
246 Biochimica et Biophysica Acta, 725 (1983) 246-253 
Elsevier 

BBA 41396 

PICOSECOND FLUORESCENCE KINETIC STUDIES OF ELECTRON ACCEPTOR Q REDOX 
HETEROGENEITY 

KERRY K. KARUKSTIS and KENNETH SAUER 

Department of Chemistry and Laboratory of Chemical Biodynamics, Lawrence Berkeley Laboratory, University of California, Berkeley, 
CA 94720 (U.S.A.) 

(Received June 21st, 1983) 

Key words: Reduction potential," Picosecond fluorescence kinetics," Photosystem II," Chlorophyll; Thylakoid stacking," (Spinach chloroplast) 

We have investigated the influence of chloroplast organization on the nature of chemical reductive titrations 
of Photosystem II fluorescence decay kinetics in spinach chloroplasts. Structural changes of the chloroplast 
membrane system were induced by varying the ionic environment of the thylakoids. A single-photon timing 
system with picosecond resolution monitored the kinetics of the chlorophyll a fluorescence emission. At all 
ion ic  concentrations studied, we have observed biphasic potentiometric titration curves of fluorescence yield; 
these have been interpreted to be suggestive of electron acceptor Q heterogeneity (Karukstis, K.K. and 
Saner, K. (1983) Biochim. Biophys. Acta 722, 364-371; Cramer, W.A. and Butler, W.L. (1969) Biochim. 
Biophys. Acta 172, 503-510). A direct relation is observed between the E m value of the low-potential 
component of Q and the Mg z+ concentration of the chloroplast suspending medium. We have attributed 
these midpoint potential variations to the thylakoid structural rearrangements involved in cation-regulated 
grana stacking, lonic effects on the fluorescence decay kinetics at the redox transitions are discussed in 
terms of the heterogeneity of Photosystem II units (a- and/~-centers) and the mechanism of deexcitation at a 

closed reaction center (fluorescence or nonradiative decay). 

Introduct ion 

The chlorophyll fluorescence yield in higher 
plants varies with the state of the photochemical 
reaction centers in PS II. Changes in the fluores- 
cence yield are correlated with the redox state of 
the PS II electron acceptor Q [1]. The transition of 
a PS II reaction center from a photochemically 
active open state to a photoinactive closed state 
upon chemical reduction or photoreduction of Q 
increases the fluorescence yield from a minimal 
level, F0, to a maximum, Fma x. Chemically induced 

Abbreviations: DCMU, 3-(3',4'-dichlorophenyl)-l,l-dimethyl- 
urea; Hepes, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic 
acid; E m, reduction potential midpoint; PS, photosystem; Chl, 
chlorophyll. 

titrations of fluorescence yield permit the degree 
of Q reduction to be controlled by the amount of 
reductant added to poise the redox potential of the 
chloroplast sample. Chemical reductive titrations 
of fluorescence yield in chloroplasts at room tem- 
perature reveal two distinct redox components des- 
ignated as the high- and low-potential forms of Q, 
QH and QL, respectively. This biphasic character 
of the potentiometric titration of chlorophyll fluo- 
rescence yield has been interpreted to be indicative 
of PS II electron acceptor Q heterogeneity [2-10]. 

Various hypotheses have been proposed to 
account for the origin of this electron acceptor 
heterogeneity [4,11-14]. One model [4,11] assigns 
QH and QL as the electron acceptors of PS I! 
reaction centers in separate units (B-centers) and 
in statistical pigment beds (a-centers), respec- 
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tively. A second model [4,12-14] attributes the QH 
and QL transitions to closure of physically distinct 
PS II reaction centers, with QH in the unstacked 
thylakoids exposed to the aqueous environment of 
the stroma and QL in the partition regions of the 
grana stacks. These two models may be different 
descriptions of the same phenomena as a conse- 
quence of the recent proposal that fl-centers are 
located in thylakoid membranes directly exposed 
to the stroma while a-centers are in the partitions 
of the grana [15,16]. A third model [5] equating 
QH and QL to the singly (Q-) and doubly reduced 
(Q2-) forms of the quinone acceptor is not widely 
held [3-5]. Finally, the redox interaction of two 
closely associated PS II reaction centers in the 
grana to 'create' QL has been invoked to explain 
the existence of an additional acceptor [14]. In 
such a model the increased interaction associated 
with membrane stacking leads to delocalization of 
electronic charge; and, as a consequence, the QH 

