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Abstract

We present a model of the S-state mechanism, as well as an improved eigenvalue analysis, that integrate into a
coherent ensemble several features found since the S-state model was initially developed. These features include
the presence of S_1, deactivations in the dark interval between flashes, and the change in the number of active PS II
centers by photoinhibition or photoactivation. A new feature is the capacity to predict the steady-state distribution of
S-states under conditions of steady photoinhibition or photoactivation. The improved eigenvalue analysis allowed
the calculation of the initial S-state distribution. In addition, the model resolved ‘true’ photochemical misses from
apparent misses due to deactivations in the dark interval between flashes. The model suggested that most of the
misses that are commonly reported are due to deactivations, and not to an intrinsic inefficiency of the photochemical
mechanism of PS II. Because models that allow double-hits encompassing the S, to S3 transition often predict
negative initial quantities of S; in cyanobacteria, our proposed model specifically prohibited them. The model
accounts for inhomogeneous misses and a steady-state distribution of the type (S;)=(S1)>(S3)~(So). This 5-step
model uses only 4 probabilities, and is therefore easy to handle. The use of this model is critical for the analysis of
several cyanobacterial strains, as well as for any species that show non-negligible deactivations in the dark interval

between flashes.

Introduction

Oxygen production under short light flashes results in
yields of oscillating amplitudes (Joliot et al. 1969).
The oxygen production mechanism was modeled as
a 4-step mechanism, Sp to Sj, in addition to a non-
observable, transient S4 (Kok et al. 1970). Transitions
between the 4 (indirectly) observable states Sy to S3
were modeled with homogeneous miss, single-hit and
double-hit probabilities (Forbush et al. 1971). How-
ever, the knowledge of the properties of the S-state
mechanism has increased since then. It was found that
an S_ state, and sometimes an S_, state, were neces-
sary to describe the O; production sequences (Thibault
1982; Bader et al. 1983; Messinger and Renger 1993).
It has been suggested that the transition probabili-
ties between S-states were most likely inhomogeneous

(Delrieu 1974; Lavorel 1976; Delrieu 1983). The inter-
action of the oxidizing side of PS II with the tyrosine
‘D’ was also discovered to distort the extrapolated
initial distribution of S-states and to increase misses
(Vermaas et al. 1984; Styring and Rutherford 1987).
The role of the plastoquinone pool in controlling miss-
es through deactivations was investigated, and a dis-
tinction was made between ‘true’ misses and single-
hits followed by deactivations (Meunier and Popovic
1990). The anomalous behavior of double-hits was
noted (Delrieu 1983), and a probability for backward
transitions was added (Meunier 1993). In addition, the
number of PS II centers contributing to the oxygen
yields was found to decrease at each flash (Delrieu and
Rosengard 1987) or increase with the photoactivation
of new centers, yielding a sum of probabilities differ-
ent from 100% (Meunier and Popovic 1990; Meunier
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and Popovic 1991). However, when faced with exper-
imental data, there is no reliable (yet not too com-
plex) model that allows for the integration of those
features, with the capacity to calculate the initial and
the steady-state distributions of S-states. In addition,
we found that none of the published models could satis-
factorily explain the oxygen yields obtained in certain
cyanobacterial strains, especially the psbO-less mutant
of Synechocystis sp. PCC 6803 (Burnap and Sherman
1991) and Cyanothece sp. ATCC 51142 (Meunier and
Sherman, unpublished observations), which both show
reversible inactivation and reactivation of manganese
in Photosystem IL

It remains difficult to extract practical and mean-
ingful information in a timely manner from the oxy-
gen yield sequences. At the root of the problem is the
fact that for an N-step mechanism, there are only 2N
variables that can be determined from the O, yield
sequence: N for the transition probabilities (the transi-
tion matrix) and N for the initial S-state distribution. By
contrast, there are at least N+N? unknowns: N for the
initial distribution of S-states, and N? for the probabili-
ties in the Nx N matrix (considering only the oxidizing
side of PS II). One approach to this problem is to use
matrix algebra (Delrieu 1974), which resulted in ‘3-
sigma analysis’ (Lavorel 1976; Lavorel and Lemasson
1976) and ‘4-sigma analysis’ (Thibault 1978; Meu-
nier and Popovic 1989; Meunier and Popovic 1991).
The strength of this approach is that in the initial steps,
the fitted variables (‘sigma coefficients’ are determined
without referring to a particular model (excepted that
the 3-sigma analysis forces the sum of probabilities to
be 100%, as per Kok’s model). Because it separates
the fittings and the interpretations the results from the
fitting steps are not influenced by the investigator’s pre-
conceptions of the S-state mechanism. However, the
sigma coefficients have to be interpreted to yield useful
or meaningful results in terms of probabilities; direct
interpretations of the ‘sigma coefficients’ have been
limited to the framework of the original Kok model
with three probabilities, thus losing one potential vari-
able. Moreover, N more variables (the initial distri-
bution of S-states) have been left undetermined so far
by this approach. Some improvements were made to
‘sigma analysis’ by allowing photoactivation and pho-
toinhibition with sums of probabilities different from
1 (Meunier and Popovic 1989; Meunier and Popovic
1991), at the loss of the capacity to predict the steady-
state distribution of S-states.

By transforming the ‘sigma coefficients’ into eigen-
values, and interpreting the eigenvalues instead, we

were able to retrieve a 4th probability, interpret-
ed as backward transitions. We renamed that analy-
sis the eigenvalue method, owing to its well-known
mathematical foundation (Meunier 1993). Howev-
er, the backward transition probability is homoge-
neous, whereas backward transitions are in reality pro-
duced by inhomogeneous deactivations in the inter-
val between flashes; backward transitions are therefore
only aloose approximation to the real phenomenon.
We propose improvements to the eigenvalue
method that can account for: the presence of the
S_; state, explicit deactivations in the dark interval
between flashes, inhomogeneous probabilities, and the
change in the number of active PS II centers by pho-
toinhibition or photoactivation. We also add the capac-
ity to predict the steady-state distribution of S-states
under conditions of steady photoinhibition or photoac-
tivation, as well as the calculation of the initial S-state
distribution. By these improvements to the eigenvalue
method, we produced a model of the S-state mecha-
nism that can be used with normal trial-and error fit-
tings. These new tools allow us to deduce that double-
hits encompassing the S; to S3 transition are most like-
ly negligible, and that true photochemical misses are
much smaller than homogeneous fittings suggest.

