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Abstract The spectroscopy characteristics and the fluorescence lifetime for the chloroplasts iso-
lated from the pseudo ginseng, water hyacinth and spinach plant leaves have been studied by
absorption spectra, low temperature steady-state fluorescence spectroscopy and single photon
counting measurement under the same conditions and by the same methods. The similarity of the
absorption spectra for the chloroplasts at room temperature suggests that different plants can effi-
ciently absorb light of the same wavelength. The fluorescence decays in PS Il measured at the
natural Q, state for the chloroplasts have been fitted by a three-exponential kinetic model. The
three fluorescence lifetimes are 30, 274 and 805 ps for the pseudo ginseng chloroplast; 138, 521
and 1494 ps for the water hyacinth chloroplast; 197, 465 and 1459 ps for the spinach chloroplast,
respectively. The slow lifetime fluorescence component is assigned to a collection of associated
light harvesting Chl a/b proteins, the fast lifetime component to the reaction center of PS Il and the

middle lifetime component to the delay fluorescence of recombination of Pggyand Pheo™. The ex-

citation energy conversion efficiency (n) in PS Il RC is defined and calculated on the basis of the
20 ps electron transfer time constant model, 60%, 87% and 91% for the pseudo ginseng, water
hyacinth and spinach chloroplasts, respectively. This interesting result is in unconformity with what
is assumed to be 100% efficiency in PS Il RC. Our result in this work stands in line with the 20 ps
electron transfer time constant in PS Il rather sound and the water hyacinth plant grows slower
than the spinach plant does as envisaged on the efficiency. But, our results predict that those
plants can perform highly efficient transfer of photo-excitation energy from the light-harvesting
pigment system to the reaction center (closely to 100%). The conclusion contained in this paper
reveals the plant growth characteristics expressed in the primary processes of photosynthesis and
a relationship between a plant growing rate and its spectroscopy characteristics and fluorescence
lifetimes, namely, the slower a plant grows, the less excitation energy conversation efficiency used
might be anticipated.

Keywords: pseudo ginseng, water hyacinth, chloroplast, single photon counting, fluorescence lifetime, excitation energy
conversation efficiency.

In 1960, Arnold and Clayton™ reported that the first light-chemical step in the purple bacte-
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rium photosynthesis is the electric charge separation called primary reaction, which results in
holding dynamics for photosynthesis. Currently, the primary processes of photosynthesis in green
plants have still been an important topic of interest® °!. Chlorophyll (Chl) fluorescence has been
used to understand excitation energy transfer processes, pigment orientation and protein organiza-
tion in extensive experimental and theoretical work for almost two decades®® ¥. It is well known
that the primary processes of photosynthesis in green plants have been shown to be highly effi-
cient and energy losses constitute only minor deactivation pathways. But, there is still a finite
probability that it will decay either by non-radiative process or by fluorescence before trapping
can take place during excitation migration in the antenna, the separation and stabilization!.

Green plant growth is related with or controlled by a number of factors. One of them is plant
genome, an intrinsic nature that dominates green plant growth. Recently, it was reported that the
genome sequences of a number of bacterial species and several eukaryotes were completed while
nucleotide sequencing of the Arabidopsis genome is nearing completion and sequencing of the
rice genome has been just finished, and a large amount of expressed sequence tag information is
being obtained for many other plants™®*. Thiswealth of sequence information is used to acceler-
ate progress toward acomprehensive understanding of the genetic mechanisms that control plant
growth, development and response to the environment. Although different plant growths and de-
velopments are dominated by their genomes which determine how the plants use the energy,
however, according to the law of energy conservation, the faster a plant grows, the more the en-
ergy should be preserved, and the slower a plant grows, the less the chemical energy should be
stored. It depends on the efficiency of absorbing light turned to excitation energy by chlorophyll
and carotene in per mass chloroplast, the translation energy efficiency and the excitation energy
conversation efficiency. In other words, the difference may be expressed in the primary processes
of photosynthesis.

