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Deriving the intermediate spectra and photocycle kinetics from
time-resolved difference spectra of bacteriorhodopsin

The simpler case of the recombinant D96N protein
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aBsTRACT The bacteriorhodopsin photocycle contains more than five spectrally distinct intermediates, and the complexity of their
interconversions has precluded a rigorous solution of the kinetics. A representation of the photocycle of mutated D96N bacteriorhodop-

sin near neutral pH was given earlier (Var6, G., and J. K. Lanyi. 1991. Biochemistry. 30:5008-5015) as BR oKL M, = M, >
BR. Here we have reduced a set of time-resolved difference spectra for this simpler system to three base spectra, each assumed to
consist of an unknown mixture of the pure K, L, and M difference spectra represented by a 3 X 3 matrix of concentration values between
0 and 1. After generating all allowed sets of spectra for K, L, and M (i.e., M; + M,) at a 1:50 resoiution of the matrix elements, invalid
solutions were eliminated progressively in a search based on what is expected, empirically and from the theory of polyene excited states,
for rhodopsin spectra. Significantly, the average matrix values changed little after the first and simplest of the search criteria that
disallowed negative absorptions and more than one maximum for the M intermediate. We conclude from the statistics that during the
search the solutions strongly converged into a narrow region of the multidimensional space of the concentration matrix. The data at three
temperatures between 5 and 25°C vyielded a single set of spectra for K, L, and M; their fits are consistent with the earlier derived

photocycle model for the D96N protein.

INTRODUCTION

Proton transport by the halobacterial membrane protein
bacteriorhodopsin is driven by changes of the pK, of the
retinal Schiff base and protein residues during relaxation
of the light-induced trans-to- cis isomerization of the reti-
nal C,;—C,, double bond. The complex multicompo-
nent reaction cycle (“photocycle™) after absorption of
the photon is reflected in spectral transformations of the
chromophore and protein residues, as observed by visi-
ble as well as infrared and resonance Raman spectros-
copy. Single turnover experiments at ambient tempera-
ture and low temperature spectroscopy of photostation-
ary states have revealed the existence of six principal
intermediate states labeled J, K, L, M, N, and O, with
lifetimes ranging from picoseconds to milliseconds (re-
viewed recently in reference 1). Some of the transforma-
tions refer to transitions between isomeric states of the
retinal (e.g., 2-4), whereas others, such as the L - M
and the M — N reactions, refer to proton transfers be-
tween the Schiff base and aspartate residues (5-10).
Thus, describing the reactions of the photocycle
amounts to describing the reaction mechanism of the
pump, and understanding the photocycle kinetics is an
essential first step in understanding how the proton is
transported.

Measurements of absorption changes at a few wave-
lengths in the visible have suggested that the interme-
diates arise and decay in a roughly sequential order (11).
A large body of evidence indicates, however, that the
kinetics are more complex than expected. For example,
the rise and decay of the M intermediate is described not
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by two but by five or six relaxation times (12-16), in-
consistent with a simple scheme containing only unidi-
rectional reactions. To account for this, various photocy-
cle models have been proposed over the last decade, with
two or more bacteriorhodopsin subpopulations generat-
ing different photocycles (12, 14, 17, 18), branches be-
fore or after the M intermediate in the sequence (19-
26), and a two-photon scheme (27). Single-wavelength
measurements provided reliable information only about
the kinetics of M (and perhaps O) because the absorp-
tion maxima of only these states and not the others are
sufficiently removed from the maxima of bacteriorho-
dopsin and the rest of the intermediates. Unfortunately,
data for one or two components could not decide, in
principle, between alternative kinetic models. As it
turned out, until recently multiwavelength measure-
ments have not proved to be of practical advantage ei-
ther. Strictly speaking, for data with low noise content,
increasing the number of measured wavelengths beyond
the number of intermediate states is redundant (28).
More effort has been expended instead on describing the
time constants of the reactions. Global analyses of ab-
sorption changes in the visible (29-33) and in the infra-
red (24, 34) have indicated that the photocycle contains
five to seven relaxation times, with significant ampli-
tudes at most wavelengths in the visible and many fre-
quencies in the infrared. These phenomenological relax-
ation times, and the corresponding amplitudes, are func-
tions of the desired elementary rate constants in the
reaction sequence but in a complex and model-depen-
dent way. To reconstruct the kinetics from this kind of
cryptic data, both the extinctions of the components and
the analytical solutions of all of the models to be tested
would have to be known.
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Despite these fundamental difficulties, a concensus is
beginning to develop in favor of models consisting of
single sequential photocycles with one or more reversible
reactions to account for the observed complex kinetics
(22, 23, 26, 32, 33, 35, 36). These schemes were derived
not from unbiased global searches for a model but by the
more conventional method of fitting intuitive models to
complete or partial time-resolved data. The single se-
quential photocycle models are attractive in spite of this
because they have inherent simplicity and self-consis-
tency. Lozier and co-workers (36) chose the strategy of
globally fitting a linear model containing one M and re-
versible reactions to time-dependent absorption changes
at numerous wavelengths. This method yielded apparent
elementary rate constants for transitions between spec-
tral forms, but several of the spectra corresponded to
mixtures of photointermediates based on what was
known about the shape of the spectrum of the M inter-
mediate. These authors concluded therefore that the
model did not fully describe the photocycle and sug-
gested that solution of the kinetics is possible only with
additional information not contained in the measured
spectra. We had come to the same conclusion but consid-
ered criteria for the shape and amplitude of the desired
spectra as such additional information; using these as