Materials and methods
Strains and oxygen yield measurements

Cyanothece sp. ATCC 51142 was grown as previous-
ly described in ASP; medium without NaNO;, with
shaking at 100 rpm in 1 L flasks and under an illumi-
nation of roughly 50 4E m~2 s~! (Reddy et al. 1993).
For subculture, stationary phase cultures were diluted
to a concentration of 10¢ cells ml~!, and log-phase
cells were used for the experiments. Synechocystis sp.
PCC 6803 wild-type and ApsbO cells were grown and
maintained in BG-11 medium with additional nitrate
(*6714’ medium) as described previously (Burnap and
Sherman 1991). O, flash yields were measured using
a bare platinum electrode that allowed samples to be
deposited upon the surface of the electrode by cen-
trifugation in a Sorvall HB4-A swing-out rotor. The
principle is similar to that described by Miyao et al.
(1987), excepted that we used it with whole cells. The
Synechocystis sp. PCC 6803 were centrifuged for 5
min on the electrode at 10000 rpm. The Cyanothece
sp. ATCC 51142 cells (40 pug Chl) were harvested by
centrifugation and resuspended in 200 pL of buffer



of the same osmolarity as the culture medium, but
containing only 340 mM NaCl and 10 mM Hepes (pH
7.5). These 200 ul. were then centrifuged 5 min at
1 K rpm on the electrode in a Sorvall HB4-A swing-
out rotor. The slow centrifugation speed was essen-
tial to get a uniform layer of cells on the electrode.
Absolute darkness during sample preparation (15 min
total, including 5 on the unpolarized O, electrode) was
required to maintain PS II activity. Between samples,
the electrode was scrubbed with NaHCOj3; powder. Sat-
urating xenon flashes were then used to advance the
S-state mechanism. Signals were amplified using an
electronic circuit based upon the design of Meunier
and Popovic (1988). Oxygen yields were deconvolut-
ed from respiratory transients as described in Meunier
et al. (1995).

Definitions

The application of matrix algebra to the description
of the S-state mechanism has already been partial-
ly addressed (Delrieu 1974; Lavorel 1976; Delrieu
1983). We have extended this description in terms of
well-known eigenvalue and eigenvector mathematics,
and have also considered 5-step mechanisms. The ini-
tial S-state distribution was represented by a column
vector:

where the Sx represent the quantity of PS II centers in
the corresponding S-states. The effect of a flash was
represented by the NxN transition matrix T, which in
theory contained all the transition probabilities from
one S-state to another, and where N was 4 or 5. The
oxygen production at flash ‘n’ was found by using the
O, production vector ‘P’ defined as:

P=[0007 (8 + )] (2a)

or

P=[0000(8+m)] (2b)

where 2 is the double-hit probability from S, y3 is the
double-hit probability from Ss, and 33 is the single-hit
probability from S3. The choice between Eqgs. (2a) and
(2b) depended on the presence of double-hits from S,
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in the model being considered. The oxygen produced
at flash ‘n’ was then:

Y, = PT"!§; (3)

where the symbols have the same significance as
before. The initial distribution of S-states was
expressed as the sum of the eigenvectors of the S-state
transition matrix “T":

N
Si=> b 4
j=1

where E; represents the N eigenvectors of T and the b;
are constants. By definition of an eigenvector,

T B = N"'E Q)

where T is the S-state transition matrix, E; is an eigen-
vector and A is the corresponding eigenvalue. Com-
bining Egs. (3), (4) and (5) yields:

N
Yo=Y bAl~! PE; (6)
j~1

where the symbols have the same meaning as before.
We defined new constants c; as:

G = bj PEj (7)
which yields Eq. (8) (see below).
Analytical methods

Equation (8) fitted oxygen yields down to the level of
experimental noise:

Y, = C]/\'ll_l + sz\g_l + C3X3'_1 + C4z\:_1
+esAl™t (8)

where Y, is the oxygen yield on the nth flash, the
¢j are constants used to determine the initial S-state
distribution, and the ); are the eigenvalues of the
S-state transition matrix. The fitting was best done
by using mathematical computation packages such as
Mathcad® (MathSoft, Inc.), which support complex
calculus, because c3, A3, ¢4 and A4 were imaginary
numbers. Since c4 and A4 were, respectively, the com-
plex conjugates of c3 and A3, they were not independent
variables and thus were not considered independently
in the fitting procedure. Since there are 2N degrees of
freedom in Eq. (8), a minimum of 2N flashes needed



64

to be used in the fitting, where N was 5. The fitting
that we propose is different from fitting directly proba-
bilities and initial S-state distributions. There needs to
be a specific model and a specific set of assumptions
employed to calculate oxygen yields in those fittings.
By contrast, Eq. (8) doesn’t assume a specific mod-
el; the only implicit approximation is that an N-step
process with constant properties is involved. This sep-
arates the fitting process from the modeling step, an
advantage that will be discussed later.

Once the constants cj had been calculated by using
one of the above methods, the initial distribution of S-
states was found by transforming the constants-accord-
ing to this equation:

bj = ¢ + (PE;) 9)

where the symbols have the same significance as
before. The initial distribution of S-states was then
found by using Eq. (4). In order to obtain the eigen-
vectors, a theoretical S-state transition matrix needed
to be constructed, from which the eigenvectors were
calculated automatically by Mathcad®. Therefore, the
eigenvectors (but not the eigenvalues) depended on the
model of the S-state transition matrix that was used.
Consequently, a different initial distribution of S-states
may be found for each model of the S-state mecha-
nism. This situation exists also in the trial-and-error
methods of directly adjusting the initial S-state distri-
bution. However, those fitting procedures may include
restraints such as ‘“The quantities of centers in any S-
state must be real, positive numbers or be equal to
zero.” This forces a feedback on the estimated transi-
tion probabilities that must be adjusted (i.e. distorted)
to satisfy the constraints. Moreover, the placement of
probabilities (i.e. if double-hits from S; are allowed
in the model whereas almost none occur) will also
feedback upon the estimated probabilities; in this case
the estimated probability of double-hits will be made
lower by the fitting program, whereas the other vari-
ables will be distorted in order to compensate. In the
case of trial and error, each set of fitted variables is
thus ‘linked’ to its theoretical model. The advantage
of the method we propose is that the constants ‘cj’
and the eigenvalues are determined without referring
to any particular model. The fit is therefore the best
possible one, and the subsequent process of finding the
best model (the interpretation of the cj and );) is an
independent process. This prevents the investigator’s
pre-conceptions from distorting the fitting process (it is
a ‘blind’ fitting), and thereafter inferences can be made
as to the validity of particular models based on their

predicted initial distribution of S-states (see ‘Results’
and ‘Discussion’).

