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ABSTRACT: The influence of aggregation on triplet formation in the light-harvesting pigmemtein
complex of photosystem Il of green plants (LHCII) has been studied with time-resolved laser flash
photolysis. The aggregation state of LHCII has been varied by changing the detergent concentration.
The triplet yield increases upon disaggregation and follows the same dependence on the detergent
concentration as the fluorescence yield. The rate constant of intersystem crossing is not altered by
disaggregation, and variations of the triplet yield appear to be due to aggregation-dependent quenching of
singlet excited states. The efficiency of triplet transfer in LHCII aggregates from chlorophyll (Chl) to
carotenoid (Car) is 92t 7% at room temperature and 82 6% at 5 K, and does not change upon
disaggregation. The Chl's that do not transfer their triplets to Car's seem to be bound to LHCII and are
capable of transfering/accepting their singlet excitations to/from other Chl's. Two spectral contributions
of Car triplets are observed: at 525 and 506 nm. Disaggregation of macroaggregates to small aggregates
reduces by 10% the relative contribution of Car triplets absorbing at 525 nm. This effect most likely
originates from a decreased efficiency of intertrimer Chl-to-Car triplet transfer. At the critical micelle
concentration, at which small aggregates are disassembled into trimers, the interactions between Chl and
Car are changed. At room temperature, this effect is much more pronounced than at 5 K.

A high degree of organization of pigments in pigment
protein complexes is required for efficient utilization of solar
energy in photosynthetic organisni3.( Besides chlorophylls
(Chl's) ! the major light-harvesting pigmenprotein complex
of photosystem Il (LHCII) of green plants contains caro-
tenoids (Car’s) which are in close contacts with Chl
molecules, as revealed by the crystal struct@e (Three
roles for Car have been proposed: (i) A role in light-
harvesting: absorption of light is followed by singtetinglet
energy transfer from Car to Chl, which increases the
efficiency of collection of solar energy in the wavelength
region where Chl does not absorB).( (i) A structural

(2) and were assigned to lutein. These Car’s are located in
the center of the complex and are in close contacts to several
Chl molecules.

LHCII mediates stacking of thylakoid membrané€d. (
Isolated LHCII readily forms macroaggregates in a detergent-
free medium or after the addition of monovalent or bivalent
ions to the suspension containing detergents in concentrations
which are below the critical micelle concentration (CMC)
(8, 9. Disaggregation induces changes in the spectroscopic
properties of LHCII. Large CD signals gradually decrease
and the fluorescence quantum yield increases upon disag-

role: reconstituted LHCII cannot be formed without Car 9regation of macroaggregates into small aggregatés (
molecules4). (iii) A protecting role: triplet-triplet energy 12). The main (severalfold) increase of the fluorescence
transfer from Chl to Car prevents the sensitization of singlet Yield appears at the CMC of the detergent when small
oxygen by Chl triplets ). aggregates are disassembled into trimeg. (At the CMC
Pigment analysis has shown that LHCII contains three changes in the absorbance, CD and LD are observed, both
types of Car's: two lutein, one neoxanthin, and less than in the Car and in the Ctd Q, absorption regionl(3, Barzda
one violaxanthin per monomer of LHCIG( 6). Only two et al., unpublished results). ADMR (absorbance-detected
Car molecules have been resolved in the crystal structuremagnetic resonance), FDMR (fluorescence-detected magnetic
resonance), and laser flash photolysis measurements revealed
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influence of LHCII oligomerization on triplet formation on
different Car’s 6, 14, 15. These observations stimulated a
further study of the influence of aggregation on interactions
between Chl and Car in LHCII. The results of laser flash
photolysis investigations are presented in this article.

Chl and Car triplets in LHCII were characterized by laser

Flash photolysis §, 16, EPR (L7), ADMR (14, 1§ and

FDMR (15, 19 techniques. It has been shown that the
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efficiency of Chl triplet transfer to Car is close to 100% at  Laser flash-induced triplet minus singlet{%) absorption
room temperature6j. The lifetime of Car triplets under difference measurements were performed on the setup
anaerobic conditions is 8s (6) whereas the Ché triplet described earliel§, 20. Excitation pulses+8 ns full width
lifetime is of the order of milliseconds. at half-maximum,~10 mJ) from a dye laser at 590 nm

