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ABSTRACT The rates of the primary electron-transfer
processes in Rhodobacter sphaeroides reaction centers have
been examined in detail by using 150-fs excitation flashes at 870
nm. At room temperature the apparent time constants for both
initial charge separation (P* — P*BPh{) and subsequent
electron transfer (P*BPh; — P*Qj) are found to encompass
a range of values (=1.3-4 ps and ~100-320 ps, respectively),
depending on the wavelength at which the kinetics are followed.
We suggest this reflects a distribution of reaction centers (or a
few conformers), having differences in factors such as distances
or orientations between the cofactors, hydrogen bonding, or
other pigment—protein interactions. We also suggest that the
time constants observed at cryogenic temperatures (=1.3 and
=100 ps, respectively, with much smaller or negligible varia-
tion with detection wavelength) do not reflect an actual increase
in the rates with decreasing temperature but rather derive from
a shift in the distribution of reaction centers toward those in
which electron transfer inherently occurs with the faster rates.

The temperature dependence of the rates of electron transfer
in bacterial reaction centers (RCs) has received considerable
experimental and theoretical attention. The rate of recombi-
nation between the oxidized dimer of bacteriochlorophyll
(BChl) molecules, P, and the reduced quinone acceptor, Qjz,
(P*Qx — PQ,) was the first to be investigated as a function
of temperature followed, as technology advanced, by the rate
of electron transfer from the bacteriopheophytin (BPh) anion
to Qa (P*BPhf — P*Qj) and by the recent investigations of
initial charge separation, P* — P*BPh{. [The L and M
subscripts refer to the polypeptide to which a particular
component is either bound or most closely associated (1-3).]
All three reactions are characterized by at least a 2-fold
increase in observed rate constant between room and cryo-
genic temperatures (see refs. 4-10 and citations therein).
For the most part the temperature dependence of the initial
charge separation step (observed to occur in =3 ps at 295 K
and =1 ps at 10 K) has been followed via the decay of the
broad stimulated emission band of P*, which has a maximum
near 920 nm in Rhodobacter sphaeroides (6, 7). The temper-
ature dependence of electron transfer from BPhy to Q4 in Rb.
sphaeroides (T = 200 ps at 295 K and =~ 100 ps at 77 K and
below) similarly has been followed primarily in a single
region, namely via decay of the broad BPh; anion band
centered near 665 nm (5). Kinetics also have been measured
at a few wavelengths near 800 nm in the recent studies of the
P* — P*BPhy process, with the primary focus being a search
for evidence for the possible transient reduction of the
monomeric pigment BChly, (6, 7, 11, 12). During the course
of our previous investigations of electron transfer from BPhg,
to Qa, we examined the near-infrared (730-830 nm) region
also, with the expectation of finding time constants that
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agreed with those measured via decay of the BPh, anion
band. This proved not to be uniformly the case, however. At
room temperature, for example, we found that at certain
wavelengths the observed time constant was somewhat less
than 200 ps, and at other wavelengths it was somewhat
greater than 200 ps (5). A major limitation of these measure-
ments was that the signal-to-noise ratio prevented a complete
study in the near-infrared region in that accurate time con-
stants at room temperature could be measured only within
two narrow (=5 nm) wavelength regions centered near the
peak ground state absorptions of the BPhs and the mono-
meric BChls.

We have reexamined these findings by using instrumenta-
tion that gives a significantly better signal-to-noise ratioin AA
and, in addition, utilizes 150-fs flashes (compared to the 30-ps
flashes used in the older studies). The shorter flashes allow
us to investigate the initial electron transfer step(s) as well.
We show here that the overall conversion of P* to P*Qj is
manifest in the 80-nm interval spanning the Qy absorption
bands of the chromophores (740-820 nm) as an intricate
detection wavelength dependence of the apparent rates for
both electron transfer processes. A physically reasonable
model for these results is presented.

MATERIALS AND METHODS

Isolation of Rb. sphaeroides R26 RCs followed published
procedures (4). For the room temperature measurements,
10-15 uM RCs in 10 mM Tris buffer, pH 7.8/0.05% lauryl
dimethylamine-N-oxide (LDAO) were flowed through a 2-
mm-path-length cell while being maintained at 285 K. The
measurements at 77 K used RCs embedded in poly(vinyl
alcohol) (PVA) films (having Agyp =~ 0.6-1) and an Oxford
Instruments cryostat. Transient absorption spectra and kinet-
ics were measured on a spectrometer that utilizes 150-fs
flashes and gives a standard deviation in AA of +0.005 (12).
The 15-pJ 870-nm excitation flashes were polarized at 45° with
respect to white-light probe pulses to minimize dichroism of
the absorption changes. The excitation flashes were focused to
~(.5-1 mm at the sample and typically excited 20-25% of the
RCs.