Based on the analysis above, we adopt a few of different plant chloroplasts and compare
them with their primary processes of photosynthesis to obtain more information so that the char-
acteristics of the primary processes of photosynthesis in different green plants can be further
understood. In this work, three kinds of chloroplasts isolated from pseudo ginseng (Panax
pseudo-ginseng)™ growing up for 3—7 a at Wenshan of Yunnan Province, and water hyacinth
(Eichhornia crassipes)[l3] growing rapidly at Dian Chi in Kunming of China and Spinach
(Spinacia oleracea L.) purchased from local market, which are internationally extensively studied
by researchers in the chemical, biological and physical fields, have been studied by absorption
spectra, low temperature steady-state fluorescence spectroscopy and single photon measurement
under the same conditions. We will distinguish and argue on the origin of fluorescence decay
component, define and measure the excitation energy conversation efficiency in the primary proc-
esses of photosynthesis to probe the electron transfer time constant and the growth characteristics
of green plant interrelated with its spectroscopy characteristics and fluorescence lifetimes.
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1 Materials and methods

1.1 Isolation of chloroplast

The isolation method for the chloroplasts can be seen in refs. [14, 15]. Deveined fresh leaves
washed by distilled water were homogenized by a mixer in a preparation medium buffer (pH 7.4)
containing 0.2 mol/L NaCl, 0.1 mol/L sucrose, and 0.05 mol/L phosphate. After filtration through
4 and 16 layers of gauze, the green juice was centrifuged at 600 g for 5 min and the precipitate
was discarded. The supernatant was again centrifuged at 1500 g for 10 min and the precipitate was
suspended in a medium buffer (pH 6.9) containing 0.05 mol/L NaCl, 0.3 mol/L sucrose, and 0.05
mol/L phosphate. Preparation procedures for the chloroplasts were finished at 4°C and in dark.
The isolated samples were stored in liquid nitrogen until use.

1.2 Experimental methods

Chlorophyll protein content and Chl a/b ratio for the chloroplasts were determined according
to the method in ref. [16] on UV-190 split-beam spectrophotometer. The result is listed in table 1.
Among the three chloroplasts, the value of Chl a/b ratio is the biggest in the water hyacinth
chloroplast and the smallest in the pseudo ginseng chloroplast, meaning that in the water hyacinth
chloroplast the amount of Chl b is relatively less than Chl a, and vice versa in the pseudo ginseng
chloroplast, compared with that occurring in the water hyacinth and spinach chloroplasts.

Table 1 The Chla/ b ratio for the pseudo ginseng, water hyacinth and spinach chloroplasts

Water hyacinth Spinach Pseudo ginseng
Chl a/b ratio 3.36 3.03 2.43

Absorption spectra and their fourth derivative absorption spectra were recorded by
UVIKON943 double-split-beam spectrophotometer under the condition of 4°C and avoiding
light'*"). Low temperature steady-state fluorescence spectroscopies were measured according to
the method of Tang et al.l at liquid nitrogen temperature using Hitach Ltd. F-4500 fluorescence
split-beam spectrophotometer. The Chl concentrations of the samples were diluted to 10 ug/mL.

Time-correlated single photon count is an experimental method to measure fluorescence de-
cay time™®¥ with the advantages of high sensitivity, wide spectrum and weak light strength to
radiate samples®”. Time-resolved fluorescence measurements were performed using a synchro-
nously pumped and cavity-dumped dye laser system (Spectra Physics: SP3500 Model) with a
mode-locked YAG laser (Spectra Physics: SP3800 Model) as the pumping source. An intracavity
acousto-optically dumped Rhodamine 6G dye laser at 570—610 nm for pulse selecting at 800 kHz,
was used. The maximum laser pulse intensity (1x10” photons per cm?) was attenuated with output
laser power of 50 mW. A microchannel plate detector (Hamamatsu, Model R1645-01u) was ap-
plied to detecting single photon. The 10 mV anode signal from the detector was amplified with a
Hewlett Packard HP8447f pre-amplifier, with amplifier combination being 0.6—1.0 V. Fluores-