guidelines we arrived at the model, BR—=K o L e
M, - M, < N < O - BR(plusan N — BR shunt) (23,
37). The main problem with this approach was the diffi-
culty of deriving the spectra of the photointermediates
from the difference spectra. Although the spectra gener-
ated with searches based on such criteria were reasonable
and temperature invariant and the kinetics as well as the
derived thermodynamics showed self-consistencies
(35), the question of their uniqueness remained open.
This report is our attempts to (a) optimize the search
for solutions in multidimensional parameter space and
calculate the resulting intermediate spectra using first
simulated and then real data, () explore the conse-
quences of using various independent criteria to restrict
the spectra and test the convergence of the solutions,
and, finally, (¢) evaluate the uncertainties in the spectra
and the choice of models. We used the mutated protein
D96N for this study because in its photocycle near neu-
tral pH, the M decay is so slow that N and O do not
accumulate significantly, and their contributions to the
spectra and the kinetics can be neglected (23). The in-
formation provided by this simplified system is therefore
on the first half of the photocycle. We find that in a
search with simulated data, the solution averages
strongly converge to the known solution. Two simple
restricting criteria, i.€., requiring no negative absorptions
and a single absorption band for the M intermediate,
generate an average very near the correct solution. The
further restricting criteria mostly reduce the standard de-
viations, i.e., the size of the solution space. Reassuringly,
the search with the measured spectra appears to be con-

vergent in a similar manner. We suspect that this
method of spectral analysis may be of general validity
and applicable for other systems as well, provided that
the component spectra have strong predicted features. In
this simple case at least, the principle of the calculation is
valid and provides a robust solution defined by the avail-
able independent, but evidently mutually consistent, in-
formation about the shape of the component spectra.

The results agree with the kinetic scheme BR —
K< Le M, - M, - BR.

MATERIALS AND METHODS

D96N bacteriorhodopsin was purified as purple membrane (38) from
Halobacterium halobium 1.-33 containing a recombinant bop gene
with the asp96 to asparagine site-specific mutation described earlier
(39). Time-resolved difference spectra were measured at the indicated
temperatures + 0.1°C, with the protein encased in polyacrylamide gels
and equilibrated with buffer containing 100 mM NaCl, 50 mM phos-
phate at pH 8.0, and 2 mM NaN;. The optical multichannel instru-
mentation and the nanosecond pulsed laser used for photoexcitation
have been described before (40); the signal to noise ratio was improved
over twofold through the use of a Glan-Thompson prism instead of a
film-type polarizer in the measuring beam and a cylindrical lens in the
laser beam.

Although the spectra contained originally 386 points, all matrix cal-
culations were performed after reduction to 100 points. For the calcula-
tions, an AST 486/25 desktop computer (AST Research, Inc., Irvine,
CA) was used with the SPSERYV program ( Dr. Csaba Bagyinka, Biologi-
cal Research Centre of the Hungarian Academy of Sciences, Szeged,
Hungary, H-6701) for singular value decomposition (SVD) noise fil-
tering and spectral fittings. Programs written by L. Zimanyi in Micro-
soft Basic PDS were used for the array searches and the integrations of
the rate equations. The latter programs are available without charge
from the authors to those interested.

RESULTS

Creating simulated data

To develop criteria for a search and to test its conver-
gence, we performed the calculations with a set of differ-
ence spectra constructed from simulated component
spectra with shapes and amplitudes similar to those de-
rived earlier for K, L, and M from measured difference
spectra of D96N bacteriorhodopsin (23). They were con-
structed from a measured spectrum of bacteriorhodop-
sin by shifting it (linearly on a wavenumber scale) and
adjusting its amplitude. Because in the case of M this
produced a narrower band than desired, we convoluted
it with two Gaussian functions of different half-widths
and combined the convolutions so as to approximate a
realistic M spectrum. These simulated component spec-
tra are shown in Fig. | 4 (dashed lines). A set of differ-
ence spectra (““data’) was then generated by combining
these spectra and that of bacteriorhodopsin, according to
kinetics similar to that described earlier for D96N bac-
teriorhodopsin (23) shown in Fig. | B (dashed lines). As
before (23, 37), the task was to derive the component
spectra from the data, but now the solution, i.e., the in-
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FIGURE | Input and calculated spectra (4) and kinetics ( B) for simu-

lated data. (A) Dashed lines, input spectra constructed as described in
the text; solid lines, calculated average spectra after the third filter. The
unlabeled spectrum is that of BR. (B) Dashed lines, input kinetics;
symbols, calculated time-dependent concentrations of K (O), L (A),
and M, plus M, (®); solid lines, best fit for the time-dependent concen-
trations. The rate constants (s~') were the following (input constants
followed by calculated constants): ki, ., 1.37 X 10%, 1.43 X 10°; k.,
9.09 X 10*, 5.56 X 10%; kppy» 4.0 X 104, 4.0 X 10%; kpgyy, 2.0 X 103,
2.0 X 10°%; kyimzs 2.0 X 104, 2.0 X 10*; kypapr, 2.56, 2.56.