RESULTS AND DISCUSSION

Electron-Transfer Kinetics. Fig. 1 shows 285 K transient
absorption difference spectra between 720 and 840 nm ob-
served 330fs, 11.4 ps, and 2.7 ns after excitation. The spectra
at these times can be assigned to P*, P*BPhi, and P*Qj,
respectively, and the time evolution of the spectra reflects the
electron-transfer processes P* — P*BPhf and P*BPhi —
P*Qa. To analyze the rates of these two processes, the
absorption changes spanning =300 fs to =3 ns were averaged

Abbreviations: RC, reaction center; BChl, bacteriochlorophyll;
BPh, bacteriopheophytin; P, a BChl dimer; Q,, primary quinone.
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FiG. 1. Transient absorption spectra at 285 K acquired 330 fs
(—), 11.4 ps (--—-), and 2.7 ns (- - -) following excitation of 15 uM
Rb. sphaeroides R26 RCs with 150-fs 870-nm flashes.

over 3-nm intervals and fit to a constant plus two exponen-
tials [AA = AA., + B exp(-t/71) + C exp(-t/72), where T is the
time constant for P* — P*BPh electron transfer, 7, is the
time constant for electron transfer from BPhi to Q4 and ¢ is
the time after excitation]. (The averaged intervals were
720-722, 723-725, . .. 828-830, and the results for these
intervals will be referred to as the time constants measured
at 721 nm, 724 nm, etc.) When the total change in AA with
time was less than 4 standard deviations in AA (i.e., less than
0.02), the resulting value of 7 or ,, or both as the case may
be, was not incorporated into the final results. This was true,
for example, for 7, from =770 to =780 nm in all experiments
at both 285 and 77 K. We adopt this two-step model to begin
this close examination of the near-infrared data. The contro-
versial possibility that the monomeric BChl; acts as an
intermediate electron carrier between P* and BPhy will be
addressed further below.

Fig. 2 shows a plot of the wavelength dependence of the
time constants derived from the dual exponential fits of the
285 K data (solid symbols). It can be seen that there are two
regions within which there is about a 3-fold variation in both
71 and 7. Between 787 and 815 nm and between 770 and 750
nm, 7, varies from =100 ps to =300 ps, changing by =10
ps/nm. The average value of 7, in both regions is =200 ps. A
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FiG. 2. Wavelength variance of the time constants from the dual
exponential fits of the near-infrared absorption changes in Rb.
sphaeroides R26 RCs at 285 K (closed symbols) and 77 K (open
symbols). 7; (squares) and 7, (circles) are the fit time constants for
P* — P*BPhi and P*BPhi — P*Qj electron transfer, respectively.
The observation that the apparent time constant for both electron-
transfer reactions is wavelength dependent is a manifestation of the
distribution model developed in the text. (The arrows on the abscissa
mark the peak positions of the ground state Qy absorption bands.)
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similar but not identical pattern is observed for 7;, which
varies from =1.3 ps at 793 and 763 nm to almost 4 ps at
wavelengths =810 and <745 nm. Note that the two regions
over which the observed time constants vary are roughly
centered on the maxima of the ground state Qy absorption
bands of the monomeric BChls (802 nm) and BPhs (758 nm).
The data at 796 and 805 nm and the associated fits shown
in Fig. 3 are an example of typical results from one measure-
ment. The full data sets (spanning 300 fs to 3 ns) and dual
exponential fits are shown in Fig. 3A Inset and Fig. 3B Inset.
Fig. 3 compares portions of the data, 0-10 ps (Fig. 34) and
0-1 ns (Fig. 3B), with the ordinates chosen so that the data
for both wavelengths span the same full-scale vertical dis-
placement. (This facilitates direct visual comparison of the
data and fits.) The dual exponential fits shown give 7, = 2.4
+0.2psand 7, = 163 = 9 ps at 796 nm, and 7, = 3.7 = 0.2
ps and 7, = 258 *+ 23 ps at 805 nm. Fig. 3 shows that even
though the two values of 7, at these wavelengths differ by
only about one-half the overall span of values obtained, the
data are clearly well resolved from one another. The same
obviously is true for the pair of 7, values as well.
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FiG. 3. Kinetic data at 796 nm (circles) and 805 nm (triangles)
from a typical measurement displayed on the timescales of 0-10 ps
(A) and 0-1 ns (B). The complete data sets (spanning 300 fs to 3 ns)
are shown in the insets. The solid line in A, B, and A Inset is a dual
exponential fit of the 796-nm data, giving apparent time constants of
2.4 = 0.2 ps and 163 * 9 ps for electron transfer from P* to BPhy,
and from BPhi to Qa, respectively. The dashed line in A, B, and B
Inset is a dual exponential fit of the 805-nm data, giving apparent time
constants of 3.7 = 0.2 ps and 258 + 23 ps for these two processes.
(Open symbols have been used in Insets so as to clearly distinguish
the individual points. The differences between the ordinate scales in
the three displays of the data at a given wavelength result from the
three different timescales over which the data and fits are compared.)
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Measurements were also performed on RCs in poly(vinyl
alcohol) films at 77 K, and the data analyzed via the same
procedures as were applied to the 285 K data. The results are
given by the open symbols in Fig. 2. The narrowing and
sharpening of the spectral features at 77 K compared with 285
K reduces the widths of the spectral regions over which the
electron-transfer kinetics can be followed. It can be seen,
however, that at 77 K, the wavelength variation of the rate for
BPhi to Q, electron transfer is essentially absent; 7, is
constant at =100 ps over regions where it varies by more than
afactor of 2 at 285 K. A detection-wavelength dependence of
the apparent P* — P*BPh{ electron-transfer rate still re-
mains at 77 K, but the range of 7, values (=1.3 to =2.6 ps) is
reduced by =50% from that found at 285 K.

