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"Une absorption spectra of wild type barley and a number of nuclear gene mutants have been recorded at 77 K, 
and analysed by taking the fourth derivative and Gaussian deconvolution in the region 600-725 nm. Seven 
Gaussian curves could be fitted, corresponding to the Qy transitions of at least 7 different chlorophyll species, 
absorbing at 640.5 and 649.9 nm (chlorophyll b), 660.7, 668.9, 676.6, 682.9 and 688.9 nm (chlorophyll a). The 
first 2 components were missing from the chlorophyll b-less mutant clo-f228~176 revealing a minor chlorophyll a 
species at 653 nm. The same 7 wild type components could also be fitted to the low temperature absorption spectra 
of the mutants vir-m 29and vir-k 2J. The loss of photosystem II from the mutant vir- n~ was associated with the specific 
loss of the 683 nm component, corresponding to about 30-40 molecules of chlorophyll a per 500 molecules of 
chlorophyll. Similarly, the absence of photosystem I from the mutant vir-zb 6J was correlated with the loss of 30 
molecules of chlorophyll a absorbing at 689 nm. These specific differences were confirmed by the absorption 
difference spectra and by fourth derivative spectroscopy. The validity of the solutions provided by Gaussian 
deconvolution were evaluated by comparing their fourth derivative with that of the original spectra. 

I .  INTRODUCTION 
About  half of  the protein in chloroplasts, and 

almost ~ll o f  the lipids, are found in the thy- 
lakoid membranes. Of  the lipids, which com- 
prise 37% of  the dry weight of  thylakoids (11), 
chlorophyll a and b account for 21.5%, equiva- 
lent to 8% of  the dry weight. Although this 
represents a protein:chlorophyll ratio of  6.3:1, 
isolated chlorophyll-proteins have even higher 
concentrations of  chlorophyll,  with protein: 
chlorophyll ratios of  3: l for P700 Chla-Pl (19) 

or 2.2:1 for LHCII (12). Assuming a protein 
density of  1.13 g. cm 3, this is equivalent to a 
chlorophyll a concentration of  between 0.33- 
0.42 M. All of  the chlorophyll is non-covalently 
associated with the polypeptide chain, since it 
can be removed by solvent extraction, but  very 
little is known about the nature of  the ligands 
involved in binding chlorophyll, or the structure 
of  the different chlorophyll-proteins. 

The absorption spectrum of  chlorophyll a is 
due to the capture of  photons with the correct 

Abbreviations: CD = circular dichroism; Chl = chlorophyll; clo 1 chlorina; CPI = chlorophyll-protein I; LHCI/II 
= light-harvesting chlorophyll a/b-protein of PSI/ll; PSI/II = photosystem I/If; Tricine = N-(tris(hydrox- 
ymethyl)methyl)-glycine; vir 1 viridis. 
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Figure 1. Molecular structure of chlorophyll a with the 
convention for the x and y directions within the plane 
of the porphyrin ring indicated by arrows. The 
electrons of the conjugated porphyrin rings are respon- 
sible for the absorption of light in the visible spectrum. 

energy to raise the chlorophyll molecule from 
the ground state into one of several "allowed" 
excited electronic states (25). These arise from 
- ~ electronic interactions within the conjugated 
porphyrin ring system (Fig. 1) (11, 25). The 
energy levels are rather broad due to excitation 
of molecular vibrations as well as the electrons, 
and the main absorption bands are designated 
Bx, B r (Soret band) and Qx and Qy. For chloro- 
phyll a in solution, the lowest energy transition 
occurs at 660 nm in the Qy region, while the Qx 
band lies at 575 nm (25). 

The chlorophyll Qr absorption band is much 
more complex in vivo than in vitro, and up to 
8-10 components have been resolved by fourth 
derivative spectroscopy (3, 4, 7, 15, 16, 24) and 
Gaussian deconvolution (2-5, 8-10, 14, 18, 20, 
22, 24) of thylakoids. Since chlorophyll is chem- 
ically unaltered in the membrane, these diffe- 

rent forms must arise from the different environ- 
ments in which the chlorophyll molecules occur 
in vivo. It is unlikely that the different Qy 
absorption bands come from oligomeric states 
of chlorophyll a since these require the rigorous 
exclusion of water for their formation (11). 
Alternatively, the Mg atom may be coordinated 
to different polypeptide side chain ligands, since 
it is possible to red shift the 660 nm band to 
674.5 nm by the use of different solvents. But 
this mechanism cannot account for chlorophylls 
absorbing at wavelengths of 683 nm and above. 