put spectra for K, L, and M and the kinetics, was known.
Three subsets of difference spectra were chosen, from
three time domains each with a large amplitude for at
least one of the three component spectra. The third do-
main was well before three virtually time-invariant spec-
tra, assuring that no recovery of the initial state had
taken place. Each difference spectrum in these truncated
data sets therefore contained the input spectra of K, L,
and M with positive and variable amplitudes plus the
bacteriorhodopsin spectrum with a negative and con-
stant amplitude. Averaging within each of the time do-
mains gave three difference base spectra as shown in Fig.
2 A. Adding the spectrum of the depleted bacteriorho-
dopsin gave the three absolute base spectra in Fig. 2 B.
(We will describe below how the extent of the depletion
was derived without using information on how the data
were constructed.) In the analysis that follows, our aim
was to see how well the original component spectra and
kinetics could be regained from the data and to what
extent the spectra have to be specified during the search

to arrive at a solution within acceptable standard devia-
tion of the input spectra.

Generating the solution array

An array containing all solutions was generated, and the
solution space was progressively narrowed by applying
restricting criteria for the calculated spectra of the inter-
mediates as before (23, 37) but with a global grid-search.
The rationale was as follows. If the three base spectra in
Fig. 2 B are ¢,(\), ,(\), and ¢;()\), and the unknown
component spectra for K, L, and M are ex(A), ¢ (),
and ¢y (), then two vectors can be defined:

B(A) = {a(N), (M), 6(N)}, (1)
TN = {ex(N), e (N), ()} (2)

Since the three base spectra are linear combinations of
the three component spectra it follows that

—-

B=A-% (3)

where the matrix A contains the nine (unknown ) ampli-
tudes of the component spectra
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FIGURE 2 Base spectra from simulated data. (4) Difference base spec-

tra, which are averages of difference spectra constructed from kinetics
similar to that suggested earlier for D96N bacteriorhodopsin (23) be-
tween 70 and 940 ns (spectrum 1), 2.9 and 27 us (spectrum 2), and
250 us and 2.3 ms (spectrum 3), and normalized by 0.15 to 100%
photoconversion. ( B) Absolute base spectra designated as ¢, (A), e;(\),
and ¢;(A) in Eq. 1, obtained from spectra 1, 2, and 3, by adding the
spectrum of bacteriorhodopsin (dotted line).
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]
A has only six independent elements. The values of A
can be represented by points in six-dimensional space
whose coordinates assume values from O to 1. For the
numerical calculations, these coordinates are divided
into finite intervals that determine the grid density. The
number of array points of A, at the grid density chosen,
will be N. Each of the N points gives a spectrum for K, L,
and M as follows:

T=A.5 (6)

Applying ‘“filters” to restrict the size
of the solution space

Each solution, corresponding to one of the N points in
six-dimensional space, thus provides three component
spectra. These spectra will assume all shapes allowed by
the data, including a large number of incorrect ones. As
in our earlier approach to this problem, the range of so-
lutions is narrowed by eliminating those spectra that dis-
obey successive restricting criteria. However, the calcu-
lation is now by an automated grid search that makes it
possible to evaluate the results at each stage.

The number of grid points in a six-dimensional array
is(n + 1)¢, where n + 1 is the number of resolved points
on each coordinate, but since the sum of each row in
matrix A must equal 1 (Eq. 5), the number of valid
points will be [(n + 1)(n + 2)/2]3. At a grid resolution
of 1:50 (n = 50), it is ~2.33 X 10°. We reduced this
number to ~ 1.68 X 107 with the simple kinetic consider-
ation of disallowing the amplitudes of the first compo-
nent to increase and those of the third component to
decrease. Thus, a,, = @y, = @5, and a,; < 4,3 < as;. This

TABLE 1 Location and distribution of the solution space
represented by matrix A for simulated data after each of three
filters that eliminate solutions with invalid spectra”

First filter Second filter Third filter

a, 0.716 = 0.158 0.803 = 0.140 0.670 = 0.026
a3 0.064 = 0.050 0.017 + 0.017 0.007 + 0.010
a, 0.031 + 0.029 0.036 + 0.032 0.020 + 0.020
ar; 0.173 £ 0.048 0.223 £0.010 0.220 + 0.000
ay, 0.015 = 0.015 0.018 = 0.016 0.010 £ 0.010
as; 0.617 £ 0.024 0.641 + 0.005 0.640 + 0.000
N} 1,987 163 16

* Since any one of the columns in matrix A is determined by the other
two (Eq. 5), aj, is left out of the table.
# Number of solutions.

SN E—
= 17 7,3 21 23 37 33

FIGURE 3 Shape of the solution space in the six-dimensional grid rep-
resenting the values of matrix A. The distribution of solutions is shown
as projections onto the six coordinates a; after the first (top, I), second
(middle, IT), and third (bottom, III) filters. The scales of the coordi-
nates are not shown for clarity; for the ordinate (number of solutions at
each value of a;;) they were adjusted individually to allow comparison
of all the patterns; for the abscissa (values of a;) they are from 0 to |
uniformly.

assigned the three columns in Eq. 4 to the amplitudes of
the three-component spectra as they arise in time (by
definition K, L, and M).

