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The concentration of photochemical reaction centers in spinach chloroplasts was measured with direct
spectrophotometric techniques. Quantitation of Photosystem II (PS II) was implemented (a) from the
light-induced absorbance change in the near-ultraviolet (A4,,,), monitoring the primary quinone acceptor
Q, of PS II; and (b) from the light-induced absorbance change in the green region (A A4, _ss,), monitoring
the band-shift C550 of the PS II reaction center pheophytin molecule. Both measurements yielded identical
chiorophyll (Chl) per PS II ratios (Chl /PS II = 380: 1). Hydroxylamine treatment and the loss of Mn from
the oxygen-evolving enzyme of photosynthesis had no effect on the quantitation of Q, by AA,,,. It is
concluded that, under the experimental conditions employed, measurements of Q, photoreduction are not
overlapped by state transitions of the water-splitting enzyme. Quantitation of Photosystem I (PS I) was
implemented from the light-induced absorbance change in the red region of the spectrum (AA4.,y),
monitoring photooxidation of the PS I reaction center P-700. A Chl /PS I = 650: 1 was derived. Thus, a PS

11 /PS 1 stoichiometric ratio of 1.7 was estimated in spinach chloroplasts.

Introduction

Quantitation of Photosystem II (PS II) from
the light-induced ultraviolet absorbance change
(AA;) in the presence of 3-(3',4’-dichloro-
phenyl)-2,2-dimethyl urea (DCMU) and potas-
sium ferricyanide (measuring the concentration of
the semiquinone primary electron acceptor Q, of
PS II) yielded chlorophyll (Chl)/PS II ratios
mostly in the range of 300-400 and reaction center
(RC) ratios RC II/RC I of 1.4-2.0 in several
higher plant chloroplasts [1-3]. The significance of

Abbreviations: PS II, Photosystem II; PS I, Photosystem I;
Chl, Chlorophyll; RC, reaction center; P-680, reaction center
of PS II; P-700, reaction center of PS I; Q,, primary quinone
electron acceptor of PS II; Ph, pheophytin; Z, secondary PS II
donor; DCMU, 3-(3",4'-dichlorophenyl)-2,2-dimethyl urea; C;,
differential flattening correction factor; Tricine, N-[2-hydroxy-
1,1-bis(hydroxymethyl)ethyl]glycine.

the observation that RC II/RC I > 1 in a variety
of higher plant chloroplasts is that it is contrary to
the conventional prejudice (from an extremely
literal interpretation of the Z-scheme) that the
ratio of the two photosystems should be equal to
1.0. A controversy has developed, however, since a
flash-induced H* release from H,O oxidation,
measured with isolated chloroplasts in the pres-
ence of the artificial electron acceptors fer-
ricyanide and 2,5-dimethylbenzoquinone, yielded
Chl/PS II = 630 and RC II/RC I =1, invariable
in several higher plant chloroplast preparations
[4,5]. In order to explain the discrepancy of the
results from the two experimental approaches,
Whitmash and Ort [4] suggested that quantitation
of PS II from the semiquinone anion formation
grossly overestimates the concentration of PS II
because of uncertainty in the differential extinc-
tion coefficient of Q. minus Q, and also because
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of possible overlapping absorbance changes at 320
nm due to the advancement of the S states associ-
ated with the function of the water-splitting en-
zyme.

An independent method for the quantitation of
PS II in higher plant chloroplasts is from the
measurement of the absorbance change due to the
indicator pigment C550. It has been shown that
the storage of a negative charge on the primary
electron quinone-acceptor Q, of PS II causes,
through the influence of a localized electric field,
the electrochromic band shift of the reaction center
pheophytin (Ph) molecule, thus giving rise to a
typical absorbance-difference change in the green
region of the spectrum, termed C550 [6-10]. The
C550 signal emanates from all functional PS II
reaction centers [8). However, this property has
not been used for PS II quantitation in chloro-
plasts, primarily because of the lack of reliable
differential extinction coefficients.