Under difficult conditions, it was easier to first find
estimates of the eigenvalues by multivariable linear
regression (see Appendix). Then, those estimates were
used as starting points for the fit. This was numeri-
cally better because, in Eq. (8), an equal importance
was given to all oxygen yields, which was not the
case when multivariable regression analysis was used
(as described in the Appendix). The residual standard
deviation after fitting Eq. (8) was also a small fraction
less than when using the multivariable linear regres-
sion, possibly due to the different weights of the O,
yields and to cumulative numerical errors in the regres-
ston process.

Results
Necessity of the 5-step analysis

It has been repeatedly observed in several organisms
that 4-step fittings perform better if the data on the first
flash is ignored (Thibault 1978; Thibault and Thiéry
1981). However, in those cases 5-step fittings work
significantly better, suggesting the presence of a Sth S-
state, S_; (Thibault 1982; Thibault and Thiéry 1981).
In Synechocystis sp. PCC 6803, the same phenomenon
is observed, as demonstrated by the typical O, produc-
tion results shown in Fig. 1. In this figure, a 4-step
fitting performed by the eigenvalue method, without
the first flash, resulted in a significant disagreement
between the predicted and the experimental O; yields
on the first flash. By contrast, the experimental data
was almost indistinguishable from a 5-step eigenvalue
fitting that used the first flash. The eigenvalues help the
understanding of this phenomenon (Table 1). The first
column shows the eigenvalues from fitting the flashes
1-10; the first eigenvalue represents the ratio of active
centers before and after each flash; the second eigen-
value is negative, and the third and fourth are complex
conjugates, i.e. they are identical except for the sign of
their imaginary parts (denoted by ‘i’) (Meunier 1993).
By using 4-step fittings, with or without taking the
first flash into account, and comparing their results
in columns 1 and 2, it can be seen that the deduced
properties of the S-state mechanism differed greatly
(on the basis of the uncertainties in the 3rd column)
if the first flash is taken into account. However, by
using a 5-step analysis on flashes 1-10 (4th column),
the first four eigenvalues were identical to those of col-
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Table 1. Eigenvalues in Synechocystis sp. PCC 6803 ‘wild type’ (glucose-tolerant). The flash numbers
considered are indicated in parentheses, and the imaginary part of the eigenvalues is denoted by ‘i’. The
uncertainties over the eigenvalues are derived from the uncertainties given by the muitivariable linear
regression over the traces of the matrix (the ‘sigma coefficients’; see the Appendix). They represent how
well the model fits the data, but not how reproducible it is. There were no uncertainties for the S-step
analysis since there were no extra flashes above the minimum necessary to perform the multivariable linear

regression
Eigenvalue  4-step 4-step Uncertainties S-step
(1-10) (2-10) (2-10) (1-10)
At 0.999 0.99638 0.00001 0.99641
A —0.67 -0.612 0.001 —-0.611
A3 0.1631 + 0.7171 0.1563 + 0.7340i  0.0001 + 0.0001 0.1561 + 0.7339i
A4 0.1631 — 0.717i 0.1563 — 0.7340i  0.0001 + 0.0001 0.1561 — 0.7339i
s - - - -0.01
1.8+
1.6
]
1.4
-
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Fig. 1. Oxygen yields under flashing light in wild type Synechocystis sp. PCC 6803. The experimental data is represented by crosses (X); the
4-step fitting (using flashes 2-14) is shown by squares () and the 5-step fitting (using flashes 1-14) is shown by circles (O).

umn 2. This means that the 5-step analysis correctly
took into account the information provided by the first
flash, and that 4-step analyses done without taking the
first flash into account correctly provided a subset of
the properties of the S-state mechanism. We conclude
that a 5-step analysis is the minimum necessary in the
cyanobacterium Synechocystis sp. PCC 6803, and that
eigenvalues are consistent variables for the description
of the oxygen production mechanism. Similar results
were obtained in the cyanobacterium Cyanothece sp.
ATCC 51142 and the green alga Dunaliella tertiolec-
ta (not shown). More complex analyses (6-step) may
be necessary under different conditions, e.g. in the

presence of exogenous reductants, but this will be
addressed in a separate publication. The meaning of
the fifth eigenvalue is addressed below.

The interpretation of eigenvalues and the initial
S-state distribution

The interpretation of the eigenvalues is not limited to
the homogeneous case of probabilities as described
previously (Meunier 1993). We modeled the contribu-
tion of deactivations between flashes to apparent miss-
es (Meunier and Popovic 1990) and to backward tran-
sitions (Meunier 1993) by using a deactivation matrix
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Construction of the Models

Deactivation Matrix:
100 O 0
010 O 0
D=6 01 & 872
000 (1-8) §-8%/2
000 O 1-9)

A. Deactivation Model (D.F):
a 3 €
B a 0
T(e,B,7.0,constle))=|ry P+8*y a+d*(B+7)

0 7*(1-8) (B+1*(1-8) a*(1-8)+(8-82/2)*(B+y) a*(5-82/2)

0 0 0
B. Deactivation Model with Double-Hits :

€ €
a 0

T(a,B,7.6.const[g)) = B+y*s

oCoOoR ™R

a+8*P+y*8t2
ye(1—-8) B*(1-8)+7*(6-8%/2) a*(1-6)+B*(6-52/2) a*(6-6%/2)
0 7*(1-8)

Forward Transition Matrix:

a € ¢ £ ]
B a O o B
Fla,B,y.conslleD=|7y B «a [
0 v B+ry a O
00 0 B+y aj
€ € ]
0 B
a*S+(B+y)* 82 yea*s52/2
B+1*1-96) a*(1-8)
£ £
4 B
a"5+ﬁ‘62/2 y+a'6212

Br(1-35) a*(i-8)

Fig. 2. Construction of the deactivation model. The matrices describe the effect of deactivations (D) and the effect of a flash (F) for the
construction of the Deactivation Model. The result of a flash followed by a dark interval is then D*F; this is the apparent transition matrix T.
The F matrix for the Deactivation Model with Double-Hits is not shown, but the D matrix is identical. The formulas were used to calculate the
transition probabilities for the set of variables given in parenthesis, T(...). The quantity ¢ is written as const{¢] to underline the fact that for each
automated fitting, € was a constant. The significance of the variables a, 3, 6§ and + is described in the text, The matrices multiply the S-state
vector (Eq. (1)) to yield the new S-state distribution after a flash. The first column applies to centers in S ; subsequent columns apply in order
to centers in the other S-states. The first row lists the probabilities of centers in different S-states of effecting a transition ending in S_ |, and so

on for subsequent rows.