The first filter consisted of applying the following two
criteria: () negative absorption disallowed and (/) a sec-
ond maximum in the M spectrum disallowed. The first
criterion is self-evident. The second is based on the idea
that the strongest excited states of the retinal chromo-
phore (which produce the intense broad absorption
band, near 410 nm in the case of the M state) are the
lowest-lying ones (41). Indeed, at 234°K where all of the
sample was photoconverted to M, the spectrum in the
visible contained no bands on the long wavelength side
of the 410 nm maximum (42). The input M spectrum
had been constructed with this in mind. Although the
data were virtually noise free, noise anticipated in actual
data (cf. below) was taken into account in case a
by rejecting spectra that contained a negative ampli-
tude > 0.005 at any wavelength. In case b the spectrum
of M was averaged between the highest measured wave-
length and a wavelength where the amplitude of a Gauss-
ian curve of the same bandwidth would be 2.5% of its
maximum. Spectra in which this averaged amplitude
was >0.002 were rejected. These numerical values were
between ones that gave no solutions, and others that re-
turned many M spectra we judged to be distorted.

The first filter turned out to be unexpectedly powerful.
It lowered N, (the number of grid-points yielding solu-
tions, i.e., accepted spectra) to 1,989. The averages and
standard deviations of the array parameters at this stage
are given in Table 1. These numbers give information
about the size of the solution space and its approximate
shape. Fig. 3 shows additionally the distribution of solu-
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tion array points on each grid line of the six coordinates
a;;. The ordinates in these graphs represent the number
of accepted solutions, and the abscissae the values of a;
ranging from O to 1. The distributions shown are thus the
projections of the solution space onto the six coordi-
nates. It is evident from Fig. 3 that the six-dimensional
solution space is remarkably compact even after the first
filter. Most of the roughness in its shape, as in the projec-
tions onto the a,, and a,; coordinates, is due to the finite
grid density used and would have been eliminated at a
finer resolution. As Fig. 3 shows, the overall shape of the
solution space changed little as its size became smaller
when further filters (cf. below) were applied.

Figure 4 A shows the spectra for K, L, and M calcu-
lated from the matrix element averages. The shaded
areas are between spectra calculated from the set of ma-
trix elements that lie =1 SD away from the means. The
spectrum of M is virtually completely defined by this
filter and those of K and L are considerably restricted
both with respect to shape, maximum, and amplitude. It
is evident that the average spectra for K, I, and M are
similar already at this stage to the input component spec-
tra (compare spectra in Fig. 4 4 to Fig. 1 A, dashed
lines).

In difference spectroscopy the fraction of the photoex-
cited chromophore, which determines the amplitude of
the (negative) contribution of bacteriorhodopsin to the
measured difference spectra of the base spectra, is
usually not known. We anticipated, however, that dur-
ing the grid search we would obtain this parameter be-
cause a calculated M spectrum with no features above
~500 nm would not be obtained unless the correct
amount of bacteriorhodopsin is added. Amounts too
small would give negative absorption in this region and
therefore no solutions. Amounts large enough to give
solutions but not of the correct magnitude would gener-
ate difference bands with positive or negative lobes be-
cause the spectrum of bacteriorhodopsin cannot be re-
produced by any sum of accepted spectra for K and L.
The shape of the calculated spectra for M as various
likely photocycling fractions were used to generate the
absolute base spectra from the difference base spectra
(cf. Fig. 2, A and B) indicated that there was a single
photocycling ratio, 15.0%, where the spectrum of M had
less distortion than at any lower or higher photocycling
ratio (Fig. 5 4). How well this value is defined by the
shape of the M spectra depends on the signal to noise
ratio; with the simulated data the precision was about
+0.1%. The actual ratio used to create the data was in
fact 15.0%.

The second filter was based on the idea that the higher
excited states, which produce the indistinct and overlap-
ping absorption bands below 450 nm in chromophores
containing a protonated Schiff base, are covalent rather
than ionic in character and should not be affected by
changes in electronic configuration near the retinal (43).
Thus, the amplitude in this wavelength region will be

A. first filter

relative absorbance

relative absorbance

relative absorbance

350 450 550 650 750
wavelength, nm

FIGURE 4 Calculated component spectra for simulated data, after the
three filters (4, B, and C, respectively) discussed in the text. The spec-
traof K, L, and M, designated as ex (1), e (), and ey (\), respectively,
are calculated from the matrix elements in Table 1. The averages are
shown as bold lines; the shaded areas are between two spectra calcu-
lated with all of the matrix values set to the averages plus the standard
deviations and the averages minus the standard deviations. For the M
spectra this range was too narrow to illustrate. In each panel the spec-
trum of bacteriorhodopsin is also included.