Distribution Model. In an earlier study on Rb. sphaeroides
RCs utilizing 30-ps flashes at 600 nm, we reported that
although a time constant of =200 ps was measured for
electron transfer from BPhr to Q4 at 285 K via decay of the
BPh;_anion band near 665 nm, somewhat longer and shorter
time constants were measured near 765 and 795 nm, respec-
tively (5). While not a completely satisfactory explanation,
we offered the suggestion that the different kinetics in the
near infrared might reflect readjustments of the chro-
mophores and/or the protein in response to electron transfer.
We considered this same possibility in a more recent study on
Rb. capsulatus RCs upon finding that the time constant
measured near 785 nm appeared to be somewhat longer than
the =3 ps observed at 800 nm and for the decay of P*
stimulated emission (12).

The present work vastly extends these results to include a
full characterization of the detection-wavelength dependence
of the time constant not only for BPh{ to Q4 electron transfer
but also for initial charge separation. A key finding here is
that at 285 K the shortest time constants observed for both
processes, =~1.3 and =100 ps, are essentially identical to
those previously measured only at cryogenic temperatures
(5, 7). This fact and the strikingly similar patterns seen in Fig.
2 for the apparent time constants for both reactions suggest
a common origin for the results other than the pigment—
protein relaxations described above. We propose this to be a
distribution of RCs (or perhaps just a small number of
conformers) encompassing roughly a 3-fold variation of the
rates of electron transfer at room temperature. Some fraction
of the RCs carry out electron transfer with the faster rates,
~(1.3 ps)~! and ~(100 ps)~!; some, with the comparatively
slower rates =~(4 ps) ! and =~(300 ps) !; and others, likely the
majority at 285 K, with intermediate rates. The data in Fig.
2 further show that mean rates (=3 ps and =200 ps) are
observed near the peaks of the ground state absorption
maxima (760 and 800 nm). The different RCs in the distribu-
tion apparently interconvert on a timescale longer than that
of the primary photochemistry (i.e., >1 ns), leading to an
inhomogeneous population that gives rise to the variation in
the observed time constants as a function of detection
wavelength. Hence, the values of the time constants reflect
the weighted contributions of the members of the distribution
at any given probe wavelength. We further suggest that at low
temperatures the RCs become frozen into the ‘“‘fast’’ form, or
at least a much smaller distribution weighted toward the
faster forms.