Three Car triplets have been distinguished with ADMR (dye: Rhodamine 610) pumped by a frequency-doubled Nd:
measurements: one with|B|+|E| transition at 1273 MHz YAG laser (Quanta Ray DCR2) were used. 20 ms pulses of
and T-S absorption peaks near 507 and 525 nm, and two measuring light were obtained from a 450 W Xenon lamp
other triplets havingD|+|E| transitions at 1303 and 1322 in combination with a shutter. The measuring light was
MHz and corresponding to an absorption maximum at 525 filtered to obtain the appropriate wavelength for the measur-
nm (14). These triplets were assigned to the three different ing beam and to minimize heating and actinic effects. The
Car species present in the LHCII complex. Signals decaying transmitted light was detected via a 1/4 m monochromator
with a 9us lifetime (Car triplet lifetime) at room temperature with a photomultiplier (Hamamatsu R928). The repetition
were also found in the Qabsorption region of Chéa (6). rate of the setup was 2 Hz, and the instrument response time
These signals were attributed to strong interactions betweenwas less than 0.5s. Kinetic traces were averaged 128 or
Chland Car ). It was also observed by ADMR and FDMR 256 times on a digital oscilloscope preceding the transfer to
that at the|D|+|E| transition the ratio of the magnitude of the computer for data analysis. =B decay-associated
the Car triplet signals leading to absorption at 507 and 525 spectra were constructed from global analysis of the decay
nm is changing by varying the concentration of LHCIl in kinetics recorded at different wavelengthsl), A model
the sample 14, 15, whereas the |E| transition was not  with two exponential decays was needed to fit theST
affected. This observation was ascribed to enhanced populameasurements at room temperature, and a three-exponential
tion of specific Car triplets absorbing at 525 nm due to model was used to fit 815 K measurements [see al&)](
oligomerization of LHCII and the appearance of “inter- The quality of the fits was evaluated by glohgl values,
trimer” transfer of triplets. plots of residuals, and Studentised residu&l$).( The

In the present study, Car and Chl triplet formation for relative triplet yield under excitonexciton annihilation free
different aggregation states of LHCII was investigated by conditions 22) was estimated from the slope at zero intensity
laser flash photolysis. We found that the rate constant of of saturation curves of FS signals recorded at the maximum
intersystem crossing was not influenced by aggregation. Theof the Car triplet absorption~508 nm) @3). The Chl-to-
rate of triplet transfer from Chl’'s to Car’s was enhanced only Car triplet transfer efficiency was estimated by dividing the
a few percent by aggregation. The major effect, aggregation-amount of Car triplets by the total amount of triplets on both
dependent changes in the yield of triplets, appeared to beChl and Car. The amount of triplets was estimated by the
due to changes in the quenching of singlet excited states. area under the triplet absorption bands determined from the

global analysis: for Chl the negative bands in the€yion

EXPERIMENTAL PROCEDURES between 660 and 700 nm, and for Car the positive bands

Stacked lamellar aggregates of LHCII were isolated as between 500 and 550 nm. Extinction coefficients ok1
described ing). Disaggregation of LHCII macroaggregates 10° M~* cm* for Chlaat 670-680 nm and 2.4 10° M~*
was achieved by adding-dodecyl-b-maltoside (DM) or cm™! for Car in the 500-540 nm region were used as in
TRITON X-100 (TX-100). The state of aggregation was (6). Itwas assumed that the ratio between the two extinction
monitored with CD and fluorescence measuremetts129. coefficients was proportional to the ratio between the areas
The fluorescence yield was measured with a CCD cameraunder the absorption bands.
by exciting the sample in the Soret region with low-intensity

light in order to avoid exciton annihilation effects. Laser RESULTS
photolysis measurements were performedaisiri cmx 1 Room Temperature MeasurementRoom temperature
cm cuvette. The sample concentration wasu@iimL Chl, laser photolysis measurements on LHCII at different ag-