In the present work, we measured the con-
centration of PS II in spinach chloroplasts by a
variety of experimental techniques. We used the
absorbance-change measurement at 320 nm
(A A;y) with intact spinach thylakoids, with hy-
droxylamine-treated thylakoids in which the S
states and the oxygen-evolving enzyme was de-
stroyed, and with resolved membranes from the
grana partition region in which the concentrations
of other PS II integral components are known. We
used the latter to provide a calibration of the
differential extinction coefficients of C550 and
then applied the C550 quantitation method to
unfractionated spinach thylakoids. With unfrac-
tionated spinach thylakoids, all of the above meth-
ods yielded Chl/PS II ratios in the range between
350-400.

We conclude that flash yield measurements with
isolated chloroplasts [4,5] may not yield reliable
estimates of total PS II concentration in thylakoid
membranes because the maximum yield of one
electron equivalent per flash per PS II reaction
center cannot be assured under in vitro condi-
tions.

Materials and Methods

Chloroplast thylakoid membranes were isolated
from freshly-harvested, hydroponically grown

spinach (Spinacia oleracea L.) by grinding the
leaves in a blender in a buffer containing 50 mM
Tricine-NaOH (pH 8.0), 0.4 M sucrose/10 mM
NaCl/5 mM MgCl,. The slurry was filtered
through miracloth and chloroplasts were precipi-
tated by centrifugation at 5000 X g for 5 min. The
pellet was resuspended in a small amount of the
isolation buffer to a Chl concentration of about 2
mg/ml using a Wheaton homogenizer. The sam-
ple was then kept in the dark on ice until use.
Chlorophyll concentrations were determined in
80% acetone using the procedure of Arnon [11].

Hydroxylamine treated thylakoids were ob-
tained upon incubation of chloroplasts for 20 min
at a Chl concentration of 500 pM in the presence
of 20 mM NH,OH. Control and NH,OH-treated
membranes were washed twice and finally resus-
pended in a small volume of the chloroplast iso-
lation buffer. All operations were carried out in
dim light at 0°C. Triton X-100 treated chloro-
plasts were obtained by a modification of the
procedure of Berthold et al. [12]. Thylakoids (2 mg
Chl/ml) suspended in 50 mM Tricine-NaOH (pH
7.8)/0.4 M sucrose/ 10 mM NaCl/5 mM MgCl,/
5 mM CaCl, were incubated with Triton X-100
(Triton/Chl =25:1, w/w) at 0°C for 30 min.
The membranes of the grana partition region were
precipitated by centrifugation at 40000 X g for 30
min and then resuspended in the original chloro-
plast isolation buffer.

Absorbance-difference measurements in the ul-
traviolet and red regions of the spectrum were
performed with a laboratory-constructed dif-
ference spectrophotometer [13]. The optical path-
length of the cuvette for the measuring beam was
2.06 mm and for the actinic beam it was 1.46 mm.
Actinic excitation was provided in the green re-
gion by a combination of Corning CS 4-96 and CS
3-69 filters. The concentration of Q, was mea-
sured from the light-induced absorbance change at
320 nm (AA;,) using a differential extinction
coefficient of 13 mM~™'-cm ™! [14]. The P-700
concentration was determined from the light-in-
duced absorbance change at 700 nm (4 4, ) using
a differential extinction coefficient of 64 mM ™! -
cm ™! [15]. Measurements of the system II indica-
tor pigment C550 were obtained with an Aminco
DW-2a instrument operated in the dual-beam
mode. Thylakoids were suspended in the presence



of 20 pM gramicidin, 15 pM DCMU and 2 mM
potassium ferricyanide as described in Ref. 8. The
half-band width of the measuring beam was set at
1 nm and the optical pathlength of the cuvette was
1.0 cm.

Quantitation of the functional PS II reaction
centers was obtained from the amplitude of the
absorbance change A4A4;,, (Q.) and AAg s
(C550). In both measurements, thylakoid mem-
branes and resolved membranes from the grana
partition region were suspended in the presence of
20 pM DCMU and 2 mM potassium ferricyanide.
The experimental protocol for Q, and C550 quan-
titation involved one preillumination for the com-
plete oxidation of cytochrome f and of P-700.
During subsequent illuminations of the sample,
these electron transport components remained
oxidized (presence of DCMU and ferricyanide).
Following the preillumination, each sample was
illuminated four times at a rate of one per min for
the registration of AA44,, and A A, _ss9. We veri-
fied that a 60 s dark interval between illumina-
tions was adequate for the complete relaxation of
Q, and C550. Signal recovery and processing was
implemented by a Hewlett-Packard 3437A digital
voltmeter interfaced with an on-line HP 86B com-
puter. The results were plotted on an HP 7475A
plotter.

