toward completion
dependence of the ET rate below 150 K will depend only onwithin a few nanoseconds, consistent with the observation
dk/dT, whereas near 180 K, it will depend on botidlr and  that the energy gap of 1600 crhobserved at 10 ns by
dk/de. Our calculated(e, T) curves in Fig. 3 reveal that, for Peloquin et al. (1994) has increased to 2100 tron the
€ = 600 meV,|dk/dT| is large and Bde is small, whereas microsecond time scale (Chidsey et al., 1985).
for e ~ 500 meV,|dk/dT| is small and &de is large. Thus At lower temperature, we have observed nonexponential
the qualitatively different temperature dependence of the E'kinetics due to a static, temperature-independent distribu-
rate in this series of mutants is explained by our ET modeltion of energy gaps. Therefore, we also expect a static
Furthermore, it makes specific quantitative predictionsP*H,—P"H, energy gap at low temperature. Unfortunately,
about the type of nonexponential kinetics expected in thesuch a distribution greatly complicates the analysis of de-
various mutants; comparison with the mutant data should blayed fluorescence (Ogrodnik et al., 1994), because the
illuminating. conversion from fluorescence intensity to energy then re-
quires a weighted integral of the Boltzmann equilibrium
factor over the entire energy gap distribution rather than its
value at a single energy. However, there is not enough
information in the data to determine the parameters of a
Dark-cooled ET kinetics can be, and often are, fitted withdistribution. This distinction will be of importance when-
two exponential processes. This does not lead to identificaever the width of the distribution is larger th&gT, as is
tion of two physically meaningful states. Nonexponentialexpected at 20 K. Because the average fluorescence rate will
kinetics of the PQ, — PQ, process, especially in RC be determined exclusively by that portion of the distribution
samples cooled under illumination, led to the first introduc-having small values of the energy gap, it is extremely
tion of distributions of CSs in RC (Kleinfeld et al., 1984). difficult to know where the energy gap is centered at low
Their distribution ofV to fit light-cooled and dark-cooled temperature. Because the fast-fluorescing RCs will soon be
ET kinetics provided a parameterization of nonexponentiatlepleted, the energy gap will appear to increase with time.
kinetics that was mapped onto the physically meaningfulThe exact time course of the apparent relaxation will depend
properties of the average, width, and asymmetry of a disen which portion of the distribution is near the zero energy
tribution of distances. The analysis with Eq. 13, howevergap (for example, the peak or the tail of a Gaussian),
yielded somewhat large distance variations, and the modglroviding a possible explanation for the apparent depen-
was not able to account for the temperature dependence dence of relaxation properties on the presence or absence of
the reaction kinetics. We, by contrast, use a Gaussian single hydrogen bonds (Figureb®of Peloquin et al., 1994).
distribution which is expected from a model with numerousAdditional problems arise because the quantum yield of
CSs, with the disorder coming from a variety of contribu- P"H, formation is less than one. Should the quantum yield
tions of comparable size. depend on the P*k-P"H, energy gap in a systematic
CSs are also required to explain the multiexponentiafashion, comparison of experiments with different quantum
delayed fluorescence kinetics (Woodbury and Parson, 198§jelds will be complicated.
Peloquin et al., 1994). The fluorescence arises from thermal Although low temperature data, where static distributions
repopulation of P*H from the P'H, state; adaptation of are present (not to mention intermediate temperature data,
the protein to PH, creates a Boltzmann factor shifting the where both relaxation and distributions are important), are
equilibrium further away from Pk to P"H, with time, difficult to interpret, we would like to emphasize the agree-
leading to multiexponential fluorescence decay. The temment of nanosecond relaxations of protein adaptation to
perature dependence of the nanosecond decay compondhtH, with those predicted from our measurements of ad-
suggests that relaxation is occurring at high temperatureaptation to PQ, on the longer time scales.
The fluorescence amplitude is smaller at 280 K than at 180 Many groups have investigated the effects of protein CSs
K, implying that the P*"H—P"H, energy gap is larger at the on the kinetics of primary charge separation (Kirmaier and
higher temperature. This is most easily explained by assunHolten, 1990; Becker et al., 1991; Skourtis et al., 1992;
ing that protein relaxations can occur within a few nano-Woodbury et al., 1994, 1995; Bixon et al., 1995). All have
seconds after charge separation at 280 K, but not at 180 Kioted that an energy distribution of significant width100
The relaxation of this energy gap, shown in Figure 6 ofmeV) is consistent with experimental observations, al-
Woodbury and Parson (1986), can be compared directlfhough there is disagreement over such basic issues as
with the relaxation of PQ,—PQ, (Fig. 6); it indeed occurs whether the distributions of CSs are static or dynamic, and