e -  

transition in grana corresponds to [QQ] ~ [QQ]- 
e 

and the associated QH transition to [QQ]- ~ 
[QQ]2-  

Correlations of the existence of QH and QL to 
structural and compositional differences in chloro- 
plasts have been used to evaluate the nature of the 
electron acceptor heterogeneity. The distinct mem- 
brane organizations of MGZ+-depleted chloro- 
plasts, deficient in thylakoid stacks, and Mg 2+- 
enriched chloroplasts, with both granal and stromal 
membranes, are ideal systems to investigate the 
effect of PS II organization and structure on the 
redox properties of the electron acceptor Q. An 
earlier study [18] of the organizational differences 
of Mg2+-depleted and -enriched chloroplasts has 
been successfully performed with measurements of 
chlorophyll fluorescence decay kinetics as a func- 
tion of illumination conditions, revealing organiza- 
tional effects on fluorescence which occur at dif- 
ferent levels of added cation. In the absence of 
added Mg 2+, communication between PS II and 
P S I  in the form of excitation energy transfer is at 
its highest level and decreases with the addition of 
Mg 2÷, saturating at [Mg2+]=0.75 mM. These 
changes are reflected in an increase in the lifetime- 
of the slow decay component of fluorescence at F 0 
and Fma ×. At higher levels of Mg 2+ (greater than 2 
mM), communication between PS II units devel- 
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ops and the effective absorption cross-section of 
PS II increases, as exemplified by increases in the 
Fma x level slow phase yield and decreases in the F 0 
level slow phase lifetime with increasing Mg 2+ 
concentration. 

Thus, an analogous study of the fluorescence 
decay kinetics during potentiometric titrations of 
Q at variable levels of Mg 2+ offers a possibility for 
distinguishing the effect of chloroplast organiza- 
tion on Q heterogeneity. We have recently re- 
ported the results of a potentiometric titration of 
the fluorescence decay kinetics in Mg2+-enriched 
(5 mM) chloroplasts [10]. In the present paper we 
present an analysis of the effect of reduction 
potential on the fluorescence decay components of 
chloroplasts isolated in the absence of added Mg 2+ 
and in the presence of 0.50 mM Mg 2÷. We use a 
comparison of results at all levels of cation con- 
centration to discuss the possible origin of the PS 
II electron acceptor heterogeneity. 

Materials and Methods 

Broken chloroplasts were isolated from 
growth-chamber spinach by grinding depetioled 
leaves in a blender for 10 s in a medium of 0.4 M 
sucrose, 50 mM Hepes-NaOH, pH 7.5, and 10 
mM NaC1, followed by centrifugation at 6000 × g 
for 10 min. A wash with fresh grinding medium 
was followed by centrifugation under the same 
conditions. The pellet was resuspended in a 
medium of 0.1 M sucrose, 10 mM Hepes-NaOH, 
pH 7.5, and 10 mM NaC1, and then centrifuged at 
6000 × g  for 10 min. The isolated chloroplasts 
were resuspended in a medium of 0.1 M sucrose, 
50 mM Hepes-NaOH, pH 7.5, 5 mM NaC1, and 
the desired MgC12 concentration (either 0 or 0.50 
mM) to give approx. 1 mg Chl/ml.  The chloro- 
plasts were allowed to equilibrate in these buffers 
for at least 1 h. For fluorescence measurements the 
chloroplast suspension was diluted with this final 
buffer, deaerated with nitrogen gas, to a con- 
centration of 17/.tg Chl /ml.  

The reduction potential of the medium was 
measured using a PAR model 173 potentiostat and 
a platinum electrode with an Ag/AgCI electrode 
(saturated KC1 solution) as reference, calibrated 
against a quinhydrone electrode. All reduction 
potentials are reported with respect to the stan- 
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dard hydrogen electrode (pH 0). The reduction 
potential of the suspension was adjusted under 
anaerobic conditions by additions of solid di- 
thionite or small aliquots of 250 mM potassium 
ferricyanide (equilibration time 15 min). Redox 
mediators included indophenol (Em. 7 = + 228 mV), 
1,4-naphthoquinone (+60 mV), duroquinone (0 
mV), indigotetrasulfonate ( - 4 6  mV), 2,5-dihy- 
droxybenzoquinone ( -  60 mV), indigotrisulfonate 
( -  81 mV), indigodisulfonate ( -  125 mV), 
anthraquinone-2,6-disulfonate ( -184  mV), and 
anthraquinone-2-sulfonate ( - 225 mV). 