(Fig. 2). The deactivation matrix ‘D’ uses the same
probability for deactivations from S; and S3, in order to
limit the number of unknowns. This does not take into
account the different stabilities of the S, and Sj states,
but is consistent with the presence of a fast deactivation
phase in their biphasic kinetics (Styring and Rutherford
1987). The probability of a second deactivation, result-
ing in deactivations from Sj to S;, was calculated as
§%/2, for reasons previously discussed (Meunier 1993).
No distinction is made as to the source of the electrons
for the deactivations, and thus D also approximates
roughly those produced by the effect of tyrosine Yp of
protein D2 (Vermaas et al. 1984).

The effect of each flash is represented by a ‘for-
ward’ transition matrix F, that does not contain back-
ward transitions. This matrix contains a new parame-
ter, €, that represents the entry of new centers in the
S_1 state during photoactivation. This is not a perfect
representation of reality since newly activated centers
most likely start in the S_; state. However, this is a sig-
nificant improvement over having the sum of misses,
single-hits and double-hits greater than 100%, which

implied that newly activated centers could enter the
S-state cycle in any state. The value of ¢ is calculated
as follows. If the first eigenvalue is less than or equal
to 1, then there is no photoactivation; in this case £=0.
If the first eigenvalue is greater than 1, then ¢ is given
a value such that a + 3 4 v = 1. This value is approx-
imately equal to A; — 1 because we choose not to have
¢ apply to the S_; state. This choice is of negligible
or no consequence to the results, and other researchers
using our model may have ¢ apply to the S_; state if
they so desire; however, our choice prevents a con-
fusion between misses in S_; and the activation of
new centers, and provides formal consistency with our
equivalent 6-step model (not shown). Because of the
manner in which ¢ is calculated, it does not add to the
number of independent variables. If photoinhibition
is dominant, then ¢ is zero, and it is as if it did not
exist. If € is greater than zero, then it introduces the
limitation @ + 3 + v = 1, which keeps the number
of degrees of liberty to 3. Thus, the forward transition
matrix has only three independent variables. This mod-
el also assumes that photoinhibition or any other loss



of active centers may occur in any S-state. In addition,
double-hits encompassing the S, to S3 transition were
not allowed, for reasons to be made clear later. The
question arises of what happens instead of double-hits
from the states S; and S,. When a second transition is
not possible, then it is logical to assume that the result
is a single-hit; this is why the single-hit probability
is calculated as (3 + 7). Therefore, the variable « is
not limited to meaning double-hits in the Deactivation
Model. The final transition matrix T is then the product
D*F (Fig. 2).

As a result of multiplying D and F, misses were
calculated as a homogeneous ‘base’ level represent-
ing ‘true’ photochemical misses, to which were added
single-hits followed by deactivations from S; or Ss.
True misses followed by a deactivations, or single-
hits followed by two deactivations, constituted back-
ward transitions. The result was a very inhomogeneous
matrix that we will call the Deactivation Model. We
also made a version of the deactivation model that
allowed double-hits from S; or S,, that we will call the
Deactivation Model with Double-Hits (Fig. 2).

In Fig. 1, the oxygen yields on the third and fourth
flash were almost equal, suggesting either that the
SoYp™ population was large, or that the combination of
misses, deactivations and the presence of reduced tyro-
sine Yp of protein D2 (Vermaas et al. 1984) produced
a retardation in the advancement of centers starting in
the S; state. We analyzed these data with the 5-step
homogenous model (not shown) and the two deactiva-
tion models (Table 2). Please note that in the deacti-
vation models, the variables in Table 2 (a, 8, v, §) do
not represent the averaged transition probabilities, but
are rather the parameters used to calculate the matrices
as described in Fig. 2; thus, comparisons must take
into account the difference in meaning. In the homo-
geneous model, the total (true -+ apparent) averaged
miss probabilities were high (18%). By contrast, the
true photochemical misses (represented by ‘a’) in the
deactivation models were only 5%. The deactivation
models returned a probability of deactivation of around
30% in the S, and S3 states. Averaging the misses cal-
culated from deactivations in Fig. 2 (the diagonal ele-
ments), gives a result almost identical to the averaged
miss probability found by the homogeneous model.
Thus, misses were resolved into ‘true’ and ‘apparent’
misses due to the effect of deactivations.

Moreover, the homogeneous model returned high
quantities of Sg (37%); the deactivation models
returned only about 25%. Thus, the deactivation mod-
els were able to discriminate that some centers in Sy had
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been slowed down by deactivations (whether from Yp
or other sources) and were not truly centers originally
in Sg. The effect of Yp was described as a one-time
reduction (deactivation) of S, or S3 (Vermaas et al.
1984; Styring and Ruthertord 1987); for this reason,
our deactivation model only approximates this variable
effect. Thus, under certain conditions, some centers in
S1 could still appear as starting in Sg due to the effect of
Yp, despite the use of our deactivation models. Thus,
we do not expect the initial distribution of S-states
found by our model to be strictly invariant at different
flash frequencies. Nevertheless, our models provide
significant improvements.

The deconvolution also affected single-hits; the
‘true’ single-hit probability was higher in the deac-
tivation models (‘true’ single-hits were calculated as
~ + B in some states of the Deactivation Model). This
suggests a higher photochemical yield of PS II than is
apparent from the homogeneous model. We propose
that the higher miss probabilities commonly report-
ed are due to the experimental conditions that allow
deactivations in the dark interval between flashes, and
not to an intrinsic inefficiency of the photochemical
mechanism of PS II.

It is worth noting that the homogeneous model
returned a value quite different from the experimen-
tal one for the fifth eigenvalue, \s, that was not fitted.
This value was predicted much better by our deactiva-
tion models, despite the fact that they were fitted only
to the first four eigenvalues and used only 4 variables
in order to reproduce 5.