It is important to note that the apparent span of rates for
both electron-transfer processes is only a factor of 3; hence,
the differences among the members of the population probed
at any one wavelength are likely to be even smaller. Such
differences are sufficiently small that good exponential fits
are obtained at most wavelengths. However, an exception to
this is the data between about 770 and 790 nm, where an
exponential for P* — P*BPhL () and an exponential for
P*BPhg — P*Qj; (72) do not fit the data nearly as well as at
other wavelengths. At some wavelengths in this region,

Proc. Natl. Acad. Sci. USA 87 (1990)

somewhat better fits could be obtained with three exponen-
tials as shown in Fig. 4. It is particularly noteworthy that the
time constants returned from these fits include a pair of short
or long values (e.g., =1, =3, and =100 ps or ~4, =100, and
=300 ps), which are within the range of values found at other
wavelengths. It is also noteworthy that a given pair of
close-valued time constants corresponds to absorption
changes in opposite directions (the preexponential factors
have opposite signs). This makes it easier to resolve signif-
icant deviation from single-exponential behavior even though
the differences in the time constants (on both timescales) are
still a factor of three or less.

Particularly complex overlapping absorption changes and
kinetics between 770 and 790 nm can be expected, especially
in the presence of a distribution of RCs, since this region of
the transient spectra is the most congested. At a minimum it
is comprised of (i) the appearance of new absorption due to
the blue- and red-shifts of the Qy bands of the monomeric
BChls and the BPhs, respectively, in response to P* (and
possibly P*) formation; (ii) additional and time-dependent
electrochromic shifts in response to BPhy formation and
decay; and (iii) the bleaching and recovery of the Qy band of
BPh; . The finding of =~1- and =~3-ps time constants at 785 nm
in ref. 13 is consistent with the results reported here; how-
ever, in ref. 13 the results were assigned to the transient
formation (3 ps) and decay (1 ps) of P*BChlL. Clearly
P*BChlL cannot be invoked to explain the finding of the
strikingly similar detection-wavelength-dependent kinetics
on the 100- to 300-ps timescale of the P*BPhf — P*Qj
process (Fig. 2). Since the alternative model of a distribution
of RC conformers provides a consistent and physically rea-
sonable explanation for the complex Kinetic patterns on both
timescales, the P* —» P*BChlg — P*BPhL model of charge
separation remains experimentally unproven (see also refs. 6,
7, 11, 12, and 14).

The present level of data analysis provides no quantitative
information on the details of the proposed distribution.
Arriving at such information will, indeed, be a nontrivial task
and model dependent. For example, one could try fitting the
data to the sum of many exponentials for both P* — P*BPhL
and P*BPhi — P*Qj electron transfer, or the sum of two
stretched exponentials, or to the sum of two polynomial
functions (e.g., see refs. 4 and 15). Even the next most simple
step beyond the current analysis—namely, fitting the kinetic
data wavelength by wavelength to a sum of four exponentials
(two for P* —» P*BPh; and two for P*BPhf — P*Qz)—will
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FiG. 4. Three exponential fits to the absorption changes at 781
nm and 773 nm (Inset), giving time constants of 4.3 = 1.6, 107 * 150,
and 226 + 270 ps (781 nm) and 1.1 + 1.7, 3.5 + 2.4, and 65 * 18 ps
(773 nm). Although the errors are large (see text), the trends in the
values of the time constants are consistent with the distribution
model.
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not yield direct information on even the fractional contribu-
tions of fast/slow components as a function of wavelength,
because numerous assumptions about extinction coefficients
and electrochromic band shifts associated with each transient
state and each member of the distribution would have to be
made. We believe a more restrictive and informative ap-
proach will be to perform a global simulation of the time
evolution of the transient absorption spectra spanning 300 fs
to 3 ns and 500 to 1000 nm as a function of temperature. The
observation that we have reported here—that the apparent
time constants resulting from simple single-exponential fits to
both individual electron-transfer reactions vary with wave-
length—already clearly exposes the underlying physical
model—namely, that we are not dealing with a simple ho-
mogeneous population of RCs but rather with an inhomoge-
neous distribution of RCs with slightly differing spectral and
kinetic properties, particularly at room temperature.