Results

Quantitation of Q

A criticism of the spectroscopic AA;,, method
for the quantitation of PS II was the uncertainty
of the in situ differential extinction coefficient Ae
of Q, and the question of absorbance change
contributions from the oxidizing side of PS II
[4,5]. The question of the in situ Ae of Q, has
already been addressed by several investigators
using different experimental calibrations: Bensas-
son and Land [16] measured the difference spec-
trum of plastosemiquinone-9 anion minus plasto-
quinone in ethanol. They derived a Ag;y, =13
mM~'-cm™!. Van Gorkom [7] estimated in situ
Agyo=11.6 mM~'-cm™! for Q5 minus Q, in
deoxycholate-derived PS 11 particles. Ke et al. [17],
working with an oxygen-evolving PS II particle
from a blue-green alga, reported a reaction center
component stoichiometry of P-680/Ph/Q,/Mn
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as 1:1:1:4. Their optical-difference measure-
ments in the ultraviolet were consistent with a
difference extinction coefficient for Q, in the
range of 11-13 mM~'-cm ! at 320 nm [17]. In
summary, there is agreement for a Ae value in the
range of 11-13 mM~'-cm™! for Q5 minus Q,
at 320 nm {7,16,17].

Absorbance change contributions in the ultra-
violet from the oxidizing side of PS II have been
reported from several laboratories. The secondary
donor Z of PS II undergoes transient changes with
a maximum of 255 nm [18,19]. At 320 nm the
contribution of Z* minus Z is negligible. More-
over, under continuous illumination of low in-
tensity employed in our measurements, Z* will
not accumulate in any detectable amount. For the
reasons stated, we will not concern ourselves with
absorbance changes due to Z in the results shown
below.

The charge-storing and oxygen-evolving en-
zyme of PS II was also reported to undergo light-
induced absorbance changes in the ultraviolet. At
present, there is no agreement as to the precise
difference spectrum and the nature of the chem-
ical species underlying it. Renger and Weiss [20]
attributed a large flash-induced absorbance change
at 320 nm to the advancement of the S states.
Dekker et al. {21] reported identical difference
spectra for each of the S transitions (S,— S,,
S, — S, and S, — ;) with a broad band peaking
at 295 nm. According to these authors [18,21], the
contribution at 320 nm from the transition of the
S states occurred with a differential extinction
coefficient of 5-6 mM~!-cm ™!, A 3-times larger
absorbance change of opposite amplitude was im-
plied for the relaxation of the enzyme during the
S; =S, (S,) transition.

The question we addressed in this portion of
our work is whether the light-induced absorbance
change contributions due to the S state transitions
manifest themselves under our experimental con-
ditions at 320 nm, i.e., in the presence of DCMU
and a high (2-3 mM) concentration of potassium
ferricyanide. We approached this point directly by
comparing the electron transport and ultraviolet
absorbance change properties of control (un-
treated) and hydroxylamine-treated spinach chlo-
roplasts in which the oxygen-evolving enzyme was
fully impaired. Fig. 1 shows fluorescence induc-
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Fig. 1. Fluorescence-induction measurements in control (un-
treated) and hydroxylamine-treated spinach thylakoids. The
hydroxylamine-treatment inhibited the O,-evolving capacity of
PS II.

tion measurements taken with control and
NH,OH-treated thylakoid membranes. The vari-
able fluorescence yield increase in control chloro-
plasts, occurring after about 1 s of illumination, is
a manifestation of electron accumulation in the
plastoquinone pool due to the activity of PS II.
No such accumulation of electrons occurs in the
NH,OH-treated samples and the low-fluorescence
yield, observed in the latter, is evidence of in-
capacitated O,-evolving enzyme. Fig. 2 shows the
amplitude of the absorbance change at 320 nm in
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Fig. 2. The amplitude of the light-minus-dark absorbance
change at 320 nm (4A4;,) in control and hydroxylamine-
treated spinach thylakoids. Thylakoid membranes (Chl @ /Chl
b = 2.53) were suspended at 160 pM Chl in the presence of 25
pM DCMU and 2.5 mM potassium ferricyanide. Optical
pathlength of the cuvette was 2.06 nm. Differential flattening
correction factor at 320 nm (C; 559) was 1.35. Each sample was
illuminated 4 times at a rate of one per min. The data represent
the average of 12 measurements with three separate samples.
The molecular ratio of Chl to PS I in the same sample was
equal to 650+ 50.