The improved eigenvalue approach allowed us to
calculate the initial distribution of S-states from ana-
Iytical equations (Table 2). A bothersome feature of
homogeneous models is the finding of negative initial
quantities of centers in the S; state (Table 2, column 1),
as previously reported in the wild-type and the psbO-
deletion mutant of Synechococcus PCC 7942 (Engels
et al. 1994), in Oscillatoria chalybea (Bader 1989), in
Euglena gracilis and to a lesser extentin Chlorella vul-
garis (Schmid and Thibault 1983). We observed this
phenomenon with all other models we tested, if the
model included double-hits encompassing the S, to S3
transition (not shown). This can be observed also by
using the Deactivation Model with Double-Hits (Table
2, column 3). It appears that the modeling of double-
hits encompassing the S, to S; transition is responsible
for the apparently negative quantities of centers in the
S, state. By contrast, our Deactivation Model (Table
2, column 2) finds a positive but small quantity of S;.
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Table 2. Interpretation of the eigenvalues found from the fitting depicted in Fig. 1, according
to different models. We used the Mathcad® (MathSoft, Inc.) program to automatically
adjust the probabilities and calculate the eigenvalues of T until a match with the first four
experimental eigenvalues was found. The fifth eigenvalue, s, was left to vary freely, and €
was zero; the experimental 5th eigenvalue was 0.03

Model
Homogeneous A (deactivation)  B(+double-hits)

Variables a (misses) 17.8 5.4 5.6
(%) B (single-hits)  76.8 88.6 919

~ (double-hits) 2.5 57 2.1

] 2.7 30.2 30.7
Eigenvalue  As 0.178 0.054 0.056
Initial S 6.3 5.6 57
distribution Sy 36.6 24.3 255
(%) S 62.1 69.8 72.6

Sz -5.1 0.28 -3.8

S3 0.19 0.00 0.09

Note that in the deactivation models, the variables «, 3, -y and § do not have the same meaning
as in the homogeneous case. While in the homogeneous model, these are homogeneous
probabilities, in the deactivation models they are parameters used to calculate the actual
probabilities. The comparison is also complicated between the two deactivation models,
because the variable -y was added to some single-hits in the Deactivation Model. To compare
them, one should average the single-hits in matrix F, not taking deactivations into account:
[(88.6 + 88.6 + (88.6 + 5.7) + (88.6 + 5.7) + 88.6]/5 = 90.9. The coefficient § was
the probability of backward transitions in the context of the homogeneous model, but is the
probability of deactivations in the S; and Sj states for the deactivation models. All models

used flashes 1 to 14.

We conclude that double-hits encompassing the S, to
S3 transition must be negligible.

S-state properties of unstable manganese centers

Oxygen production from the psbO deletion mutant
of Synechocystis sp. PCC 6803 usually shows a fast
damping that makes the analysis very difficult (Engels
et al. 1994; Burnap et al. 1992). Fully dark adapted
cells show no or little oxygen production, as was not-
ed previously after 5 h (Engels et al. 1994). However,
we see an oxygen consumption on the first and sec-
ond flashes, no oxygen on the third, and then small
amounts that are progressively increasing (Fig. 3). The
oxygen consumption is in agreement with the hypoth-
esis that oxygen binding to Photosystem II is neces-
sary before it can evolve oxygen (Bader et al. 1987).
However, we recently showed how respiratory tran-
sients are produced by Photosystem I and II activities
in Synechocystis sp. PCC 6803 (Meunier et al. 1995).
Thus, the initial oxygen consumptions could be the

result of non-O; evolving PS II activity that reduced
the plastoquinone pool and stimulated cytochrome oxi-
dase activity. A distinction between those possibilities
should be possible for researchers having access to a
mass spectrometer.

After 3 min under a 10 Hz flash regime (not shown),
the same sample showed a greatly enhanced oxy-
gen production activity (Fig. 3). Yet after a subse-
quent dark-adaptation this activity was lost again (not
shown). Due to this instability of the manganese cen-
ters, the analysis of oxygen yields after a full ‘dark
adaptation’ is not possible and the dark incubation
time must be kept short. In addition, the damping of
the pattern was often too quick even after photoacti-
vation for a reliable analysis. By letting cells adapt
to 4°C in the light, an increased stability in the dark
could be observed, accompanied by sustained oscil-
lations of oxygen production (Fig. 4). This increased
stability may have two contributing factors. A direct
effect of temperature upon the recombination rate of
charges, such as that governing the use of thermolumi-
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Fig. 3. Time course of the oxygen electrode signals for two experiments in the psbO deletion mutant of Synechocystis sp. PCC 6803. The two
experiments were performed on the same sample. The first experiment was performed after a dark-adaptation period of 7 h total (lower line);
the cells were dark-adapted in their growth medium, with air bubbling, and centrifuged onto the electrode just before the experiment. Flashes
were given at a frequency of 3 Hz starting 167 ms after the experiment was started. Between the first and second experiments, flashes were
given at a 10 Hz frequency for 3 min without recording the signal. After a delay of 10 s, flashes were given again at a frequency of 3 Hz while
recording the signal. The oxygen signal from the same sample (partially reactivated psbO deletion mutant of Synechocystis sp. PCC 6803) is

shown in the upper trace (shifted vertically for clarity).
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Fig. 4. Oxygen yields under flashing light in the psbO deletion mutant of Synechocystis sp. PCC 6803 incubated at 4 °C in the light for 2 h.
The experimental data is represented by crosses (X); the 5-step fitting (using flashes 1-14) is shown by the plus sign (+). Flashes were given at

a frequency of 3 Hz starting 167 ms after the experiment was started.

nescence, is possible; this would lower misses caused
by deactivations. However, due to the tight interaction
between respiratory and photosynthetic electron flows
in cyanobacteria, another contribution was from an
inhibition of respiration at that temperature, that result-
ed in a more oxidized state of the plastoquinone pool

(not shown), which decreased the amount of available
reductants for the deactivation of S-states. It should
be noted that while the S; and S, states were found
to be more stable in the mutant than in the wild-type
(Engels et al. 1994; Burnap et al. 1992), deactivations
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also happen from the S; and Sy states since the mutant
looses activity in the dark.