The fluorescence excitation source was a Spec- 
tra-Physics synchronously pumped, mode-locked 
dye laser (SP 171 argon ion laser, SP 362 mode 
locker, and modified SP 375 dye laser). Chloro- 
plast samples were excited with output pulses at 
620 nm with a full-width half-maximum duration 
of 8 ps. We used a low excitation intensity to 
measure the initial level of fluorescence and to 
prevent appreciable steady-state reduction of Q. 
(A fluorescence photon count ratemeter monitored 
the fluorescence intensity during an experiment.) 
Fluorescence at 680 nm was detected at right 
angles. The single-photon timing system and 
numerical analysis methods have been discussed 
previously [18-20]. All fluorescence decay data 
were resolved into a sum of three exponential 
decays with a lifetime resolution limit of 25 ps. An 
average lifetime of a fluorescence decay is calcu- 
lated using the equation 

3 

Tmean = Z O£iT~ 
i= l  

where a i and 5 are the amplitude and lifetime of 
the i-th component, respectively. 

Results 

Titration in the Absence of Added Mg:  + 
Fig. 1 presents the potentiometric titration of 

the total fluorescence yield and the yield of the 
three fluorescence decay components for spinach 
chloroplasts at pH 7.5 in the absence of Mg 2+. 
Both the oxidative and reductive titrations are 
reversible processes, verifying that stable reduction 
potentials had been attained. The total fluores- 
cence yield increases 2.4-fold as the reaction centers 
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Fig. 1. Potentiometric titration of the total fluorescence yield 
and the yields of the components of the fluorescence decay in 
spinach chloroplasts at pH 7.5 in the absence of added Mg 2+. 
(1~) Total fluorescence yield; (©) yield of the slow phase; (× )  
yield of the middle phase; and ( ~ )  yield of the fast phase. For 
the total and slow phase yields, open symbols, oxidative titra- 
tion; closed symbols, reductive titration. 

are closed upon chemical reduction. The solid 
curve through the experimental total yield data 
represents Nernst behavior for two successive 
one-electron redox transitions previously attri- 
buted to QH and QL, the high- and low-potential 
components of Q, respectively. The midpoint re- 
duction potentials, Em,7. 5 values, are + 99 and 
-295 mV for Qu and QL, respectively, with QH 
accounting for 57% of the variable fluorescence 
and QL for 43%. Changes in the slow phase yield 
are also fitted to a composite of two one-electron 
transitions with Era,7. 5 = + 113 and - 287 mV and 
with corresponding relative contributions to the 
fluorescence yield of 55 and 45%. There is a 6-fold 
increase in the slow phase yield as the reaction 
centers are closed. The yield of the fast decay 
component is essentially insensitive to the state of 
the PS II reaction center, while the middle phase 
yield increases by 30% as the potential is lowered. 

The lifetimes of the three components of the 
fluorescence decay as functions of reduction 
potential are plotted in Fig. 2. The slow phase has 
a constant lifetime of approx. 1500 ps during QH 
reduction and increases to about 1700 ps during 
QL reduction. The middle phase lifetime increases 
during QH reduction from approx. 350 to 500 ps. 
The lifetime of the fast phase remains constant at 
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Fig. 2. Lifetimes of the components of the fluorescence decay 
in spinach chloroplasts at pH 7.5 in the absence of Mg z÷ as a 
function of the reduction potential of the medium. (©) Life- 
time of the slow phase; (×)  lifetime of the middle phase; (O) 
lifetime of the fast phase. 

approx. 120 ps. The mean lifetime doubles during 
the course of Q reduction from 600 to 1200 ps. 
These effects are essentially the same as those 
observed in a recent investigation [18] of the state 
of the PS II reaction center of Mg2+-depleted 
chloroplasts as determined by illumination condi- 
tions. 