invariant in BR, K, and L. This is evidently less so for K
than for L, since absorption near 400 nm decreases some-
what on K formation (e.g., Fig. 3 4 in reference 15 and
measured difference spectra below). The input spectra
(Fig. 1 A, dashed lines) had been constructed to include
these considerations. Anticipated noise in the measure-
ments was allowed for by rejecting only those spectra for
which the averaged amplitudes between 360 and 420 nm
lay outside the range of +25% of the amplitude of BR in
this region for K and +10% for L. This procedure re-
duced the number of solutions to 163. Their averages
and standard deviations are given in Table 1. Fig. 4 B
shows that the spectra calculated from the matrix aver-
ages were not greatly changed relative to the spectra after
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FIGURE 5 (A) Dependence of the calculated spectrum of M on the
assumed fraction of photocycling bacteriorhodopsin. The spectra were
calculated with base spectra from the simulated data such as in Figure 2
A but generated by normalizing with various amounts of photoconver-
sion. The spectra, beginning with the uppermost, were calculated with
14.6, 14.8, 14.9, 15.0, 15.1, 15.2, 15.4, and 15.6% photocycling ratio.
The number of solutions, N,, were 220, 1,082, 1,251, 1,989, 1,311,
1,794, 452, and 286, respectively. At 14.4% photocycling ratio, no solu-
tions were found. ( B) Dependence of the number of solutions on the
allowed minimum (A) and maximum bandwidths (O) for the calcu-
lated component spectra after the second filter (cf. text). Solutions
were rejected when the spectrum of either K or L had a bandwidth less
than or greater than indicated.

the first filter. Several of the standard deviations in Table
1, particularly those that affect the spectrum of L, were
reduced, however.

The third filter was based on the amplitudes and band-
widths of the spectra. There is good reason to believe that
the absorption amplitudes of all 13-cis retinal contain-
ing chromophore configurations will not exceed those of
the all-trans retinal chromophores. It is that the transi-
tion dipole moment depends on the end-to-end distance
of the extended w-orbital of the conjugated retinal chain,
and rotation around any one of the C— C bonds brings
the ends of the chain closer than in the fully extended
all-zrans isomer. The component spectra (Fig. 1 A4,
dashed lines) contain this feature. Accordingly, all solu-
tions containing K, L, or M spectra with amplitudes
greater than the amplitude of BR were rejected. This
reduced N, to 140. The expected bandwidths of the spec-
tra are, in general, less certain. Where measured or calcu-
lated, the spectral bandwidths (FWHM) of rhodopsins
with protonated Schiff bases, from a large number of
bacterial and vertebrate sources containing various reti-
nal isomers, range from 100 to 116 nm at room tempera-
ture (e.g., 44-48). In using this kind of empirical crite-
rion, it is reassuring that low temperature spectra of the
bacteriorhodopsin intermediates (42) do not reveal un-
usual amplitudes or shapes. The bandwidths of the input
spectra K and L (Fig. 1 A4, dashed lines) were 111 and
103 nm, respectively. Since the spectrum of M was al-
ready determined by the first filter, we excepted its spec-
trum from these calculations. As shown in Fig. 5 B, the

dependency of the number of solutions on the minimal
and maximal allowed bandwidths indicated that all K
and L spectra calculated after the first two filters had
bandwidths >104 nm and <136 nm. We limited the
maximal bandwidth to 116 nm. This and the amplitude
restriction constituted the third filter and reduced N, to
16. The spectra for K, L, and M generated by the matrix
averages and standard deviations (Table 1) after these
calculations are shown in Fig. 4 C. The spectra are simi-
lar to those after the first two filters, as expected from the
fact that the averages of the matrix elements remained
within about one standard deviation throughout. The
limits are much reduced, however. The final spectra for
K, L, and M are nearly indistinguishable from the
(known ) component spectra (for this comparison, Fig. 1
A contains both input and final calculated spectra;
dashed and solid lines, respectively). From these results,
we draw the important conclusion that the original spec-
tra can be retrieved from the over 10° array points with-
out having to specify their shapes exactly. Remarkably,
the criteria that decided the outcome of the calcula-
tion were the simplest: that the spectra cannot contain
negative absorptions and M cannot contain a second
maximum.

The statistics show that by applying the three consecu-
tive filters the solutions strongly converge into a narrow
region of the multidimensional space of the concentra-
tion matrix. Therefore, the solutions obtained are
unique. Since the output spectra of K, L, and M, ob-
tained by using the averages of the solution matrices, are
almost indistinguishable from the input spectra, the so-
lution average is the true solution. This means that there
is no other set of physically acceptable absorption spec-
tra that would reconstruct the three base spectra and
thereby the entire set of initial difference spectra.

Kinetic fitting of the simulated data

The input difference spectra were resolved with a fitting
routine into weighted sums of the calculated component
difference spectra. This would test how well the original
kinetics (Fig. 1 B, dashed lines) are regenerated by the
calculated spectra. The weights of the components in the
spectral mixtures gave their time-dependent concentra-
tions, as shown by the symbols in Fig. 1 B. Up to 1 ms
(i.e., before recovery of the initial state begins), the sums
of the concentrations were within +0.001 of 1 for each
fitted spectrum, as expected. The rate constants returned
from the best fit of the model (Fig. 1 B, solid lines) repro-
duced well those we used to create the data (cf. legend to
Fig. 1). Thus, at least for data of this kind, the grid search
method unambiguously and accurately returns the input
kinetics.

In principle this analysis can be extended to include
the second half of the photocycle in the wild-type system,
provided that (a) it does not include more than one in-
termediate, as for example at high pH where the O inter-
mediate does not accumulate, and (b) the time domain
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is omitted where L and N (whose spectra are very simi-
lar) coexist (23). The kinetics of the first and second
halves can be thus solved independently, with the K, L,
and M spectra as unknowns in the first half and the M,
N, and BR spectra as unknowns in the second half since
repopulation of the initial state is with unknown kinetics
also. Constancy of the photocycling amount and the cal-
culated spectrum of M, as well as agreement with the
known spectrum of BR, will be valuable restricting crite-
ria in such an analysis.