Conformational substates in reaction centers
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whether ET is adiabatic or nonadiabatic. All groups agreecharge-separated states and the different dipole moments of
on the complexity of the problem, and each points outthe ground and excited states of each optical transition. We
different issues that make the data difficult to analyze anchave measured shifts throughout the optical spectrum (350—
interpret. The determination ob(t, T) presented in this 950 nm) by cooling under illumination from 180 K. These
paper may aid in the understanding of this. shifts anneal on the same time scales as expected for CS1
Relaxation and distribution of protein properties are re-and CS2 relaxations (unpublished observations). The shifts
lated, and the connection between them was first exploregre in the direction opposite those caused by charge sepa-
by Rubin et al. (1994). They modeled the relaxation assoration, suggesting that charge separation is followed by
ciated with the PQ, — PQ, ET kinetics with a distribu-  numerous changes that counteract the change in electric
tion of CSs characteristic of BQ which diffused to a field. Therefore, we expect a correlation between the elec-
distribution adapted to RQ,, similar to our model. Simple  trochromic shift of each absorbance band anand thus
diffusion, however, assumes a relaxation functit) that  |so the ET raté. Indeed, Parot et al. (1987) have reported
is exponential and not a function that extends over 10 orderghat prQ, — PQ, ET at 10 K occurs faster when measured
of magnitude, such as oub(t) shown in Fig. 8. They on the blue side of the 804-nm BChl band than on the red.
recognized the problem and introduced a diffusion coeffi-hjs js expected for a heterogeneous, static distribution of
cient that changes with the position along the relaxatioryrotein conformations, in which those CSs contributing to
coordinate. Although this approach is an effective matheine piye edge of the 804-nm band undergo faster charge
matical convenience, it is not a realistic physical model,.ocombination than the average.
because we have shown that the barriers are uniformly geayeral other groups have also observed complex wave-

distributed along the conformational coordinate in Fig. 5. length dependences of ET rates in the near-IR bands. Kir-
Treatment of nonexponentially relaxing systems with nu-,5iar and Holten (1990) noted that the blue side of the

merous microscopic states is usually based on the fluctugsns nm band also shows faster P® P*H.Q, and
tion-dissipation theorem and linear response theory (Kub(g,ﬂ_'/:QA — P*H,Qx ET kinetics than the redAsidAe at both

et al., 1991), which explains equilibrium and near-equilib-285 Kand 77 K. Sebban and Wraight (1989) observed faster
rium properties of a system with only a relaxation function ET kinetics of P'Qx — PQ, on the blue side of the BChl
(such as ourd(t)) and knowledge of a potential energy band at 110 K arfd 295 K ilRhodopseudomonas viridis

athemaice can be rather involved etpeciaty wih suciCS: a1 Onlonger time scales than expected frobe
» €SP Y I;\\p reported here. Tiede et al. (1996) investigated the tem-

broad relaxation functions as we have observed, sever _ a _
papers have elucidated the variety of effects that Variougerature dependence of R,Qs — P"QaQp ET by ob-

®(t) can have on protein reactions (Onuchic, 1987; Rips angeving electrochromic shifts and reported spectroscopic

Jortner, 1987; Wang and Wolynes, 1994: Panchenko et alf—:vidence of conformational changes, but they were only

1995). The facts that we are observing energetic relaxatioﬁble to investigate temperatures highe_r t_han those at Wh.iCh
and that it is a long-range ET make it likely that abft, T) we expect the largest changes to be visible. Understanding

functions are sensitive to a wide variety of protein motionsth_e time and tgmperaturg depgndgnce of protein rglaxaﬂons
ill be essential in the investigation of the multitude of

and so are a good choice for use in the absence of moP@h i th ical absorb .
specific information, changes in the optical absorbance spectrum as various pro-

tein reactions are probed.
X-ray crystallography at cryogenic temperatures allows
one, in principle, to obtain direct information on the struc-
Relation to structure tural changes. A crystal structure of RCs in theQ¥ state