Titration in the Presence of 0.50 mM Mg'  + 
Fig. 3 presents the potentiometric titration of 

the total fluorescence yield and the yields of the 
three fluorescence decay components for spinach 
chloroplasts isolated at pH 7.5 in the presence of 
0.50 mM Mg 2÷. The equivalent titrations in the 
presence and absence of redox mediators verify 
that stable reduction potentials were attained. The 
redox transitions of the total fluorescence yield are 
best described by the sum of two one-electron 
transitions with Era,7. 5 = +70 and - 3 4 5  mV. QH 
contributes 55% to the total variable fluorescence 
and QL, 45%. Two successive increases in the slow 
phase yield exactly parallel those of the total yield, 
with Em.7. 5 - - - - - + 7 0  and - 3 4 6  mV and relative 
amplitudes of 54 and 46%, respectively. The fluo- 
rescence yield of the fast component is indepen- 
dent of the redox state of the reaction center, 
although the yield of the middle component in- 
creases by 30% as the reaction centers are closed. 
The dependence on reduction potential of the flu- 
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Fig. 3. Potentiometric titration of the total fluorescence yield 
and the yields of the components of the fluorescence decay in 
spinach chloroplasts at pH 7.5 in the presence of 0.50 mM 
Mg 2÷. (13) Total fluorescence yield; (O) yield of the slow 
phase; (×)  yield of the middle phase; and (O) yield of the fast 
phase. For the total and slow phase yields, open symbols, no 
redox mediators; closed symbols, redox mediators present. 

orescence lifetimes of the decay components is 
presented in Fig. 4. The lifetime of the fast compo- 
nent is constant at approx. 100 ps and that of the 
middle phase is also relatively constant at 400-500 
ps. An increase in the lifetime of the slow compo- 
nent from 1100 to 1500 ps occurs during the QH 
transition, while a lifetime in the range of 
1500-1700 ps is characteristic of the QL transition. 
The mean lifetime increases from 600 to 1200 ps 
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Fig. 4. Lifetimes of the components of the fluorescence decay 
in spinach chloroplasts at pH 7.5 in the presence of 0.50 mM 
Mg 2+ as a function of the reduction potential of the medium, 
(O) Lifetime of the slow phase; (×)  lifetime of the middle 
phase; and (O) lifetime of the fast phase. 
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TABLE I 

CHARACTERISTICS OF THE POTENTIOMETR1C TITRATION OF ELECTRON ACCEPTOR Q AS A FUNCTION OF 
Mg 2÷ CONCENTRATION 

Era,7. 5 values relative to the standard hydrogen electrode. 

[ M g  2+ ] Q H  QL 

( m M )  qJtoul 4~1o~ ~total 4~slow 

Em.7.5 % Era.7. 5 % Era.7.5 % Em,7.5 % 
(mV) (mV) (mV) (mV) 

0 + 99 57 + 113 55 - 295 43 - 287 45 

0 .50 + 70 55 + 70 54 - 345 45 - 346 46 

5.0 + 106 50 + 119 54 - 384 50 - 395 46 

as the reaction centers are closed. 
Table I summarizes the results of this study for 

the potentiometric titration of fluorescence decay 
kinetics for Mg2+-depleted chloroplasts and chlo- 
roplasts isolated in the presence of 0.50 mM Mg 2 +. 
Included for comparison are the results of the 
earlier [10] potentiometric titration of the fluores- 
cence decay kinetics of Mg2+-enriched chloro- 
plasts isolated in the presence of 5.0 mM Mg 2+. 

Discussion 

Cationic Changes in Chloroplast Structure and 
Function 

The stacking of thylakoid membranes to form 
grana is induced in higher plants by low con- 
centrations of divalent cations (2-5 raM) or high 
concentrations of monovalent cations (100 raM) 
[21-26]. In addition to the formation of appressed 
thylakoids in grana, it has been generally held that 
a conversion of isolated PS II fl-centers into com- 
municating PS II a-centers occurs upon addition 
of Mg 2+ via enhanced coupling of the light- 
harvesting Chl a/b  antenna to the reaction centers 
[27]. Melis and Ow [16] have recently demon- 
strated, however, using absorbance difference 
spectrophotometry in the ultraviolet region and 
measurements of fluorescence induction, that the 
absolute number of a- and/3-centers remains un- 
changed by Mg 2+ treatment and that the relative 
number of a- and B-centers is approx. 65 and 35% 
of the total, respectively. Furthermore, recent re- 
ports [15,16] indicate that, in grana-containing 
chloroplasts, a-centers are located in appressed 

membranes only and B-centers are found in the 
stroma-exposed thylakoids. 