control and NH,OH-treated spinach chloroplasts,
suspended in the presence of 25 pM DCMU and
2.5 mM potassium ferricyanide. Each sample was
illuminated 4 times at the rate of 1 per min. A 60 s
dark interval between illuminations was fully ade-
quate for the relaxation of Q,. The curves repre-
sent the average of 12 measurements with three
samples. After correction for flattening (C; 55, =
1.35) we estimated a Chl/Q, ratio of 380 in the
control and a Chl/Q, ratio of 460 in the
NH,OH-treated sample. In the latter, however,
not all PS II centers undergo a stable Q, —» Qj
transition upon illumination. The lower steady-
state fluorescence yield obtained in NH,OH-
treated samples suspended in the presence of
DCMU and ferricyanide (Fig. 3) indicates that a
significant fraction of PS II cannot acquire the
single electron needed to generate a stable charge
separation (Q, state). Most PS II centers in the
NH,OH-treated samples are able to acquire one
electron to form the stable Q, state. The electron
donor in this case is probably residual hydroxyl-
amine molecules lodged in the thylakoid lumen.
Using the non-linear relationship between Q, and
F, described in Refs. 8 and 22 we determined that
in NH,OH-treated chloroplasts only about 87% of
PS II centers undergo a stable charge separation.
Therefore, a Chl/Q, =460 in NH,OH-treated
samples underestimates the true concentration of
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Fig. 3. Fluorescence induction measurements in control (un-
treated) and hydroxylamine-treated spinach thylakoids sus-
pended in the presence of 25 pM DCMU and 2.5 mM potas-
sium ferricyanide. The lower steady-state fluorescence yield of
hydroxylamine-treated samples reflects the stable photoreduc-
tion of only about 87% of Q, [8]. For other conditions, see
legend of Fig. 2.
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Fig. 4. Light-minus-dark absorbance difference spectra of con-
trol (O) and hydroxylamine-treated (a) spinach thylakoids.
The conditions are the same as described in the legend to Fig.
2. The spectra are normalized to the same maximum value.

Q4 in the thylakoid membranes. Corrected for
this inefficiency a Chl/Q, ratio of 460 X 0.87 =
400 was derived. This value is in close agreement
with the Chl/Q, ratio of 380 measured on control
chloroplasts (see Fig. 2) and suggests that under
our experimental conditions no substantial ab-
sorbance change contributions occur at 320 nm
from the advancement of the S states.

To support our contention on the absence of
absorbance change signals in the 320 nm region
from the S states, we measured the light minus
dark difference spectrum in the wavelength region
between 290 and 350 nm. Fig. 4 shows the ab-
sorbance difference spectra obtained with un-
treated (circles) and NH,OH-treated (triangles)
chloroplasts, both normalized at 322 nm. The two
difference spectra are identical. Since the O,-

TABLE 1
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evolving system is functional in the untreated
samples, but fully incapacitated in NH,OH-treated
thylakoids, one may conclude that no contribution
from S state transitions is manifested in either
sample. It is evident that the in vivo PS II con-
centration is 380—400 Chl per Q,. Independently,
we measured a Chl/P-700 ratio of 650 translating
into RC II/RC I ratio of approx. 1.7 in
greenhouse-grown spinach.

Quantitation of C550

An independent method in the approach of PS
II quantitation is from the amplitude of the ab-
sorbance change due to the indicator pigment
C550 [6-10]. We performed the C550 measure-
ments with samples suspended in the presence of
20 pM gramicidin/15 uM DCMU /2 mM FeCN.
Under these conditions, the absorbance change
due to the transmembrane electric field is
eliminated [23]. The cytochromes of the photosyn-
thetic apparatus and the reaction center P-700
remain in the oxidized state following preillumina-
tion [6,8,19]. With overlapping absorbance changes
eliminated, the A 4,,, s, change is solely due to
the electrochromic band-shift of Ph associated
with the primary charge separation of PS II. We
approached the question of C550 quantitation by
determining the differential extinction coefficients
from the absorbance difference spectrum of C550.
This was implemented with oxygen-evolving re-
solved membrane preparations from the grana
partition region, prepared according to Berthold et
al. [12]. Such membranes are significantly enriched
in PS 11, [24] have a low Chl a/Chl b ratio (less