No. 4 ELECTRON & ENERGY TRANSFER IN CHLOROPLASTS 369

cence was collected at 90° using a Ditric Optics 3-plate birefringement. The instrument response
function had an FWHM of 100 ps. Total 1024 channels of the single photon with 25 ps per chan-
nel were recorded. The count is 10000 at peak. This single-counting system detects light pulses of
typical 30 ps duration at variable repetition rates. The chloroplast samples all were excited at 580
nm and detected at 682 nm. The optical length of the cuvette for the measurement was 1.0 cm.
The chloroplast suspension was diluted with the buffer to a final concentration of 10 ug/mL Chl,
0.4 mol/L sucrose, pH: 6.5, 50 mmol/L Mes, and 10 mmol/L NaCl. Life-times according to mul-
tiexponential kinetics were calculated by an iterative deconvolution method using a semi-linear
Marqurdt-algorithm. The quality of the fits was judged by both a reduced X criterion and a plot of
weighted residuals. The fitting program (ASUFIT) used in this work was presented by Photosyn-
thesis Research Center in Arizona State University.

2 Experimental results

2.1 UV absorption spectra

Fig. 1 (a) shows absorption spectra of the pseudo ginseng, water hyacinth and spinach
chloroplasts, and fig. 1(b) is their fourth derivative absorption spectra at room temperature. Ab-
sorption peaks at 680 and 438 nm and shoulder peaks at 649 and 484 nm are generated by Chl a
and Chl b absorbing light, respectively. Besides, carotenoid originates absorption peak at 438 nm.
In the fourth derivative absorption spectra, absorption peak at 680 nm is split into two peaks at
669 and 682 nm, responsible for two different states of Chl a molecules. Absorption spectra and
their fourth derivative absorption spectra both display an analogy for the pseudo ginseng, water
hyacinth and spinach chloroplasts efficiently absorbing light of the same wavelength. However,
fig. 1 shows that the absorption intensity at 400—500 nm for the water hyacinth chloroplast is
stronger than those for the other chloroplasts. This result discovers that the same preparation ap-
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Fig. 1. Absorption spectra at room temperature for the pseudo ginseng, water hyacinth and spinach chloroplasts.
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pears to remove an amount of carotenoid molecules less for the water hyacinth chloroplast clued
further by the strongest absorption peak at 438 nm.

2.2 Fluorescence spectra at low temperature

Fig. 2 shows fluorescence emission spectra of the pseudo ginseng, water hyacinth and spin-
ach chloroplasts at liquid nitrogen temperature. In the fluorescence emission spectra derived from
both Chl a absorbing at 436 nm (1e = 436 nm) and Chl b absorbing at 480 nm (1 = 480 nm),
fluorescence emission at 683 nm comes from PS 11 and 731 or 738 nm from PS 1*). Only for the
spinach chloroplast, can the fluorescence emission peak at 691 nm be generally reckoned to come
from its PS Il internal antenna. With respect to the fluorescence emission for the spinach chloro-
plast, the fluorescence emission in PS | for the pseudo ginseng chloroplast exhibits red shift by 10
nm. In the PS Il reaction center, the electric charge separation makes oxidized and reduced species
with highly energy appear. In the side of oxidized species, water is oxidized into oxygen and the
reduced species connects with the PS | that possesses its own light-harvesting pigment system. In
the primary processes of photosynthesis for green plant photosynthesis system, to maintain highly
efficient photosynthesis rate, it is necessary to keep balance between two photo systems that photo
quantum nearly equally enters into PS Il and PS 1%, |ow temperature steady-state fluorescence
spectroscopy of PS Il and I may account for the balance at some extent. If Fgg3, F73; and Fo3g rep-
resent PS Il and PS | relative fluorescence intensity for the three plant chloroplasts, the value of
F731 / Fegs (spinach), Fs, / Fegy (water hyacinth) and Fr3g / Fggs (pseudo ginseng) (see fig. 3 (a))
can be applied to judging the distribution of excitation energy between two photo systems and
estimate the balance. The values of ratios between two photo systems are 0.29, 0.37 and 0.85 for
the pseudo ginseng, water hyacinth and spinach chloroplasts, respectively, which discloses that the
balance for the spinach chloroplast is the best, while the balance for the pseudo ginseng chloro-
plast the worst. The similar values are 0.31, 0.49 and 0.90 for the pseudo ginseng, water hyacinth
and spinach chloroplasts observed in fig. 3 (b) by Chl b absorbing at 480 nm. It is interesting to
notice that pseudo ginseng plant growing slower is in accordance with the less balance of distribu-
tion of excitation energy between two photo systems. This result may not be an accidental coinci-
dence, possibly an indication for the less efficient photosynthesis in the pseudo ginseng chloro-
plast.