In addition to effecting conformational changes, 
the cationic composition of the chloroplast sus- 
pending medium induces fluorescence yield varia- 
tions. One such chloroplast functional change is 
the well documented [24,28-30] 2-fold increase in 
the room-temperature fluorescence yield of 
DCMU-poisoned chloroplasts upon the addition 
of 2-5 mM Mg 2+. This observed increase in PS II 
quantum efficiency has been hypothesized to re- 
sult from either a decrease in the spiUover rate 
between PS II and P S I  [29-32], an increase in the 
absorption cross-section of PS II [33,34], or a 
combination of the two effects [18]. However, Melis 
and Ow [16] recently concluded that the cation-de- 
pendent yield of chlorophyll fluorescence in chlo- 
roplasts at room temperature is entirely accounted 
for by an Mg2+-dependent nonradiative decay rate 
constant for PS II a-centers. They observed a 
7-fold increase in the variable fluorescence yield of 
PS II a-centers upon the addition of 5 mM Mg 2+. 
The variable fluorescence yield of /3-centers and 
the nonvariable fluorescence yield, F 0, are essen- 
tially independent of cation concentration [16]. 

Cationic Variations in Potentiometric Titrations oJ 
Fluorescence 

This study measured significantly different E m 
values for the QL transition in spinach chloro- 
plasts isolated in the presence of different ion 
concentrations. The midpoint potential of QL is 
lowered with increased levels of Mg2+; at Mg 2+ 
concentrations of 0, 0.50 and 5.0 raM, the Era,v, 5 



values for the transition in the total fluorescence 
yield are - 295, - 345 and - 384 mV, respectively, 
with similar Era,7. 5 values for the slow phase yield, 
-287 ,  - 3 4 6  and - 3 9 5  mV, respectively. Ex- 
amination of the steady-state titrations of fluores- 
cence yield of Horton [8] in the presence and 
absence of added Mg 2÷ reveals a similar, but less 
pronounced trend in Em, 8 value for QL, decreasing 
from - 2 6 5  to - 3 0 0  mV, upon the addition of 5 
mM Mg 2÷. In the present study, Mg 2÷ concentra- 
tion did not significantly alter the relative contri- 
bution of QL to the total variable fluorescence, 
although Horton [8] observed a decrease in the 
relative contribution of QL from 30 to 16% upon 
depletion of Mg 2÷ in steady-state measurements 
of total fluorescence yield. Our study further indi- 
cates that the contribution of QL to the slow decay 
component yield is constant with increasing levels 
of Mg 2÷. In addition, the presence of both QH and 
QL in unstacked Mg2+-depleted membranes 
eliminates the simplifying assignment [4,11] of 
these acceptors to physically distinct reaction 
centers. 

The present results are suggestive that chloro- 
plast membrane organization changes affect the 
redox characteristics of the QL transition. Varia- 
tions in the proportion of QL have previously been 
observed [8,17] or predicted [8,17] when the 
organization of PS II complexes has been altered 
by such treatments as growth under an intermit- 
tent-light regime, isolation of subchloroplast par- 
ticles with detergents, or the phosphorylation of 
thylakoids. However, the assumption that fluores- 
cence yield is linearly related to Q concentration is 
not generally valid [7,13,35]. The present study 
presents the first correlation of the E m value of QL 
to membrane organization. 

According to recent reports [8,14], the existence 
of QL is associated with the increased complexity 
of chloroplast membranes upon aggregation of PS 
II reaction centers. Such a theory is modeled after 
the demonstration of Wikstrom et al. [36] of the 
effect of heme-heme interaction on the redox 
properties of the a-type cytochromes in cyto- 
chrome oxidase. Differences in the organization of 
the pigment-protein complexes in the thylakoid 
membranes occur as a consequence of changes in 
the ionic environment surrounding the membrane 
[37]. These organizational changes affect the redox 
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characteristics of the QL transition such that the 
stacking of thylakoids into grana is reflected in a 
more negative E m value for QL" However, the 
present results do not rule out the possibility for 
the creation of QL by a redox interaction between 
two closely associated PS II reaction centers [8,14]. 
In such a case, QH corresponds to the transition 

e 

[ Q Q ] - ~  [QQ]- and QL to the transition 
e -  

[QQ]- ~ [QQV. 