QUANTITATION OF Chl AND OF REACTION CENTER CONTENT FROM A A,y (P-700), 4435 (Qa) AND AAgy_sso

(C550) IN SPINACH CHLOROPLASTS

The differential flattening correction factor, C;, is given at different wavelengths for unfractionated thylakoid membranes and for
resolved grana partition regions. The latter were isolated upon Triton solubilization of isolated chloroplasts (see Materials and
Methods). A value of Chl/C550 = 250:1 in resolved grana partition regions was based on the concentration of other integral PS II
components (P-680,/Z/Mn/Cyt b-559/Chl(a + b) =1:1:4:2:250) in similar preparations (see text).

Chl a Chl Ci 329 Chl Cesso Chl
Chl b P-700 Qa C550
Unfractionated
thylakoids 30 650 380 1.05 390
Resolved grana
partition regions 1.9 3200 230 1.02 250
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than 1.9) and a high Chl/P-700 ratio (at least
3200), i.e., they are substantially depleted in PS I,
but enriched in PS II (see Table I). In work with
such preparations from this laboratory [24], we
determined the presence of two cytochrome 5-559
molecules per 250 Chl(a + b) molecules, i.e.,
Chl/PS II=250:1 [24]. In work with similar pre-
parations from several laboratories, the concentra-
tion of integral PS II components was determined
to be in the range of 1 PS II per 220-270 Chl{a +
b) molecules. In particular, the following PS II
component quantitation has been reported: P680/
signal II,/signal II,/Cyt 5-559/Mn/ Chl(a + b)
molecules=1:1:1:2:4:250 (see Table I, also
[17,24-27]). Working with resolved membranes
from the grana partition region we measured the
amplitude of the light-induced absorbance change
at 540 minus 550 nm (AAs,,_sso, see Fig. 5B).
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Fig. 5. The amplitude of the light-induced 540-550 nm ab-
sorbance change in control (A) and Triton X-100 treated (B)
thylakoids. Both samples were suspended in a 1-cm pathlength
cuvette in the presence of 20 uM gramicidin/15 uM DCMU /2
mM FeCN. The final concentration of the control (Chl a /Chl
b= 3.0) was 174 uM, with a flattening correction factor (C; ) of
1.05 at this wavelength. The Triton-treated samples (Chl a /Chl
b =1.9) final concentration was 50 uM, with a C; value of 1.03.
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Fig. 6. Light-minus-dark absorbance difference spectrum of
Triton X-100 treated thylakoids. The conditions are the same
as described in the legend to Fig, 5.

Assuming a Chl/C550 ratio of 250 in this pre-
paration, we calculated a differential molar extinc-
tion coefficient Aesyy_sso=52 mM~'-cm™! for
C550. Fig. 6 shows the differential extinction coef-
ficient spectrum for C550 in the wavelength region
between 530 and 560 nm. The shape of this spec-
trum is identical to that reported by other investi-
gators [6—10]. However, the absolute values of the
differential extinction coefficients are substan-
tially higher than those given by Van Gorkom [7].
We applied the newly derived differential extinc-
tion coefficients Aegyg_s50=5.2 mM~'.cm™! in
the determination of C550 concentration in un-
fractionated spinach thylakoids. Fig. SA shows the
amplitude of the light-induced absorbance change
at 540-550 nm (AAg,_sso) in unfractionated
thylakoids suspended in the presence of DCMU
and FeCN. Using Beer’s law we estimated a Chl/
C550 ratio of 390 in unfractionated thylakoids
(see Table I). This value is in good agreement with
our previously determined value of Chl/Q, = 380,
using the absorbance change at 320 nm (see Table
I). In summary, quantitation of PS II in unfrac-
tionated thylakoids both from the measurement of
Q, and from the amplitude of C550, resulted in
Chl/PS II values around 390, in agreement with
previous estimates from this laboratory [1-3].