The fluorescence excitation spectra of the pseudo ginseng, water hyacinth and spinach
chloroplasts at 77 K are shown in fig 3. An observation is that in fig. 3 (a) the same intensity peak
at 437 nm arising from Chl a as that at 483 nm from Chl b appears in the pseudo ginseng chloro-
plast. This result illustrates that light energy absorbed by Chl a and b in the pseudo ginseng
chloroplast fabricates a similar contribution to fluorescence emission (Fsgs) in PS 1. In fig. 3 (b),
the less ratio of contribution to PS I fluorescence emission (Fz40) by Chl b absorbing at 474 nm is
ascertained.
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Fig. 2. Fluorescence emission spectra for the pseudo ginseng, water hyacinth and spinach chloroplasts at 77 K.
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Fig. 3. Fluorescence excitation spectra for the pseudo ginseng, water hyacinth and spinach chloroplasts at 77 K.

2.3 Fluorescence lifetimes

During the primary processes of photosynthesis, the non-radiative process and the radiative
process may both play an important role in the decay of excitation energy in the plant. In this work,
we have taken fluorescence decay lifetimes including the two processes measured by a
time-resolved chlorophyll fluorescence of the isolated samples.

The measured fluorescence decay curves in PS 11 at room temperature for the pseudo ginseng,
water hyacinth and spinach chloroplasts are shown in fig. 4. At this point, we do not add DCMU
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Fig. 4. Instrument response curve and fluorescence decay

curves in PS 11 at room temperature for 1, water hyacinth; 2,
spinach; 3, pseudo ginseng; and 4, laser.

or potassium ferricyanide into the samples to
affect the Qa state in order to study the near
natural states in PS Il of the chloroplasts for a
comparison. Furthermore, we try to maintain the
same experimental conditions in all stages for
the different chloroplasts including Chl a/b ratio
determined, absorption spectra recorded, low
temperature steady-state fluorescence spectros-
copy measured and time-resolved fluorescence
measurements performed. It is found that the
quality of the fits judged by both a reduced »?
criterion and a plot of weighted residuals was not
improved from three Kinetic components to four
kinetic components so that a three-component
model to fit fluorescence decay curves was used.

The lifetime of slow component depends on the fitting range. In table 2, the results for a fitting
range of 4.0, 4.5 and 5.0 ns are listed including their values of a reduced 4 criterion less than 1.5
and amplitude values. The weighted residuals are given in fig. 5. Their values responsible for the
accuracy of a fitted result are all less than + 4 in the fitting range with a uniform line.

The fitted results illustrate that among
the three chloroplasts for the pseudo ginseng
chloroplast the fluorescence lifetimes of three
decay components in PS Il are the smallest.
The lifetime (z¢) of fast fluorescence decay
component in the PS 11 of the pseudo ginseng
chloroplast is just 30 ps with the largest am-
plitude 60%. In the spinach chloroplast the
largest amplitude is the middle lifetime com-
ponent (66%, 465 ps), but in the pseudo gin-
seng chloroplast the largest amplitude is the
fast lifetime component (60%, 30 ps), while
the lifetime of fast component is 190 ps for
the spinach chloroplast. It generally agrees
with the origin of fluorescence decay for the
slow component arising from the peripheral
antenna so that it may account for that the
peripheral antenna little decays absorbed

Water hyacinth

40 0.5 1 1.5 2 2.5 3 3.5 4
Ol‘ TR NP . ; ' N
3 Pty 1
2005 1 15 2 25 3 35 4 45 5
Ol_ LA . s N ha o o b i |
_3 = v
20 1 2 3 4 S 6
Ol_ IR ot A B B |
3 R rw{ ¥
- Spinach
= 30 0.5 1 1.5 2 25 3 3.5 4
= ()|> DAL Ay A A i - penfia Mg ~—
= _2 WV FVAAN v A Al 3
¢ 30 .05 1 15 2 25 3 35 4 45 5
= ()|_ RV NN WA T NI |
2 3 WV WA W Y AR AL Gt
= 30 1 2 3 4 S 6
k5 ()|> YT A | |
3 WY O T A2 T AP 7
-2 Pseudo ginseng
20 0.5 1 1.5 2.5 3 35 4
0|_ PN Va4 AT PAWLAY AN "\/AI ot \'\'/AV AA\J\/V T - /]
30 05 1 1.5 2 25 3 35 4 45
TR ol x = i
_(é)‘l' TV Mo i A |
0 S 1 15 2 25 3 35 4 45 5
8|> TN DBV VN AV i P ’ y
_4 MW 7 o~ vV UAARREAVY TS VA
t/ns