Differences in the E~.,7.5 value for the QH tran- 
sition in total fluorescence yield are also noted at 
different levels of Mg 2+. At a level of added cation 
of 0.50 mM Mg 2+, the Era,7. 5 value, +70 mV, is 
lower than the corresponding value in either the 
absence or the presence of 5.0 mM Mg 2+, Era,7. 5 = 
+ 100 mV. Complex behavior of both the steady- 
state fluorescence [34] and the fluorescence decay 
kinetics [18] at this intermediate level of Mg 2+ has 
previously been noted. Although changes in the 
effective absorption cross-section of PS II and in 
the rate constant for nonradiative decay have been 
postulated as the origin of this complex fluores- 
cence behavior, Marsho and Kok [38] also found 
an increase in the extent of reduction of the sec- 
ondary electron acceptor plastoquinone pool with 
the addition of low levels of Mg 2+. Small varia- 
tions in the redox state of these intermediate elec- 
tron carriers, which titrate in the vicinity of QH 
[6,9,39], are a likely source of the observed changes 
in the Em value of Q , .  

Effect of Cation Level on Fluorescence Decay Kinet- 
ics 

We have recently proposed [10,18,19] that an 
increase in the lifetime of the slow component of 
fluorescence decay, ~'slow, as reaction centers are 
closed is indicative of energy transfer between PS 
II units. When communication between reaction 
centers exists, increases in the lifetime of an ex- 
cited state in the chlorophyll antenna of a closed 
reaction center are anticipated. PS II a-centers 
would be expected to exhibit such communication 
via excitation transfer, the extent of the increase 
depending on the fraction of open reaction centers. 
Thus, the state of the reaction center as de- 
termined by reduction potential or illumination 
conditions affects ~slow of a-centers only. Although 
the relative number of a-centers is constant over 
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all levels of  a d d e d  Mg 2+, high concent ra t ions  of 
M g  2÷ (2 -5  mM)  are required for exci tat ion trans-  
fer to be observed [18,19]. Presumably  [16], non- 
radia t ive  decay  competes  eff iciently with exci- 
ta t ion  t ransfer  as a possible  deexc i ta t ion  mecha-  
nism at low Mg 2+ levels and  ~sJow remains  con- 

stant.  
Previous t i t ra t ions  [10] in the presence of 5 m M  

Mg 2+ revealed an increase in ~'slow dur ing  both  Q ,  
and  Q L reduct ion,  suggesting that  bo th  e lect ron 
acceptors  may  be  present  in a-centers .  F o r  spinach 
chloroplas ts  in the presence of 0.50 m M  Mg 2÷ the 

increase in T~ow dur ing  Q .  reduct ion  verifies that  
Q ,  is a poss ible  e lect ron acceptor  in a-centers .  In  
Mg2÷-deple ted  chloroplas ts  the cons tan t  ~'~low dur-  
ing Q reduct ion  is a t t r ibu ted  to the absence of 
communica t ion  via  exci ta t ion t ransfer  between a- 
centers  as a consequence  of a compet i t ive  rate  of 
nonrad ia t ive  decay  of exci tat ion.  We are still una-  
ble to de te rmine  the ident i ty  of  the electron accep- 
tor in/3-centers .  

Conclusion 

We have used measurements  of the poten t io-  
metr ic  t i t ra t ion  of  the f luorescence decay kinet ics  
in spinach chloroplas ts  in suspension med ia  of 
var ious  ionic concent ra t ions  to character ize  the 
observed e lect ron acceptor  Q heterogenei ty.  Our  
da t a  reflect a direct  corre la t ion  be tween the com- 
plexi ty  of ch loroplas t  m e m b r a n e  organiza t ion  and 
the reduct ion midpo in t  po ten t ia l  of  the low-poten-  
tial  componen t  of Q in PS II.  We  have further  
verif ied that  the yield of the slow phase  of fluores- 
cence decay is sensit ive to the state of the react ion 
center  and  that  the redox dependence  of  the life- 
t ime of the slow phase  reflects differences in reac- 
t ion center  organiza t ion  and deexci ta t ion  mecha-  

nisms. 
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