The data in Fig. 4 resembles somewhat that report-
ed previously for the psbO deletion mutant of Syne-
chocystis sp. PCC 6803; however, our results show
comparable yields on the third and fourth flashes and a
slower damping, while previously the fourth flash was
significantly higher (Engels et al. 1994). We believe
that this is due to the lower temperature. An upward
trend in the flash sequence clearly indicates that pho-
toactivation is significant and that )\; is greater than
100%. If one adds up the S-state transition probabili-
ties previously reported (Engels et al. 1994), it can be
seen that the sum is significantly greater than 100% in
the psbO deletion mutants, although this wasn’t dis-
cussed in the publication. Thus, photoactivation needs
to be taken explicitly into account in these strains, and
we propose to do so by using the probability ‘c’.

Our data was analyzed with the Deactivation Model
(Table 3). As expected, we found that A, was signifi-
cantly greater than 1. The probability of deactivations
from S, and S3 was lower than it the wild type, also in
accordance with previous results (Engels et al. 1994,
Burnap et al. 1992). However, the miss probability
was significantly lower than that previously reported
(34%) (Engels et al. 1994), We believe that this is due
to the effect of deactivations, that previously added to
misses, while we explicitly and separately took them
into account. However, there were still more true miss-
es in the mutant than in the wild type (Table 3). We
conclude that the photochemical efficiency of PS I in
the mutant is truly lowered, and that the higher misses
in the mutant are not simply due to more deactivations
in the dark intervals. This is in agreement with previ-
ous biochemical results in higher plants (Miyao et al.
1987).

In addition, we report on a wild-type cyanobacteri-
um, Cyanothece sp. ATCC 51142, that fixes nitrogen
in cycles that display the phenotypic behavior of cir-
cadian rhythms (Reddy et al. 1993; Schneegurt et al.
1994). When cultures are grown in the absence of
combined nitrogen, either under 12 h light/12 h dark
cycles or in continuous light, the cells fix N, with peaks
every 24 h. The rates of steady-state oxygen evolution
assayed during this cycle decreased during the dark
phase, especially during nitrogen fixation peaks (M.S.
Colon-Lopez and L.A. Sherman, unpublished data). In
addition, Cyanothece sp. ATCC 51142 demonstrat-
ed a reversible instability of manganese during the
light period that is similar to that of the psbO dele-
tion mutant of Synechocystis sp. 6803 (Fig. 5). The

first experiment after a dark adaptation (15 min), 4 h
into the light period (LL4) showed a highly dampened
sequence with a clear, progressive increase in the oxy-
gen yields as centers were photoactivated. A complete
analysis was not possible with this sequence, but the
value of A; could still be retrieved (1.043). However,
a photoactivation treatment followed by a brief dark
adaptation of 30 s produced higher oxygen yields that
could be analyzed successfully.

The oxygen yields in Cyanothece sp. ATCC 51142
at 4 hours into the light period (L4), after a photoacti-
vation treatment, were analyzed with the Deactivation
Model (Table 3). The photoactivation treatment low-
ered A; to less than 1, which indicates that no more
centers could be reactivated after 3 min of 10 Hz flash-
es. The results show a high probability of deactivations
in S3 and S; but a low probability of misses, showing
that the instability of manganese in this organism is
not linked to an intrinsic inefficiency of Photosystem
I1, but rather to an astonishing reversibility of the reac-
tions involved. These properties are also opposite of
those brought about by the loss of the PsbO protein.
This suggests that the instability of manganese is not
linked to a missing PsbO protein under those condi-
tions, but rather that this instability is an integral part
of the regulation mechanism of PS II activity in Cyan-
othece sp. ATCC 51142, However, this does not rule
out differences in the PsbO protein that would allow
for these properties.

We also analyzed the properties of oxygen yields
in Cyanothece sp. ATCC 51142 at 2.5 h into the dark
period (D2. 5, Fig. 6). These samples were in the dark
for several hours before the experiment; yet the pat-
tern shows a clear oscillation with maximum on the
fourth flash, and little photoactivation is visible. It can
be seen that the properties of O, production are not
constant in this wild-type diazotrophic organism; this
will be discussed in detail in an upcoming publica-
tion (Meunier et al., unpublished data). The analysis
with the Deactivation Model (Table 3) showed higher
miss and double-hit probabilities; at this time we have
no explanation for the higher double-hit probability.
The probability of deactivations remained about the
same, and a slight photoactivation could be detected
(A1 = 1.004). A noticeable difference with the wild-
type Synechocystis sp. PCC 6803 is the presence of
important quantities of centers in the S_; state.

From Table 3, it can be seen that the fifth eigen-
value was predicted accurately (well within the uncer-
tainties) by our model. Our method also offers a con-
venient way of calculating the steady-state distribution
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Table 3. Analysis of O; yield sequences with the Deactivation Model. Cyanothece sp. ATCC
51142 was measured 2.5 h into the dark period (D2.5) and 4 h into the light period (L4), after a

photoactivation treatment

Cyanothece sp.

Synechocystis sp. PCC 6803

ATCC 51142 psbO
D2.5 L4 Deletion Wildtype
Variables o 6.9 20 16.7 54
(%) B 779 95.4 76.3 88.6
¥ 152 24 71 57
4 324 347 10.1 30.2
Const € 0.4 0.0 24 0.0
Eigenvalues Al 1.004 0.998 1.0240 0.998
+/-0.003 +/—0.002 +/-0.0007 +/-0.002
Predicted  As 0.07 0.02 0.14 0.054
Observed  As 0.094+/-03 0.14-/0.3 0.15+/-0.04 0.0+/-03
Initial S 181 2.7 222 5.6
distribution So 26.1 18.5 237 243
(%) Si 55.1 423 533 69.8
Sz 0.66 28.6 0.85 028
S3 0.00 7.9 0.00 0.00
Steady-state S_1 04 0.0 2.7 0.0
distribution So 17.3 18.8 226 19.1
(%) Si 311 322 256 30.8
S, 30.9 29.7 26.4 29.7
S3 20.3 19.3 22.7 204

The S-state distributions and probabilities are in percent. The experiments were analyzed using
flashes 1-14 excepted for L4 which used 1-13. ‘Glitches’ or noise that resulted in a significantly
worse (residual standard deviations higher by factors greater than 2) fitting upon including a flash
in the analysis occurred randomly. While some were obvious enough to discard the experiment
outright, some could not be detected until a fitting was attempted, which is why the 14th flash was

not considered at L4.

of S-states; the eigenvector for the first eigenvalue,
already calculated for the initial distribution, is pro-
portional to the steady-state distribution (Table 3). It
is interesting that all the distributions predicted by our
model show (S2)=(81)>(S3)~(Sy), especially in rela-
tion to the distribution (82)>(S1)>(S3)~(Sy) observed
in Chlorella pyrenoidosa (Lavorel and Maison-Peteri
1983). An interesting consequence of having steady
photoactivation phenomena is the presence of centers
in S_; in the steady state. These are newly activated
centers.