Discussion

The results presented in this work support the
notion of a Chl /PS II ratio in the range of 350-400
and of RC II /RC I ratio significantly greater than
1 in spinach chloroplasts. The recent criticism
directed against the use of the light-induced ultra-
violet absorbance-change (4 4,,,) measurement in
the quantitation of Q, [4,5] apparently lacks merit:
as evidenced by the results with NH,OH-treated
chloroplasts, the contribution from the advance-
ment of the S states in our A 4;,, measurement is
either negligible or nil. Thus, A A4,,, signal distor-
tion from light-induced transition of the S states is
not apparent under our sample illumination con-
ditions in the presence of DCMU and fer-
ricyanide. The reason for this discrepancy is not
clear at present and further work is currently in
progress in this laboratory in order to elucidate
this question. A similar conclusion is reached upon
quantitation of the PS II indicator pigment C550
from light-induced absorbance change measure-
ments in the green region of the spectrum
(A A, _ssy)- Using highly resolved oxygen-evolv-
ing membranes from the grana partition region,
we derived a differential extinction coefficient
Aesyy_sso0=52 mM~'-cm™! for C550. This de-
rivation was based on the measured amplitude of
AAs,y_sso and on the measurement of a Chl/PS
II =250:1 in these preparations [24-28].

Using the value of Aegy s50=52 mM™'-
cm™ ! we measured about 390 Chl per C550 in
control (unfractionated) thylakoids. Our measure-
ments demonstrate that the amplitude of the visi-
ble absorbance change due to C550 and the ampli-
tude of the ultraviolet absorbance change due to
Q4 reduction yield the same value for the PS II
reaction center concentration in spinach chloro-
plasts.

Quantitation of PS II in higher plant chloro-
plasts can be obtained either from measurements
of the concentration of integral components
of PS II (Mn/Cyt b-559/Z/P-680/Ph/Q,/
herbicide-binding protein =4:2:1:1:1:1:1
[12,24-33]) or from Emerson and Arnold type O,
flash yield and H* flash yield measurements
[4,5,34,35]). The advantage of measuring the
amount of ‘integral’ PS II components is that such
quantitation is not subject to limitations imposed

181

by the structural integrity of the thylakoid mem-
brane and the functional integrity of the linear
electron transport intermediates. Shortcomings of
the flash yield method are particularly acute with
isolated chloroplasts in which problems due to
inactivated PS II complexes are compounded by
artifacts introduced because of the use of non-
physiological electron acceptors. The Chl /PS Il =
630 + 60 reported from H™* flash yield measure-
ments in isolated chloroplasts from marked
spinach [4] may then represent the active in vitro
rather than the total in vivo PS II of the chloro-
plast.

Recently, an attempt has been made at recon-
ciling the discrepancy in PS II quantitation be-
tween the AA,,, and flash-yield methods. Thus,
Jursinic and Dennenberg {34] proposed that about
50% of all PS II reaction centers evolve oxygen
(have Q, as primary quinone acceptor), whereas
the remaining 50% have Q-400 as primary quinone
acceptor and are inactive both in terms of linear
electron transport and oxygen evolution [34,35].
We find it unnecessary to postulate that under
physiological conditions about 50% of all PS II is
inactive in electron transport. If such a high frac-
tion of non-functional PS II is evident with iso-
lated chloroplasts, it may be due to the above-
mentioned problems with inactivated PS II com-
plexes. It is worth pointing out that inactivation of
H,O oxidation results in microsecond reduction
phases of the PS II reaction center P-680*. The
amplitude of such microsecond reduction phases,
hence the extent of damage to the O,-evolving
enzyme of PS II, depends on the method of chlo-
roplast isolation, and it could account for up to
50% of the total PS II [36].

In conclusion, quantitation of Q, from the
light-induced ultraviolet absorbance change is in
excellent agreement with the reported concentra-
tion of thylakoid membrane complexes intimately
associated with PS II and supports the notion of a
PS II/PS 1 stoichiometry ratio greater than 1 in
higher plant chloroplasts. Conversely, flash yield
measurements with isolated chloroplasts may not
yield reliable estimates of PS II concentration in
thylakoid membranes, since the maximum yield of
one electron equivalent per flash per PS II reac-
tion center cannot be assured under in vitro condi-
tions.
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