Fig. 5. The weighted residuals (all less than +4) for the fitting
ranges of 4.0, 4.5 and 5.0 ns for the pseudo ginseng, water hya-
cinth and spinach chloroplasts, Y-coordinate is for the weighted
residuals and X-coordinate for the fitting ranges. 1, Water hya-
cinth; 2, spinach; 3, pseudo ginseng; 4, laser.
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light energy during the primary processes of photosynthesis in green plants, because of the ampli-
tude of the slow lifetime component being the smallest for all the chloroplasts and less contribu-
tion to fluorescence decay. It should be mentioned that the lifetime of fast component is obviously
distinct, lowered to 30 ps for the pseudo ginseng chloroplast corresponding to 200 and 140 ps for
the water hyacinth and spinach chloroplasts while the amplitude highlighted from 30%—40% to
60%. Detailed discussion for the origin of fluorescence component and applications will be given
in the next section.

Table 2  The fitted results of fluorescence decay curves of PS Il for the pseudo ginseng, water hyacinth
and spinach chloroplasts

0—4ns 0—4.5ns 0—5ns
ti/ps A (%) Ve 71 /ps A (%) s 7 Ips A (%) Ve
196 30 190 28 205 32
Spinach 465 66 1.05 455 68 1.03 477 64 1.05
1469 4 1378 4 1530 4
135 42 138 43 143 44
Water
hvact 504 50 1.11 515 50 1.03 533 49 1.03
yacinth
1437 8 1476 7 1569 7
] 29 59 30 60 31 60
Pseudo 265 38 1.30 274 38 1.42 282 38 1.54
ginseng
731 3 801 3 883 2

3 Discussion

Explanation of fluorescence original for the experimentally observed complex decay kinetics
in a green plant chloroplast has been a subject of intense discussion. Two models were found to be
kinetically appropriate in isolated intact PS Il of chloroplast of green plant. The simplest model in
a rigorously defined quantitative manner, which has been used to interpret steady state fluores-
cence measurements, is the bipartite model®! which involves two species, antenna chlorophyll
and a reaction center, implying that the light harvesting chlorophyll a/b protein and PS Il core
antennae are so tightly coupled that they may be considered as one species. In this model, it ig-
nores all details of energy transport through the antenna and treats only the coupling between an-
tenna A and reaction center (RC or Pggo). The reversible radical pair model®®?! is based on fast
(few ps) equilibration of exciton distribution between all PS Il Chl and only considers the rate
constants of electron transfer reactions in the reaction center’®® that is the limiting step in charge
separation. The tripartite model and heterogeneous bipartite dynamics model were put up by
modifying the bipartite model®. By changing PS 11 RC to closed state, or open state, or any state
between them, more information can be obtained to understand the kinetics and energetics of the
exciton trapping, charge separation, charge recombination, and charge stabilization processes in
PS 1l and some of experimental measured fluorescence decays attach a description of components
from PS 1 or PS Il o/PS 11 B heterogeneous units!®?! brought forward throughout different states
of Chls conjoint to the reaction center in PS Il with their own features of the distinct energy trans-
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fer rates. However, our recent experiment can argue that fluorescence decay components of fast
and middle lifetimes in PS 11 are independent of PS 1], The concept of o and B centers in terms
of PS 11 centers of different antenna sizes located in different areas of the thylakoid membrane has
recently been questioned and therefore such an interpretation shows a certain degree of uncertain-
ty[9,28,29]_