Discussion

The interpretation of eigenvalues is flexible and not
limited to the homogeneous case of probabilities, or
to the models we proposed. By fitting the eigenvalues,
we found that incorrect models predict negative S-
state distributions or negative probabilities. The deac-
tivation model was successful in modeling the known
properties of the S-state mechanism. Directly fitting
the deactivation model to data by trial and error is
likely to yield the very same results as the eigenvalue
method; we see the eigenvalue method as most use-
ful when trying or designing new models. This is due
to the two-step nature of the eigenvalue analysis. The
first step is the requirement that the eigenvalues of the
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Fig. 5. Oxygen yields for Cyanothece sp. ATCC 51142 grown in nitrogen deficient media, at 4 h during the 12 h light phase. The first
experiment after dark adaptation is shown by circles (Q). Following a photoactivation treatment of 3 min of 10 Hz flashes and 30 sec dark
adaptation, the experiment was repeated on the same sample. The experimental data is represented by squares (I ); the 5-step fitting (using

flashes 1-13) is shown by crosses (x). Flashes were given at a frequency of 3 Hz. The photoactivation treatments were done through a red filter
similar to RG-610.
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Fig. 6. Oxygen yields for Cyanothece sp. ATCC 51142 grown in nitrogen deficient media, at 2.5 h during the 12 h dark phase. Flashes were
given at a frequency of 3 Hz. The experimental data is shown by circles (O ); the 5-step fitting (using flashes 1-14) is shown by squares (C1).

new model match the experimental eigenvalues. Then,
the initial S-state distribution obtained from the mod-
el must satisfy requirements such as having only real,
positive quantities. In this regard, we should mention
that O, yields sequences produced by the bi-cycle mod-
el (Shinkarev et al. 1994) were undistinguishable from
sequences with the averaged transition probabilities,

such that the bi-cycle model could not unambiguously
fit the data.

It is now possible to calculate the initial distribution
of S-states with analytical equations. We presented an
attempt to assess the validity of different S-state mod-
els based on the initial distribution of S-states that they
predict. Our results suggested that there were negligi-
ble probabilities of double-hits encompassing the S, to



Ss transition. This is consistent with the observation
that the S to S transition does not saturate easily as a
function of the light intensity (Delrieu 1980). In addi-
tion, no double-hits were detected in the first flash in
Chlorella (Delrieu 1980), and double-hits from S; to
S3 were proposed to be nil (Delrieu 1983). The S, to
S; transition was proposed to involve a reorganization
of the electronic configuration and nuclear geometry
of manganese (Messinger et al. 1991). By contrast, the
transition of S, to S3 was proposed to be special by
not involving a change in the redox state of manganese
(M. Haumann, W. Drevenstedt and W. Junge, abstract
of the Xth international Congress on Photosynthesis).
No matter which proposal is correct, it emerges that
the S, to S; transition has special properties. The com-
bination of these observations and proposals justifies
our model with negligible double-hits involving the S,
to S; transition.

A measured steady-state distribution of S-states
(S2)>(81)>(S3)=(Sp) was given as the basis for the
proposal of a C/Ct*+ auxiliary charge carrier and
the rejection of the S3—8,—S; deactivation scheme
in Chlorella pyrenoidosa (Lavorel and Maison-Peteri
1983). However, our model using such a S3—8,—5;
deactivation scheme predicted distributions of the
type (S2)~=(S1)>(S3)=(So). The predicted quantities of
steady-state S; and S; were almost equal because the
deactivation probabilities in S3 and S, were assumed
to be equal in order to simplify the model; however,
a distribution of the type (S2)>(51)>(83)~(So) would
have been predicted if the S3 state was given a higher
probability of deactivation than the S, state. Thus, a
slightly modified deactivation model could account for
these observations.

Our deactivation model provides high misses in
the S; and S, state, High misses in the S, state were
proposed previously, but the proposed mechanism for
these misses involved an ‘inactive’ special form of the
S, state (Delrieu 1974; Delrieu 1983). We showed that
high apparent misses in the S, state can be explained by
the known properties of the S-state mechanism without
postulating an additional (inactive) S, state of man-
ganese, but we also added high misses in the S; state.
As described above, misses in the S, state could be
higher than in the S; state if the deactivation probabil-
ities were higher in the S state.

In accordance with other results (Thibault 1982;
Bader et al. 1983; Engels et al. 1994; Schmid and
Thibault 1983), we found that the S_;, state may occur
in vivo in appreciable quantities without the addition
of exogenous reductants like hydroxylamine. We also
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found this to happen in a wild-type organism, Cyanoth-
ece sp. ATCC 51142. The presence of super-reduced
S-states in appreciable quantities seems linked to the
capacity for inactivation/reactivation reactions of PS
I centers. It has been shown previously that Euglena
gracilis has large quantities of S_1 in the dark (Schmid
and Thibault 1983) and this organism is subject to loss
of oxygen production capacity in the dark. Cyanoth-
ece sp. ATCC 51142 and the psbO deletion mutant of
Synechocystis sp. PCC 6803 have significant quantities
of centers in S_; state and both undergo inactivation
and reactivation phenomena. The same was observed
in mutants of CP-47 (Gleiter 1995). Our results were
consistent with the notion that the deletion of the MSP
(manganese-stabilizing protein), although it stabilizes
the S; and S; states (Burnap et al. 1992), actually
destabilizes the Sy and S; states thus permitting the
appearance of large quantities of S_; (and probably
S-2).

The instability of the manganese complex in
cyanobacterial mutants (Engels et al. 1994; Gleiter
et al. 1995) and a few wild-types so far, and the fast
reactivation phenomena, result in special problems not
found in most other strains or species. The normal Kok
model or its extension to S._y or S_, cannot account
for these phenomena. In this context, the use of our
model (and its extension to a 6-step mechanism), or a
similar one, is critical.