The most widely accepted model, based on 
the interpretation of the bacteriochlorophyll- 
protein data by PHILIeSON and SAUER (23), 
accounts for multiple absorption bands by exci- 
ton interaction. An exciton state exists when two 
molecules are so close that it is not possible to 
excite one without exciting the other. The dis- 
tance is typically 20 A or less, which is less than 
twice the diameter of the porphyrin ring, and 
only 5 times its thickness (25). The interactions 
result in the splitting of energy levels, with a 
consequent splitting of the absorption spec- 
trum. The strength of the absorption is propor- 
tional to the area under the absorption curve and 
is related to the dipole strength, which is not 
greatly affected by the exciton interaction but 
which has a large influence on the rotational 
strengths, giving rise to large positive and nega- 
tive peaks in the CD spectrum (25). If the 
chlorophyll molecules are too close (< 10 A), 
they can form an excimer, within which the 
excitation energy absorbed by one of them is 
dissipated (1). Thus chlorophyll molecules must 
not be randomly distributed within a chloro- 
phyll-protein to avoid coming too close to one 
another, and in fact the average distance between 
bacteriochlorophyll molecules in the bacterio- 
chlorophyll-protein is 12 A (22). 

Analysis of the absorption spectra of isolated 
chlorophyll-proteins (3, 4, 14, 15, 24, 28), and of 
Chlamydomonas mutants (2, 8) by Gaussian 
deconvolution and their fourth derivative, has 
shown that certain long wavelength absorbing 
forms of chlorophyll a are specifically associated 
with PSII (Ca683) and others with PSI (Ca691). 
The present paper reports the low temperature 
absorption spectra from a number of barley 
nuclear gene mutants lacking one or more 
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specific chlorophyll-proteins. This has involved 
both Gaussian deconvolution and fourth deriva- 
tive spectroscopy. 

2. MATERIALS AND M E T H O D S  
2.1. Plant material 

Seeds of  wild type and mutant barley 
(Hordeum vulgare L.) were germinated in tap 
water-moistened vermiculite and grown for 7 
days at 22 ~ under continuous illumination 
(1700 lux) from Sylvania Gro-lux fluorescent 
tubes. 

2.2. Spectroscopy 
Samples were prepared in several different 

ways for low temperature (77 K) absorption 
spectroscopy. Thylakoids were isolated from 
pre-cooled seedling leaves by grinding in 0.4 
M-sucrose, 50 mM-Tricine, pH 7.9 and 5 mM- 
MgCI2 and were centrifuged for 5 min at 1500xg. 
The re-suspended thylakoids were then ad- 
sorbed onto the surface of  a millipore filter to a 
concentration corresponding to about 0.3A at 
675 nm, and then used for spectroscopy, as 
described by BENNOUN and JUPIN (2). Alterna- 
tively, chloroplasts were extracted from leaves 
by scraping with a razor blade in the presence of  
grinding buffer, and the expressate was made 
60% with respect to glycerol, and frozen as a 
clear glass onto clear acrylic film. The most rapid 
method, which gave equally good spectra, in- 
volved attaching seedling leaves to transparent 
adhesive tape and carefully abrading away cell 
layers with an injector type razor blade until the 
absorption of  the leaf at 675 nm was reduced to 
about 0.3A. The tape was then applied over the 
sample slit of  a specially constructed metal 
specimen holder, and plunged into a Dewar 
vessel containing liquid nitrogen. Absorption 
spectra at 77 K were made with an Aminco 
DW2a spectrophotometer using the liquid ni- 
trogen attachment. The reference slit contained 
transparent adhesive tape, and the baseline was 
corrected beforehand. Spectra were recorded 
from 400-800 nm at a scan rate of  5 nm.  s ~ and 
a slit width of  3 nm, and recorded on graph 
paper and simultaneously on a Nicolet Explorer 
III digital oscilloscope and stored on disc. Data 

was transferred to a Hewlett-Packard 9836S 
desktop computer for subsequent analysis. 

2.3. Fourth derivative spectra 
The fourth derivative of  the absorption spec- 

tra was calculated according to the method of 
BUTLER and HOPKINS (6), which involves the use 
of  slightly different intervals for successive dif- 
ferentiations to obtain an optimal signal-to- 
noise ratio. Values of  3.0, 3.2, 3.6 and 3.8 nm 
were used routinely, the difference between 
these figures having the 1:2:1 ratio recommend- 
ed by BUTLER and HOPKINS (6). The calculations 
were carried out over the range 600-725 nm, 
with data points every 0.1 nm, and plotted as a 
travelling average over an interval of  1.6 nm. 
The fourth derivative of  the sum of the Gaus- 
sian fit was either calculated over a fixed interval 
of  nominally 3 nm, or from the mathematical 
formula for a Gaussian curve (7): 

A = Aoe <~2 

AiV=, 4AoC 2 (4c2x4"12cx2+3) e~2 

where: 