which corresponds to an optical density of 0.7 at 680 nm gregation states were performed under anaerobic conditions.
(for aggregates). Anaerobic conditions were obtained by Global analysis of the FS kinetics recorded at different
degassing the sample under reduced pressure and flushingvavelengths revealed two decay-associated spectral com-
it subsequently with argon. During laser flash photolysis ponents: a Car component with a lifetime oi9and a Chl
measurements at room temperature, degradation of thecomponent with a lifetime in the millisecond range [see also
sample was observed when detergent concentrations far6)]. T—S kinetics were recorded up to 10@; thus, the
above the CMC were usedP.03% (v/v) for TX-100 or lifetime of the Chl component was not accurately resolved.
>0.06% (w/v) for DM; the CMC for TX-100 and DM is ca. The lifetime of the Car component did not depend on the
0.015% (v/v) and 0.009% (w/v), respectively]. Thus, all state of aggregation. Figure 1 shows room temperatti® T
measurements were performed at lower detergent concentraspectra of the Car component of LHCIl macroaggregates,
tions. For low-temperature measurements, the state ofsmall aggregates, and trimers, as obtained by global analysis.
aggregation was adjusted by adding the detergent first andSpectra were normalized to the maximum near 508 nm. The
then diluting the sample with glycerol containing the same spectra are very similar to the spectra of LHCII trimers
amount of detergent. A glycerol concentration of 65% (v/ reported earlier). Disaggregation leads to a blue shift of

v) was used for low-temperature measurements. The addi-the T-S band around 508 nm and a small relative decrease
tion of glycerol slightly shifted the CMC transition to 0.018% of the shoulder of the Car triplet absorption around 525 nm
for TX-100 and to 0.013% for DM. Low-temperature as compared to the peak at 508 nm. The shift of the peak
measurements were performed in a helium bath cryostatfrom 508 to 506 nm can be explained by the relative decrease
(Utreks). of the contribution of the Car with its maximum near 525
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Ficure 1: Room temperature¥S decay-associated spectra of the Ficure 3: Comparison of the relative triplet yield and the relative
Car component (the s component as determined from global fluorescence vyield at different aggregation states of LHCII. (De-
analysis) of macroaggregates (solid line, 0% of TX-100), small termination methods are described under Experimental Procedures.)
aggregates (dashed line, 0.01%), trimers (dotted line, 0.02%), and

trimers (uneven dashed line, 0.03%) of LHCII. The spectra were ; ; ; ; ;
normalized to the 508 nm peak. The spectra in mOD can be The increase in the total amplitudes of the triplet signals

obtained by multiplication with 8.3, 14, 27, and 31.2 going from ypon disaggregatipn might be due to a changg in the rate of
macroaggregates to trimers. No spectral points were measurednteérsystem crossing, but also to a change in the rate of

between 550 and 640 nm. competing processes like internal conversion. In order to
, obtain information on the exact cause of this effect, we have
04l 203 K| compared the Car triplet quantum yield at different detergent

concentrations to the fluorescence quantum yield measured
on the same samples. Both quantum yields are shown in
Figure 3. The triplet yield and fluorescence quantum yields
show a similar dependence on the aggregation state of LHCII.
; Both show a transition around the CMC with a substantial
-0.8} A increase of the signals. The characteristic increase in the
fluorescence yield at the CMC was observed and discussed
previously (2).
wavelength, nm 5 K Measurements.In order to study disaggregation-
FIGURE 2: Room temperature-TS decay-associated spectra of the induced spectral changes in more detail, we also performed
Chl component (determined as a millisecond component from the the T-S measurements at 5 K. A global fit of the kinetics
global analysis) at different aggregation states of LHCII. The same 44 qifferent wavelengths requires three exponential decay
line symbols and the same spectral ranges were used as in,
Figure 1. times ang three spectral_c_omponents. _One compone_nt has
a decay time of several milliseconds and is due to Chl triplets.

nm, which has a negative peak near 510 nm due to theThe other two correspond to Car triplets described by two
ground state bleachin®4). Upon oligomerization, large  different microsecond decay times. In zero magnetic field,
changes in the ratio of the-IS signals at 525 and 507 nm the triplet level is split into three sublevels mainly due to
were previously observed, probing thig|+|E| transition the dipolar interaction between the two unpaired electrons.
with ADMR (14). Disaggregation-induced changes show In contrast to room temperature, the three triplet sublevels
that different Car’s are populated by the triplets giving rise are partly uncoupled at low temperature which may result
to absorption at 525 and 508 nm. It is interesting to note in different decay times from each triplet sublevel. LHCII
that signals decaying with the lifetime of Car triplets are contains three types of Car’s. Thus, possibly nine sublevels
present in the Chl Qregion around 678 nm. These signals with different decay times constitute the-B signal decay
decrease relative to the signals in the Car triplet absorptionof Car’'s. The three different Car’s can have different triplet
region around 508 nm upon disaggregation. Previously, absorption spectra, each of them having three exponential
these signals were observed in-$ spectra of trimersgj. decay times. For a proper description of the data, we need