In conclusion, we have integrated well-documented
features of the S-state mechanism such as backward
transitions, the control of apparent misses by the redox
state of plastoquinone through deactivations, inhomo-
geneous miss probabilities, observed steady-state dis-
tributions, the lack of double-hits on some S-states,
photoinhibition (A;<100%), photoactivation (¢), and
to some extent the effect of Yp into a self consistent 5-
step model (the deactivation model) with manageable
numbers of unknowns. We hope these will be useful
tools for other researchers in photosynthesis.

Appendix: Error Analysis

The disadvantage of fitting Eq. (8) is that no error
analysis is available. The second approach to deter-
mining the ‘c;’ and the eigenvalues is to first find the
eigenvalues, and then the ‘c;’ by using multivariable
linear regression. In the case of a 4-step process, the
eigenvalues are found as described previously (Meu-
nier 1993). The eigenvalue method can be extended to
a 5-step process by writing the recurrence relation of
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oxygen production as:

Yoys + a1 Yogs +a2 Yog3 +a3 Yoo
+a3 Yo +a5Y, =0 (Al

where the a; are the traces of the 5-step S-state tran-
sition matrix (e.g. the determinant is the Sth trace).
The traces were also called ‘sigma coefficients’, from
the first presentation of a similar equation. Note that
the traces do not have the same values as they had
in the four-step process, and previous definitions in
terms of transition probabilities do not hold. As for
the 4-step analysis, the first part of the analysis is to
find the traces, by inverting the following equation by
multivariable linear regression:

Yot4 Yar3 Yoy Yopr Yy ay
Yuts Yora Yais Yarz Yapr az
Yut6 Yots Yora Yorsz Yoo a3
Yn+7 Yute Yois Yn-+-4 Yn+3 a4
Yuss Yo7 Yots Yors Yopa as
—Yn+5
_Yn+6
= | =Yn7 (A2)
’Yn+8
—Yuto

The inversion is obtained through the following stan-
dard calculation for multivariable regression:

A=X*X)"1*X'*Y (A3)

where A is the column vector containing the traces,
X is the matrix on the left side of Eq. (A2), X' is its
transpose, and y is the column vector on the right side
of Eq. (A2).

The second part of the analysis is, as with the 4-
step analysis, to write the characteristic equation of the
S-state transition matrix using the traces:

MNitarM+a A +a30+a5=0 (Ad)

where A may have 5 values (eigenvalues) for which
the equation holds. Four of those are exactly the same
as for the 4-step analysis, and average probabilities of
misses and single-hits, and the estimated probabilities
of double-hits and backward transitions may be found
with the same straightforward equations if so desired
(Meunier 1993). Note, however, that those probabili-
ties do not apply to the state S_ (e.g. the average miss
probability is the average only over the states Sg to S3).
The fifth eigenvalue is often a small positive number,

and under conditions where deactivations from Sy to
So1 do not occur, the fifth eigenvalue is equal to the
probability of misses in S_;. However, because it is
an ill-defined number with extremely large uncertain-
ties (typically 100% of its value), the eigenvalue may
sometimes be negative.

once the eigenvalues have been found, the c; can
be determined by multivariable linear regression. The
equation to be inverted, given here for the 5-step anal-
ysis (it can easily be simplified for the 4-step analysis),
is:

[ yn—1 yn~1 yn—1 yn—1 —17] -
Al AZ A3 A4 As i Yn
Al A A3 AL A8 Yoo1
All)+ 1 Ag+ 1 Ag+ 1 Az-i' 1 /\ISH'] c Yn+2
)\rll+2 )\121+2 Ag+2 A2+2 )\2'}'2 Cl Yn+3

n+3 yn+3 yn+3 yn+3 (043 2
Al . A3 . A3 . Ay . As . G| = Yors
ATHE ST AT R L L G Yays
4
)\xlx+5 )\g+5 /\r31+5 /\2+5 ,\2"'5 C Yot
/\:11-}-6 /\;+6 /\g+6 /\2+6 A151+6 s Yn+7
/\111+7 /\g+7 /\31+7 /\2+7 A2+7 Yots
/\1‘1+8 /\121+8 /\;4-8 /\24-8 /\1514'8 1 Ynto i
L i
(AS5)

which can be inverted to find the c; in the same manner
that Eq. (A3) inverted Eq. (A2). Only five rows are
necessary; but, since ten flashes were used to find the
eigenvalues, the same number was used to find the ¢;
for the sake of consistency. Taking all ten flashes into
account also provides the basis for the calculation of
uncertainties over the initial S-state distribution. Each
time a multivariable linear regression is used, it is
possible to find estimates of errors over the determined
variables. The first step of the error analysis is to find
the covariance matrix:

COV = (X'« X) 7! xs2 (A6)

where COV is the covariance matrix, s is the residual
variance after the fit, and X, X’ have the same meaning
as in Eq. (A3). Let us call the left side of Eq. (A4)
‘f(A)’. The variance of f()) the due to the variance of
the traces is:

V(X)) + |[E(%)*COV*E(N)’| (A7)

where v()) is the variance around zero of f(\) for a
given eigenvalue JA;, due to the variance of the traces;
E(}) is a horizontal vector having powers of A as its
elements. E(\)is such that when it multiplies the vector
of the traces found by Eq. (A3), it reconstitutes part of



Eq. (A4) and the result is equal to f(A)-A3 (here shown
for a 5-step mechanism):

E() = [AF X A7 N 1] (A8)

The standard deviation on each eigenvalue A, o (),
is then:

oSNy @9

where the denominator is the absolute value of the
derivative of f()) relative to A, and is evaluated at
A = ). The uncertainty over the 4 estimated average
S-state transition probabilities can then be calculated
by summing the squares of the first four standard devi-
ations corresponding to A\;_4:

E;Ll o?(X))
Oapimd =~ (A10)

o(X) =

where 0, g,,,5 represent the standard deviation asso-
ciated with the estimated transition probabilities over
the states S¢ to S3. This last equation overestimates
the standard deviations because it does not take into
account the covariances between each S-state tran-
sition probability. We deduced similar equations for
finding uncertainties on the initial distribution of S-
states (not shown); however, in our experience, the
assumptions that need to be made in order to find the
initial distribution are a much greater source of vari-
ability. All the equations above may be extended to the
case of 6-step analyses.
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