FrCJe Chl in solution has a typical lifetime around 5.0 ns%. In isolated LHCII the lifetime
drops to 1.2 ns due to increased non-radiative decay[8]. Although there exist the controversies on
the three-component or four-component theoretical models and the argument on the origin of fluo-
rescence component in the green plant chloroplast, it generally agrees with the assignment of the
slow lifetime component to a pool of free chlorophyll®®*, as suggested by Marder and Raskin®?,
which is supported by our measurements of relative variable fluorescence in PS Il from the
chloroplasts due to different states of chlorophyll®®. However, the assignment of the fast and
middle components is still in conflict with each other. Schatz et al.”®! reported a conclusion that at
least two pigment pools contribute to the fast component. Recently, it is reported that the explana-
tions of the reversible radical pair model are most compatible with recent experimental data on
charge separation time constants®®!. The reversible radical pair model may predict that the fluo-
rescence decay of any PS Il population in the chloroplasts will be composed of two exponential
components in that these systems in this paper have the characteristics of the fast and middle
components. Mainly based on the two models and our experimental results, we suggest a hypothe-
sis for the assignment of the fast and middle lifetime components, i.e., the fast lifetime component
originates from the reaction center of PS II, and the middle lifetime component may be consistent
with the delay fluorescence of recombination of Pgg," and Pheo™. After the slow lifetime compo-
nent has been attributed to a collection of associated light harvesting Chl a/b proteins, for the
largely releasing absorbed light energy due to less efficient photosynthesis in the pseudo ginseng
chloroplast, it is an appropriate suggestion that the fast lifetime component is assigned to the reac-
tion center in PS 1l which is in a broad sense compatible with the result of Roelofs et al.”® that is,
the a-B heterogeneity of PS Il results in two pairs of lifetimes for fast and middle compo-
nentst?®?!. In PS 11, the fluorescence emission peak at 691 nm of the spinach chloroplast is gener-
ally believed to come from its PS Il internal antenna. Due to the reaction of recombination of Pgg,"
and Pheo, the middle fluorescence lifetime is delayed by more than 200 ps compared with the
fast fluorescence lifetime®®. Our experimental results tally with the conclusion that there exists
the delayed 200 ps fluorescence lifetime. Our assignment of the fast lifetime component attributed
from the reaction center of PS 11, the middle lifetime component from the delayed fluorescence of
recombination of Pggy” and Pheo™ and the slow lifetime component from a ¢ llection of associ-
ated light harvesting Chl a/b proteins not only coincides with the charge separation controlled
model in PS Il reaction center but also is able to interpret the current experimental observations
very well.



No. 4 ELECTRON & ENERGY TRANSFER IN CHLOROPLASTS 375

For the fast lifetime component, its fluorescence Kkinetics can be described as follows:
Pego + v — "Pego™ (Or "A* + Pggo — A + 'Pege™) Rate: I, (ka[*A*] [Pesol),

'Pego* — Pego + hv [*Peso™] Kr,
"Pego* — Pego [*Peso*] Kic,
"Pego* — *Peso* [*Psso*] Kisc,
"Pego* — Pego” [*Peso™] Kr,

In this model, 1, (or k) represents absorbed photo quantum or the transfer rate constant from
any antenna chlorophyll to the Pggo, ks is the radiative rate constant for fluorescence emission, ki.
and kis; represent nonradiative decay rate constant for interconversion and intersystem crossing,
respectively, and k; is charge separation rate constant. Notice that in this model the reversible en-
ergy transfer from the Pgg to other chlorophylls and the delay fluorescence from the recombina-
tion of Pggo” and Pheo™ were not considered simply.

According to Cowan and Drisko® (assumed just by absorbing photo quantum to excite Pego
for simplifying the equation), we can obtain

d[*Peso™]/dt = 0 = I, — [*Peo*Tks — ["Peso™Tkic — [Peso™IKisc — [Peso™Iks,

then
['Poso*] = la / (ks + Kic + Kisc + ko),
next
Ds= ke / (Ks + Kic + Kisc + k)
and

7e =1/ (K + Kic + Kisc + k),
where 75 is experimental fluorescence lifetime which is controlled by ks, ki, kisc and k;, etc. When
DCMU or potassium ferricyanide is added into the samples of the chloroplasts, the Qa state of PS
Il changes, resulting in the alternation of the values of ks, the values of ki, kisc and k; are increased
or dropped. Therefore, it has brought about difficulty in analyzing the fluorescence component
origin. In this work, it was emphasized that the fluorescence decay curves of PS 1l were measured
at the same condition of the natural states in PS II.