The millisecond components of IS decay-associated two Car spectral components (decay-associated spectra) with
spectra of LHCII macroaggregates, small aggregates, anddifferent lifetimes, which probably represent an average of
trimers are shown in Figure 2. These signals are about 40the possible contributions given above. Fitting with more
times smaller than the Car signals, but the characteristiclifetimes and spectral components does not improve the fit.
features of S spectra of Chh molecules (bleaching near The lifetimes and relative contributions of the spectral
435 and 670 nm) can be distinguished. The overall components are presented in Table 1. Disaggregation
amplitudes of both kinetic components (Car and Chl) of the increases the lifetime of the slower Car decaying component
T—S signals increase upon disaggregation and follow a from 26 to 32us and decreases its contribution as compared
similar dependence on the detergent concentration (compardo that of the faster component. The lifetime of the faster
Figures 1 and 2). Thus, the efficiency of Chl to Car triplet component also seems to increase slightly. Since the changes
transfer remains largely unchanged and is4992%. The are small and for instance the average lifetime remains almost
large error margins in the efficiency arise due to a very low unaltered, we are hesitant to draw any further conclusions
signal to noise ratio in S spectra of Chl and uncertainties from these changes at this stage.
in determination of the area under the Car triplet absorption T—S spectra of Car components at different aggregation
band due to overlap with the negative band of ground state states of LHCII are presented in Figure 4A. Each spectrum
bleaching 6). is the sum of the two Car components (i.e., the total Car

400 450 500 550 650 700
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Table 1: Lifetimes and Relative Contributions of the Car Decay 1.0 o 7 '
Components of LHCII &5 K with Different Concentrations of Dk
DM, % (w/v) 71, US To, US alay
0.0 5.8+ 0.2 26.7£ 0.7 0.83+ 0.03 8
0.01 5.6+ 0.2 25.6+ 0.5 0.81+ 0.03 =
0.02 6.7+ 0.1 33.9+ 0.8 0.60+ 0.02 -
0.03 6.8+ 0.1 30.9+ 0.7 0.60+ 0.02 i
0.06 6.9+ 0.1 33.6+ 0.8 0.55+ 0.01
a Decays were fit globally with three exponentials. The longest decay . . -
component was fixed to 2 ms. The componeat&nd a; reflect the 480 520 660 680

decay-associated amplitudes of fheS signal at 506 nm.

wavelength, nm

' T 7 ' Ficure 5: Low (5 K) temperature ¥S decay-associated spectra

j of the millisecond component (predominantly Chl) at different
aggregation states of LHCII. The same line symbols and the same
spectral ranges were used as in Figure 4A.

1.0

; 0.5
§ 4B. The main change that occurs is a relative decrease of
5’ A the 525 nm band of the fast component upon going to small

0.0 aggregates. The relative decrease of the 525 nm band of
) the fast component for small aggregates results in the

' : 1t ' decrease of this band in the sum of both components (Figure
480 520 660 €80 4A). This effect shows that the population efficiency of Car
wavelength, nm triplet absorbing at 525 nm is changed during disassembly
: : s . of macroaggregates to small aggregates. This might be due
5K | to a reduced intertrimer triplet transfer from Chl to Car: in
the aggregate, some Chl's might be well connected to Car’s
in a neighboring trimer but worse within the same monomer.

s 05 Spectra of both Car components of trimers (above CMC)
°© appear to be comparable to the spectra of small aggregates
i 0.0 (data not shown). Note that in all cases the faster component

has relatively less intensity in the 525 nm band.
L ) - , The T—S spectra of the millisecond component at different
480 520 660 680 aggregation states of LHCII are presented in Figure 5. These
are mainly due to Chd, but a relatively small contribution
wavelength, nm ~ from Car can be observed. The amplitude of the ChIST
Ficure 4: (A) Car T—S spectra 5 K for macroaggregates (solid  sjgnal follows a similar aggregation dependence as the

line, 0% DM), small aggregates (dashed line, 0.01% DM), trimers : : :
(dotted line, 0.02%; above CMC), and trimers (uneven dashed line, amplitude of the Car signal (compare amplitudes of &hl