Grid search with measured data

Time-resolved difference spectra were determined for
D96N bacteriorhodopsin in the 70 ns to 420 ms time-
range at 5, 15, and 25°C. Fig. 6 shows the measured
spectra at 15°C up to 3.3 ms; these were used in all calcu-
lations except where otherwise indicated. We had estab-
lished earlier (23) that under similar conditions the de-
cay of M is so slow that the subsequent intermediates N
and O do not accumulate to significant extents. This was
confirmed by the fact that once the maximal amount of
M was reached, all of the subsequent difference spectra
(corresponding to the M minus BR spectrum) were vir-
tually identical except in their amplitudes (last two spec-
tra in Fig. 6 C and all the spectra that followed).

We assumed that this part of the photocycle contains
only K, L, and M and that self-consistency of the solu-
tion would reveal in the end whether this assumption is
justified. Singular value decomposition (49) treatment
of the measured spectra gave a set of SVD spectra of
which the first three had real features and the rest vir-
tually only noise. By regenerating the original spectra
from the first three or four SVD spectra, considerable
noise reduction without loss of information was
achieved (33). From the noise-filtered spectra, three sets
were chosen for the averaging that produced the three
base spectra; as for the simulated data in Fig. 2, the sets
corresponded to delay times between 70 and 940 ns (first
base spectrum), 4.2 and 170 us (second base spectrum),
and 250 us and 3.3 ms (third base spectrum). These dif-
ference base spectra, as well as absolute base spectra cal-
culated from them, are shown in Fig. 7, 4 and B.

The three filters used above for the simulated data ef-
fectively restricted the array for the measured data also
and in a similar manner. As for the simulated data, the
amount of photocycling bacteriorhodopsin was deter-
mined unambiguously after the first filter; it was 15.6%
(£ ~0.2%). The matrix elements and their standard de-
viations are given in Table 2; the calculated spectra and
their standard deviations after the first filter are shown in
Fig. 8 A. The distribution of solutions in six-dimensional
space was similar to that calculated for the simulated
spectra (not shown). After the first filter, N, was 6,912.
Table 2 and Fig. 8 B show that neither the matrix ele-
ment averages nor the corresponding spectra were
greatly changed after the second filter but N, decreased
to 286. :
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FIGURE 6 Measured time-resolved difference spectra for D96N bac-
teriorhodopsin. Conditions: 100 mM NaCl, 50 mM phosphate, pH 8.0,
2 mM NaNj,, 30 uM bacteriorhodopsin, 15°C. Delay times after pho-
toexcitation (beginning with the uppermost traces in each panel): (4)
70 ns, 100 ns, 210 ns, 310 ns, 450 ns, 650 ns, 940 ns, 1.4 us, 2.9 us, 4.2
us, 6 us, and 8.8 us; (B) 13 us, 18 us, 27 us, 39 us, 56 us, 81 us, 120 us,
170 us, 250 us, and 360 us; (C) 520 us, 760 us, 1.1 ms, 2.3 ms, and 3.3
ms.

After the second filter the spectral bandwidths of the
calculated spectra were between 108 and 140 nm. In the
third filter we restricted the amplitudes to 1 and the max-
imal bandwidths to 116 nm; this reduced the number of
solutions to 18. The final matrix elements are given in
Table 2; the corresponding calculated spectra are shown
in Fig. 8 C. The way the spectra converged during this
calculation greatly resembles the convergence with the
simulated data (compare Table 1 with Table 2 and Fig. 4
with Fig. 8); for this reason we assume that here also the
final spectra are close to the correct ones.

246 Biophysical Journal

Volume 64 January 1993



0.8

0.4 4 1
0.2 1

-0.2 1
-0.4 1
-0.6 1

1A

-1.2 T T T

relative absorbance
o
I}

relative absorbance

350 450 550 650 750
wavelength, nm

FIGURE7 Base spectra from data at 15°C. (4) Difference base spectra,
which are averages of SVD filtered measured spectra (cf. Fig. 6) be-
tween 70 and 940 ns (spectrum 1), 4.2 and 170 us (spectrum 2), and
250 us and 3.3 ms (spectrum 3), normalized by 0.156. (B) Absolute
base spectra designated as ¢,(\), €;(A), and ¢;(\) in expression 1, ob-
tained from the spectra in A4, by adding the spectrum of bacteriorho-
dopsin (dashed line).

The entire analysis was repeated for difference spectra
measured at 5 and 25°C. In these data sets the strong
temperature dependencies of the rate constants of the
reactions (35) will have changed the proportions of the
intermediates at each sampling time, and therefore the
calculated arrays of A were numerically different from
one another. In spite of this, the final calculated spectra

TABLE 2 Location and distribution of the solution space
represented by matrix A for measured data for D96N
bacteriorhodopsin after each of three filters that eliminate
solutions with invalid spectra*

First filter Second filter Third filter

a, 0.775 £ 0.121 0.866 + 0.099 0.641 + 0.033
ay 0.064 + 0.049 0.007 + 0.009 0.000 % 0.000
as 0.083 + 0.038 0.091 +0.038 0.070 + 0.027
ay 0.244 + 0.086 0.249 = 0.014 0.260 + 0.000
as, 0.007 = 0.010 0.008 = 0.010 0.003 + 0.007
a3 0.796 + 0.026 0.800 + 0.000 0.800 = 0.000
N} 6,912 286 18