It is still an unsolved controversy for the charge-separated rate constant of PS 1l reaction cen-
ter. Two models 20 and 3 ps charge-separated rate constant to explain the controversy have been
put forward*3>**1. Klug and his coworkers had published a series of papers in support of a ca.
20 ps effective time constant for the appearance of the charge-separated state. The conclusion was
supported by the experiments reported by McCauley et al. and Freiberg et al. This effective time
constant is consistent with a trap-limited model for charge separation in PS Il. On the other hand,
several groups had published data interpreted as supporting a ca. 3 ps time constant for the
primary charge separation! *. A 3 ps time constant is consistent with low-temperature
hole-burning experiments and early predictions based on kinetic models and picosecond fluores-
cence experiments® and also in agreement with the well-established 2.5—3.5 ps time constant for
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primary charge separation in the reaction center of purple bacteria®. Donovan et al.®! tried to
argue this controversy. They found the sensitivity of the observed transient absorption signals de-
pending on the laser intensity. A variety of fast components, unobserved at low laser intensities,
become prominent at higher laser intensities. At low excitation energy the signals observed are
most consistent with a (20£2) ps effective time constant for charge separation. The primary
processes in PS Il appear too complicated for such a simplistic interpretation of the data. Notice
that the different methods and measurement means were used, however, at the PS reaction center
the main paths of excitation energy to be decayed are the non-radiative and radiative decay com-
peting with the charge separation of excitation energy conversation and stabilization. Again at the
moment, the excited energy transfer process for Ypego™ is neglected for some parts of effects to be
offset by each other, so we pay attention to the charge separation process in PS Il RC competing
with the deactivation of excited energy by the non-radiative and radiative decay. To figure out the
physical intention between the fluorescence lifetime and the effective time constant of the charge
separation, the # is defined as efficiency converted from the excitation energy to electrochemical
energy in PS 1l RC as follows:
n=U(r. /(U 7.+ 1/ 7¢)) x100%,

where 7, = 20 ps for the (20 + 2) ps model and 3 ps for the 3 ps model, and 7 means the fast fluo-
rescence lifetimes. The values of # for the different chloroplasts are listed in table 3.

In the pseudo ginseng chloroplast the excitation energy conversation efficiency 7 in PS Il RC
is 60% calculated on the basis of the 20 ps charge separation model, which is in good agreement
with the distribution of excitation energy and the quantum balance between two photo systems
and the growth nature of the pseudo ginseng plant, exposing that about a half of excited energy in
the PS 1l of the pseudo ginseng chloroplast might be deactivated by the non-radiative process and
radiative process during the charge separation. Two important factors, the distribution of absorbed
energy associated with light harvesting Chl a/b proteins and excitation energy converted efficiency
from PS Il to PS I, affect the distribution of excitation energy and the quantum balance between
two photo systems. One of two extreme cases is that the balance between two photo systems for
the pseudo ginseng chloroplast is dominated by the distribution of absorbed energy associated
with light harvesting Chl a/b proteins, and the effect of excitation conversion on balance is ne-
glected or cannot be clarified. Another extreme case is that absorbed energy associated with light
harvesting Chl a/b proteins accumulates in PS 11 and the balance between two photo systems for
the pseudo ginseng chloroplast is just controlled by excitation energy conversion from PS Il to PS
I, in which the efficiency is estimated to be about 50% due to the reduced electrochemical energy
connecting with PS I. The values of balance (0.30—0.37) for the pseudo ginseng chloroplast
should be affected together by the two factors. Calculated on the 3 ps charge separation model, for
the pseudo ginseng chloroplast # is 91%, which might not account for the balance of excitation
energy distribution in the pseudo ginseng chloroplast and not accord with the nature of the plant
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according to the view of energetics, although there is a plentiful Chl b of PS Il in the pseudo gin-
seng chloroplast. In the water hyacinth chloroplast, the absorbed energy associated with light har-
vesting Chl a/b proteins in PS | is highlighted by accumulating Chl a in PS | and the excitation
energy conversation efficiencies both are 98% in the PS Il of the water hyacinth and spinach
chloroplasts calculated on the 3 ps charge separation model. This result could hardly interpret that
the balance of excitation energy distribution between two photo systems in the water hyacinth
chloroplast is different from that in the spinach chloroplast. Throughout the excitation energy
conversion efficiency and the application of the charge separation time constant model, our ex-
perimental results prove reasonable to the 20 ps effective charge separation time constant estab-
lished or to a step about an effective 20 ps time in multi-steps charge separation processes in PS 11.
Because the excitation energy conversion efficiency in the water hyacinth chloroplast is smaller,
our experimental results demonstrate that the growth rate for the water hyacinth plan is smaller
than that for the spinach plant. But, due to a plentiful amount of carotenoid molecules in the water
hyacinth chloroplast, the capacity of absorbing and trapping light is improved. The biggest value
of 77 is 91% in PS 1l RC of the spinach chloroplast, which is clearly distinct from what is always
assumed to have 100% excitation energy conversion efficiency in PS 1l RC. As the same argument
as mentioned above, we may obtain an estimate that plants can perform highly efficient transfer of
photo-excitation energy from the light-harvesting pigment system to the reaction center (near
100%) due to two factors, the slow fluorescence lifetime and fast excited energy transfer.