0.03%; above CMC) of LHCII. Spectra were obtained by summing Pléaching at 680 nm in Figure 5 and multiplication factors
the two deconvoluted Car decay-associated spectral componentdn the figure legend of Figure 4). The main increase occurs
and reflect the total Car¥S spectra before relaxation. The spectra around the CMC, similar as at room temperature.

were normalized at the 506 nm peak. The spectra in mOD can be

obtained by multiplication with 6, 7.8, 12.4, and 13.8 going from DISCUSSION

macroaggregates to trimers. (B}¥ spectra of two deconvoluted

Car spectral components decaying with Bsgsolid line) and 26.7 Yield of Triplet Formation. Disaggregation induces an
us (dotted line) for macroaggregates, and decaying withu5.6  increase in the triplet yield. We have measured the Car

(dashed line) and 2546 (uneven dashed line) for small aggregates. . . . : - -
The spectra were normalized to the 506 nm peak. Relative triplet yield. Car triplets are formed with an efficiency

contributions of the spectra are presented in Table 1. No spectralindependent of the aggregation state from Chl triplets, so

-0.5

points were measured between 540 and 660 nm. we can use the Car triplet yield as a measure for the Chl
triplet yield. The fluorescence yield also increases with the
T—S spectrum, the sum of the-6 and the~30 us same dependence on the detergent concentration (Figure 3).

component). The spectra are normalized in the peak at 506The vyield of triplet formation®;s;, can be described as
nm. Disaggregation leads to-d 0% decrease in the relative

intensity of the 525 nm band. This shows that relatively D, = ki /(K + kigc T ki) (1)
more triplets are transferred to the Car’'s absorbing at 525

nm in the aggregates. The most significant change occurswhereki, k, andk;. are the rate constants of intersystem
between macroaggregates and small aggregates. We noterossing, radiation, and internal conversion, respectively. The
that much larger differences were observed with ADMR fluorescence yielddy, can be written as

upon oligomerization obtained by increasing the concentra-

tion of LHCII (14). In that case, the intensities depend on D; = kil (ke + kige + Kio) 2

the differences in populations of the various sublevels,

whereas in our case the sum of the populations on all threeSince @{/®;s is constant, it can be concluded that alsb
sublevels is measured. Both Car triplet components of kiscis constant upon disaggregation. The fact that both yields
macroaggregates and small aggregates are shown in Figurehange in the same way strongly suggests that upon
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disaggregation the denominator (which is the same in eq 1temperature ah5 K (Figures 1 and 4A) is the change in the
and 2) changes whereas the nominators in eqs 1 and 2, i.e.ratio of the signals at 506 and 678 nm. The ratio is equal to
kisc andks remain constant. This implies that oridy changes 5 at 5 K and remains unchanged upon disaggregation. In
upon disaggregation. This implication can be tested by contrast, at room temperature the ratio is 8 for macroaggre-
comparing the results of fluorescence yield experiments andgates and remains almost unchanged for small aggregates.
time-resolved fluorescence measurements. The denominatoAt the CMC, the ratio increases to 13 for trimers. TheS

in eqs 1 and 2 is inversely proportional to the fluorescence signals in the red region (65(/00 nm) decaying with the
lifetime. Therefore, the change in fluorescence vyield is same lifetime as the Car signals have been observed before
proportional to the fluorescence lifetime upon disaggregation with laser flash photolysis and most likely arise from a

if and only if the nominator in eq 2 (the radiative rate) change in interaction between Car and Chl when the Car is
remains constant. In a previous study, it was shown thatin its triplet excited state§). ADMR- and FDMR-detected

the increase of; upon disaggregation is indeed proportional T—S signals with the microwave absorption frequency of
to the weighted sum of the observed fluorescence lifetimes Car’s were also detected in the red regidh, (18). These