Relationships to Other Work. Our distribution model re-
lates to a number of other issues and previous experimental
results as well. Perhaps foremost is the generally held belief
that the rates of electron transfer increase with decreasing
temperature, although this has always been tempered with
the caveat that the observed increases at low temperature
could be due, at least in part, to contraction of the protein
(e.g., see refs. 4-10 and 16-18). Our results suggest that the
time constants measured at low temperatures may not reflect
an actual increase in the rates of electron transfer but rather
stem from a shifting of a distribution of RCs to favor those in
which electron transfer inherently occurs with faster rates.
This represents a departure from the previous interpretation,
although the underlying conceptual framework of electron
transfer in the RC—that it is basically activationless—
remains intact. Much less demanding constraints on the
relationship between the free-energy change and reorganiza-
tion energy are required for a process that is independent of
temperature as opposed to a reaction that increases in rate as
the temperature is reduced.

We suggest that the values of time constants for the
primary electron-transfer reactions obtained in the majority
of previous studies actually reflect the average time constants
for the distribution, since most measurements have moni-
tored the rate of initial charge separation via decay of the P*
stimulated emission band and of electron transfer from BPhy
to Q4 via the decay of the BPh; anion. Both of these are
inherently broad (=100 nm) features—i.e., their widths are
not derived primarily from the distribution of RC types that
we are proposing, although this may contribute to some
extent. Hence, we suggest that all RCs in the distribution
contribute more or less equally across these broad features,
and it is for this reason that we propose that one basically
measures a mean time constant in these regions. In keeping
with this, we have found that 200 + 20 ps is obtained at 285
K throughout 640—690 nm (covering most of the BPh;_ anion
band) for electron transfer from BPhy to Q4 (5), in contrast
to the 100- to 300-ps range of values reported here in the near
infrared over much smaller wavelength intervals. Note that
the 200-ps time constant measured in the anion band equals
the midpoint of the Qy range at 285 K. Similarly, we have
measured a time constant at 285 K of 3.3 =+ 0.3 ps through the
main part of the stimulated emission band (900-940 nm),
using either 582- or 870-nm excitation flashes (data not
shown). Again, this value is in between the extremes of 1.3
and 4 ps measured in the Qy band region (Fig. 2) but,
interestingly, is weighted slightly toward the longer values of
T1.

These parallels between the average time constants de-
rived from the anion and stimulated emission bands and the
Qy region variations in 7; and 7, also hold at low temperature.
Our previous observation that the (distribution average)
value of 7, measured in the BPhy anion band decreases
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roughly by a factor of 2 between 285 and 100 K and then
remains constant at ~100 ps down to 5 K (5) parallels the
observation that the Qy region detection-wavelength depen-
dence of 7, is essentially absent at 77 K, the distribution
having collapsed toward the members with the shortest (=100
ps) time constants (Fig. 2). For electron transfer from P* to
BPh; , the (distribution average) value of 7, measured via P*
stimulated emission decay continues to change below 77 K,
having values at 295, 77, and 10 K of 2.8, 1.6, and 1.2 ps,
respectively (7). [Our values, 3.3, 1.8, and 1.4 ps at 285, 77,
and 5 K, respectively (data not shown), are in good agree-
ment with these previous measurements.] Again the parallel
holds in that a distribution of 7; values in the Qy region
remains at 77 K, although it is much smaller than at room
temperature. Since the (distribution average) time constant of
=1.3 ps for decay of stimulated emission at liquid helium
temperatures is the same as the smallest 7; value obtained at
285 and 77 K (Fig. 2), our model suggests that a roughly Qy
wavelength-invariant time constant of =1.3 ps will be found
at 5 K for the initial electron transfer reaction. A further
parallel exists between the average value and distribution
width of the time constant for initial charge separation and the
position and width of the ground state absorption band of P
(16, 18)—namely, all of these observables continue to change
below 100 K.