Table 3 Excitation energy conversation efficiency [ = 1/(z (1/ 7 + 1/ 7)) X100%] in PS 1l RC for the pseudo
ginseng, water hyacinth and spinach chloroplasts

Tl ps Pseudo ginseng Water hyacinth Spinach
0—4.0ns 0—45ns 0—50ns 0—40ns 0—45ns 0—50ns 0—4.0ns 0—45ns 0—5.0ns
20 59.2 60.0 60.8 87.1 87.3 87.7 90.7 90.5 91.1
3 90.6 90.9 91.2 97.8 97.9 97.9 98.5 98.4 98.6

4 Conclusions

Having studied the absorption spectra, low temperature steady-state fluorescence spectro-
scopy and the fluorescence lifetime for the isolated chloroplasts, we can get several important
suggestions: (i) These plants all may efficiently absorb light photon. (ii) The fluorescence decays
in PS Il measured at the natural Qa states for the chloroplasts have been analyzed by a
three-exponential kinetic model and a definite assignment of fluorescence components. The slow
lifetime fluorescence component is assigned to a collection of associated light harvesting Chl a/b
proteins, the fast lifetime component is attributed to the reaction center of PS Il and the middle
lifetime component may be in agreement with the delay fluorescence of recombination of Pggy”
and Pheo™. Such an assignment of fluorescence component in this paper has taken on comparabil-
ity with the actual models but cherishes more distinct physical significance. (iii) The excitation
energy conversation efficiency in PS Il RC is defined and measured. The value of # calculated on
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the same charge separation model is varied for the different chloroplasts. On the 20 ps model, the
values of # are 60%, 87% and 91% for the pseudo ginseng, water hyacinth and spinach chloro-
plasts, respectively. This interesting result is not in conformity to what is assumed that the effi-
ciency is 100% in PS Il RC. But, our results show that those plants can perform highly efficient
transfer of photo-excitation energy from the light-harvesting pigment system to the reaction center.
From the application of the effective charge separation time constants, our results may testify the
(20+2) ps model with more rationality, and yet are not likely to obviate the 3 ps effective charge
separation time constant. (iv) The nature of green plant growth may be expressed in the primary
processes of photosynthesis. In the pseudo ginseng chloroplast isolated using the same preparation
as the spinach chloroplast, there is not only a red shift about 10 nm for the fluorescence emission
coming from PS 1, but also a discordant balance of excitation energy distribution between two
photo systems. Furthermore, the excitation energy conversation efficiency in PS Il RC calculated
on the 20 ps charge separation time constant for the pseudo ginseng is 60%, which falls in with the
nature of the plant. Our experimental results may imply a relationship between a green plant
growth and its fluorescence characteristics and fluorescence lifetime. To maintain highly efficient
photosynthesis, it is necessary for green plant to contain a proportional photo quantum balance
between two photo systems, efficient transfer of photo-excitation energy from the light-harvesting
pigment system to the reaction centers and efficient primary charge separation with high excita-
tion energy conversation efficiency. The slower the plant grows, the less the excitation energy con-
versation efficiency is satisfied.
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