The structural features responsible for the relaxation obhas not yet been reported; however, a comparison of low-
served here can be identified by studying the influence ofémperature (90 K) x-ray structures of RCs in the R
the environment on the relaxation, for example, by encasingd P QaQg states has become available recently (Stowell
it in PVA (Feher et al., 1987), dehydrating it (Clayton, €t al., 1997). It shows significant structural changes. For
1978), or changing other factors such as solvent viscosity@xample, in the charge-separated form,l@s moved 4.5 A
pH, or type and concentration of salt in the solvent. Fur-and undergone a propeller twist by 180°. Smaller changes
thermore, the time and temperature dependence of the ra€re noted in nearby amino acids, but motions of protons
laxation can be compared with that of specific reactions, folind numerous other smaller changes throughout the protein
example, proton uptake, that have already been studied Bjpat may contribute much of the energetic relaxation we
other means in RCs (Maticand Wraight, 1988; McPherson observed are more difficult to characterize structurally.
et al., 1988) or other proteins (vide infra). Analogies have been drawn between proteins and glass-
Structural information can also be obtained by monitor-forming liquids because of similarities in their dynamics,
ing optical absorbance bands. Upon charge separation, elegdch as large apparent Arrhenius activation energies, non-
trochromic shifts are observed throughout the absorbancArrhenius temperature dependence of the rates, and nonex-
spectrum (Feher et al., 1987; Steffen et al., 1994), arisingponential time dependence of motions (Goldanskii et al.,
from the change in the electric field between the neutral and 983; Iben et al., 1989; Parak and Nienhaus, 1991; Frauen-
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felder et al., 1991; Young et al., 1991; Frauenfelder andConformational substates in heme proteins
Wolynes, 1994; Angell, 1995). These properties arise fro -
the cooperative nature of structural rearrangements in therrs}\égCh of the eX|s_t ng knowle_dge about struct_ural heteroge-

. o . . __neity and dynamics in proteins has been derived from stud-
systems. For glass-forming liquids, a variety of physical.

explanations have been introduced, such as the free volunje> of ligand binding to myoglobin (Mb) after flash photol-

theory (Williams et al., 1955; Cohen and Turnbull 1959),yS|s, starting with the pioneering work by Frauenfelder and

: i . collaborators (Austin et al., 1975). This work led to a
g]nediﬂgor%éze&% (ﬁsr:btli’ei)?sily_:tiﬁ?ugggr Gllggz Ilgge?)hierarchical model in which CSs are arranged in several
: ping y - ' gttiers of substates (Frauenfelder et al., 1988, 1991; Nienhaus
zelius et al., 1984). These theories are very different from

ne another. and none of them provid micr iand Young, 1996; Nienhaus et al., 1997). The general
one another, and none ol Ihem provides a MICroscopig, o, g regarding the structure and dynamics of the energy
picture that is valid for both the solid-like and fluid-like

. . o ) . land i lobi imilar to th b dh
behaviors of viscous liquids. Goldstein (1969) and Stlllmgerfi? F?ézpe N Myogiobin are simiar o those observed here

(1995) have.emphasized.the.idt_aa that static and dyn.am|c In carbonmonoxy myoglobin (MbCO), three “taxonomic”
phenomena |n.glass-form|ng liquids can be qugled V\{'th ubstates, called substatesAy, A,, andAz), can be distin-
rugg'ed pgtenUaI energy Iapdscape n a muItlld.lmensmna uished by distinct infrared absorption bands of the bound
configuration space, in which the glass transition 0CCU0. The temperature dependence of the interconversion
because the time for motions between energy minimz?atesAoéA + A.andA. — A. have been determined

’ ™ 3 1~ 73

crosses the experimental time scale. Ferry’s Law (Eq. 226\/er the range from 10° s to 16 s (Johnson et al., 1996);

was originally introduced as a phenomenological paramegase are shown in Fig. 7. The substate exchange pro-

tgrizatioq O,f the temperature dependence of motions Resses in myoglobin are seen to have activation enthalpies
viscous liquids and polymers (Ferry etal., 1953), but can bgjijar to those observed in the RC relaxation. Whereas the
obtained from a random walk of an excitation in a Gaussianias of thed, = A, + A, exchange agree with those in CS0
density of states (Basler, 1987; Zwanzig, 1988; Bryngelson i, pcs thea, = A, exchange rates are faster, and so are
and Wolynes, 1989). S more typical of CS1 in RCs. Tha, = A, + A, exchange
Glycerol is a typical glass-forming liquid, and the coop-jnyqlves protonation/deprotonation of the imidazole side
erative motions in pure .egce_roI _have been characterizedyain of H64 and local unfolding of the protein (Yang and
over 13 orders of magnitude in time (200 ps to 2 ks) bypyjjiips, 1996; Muler et al., 1998). A recent discussion of

dielectric relaxation spectroscopy (Dixon et al., 1990). Reirctural and dynamic aspects of tAesubstates has been
laxation rates of the solvent used in our experiments (750/@1iven by Johnson et al. (1996).