The simple qualitative parallels seen in Fig. 2 for the
wavelength and temperature variations of 7, and 7, may stem
from molecular factors involving BPh;, since both P* —
P*BPhL and P*BPhi — P*Qj processes involve this mol-
ecule. Differences in the degree of hydrogen bonding be-
tween the C-10 keto group of BPh; and the adjacent glutamic
acid residue (Glu%) are known to affect the rates of both
electron transfer from P* to BPh; and from BPhf to Qa.
Replacement of Glu'™ in Rb. capsulatus with leucine or
glutamine increases the (distribution average) time constants
of both reactions from 3.5 and 200 ps in wild-type to 5.5 and
270 ps in the mutants (19). Such an effect on the rate of the
initial electron-transfer reaction was predicted by theory (20).
In C. aurantiacus, where the analogous residue is glutamine,
the mean time constants for both reactions (8 and 320 ps) are
also both longer than in wild-type RCs from other organisms
(21, 22). Recent resonance Raman measurements have indi-
cated that the Bph;-Glu® hydrogen-bonding interaction
and the planarity of the BPh; macrocycle may be tempera-
ture dependent (29), providing a potential connection with the
temperature dependence of the distribution of rates. Molec-
ular factors involving P may provide additional variables
giving rise to the detailed differences between the patterns in
7, and 7, discussed above. This relates back to the observa-
tion that the ground state spectrum of P changes with
temperature in a manner similar to how the average value and
distribution width of the rate of P* — P*BPhi change. A
possibility for such a factor is the interring separation be-
tween the two BChls of P (16-18).

The fact that the variations in 7, and 7, with wavelength are
monotonic in Fig. 2 points to a limited set of molecular factors
underlying the distribution. We have detailed a few possibil-
ities above. This is opposed to a more complicated or even
random pattern that might emerge if many different, perhaps
unrelated, factors were important. Our results are consistent
with a potential energy surface containing barriers between
different substates of the distribution, making their intercon-
version slower (>1 ns) than the primary electron-transfer
reactions. These barriers may reflect restricted pigment/
protein motions involving hydrogen bonds, porphyrin ring
puckering/flattening, or torsional motions of various types.
Lowering the temperature apparently results in the collapse
of the room-temperature distribution of RCs toward a form
(or small number of substates) with the fastest rates. A major
contribution to this may be a general contraction of the
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protein at low temperature. In this regard the average inter-
atomic distance in myoglobin decreases by 3% between 295
and 77 K (23). If different interchromophore or pigment—
protein distances partly (or completely) underly the distri-
bution, then one can readily understand why lowering the
temperature results in a collapse to the RC form(s) with the
fastest inherent rates of electron transfer. This provides a
global means in addition to (or instead of) specific molecular
interactions for understanding the temperature behavior of
the distribution.

The results presented here can be compared with previous
studies of other RC properties. Recent studies on Rhodo-
pseudomonas viridis RCs have found biphasic P*Qj (and
P*Qg) charge recombination Kinetics at 295 K with the
relative amplitudes of the two components varying with
wavelength (24, 25). This has been suggested to involve
different protonation states of the RC. Since the Kinetics
become closer to exponential at low temperature, these
workers have suggested that the RC may freeze preferentially
into one form. In Rb. sphaeroides, on the other hand, the
opposite findings have been reported: nonexponential (4, 26,
30) and/or wavelength-dependent (26) P*Qj charge recom-
bination kinetics at 77 K but exponential kinetics at 295 K.
This has led to the proposal that the RC is trapped at low
temperature in two conformations (26, 30) or a distribution of
conformations (4). The same conclusion has been reached
from studies on RCs with prereduced BPh; (27) and from
extensive low-temperature optically detected magnetic res-
onance studies (18, 28). A common postulate from these
works (except ref. 25) is that at room temperature the
conformers interconvert rapidly compared to the millisecond
timescale of the measurements. The idea that RC conformers
are individually trapped at low temperature is similar to the
proposed low-temperature trapping of hemoglobin into sub-
states having differing CO recombination kinetics (15).

Our results address similar issues, but on the subnanosec-
ond timescale of the primary photochemical reactions. Our
findings indicate that a distribution (or, again, perhaps just a
few conformers) of RCs exists at room temperature and that
the conformers do not interconvert on the timescale of charge
separation. Each member of this population is able to carry
out primary photochemistry, but with slightly different rates
of electron transfer. Furthermore, our results suggest that for
the most part the substates are not individually trapped at low
temperature. Rather, cooling appears to shift the population
into a single form (or a much smaller distribution of forms)
having the fastest electron-transfer rates. Again, this may
involve a general contraction of the protein. It thus appears
that the RC is tolerant of some variation in both distances
between the cofactors (electronic factors) and the relation-
ship between the free-energy change and reorganization
energy (the Franck—-Condon factors). Such tolerance would
seem to be a more practical evolutionary strategy rather than
requiring the protein complex to assume a rigorously con-
strained architectural and energetic arrangement to carry out
its function with high efficiency.
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