* Since any one of the columns in matrix A is determined by the other

two (Eq. 5), a;, is left out of the table. Data from 15°C.
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FIGURE 8 Calculated component spectra for D96N bacteriorhodop-
sin. The spectra of K, L, and M are designated as ¢x()), ¢ (A), and
em{(A), respectively, as in expression 2. The bold lines are calculated
from the average matrix elements in Table 2; the shaded areas are
between two spectra calculated with all of the matrix values set to the
averages plus the standard deviations and the averages minus the stan-
dard deviations. For the M spectra, this range was too narrow to illus-
trate. In each panel the spectrum of bacteriorhodopsin is also included.

for K, L, and M from data at the three temperatures are
similar to one another (averages shown in Fig. 9, A-C).
The maxima for K, L, and M are 589-597 nm, 542-544
nm, and 403-405 nm, and their amplitudes relative to
that of bacteriorhodopsin are 0.91-0.95, 0.73-0.76, and
0.78-0.80, respectively. These agree well with our earlier
derived spectra for K, L, and M (23).

Calculating the time-dependent
concentrations of the intermediates
and testing kinetic models

The measured difference spectra at the three tempera-
tures (in Fig. 6 for 15°C; not shown for 5 and 25°C) were
fitted with sums of the component difference spectra cal-
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FIGURE 9 Spectra for K, L, and M calculated from data at 5, 15, and
25°C. The spectra are designated as ex(A), ¢ (A), and ¢y ()\), respec-
tively, as in expression 2. Only spectra calculated from the matrix ele-
ment averages after the third filter are shown. Dotted lines, spectra from
5°C; solid lines, spectra from 15°C; dashed lines, spectra from 25°C.

culated from the averages in Fig. 8, A-C, by subtracting
the spectrum of bacteriorhodopsin. At each tempera-
ture, the set of spectra calculated at that temperature was
used. The time-dependent concentrations of K, L, and
M obtained in this way are shown in Fig. 10 (symbols).
A problem with these fits was indicated by the fact that
the sum of the concentrations consistently deviated by
up to ~5%, negatively between 1 and 30 us, and posi-
tively between 50 and 500 us, from 1 (not shown). Be-
cause in this time-domain L dominates the deviations of
the sum of concentrations from 1 were added to [L] in
calculating the points in Fig. 10.

Simple kinetic schemes that might fit such data are of
three kinds: (a) a single unbranched photocycle with re-
verse reactions, (b) several parallel photocycles originat-
ing from heterogeneity of the initial bacteriorhodopsin,
with unidirectional steps having different rate constants

in each cycle, and (¢) a single branched photocycle with
reverse reactions. Alternative ¢ in the form, K < L «
M, = M, — BR, fits the data, except for a persistent
pattern of deviation in the concentrations of K and L
and L and M from the model just before the maximal
amounts of L and M were reached, respectively (Fig.
10). The deviations are not large, but a survey of possible
revisions of the model turned up one that eliminated
them virtually completely: two L substates with some-
what different spectra, the first where L is in the present
scheme and the second in a cul-de-sac equilibrium with

A. kinetics at 5°C

e
Il

fractional concentration

fractional concentration

fractional concentration

-8 -6 -4 2 0
log time (s)

FIGURE 10 Time-resolved concentrations of K, L, and M and fits of a
kinetic model at 5°C (4), 15°C (B), and 25°C (C). Symbols: O, K; A,
L; ® M™™ (ie, M, + M,). The points were calculated by fitting
weighted sums of difference spectra based on the spectra in Fig. 9 at
each temperature to the measured spectra. The lines are the best fits of
the model K < L «<+ M, - M, — BR. The rate constants are the
following (the three values, given in s~!, refer to 5, 15, and 25°C,
respectively): ky;, 5.0 X 10%, 1.25 X 107, 2.22 X 107; ky, 1.0 X 108,
1.25 X 10%,2.22 X 10%; kyppy, 2.3 X 104, 4,55 X 104, 1.11 X 10%; kg,
2.0 X 10%,2.13 X 10%,5.0 X 10%; kg2, 1.43 X 104, 1.82 X 104, 5.0 X
10%; kyapr, 2.0, 3.3, 3.3.
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M, (not shown). Two L states with different spectra
would account also for the deviations in the sums of
concentrations. In view of the fact that the search that
had produced the spectra was independent of a kinetic
model, we consider the fits in Fig. 10 a good first approx-
imation. However, further refinement of the linear
model, such as the introduction of a second L state, will
be necessary, and we are at present exploring the various
options.

Alternative b had been proposed on the basis of many
observations of two or three time constants for the rise of
M (12,14, 17, 18). In these models the amplitudes of the
kinetic components are regarded as the fractions of bac-
teriorhodopsin subpopulations that originate the parallel
photocycles, and each of the multiple time constants for
areaction is assigned to a separate photocycle. However,
fitting the data to the simplest of these models, that of
two parallel photocycles each with a K - L — M se-
quence, gave unacceptable results (Fig. 11 4). The prob-
lem is that the amplitudes in one transition do not match
the amplitudes in the other. As Fig. 11 4 shows, when the
K to L reaction is resolved into the independent compo-
nents, the ratio of these components (9:1 in this case)
does not allow the fitting of the rise of M with two compo-
nents because that would require a ratio closer to unity.
Similarly, resolving the rise of M instead (not shown)
would have given very poor fit for the K to L transition.
More complicated versions of such models, including
those with more than two photocycles, reverse reactions,
and with some of the photocycles lacking one or another
intermediate, would presumably give adequate fits, how-
ever.