(an interconversion of a 270 ps fluorescence lifetime to 3.5 changes show that different Car's have interactions with
ns component was observed around the CMC) (Barzda etdifferent Chl a molecules and that the interactions are
al., unpublished results), demonstrating that the radiative rateaffected upon disaggregation, although the triplet transfer
is constant. Sinck/kisc also remains constant (see above), efficiency remains basically unchanged. The -©&hl

it is indeed confirmed that mainlk. decreases upon interaction could be changed upon disaggregation through
disaggregation. In conclusion: upon disaggregation, the alteration of the protein conformation, e.g., the binding
radiative and intersystem crossing rates remain essentiallypocket of the pigment, or the breaking of specific intertrimer
unchanged. The increase in the triplet yield on both Chl contacts. At low temperatures, the detergent effect is less
and Car molecules can entirely be explained by a decreasgronounced.

of the quenching of singlet excited states. Apparently, the

Chl's which do not transfer their triplets to Car’s are still CONCLUSIONS

connected to the main bulk of Chl's via singlet excitation

energy transfer_. . . aggregation on the excitation energy relaxation pathways in
Chl to Car Triplet Transfer EfficiencyThe efficiency of | jey; ™ Here we concentrated on the influence of aggrega-
the Chl-to-Car triplet transfer appears to be less than 100%.454 on T—S spectra. From ¥S and fluorescence yield

The Chl triplets for aggregates cannot be attributed 10 oaqrements on LHCII at different aggregation states, we
unbound Chl since no pigments were observed in the . . jude the following:

supernatant after spinning down the large aggregates in a 1. Disaggregation leads to an increase of the triplet yield

sample without detergent. Also the fluorescence kinetics of which appears to be due to a reduced quenching of the singlet
macroaggregates have no decay components with a nanog, ited states

second_ lifetime contribu_tion from _free Chl (Barzda et aI.,_ 2. The radiative rate and the rate of intersystem crossing
unpublished results). Since there is no detectable change N e not altered upon disaggregation

the triplet transfer efficiency from Chl to Car upon disag- 3. The efficiency of triplet transfer in LHCII aggregates

gregation, we have no indi_cation that free Chl is being from Chl to Car is 92+ 7% at room temperature and 82
formed. It was reported previously that at room temperature 6% at 5 K, and does not decrease more than 4% upon

100% of the Chl triplets are transferred to C6}. ( Lower disaggregation
transfer efficiency of Chl triplets to Car in our measurements 4. The Chl's that do not transfer their triplets appear to

is possibly due to a better signal to noise ratio, although it . )

should also be noted that LHCII was isolated in a different ?:ill?soggdf;? ;';g: 6}2? tfgﬁg;etfigiémggngt with the other

way in 6) and free Chl molecules were removed by 5 Di t'g ¢ t . i I

purification on an anion exchange column in these prepara- ™ ISaggregation of macroaggregates into smail ag-
gregates reduces the ratio of the Car triplets absorbing at

tions. However, this does not change the main conclusion . . .
that at room temperature very efficient transfer of Chl triplets 525 and 506 nr.n'by 10%.‘ Th'$ effect is mqst likely due to
a decreased efficiency of intertrimer CtCar triplet transfer.

to Car takes placesf. At low temperature, the triplet transfer The triplet relaxati ‘ . ant
efficiency from Chl to Car decreases to £%6%, as observed € trpiet refaxation rates remain constant. .
6. Around the CMC, where small aggregates disassemble

before 6). The Chl's which are not transferring their triplets . . . :
to Car probably do not have such a close contact with a Carinto trimers, the detergent changes the interactions between
Chl and Car. At room temperature, this leads to spectral

as the other Chl's and at lower temperatures, a reduced h in the Chl . hich dbvi ;
probability of triplet transfer across the activation barrier changesin the ChiQegion which are caused by interactions
between Chl and Car molecules.

results in a reduced transfer efficiency as compared to room X L ) i
7. The aggregation-dependent variations in the triplet

temperature. . .
Upon disaggregation, Car's with their triplet absorption POPulation efficiency and decay rates appear to be small

at 525 nm become relatively less populated as compared toC0Mpared to the changes in the triplet yield due to aggrega-
the Car's with their triplet absorption at 508 nm. This can tion-dependent quenching of singlet excited states.

occur due to a reduction of the number of contacts between

In this work, we continued studies on the influence of

Chl's and Car’s in neighboring trimers as was speculated in ACKNOWLEDGMENT
(24). We thank Dr. Ivo van Stokkum for help with the global
Effect of Disaggregation on CarChl Interactions. The analysis of the data and F. Calkoen for assistance with the

main difference between the Car—% spectra at room sample preparations.
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