glycerol/25% water, v/v), measured by Huck et al. (1988), |5 MpCO, ligand recombination after flash photolysis
are similar and presented in the Arrhenius plot in Fig. 7. petween 60 and 160 K can be modeled with a distribution of
A simple example illustrates how cooperative motions ingctivation enthalpy barrierg(H) (Austin et al., 1975; Stein-

our RC system can give rise to the anomalously high Aryach et al., 1991), reflecting a heterogeneous ensemble of
rhenius preexponentials and enthalpy barriers that we hav§yoteins. This observation corresponds to the presence of
observed. Consider the energetics of a proton migratingy¢) distributions in RC samples. Agmon and Hopfield
through the RC protein in response tg @ormation. At (1983) first showed that diffusion along parabolic surfaces
high temperatures, the protein and solvent will be able {qQanalogous to our Fig. 5) with a linear mapping of the
adapt to the moving point charge, presenting a partiallyconformational coordinate to the rebinding barti€could
solvated environment along the entire path. For the samgxplain ligand rebinding in the presence of relaxation.
proton transfer to occur in a frozen protein-solvent systemsteinbach et al. (1991) demonstrated that this relaxation was
the proton will need to jump over much higher barriers. highly nonexponential in time, and low temperature illumi-
Consequently, two effects contribute to the increase in theation experiments by Chu et al. (1995) showed that

rate as the temperature is raised. First, increased thermghanges inH can occur in large jumps, rather than in
energy makes it easier for the protein to reach activatedontinuous shifts.

states required for the conformational change. Second, the Myoglobin also shows motions below40 K that are
barriers to conformational change decrease as temperatusgnilar to CS3 relaxations in RCs. They have been studied
increases, causing an additional speed-up in the rate witby spectral hole burning (Friedrich, 1995), low temperature
increasing temperature. Consequently, higher apparent agpecific heat measurements (Singh et al., 1984), and inter-
tivation enthalpies and preexponentials are obtained frongonversion in the IR absorbance bands of the photodissoci-
the Arrhenius plot. Because the real enthalpy barriers onlated CO (Mourant et al., 1993), and on shorter time scales
decrease over a limited range, the apparent enthalpy barrieby photon echo experiments (Thorn-Leeson and Wiersma,
will eventually decrease. The result is a curved Arrheniusl995).

plot (k versus 1T) with lower apparent barriers at higher  X-ray structures of MbCO and the photoproduct Mb*CO
temperatures, which can be approximated with Ferry’s Lavthat is generated by photodissociation at 2040 K have
(log k « 1/T?). characterized the changes that occur when motions in CSO,
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CS1, and CS2 are arrested (Schlichting et al., 1994; Teng etum protein conformation (Fig. 8) as it occurs, for instance,
al., 1994; Hartmann et al., 1996). Comparison of the phoin the protonation of amino acid residues.
toproduct structure and the equilibrium unligated (deoxy) The extrapolated room temperature relaxation function is
structure reveals the structural relaxations in the higher tiersmooth and continuous from picoseconds to milliseconds:
of substates. on these time scales, sequential reactions occur in an ever-
In both myoglobin and RC, thermally activated structuralchanging environment. Any reaction that is faster than the
relaxations that inhibit the recombination reaction are obtime scale of conformational changes will happen in a
served on a wide variety of time scales. The similar relaxheterogeneous ensemble of proteins with a distribution of
ation behaviors of these two very different proteins suggestransition states. The special situation that allowed this
that the relaxation functions in Fig. 8 may apply to manystudy (the very weak dependence of rate on energy) is a rare
different proteins. Although the barriers that oppose theexception. Most reactions are more like ligand binding to
relaxations are similar for both systems, the effect of relaxheme proteins, where the reaction rate is a much more
ation on the reaction kinetics is quite different. CO recom-Sensitive function of protein conformation, and so the reac-
bination kinetics at 220 K extend from nanoseconds tdion rate will be more strongly influenced, or even deter-
seconds (Steinbach et al., 1991), whereas t@P— PQ, mined, by the rate of conformational change of the protein.
ET kinetics show a much smaller dispersion, ranging from We have studied the response of RCs to charge separation
tens to hundreds of milliseconds. This difference arises fronf? Poth light- and dark-adapted conformations, and the ET
the substantially different dependence of the reaction rate of®U!d be observed in both conformations in the entire tem-
the conformational coordinates: the CO recombination rat®€rature range between 5 and 300 K. This allowed inter-
of myoglobin changes by many orders of magnitude as th@retation of the relaxation in terms of energy. It is possible

molecule fluctuates among typical CSs, whereas the ET rat? €xtend this study to different solvent conditions and to
in RC changes by only a factor ef5. Because recombi- modified RC proteins, making it a useful probe of the effect

nation in RCs takes-100 ms at all temperatures, we could of structural modifications on the energy landscape of RC.

unambiguously identify dynamic processes simply by cool-'t also appears reasonable to use the relaxation functions

ing under illumination and observing as the protein anneals'?resented here to help untangle the influence of conforma-

the analogous experiment cannot be carried out in MbCOt.'Onal heterogeneity on the multitude of protein reactions in

In MbCO, the strong dependence of both relaxation angvhich it is less easy to isolate and characterize the effects.

reaction rates on temperature leads to a very complex time

and temperature dependence of the ligand binding reactiomhis paper is dedicated to Prof. Hans Frauenfelder on the occasion of his

making determination ofb(t, T) for MbCO much more  75th birthday.
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