On the other hand, alternative ¢ does produce a satis-
factory fit to the points when in the form K <+ L - M,
plus the cul-de-sac L «» M, (Fig. 11 B) or particularly in
the form L & K < M, = M,, where L is the product of a
side reaction (Fig. 11 C). Deciding for or against these
models cannot be from kinetic evidence only but on the
basis of mechanistic and structural considerations of the
physical processes that take place during the chromo-
phore transformations.

DISCUSSION

We used a set of time-dependent difference spectra in the
D96N bacteriorhodopsin photocycle to generate all
mathematically possible solutions for the spectra of the
intermediates K, L, and M. The solutions were repre-
sented by a six-dimensional array that contained the
corresponding intermediate concentrations. At a grid res-
olution consistent with reasonable signal to noise ratio,
the array represents a very large number of points, most
of which do not correspond to valid spectra and can be
eliminated. It is important to emphasize that in this ap-
proach the spectra were calculated without regard of a
photocycle model. Some of the calculated spectra were
objectively invalid because they contained negative am-

A Ki=L—~M— pus K;=L;=M —

fractional concentration

fractional concentration

fractional concentration

-8 6 -4 -2 0
log time (s)
FIGURE 11 Time-resolved concentrations of K, L, and M and fits of

three different kinetic models other than the single sequential scheme
in Fig. 10. Symbols: O, K; A, L; @, M (i.e., M, + M;). The points
were calculated by fitting weighted sums of difference spectra based on
the spectra in Fig. 9 at 15°C to the measured spectra. The lines are the
best fits of a model with two parallel photocycles, ie., K, = L, —»
M, = plus K; = L, = M, — (4); a model with a branch at L, i.e.,
K < L -+ M, - plus L < M, (B); and a model with abranchatK, i.e.,
L < K < M, = M, = (C). The rate constants are the following: (4)
ki = 1.67 X 108, Ky 1y = 5.0 X 103, kyiypr = 3.33, kyap = 1.25 X
10°, kpamz2 = 5.0 X 10%, kyopr = 3.33, ratio of the two initial amplitudes
89:11; (B) kyr = 1.25 X 108, kg = 1.25 X 10%, kypyp = 3.33 X 103,
ki = 4.55 X 10%, kg = 2.13 X 103, kygzpr = 3.33;(C) by = 1.25 %
108, kyy = 1.25 X 10%, kyppy = 1.0 X 103, kg = 1.25 X 104, kygipgz =
5.0 X 103, kyopr = 3.33.

plitudes, whereas others were deemed invalid because
they did not correspond to what is known, empirically
and from theoretical considerations, about the shape of
the visible band of rhodopsins. We applied independent
and progressively stringent restricting criteria of this
kind (“filters”) and evaluated their effects on the num-
ber, average and standard deviation, and the spatial dis-
tribution of the solutions. The validity of this kind of
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analysis depends on the validity of the criteria. If the
criteria are valid, then the calculation is valid, because
grid search of simulated data constructed from known
spectra demonstrated that the procedure converges to
spectra in good agreement with the known input spectra.
Importantly, we found that not accepting grid points
that gave negative absorptions and more than one peak
for M returned already a good approximation of the in-
put spectra (Fig. 4 4). The rest of the criteria merely
decreased the uncertainty in this solution (Table 1 and
Figs. 3 and 4).

The calculations with measured data from the D96N
protein indicated that, as with the simulated data, the
averages of the matrix elements of the solutions re-
mained within about one standard deviation as indepen-
dent and increasingly restrictive filters were used. What
was mostly affected was the size of the solution space
(Table 2). Thus, for the measured data also, even the
simplest and most defensible of the restricting criteria,
that of allowing only positive absorptions and a single
peak for the M intermediate, generated solutions with
average array values corresponding to spectra similar to
the final ones. We conclude that in both simulated and
real data the solution space is distributed densely around
the singular ultimate solution already after the first filter,
and applying further restrictive filters eliminates primar-
ily those solutions that lie farther from this point.

The result of the calculations with measured data is a
set of spectra for K, L, and M with standard deviations of
a few percent in the amplitudes and uncertainties of a
few nanometers in the wavelength of the maxima. The
spectra are very similar when calculated from data sets
obtained at different temperatures (5, 15, and 25°C)
containing different spectral mixtures. Calculation of the
time-dependent concentrations of K, L, and M (M, +
M,) with these spectra produced kinetics consistent with
the scheme proposed earlier (23); K <@ L & M, —»
M, — BR. Small and consistent deviations indicated
that this scheme overlooks some complication between
L and M,. The cause of the discrepancies is probably an
additional L state with somewhat different spectrum
from the initial L, but this idea needs further support. As
in any kinetic study, more complicated models with
more than one photocycles and/or branches would cer-
tainly fit the data within error. Nevertheless, the results
indicate that the K « L < M, = M, scheme explains
the data reasonably well; it is the simplest workable
model for the first part of the bacteriorhodopsin photo-
cycle.
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