Ao = peak height 
c = 4 In2 

= ~--~, 
X 

60 

co = bandwidth at A --- '/2Ao 
~o - wavelength maximum 

2.4. Gaussian deconvolution 
The original data was averaged to reduce 

noise, and one point every 0.5 nm between 600 
and 725 nm ( -  250 points) was used for analysis 
by Gaussian deconvolution. The programme, 
which is based on a non-linear least-squares best 
fit, is a BASIC translation of  the FORTRAN 
programme RESOL of Glenn Ford, Carnegie 
Institute, Washington. The initial estimates for 
the parameters of  10 pure Gaussian curves are 
entered manually, and the programme evaluates 
the goodness-of-fit (6) for every tenth point until 
the residual sum of squares is reduced to less 
than 1, and subsequent iterations are made for 
each of  the 250 points. The difference between 
the original data and the sum of  the Gaussians 
is expanded by a scale factor and plotted as an 
error curve below the absorption spectrum. 
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Figure 2. Low temperature (77 K) difference spectra of 
wild type and mutant barley, showing the loss of 
specific components from the mutants. Scales factors 
for re-normalisation of the spectra are (a) 2.57 (b) 5.82 
and (c) 4.02, and yield amplitudes for the respective 
peaks at 649, 691 and 683 nm of 312, 163 and 249. 

3. RESULTS 
3.1. Difference absorption spectra 

Several different absorption peaks could be 
seen as shoulders on the main chlorophyll Qy 
absorption band of  wild type barley seedling 
leaves. Specific peaks were detected by diffe- 
rence spectra of  wild type and mutant leaves 
(Fig. 2). After subtraction, spectra were re-nor- 

,~nA AA^.A.i 11 . .~^~ n.A 
  -wv,ov 

- 61o trio 6~o 6~o 69o rio 
WAVELENGTH (nm) 

Figure 3. Fourth derivative of wild type thylakoids 
using a nominal differentiating interval (dx) of 1.6 nm. 
Apart from the major peaks at 639, 649, 661,670, 675, 
683 and 691 nm, minor peaks are also found at 654, 
705 and 711 nm, with a shoulder at 678 nm. These 
minor peaks are not present in all preparations, and are 
often only just above the noise level. 

malised so that maximum and minimum values 
were 0 and 1000, respectively. Thus the chloro- 
phyll b-less mutant  clo-f22s~176 lacks the chloro- 
phyll b absorption band at 649 nm (Fig. 2a), 
while the PSI-less mutant  vir-zb 63 lacks a chloro- 
phyll a species absorbing at 691 nm (Fig. 2b), 
and the PSII-less mutant  vir -n5 lacks chloro- 
phyll a absorbing at 683 nm (Fig. 2c). The peak 
heights and scale factors used for re-normalisa- 
tion allow the calculation of  the amplitudes (Ao) 
of  these components in the wild type absorption 
spectrum. Thus an amplitude of  312 is predicted 
for the peak at 649 rim, 163 for the 691 nm peak 
and 249 for the 683 nm component (cf Table II). 

3.2. Wild type 
The low temperature absorption spectrum of  

wild type seedlings was independent of  prepara- 
tion technique. The fourth derivative o f  the 
spectrum from 600-725 nm over an interval of  
3 nm (Fig. 4b) resolved distinct peaks at 639, 
648, 661, 669, 677, 683 and 691 nm. These 
values were used as the initial estimates of  the 
wavelength maxima (L,) for 7 symmetric pure 
Gaussian components, with o~ = 10 nm, plus 
three others at 589, 626 and 698 nm with 
broader widths. It was possible, however, to 
resolve further peaks in the fourth derivative by 
using a shorter differentiating interval, although 
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Figure 4. (a) Low temperature (77 K) absorption 
spectrum of wild type barley showing the solution 
provided by Gaussian deconvolution. In addition to 
the 7 narrow Gaussian components, 3 broad compo- 
nents at 589 (to = 43 nm), 626 (to = 32 nm) and 698 nm 
(to = 31 nm) are present. 
(b) Fourth derivative of the absorption spectrum (--)  
and of the sum of the Gaussian components ( - - - ) ,  
both at dx = 3 nm. The match is very dose, indicating 
that the solution is a good one. 

spectroscopy of barley mutants 

squares (t~) were used. The fourth derivative of 
the sum of the Gaussian components should 
match as closely as possible that of the absorp- 
tion spectrum itself (Fig. 4b) and the same 
Gaussian components should be present in dif- 
ferent mutants, although with different ampli- 
tudes (Ao). In this way, the solution shown in 
Figure 4a and Table I was obtained. Each curve 
corresponds to a chlorophyll species absorbing 
at a specific wavelength, and the area under each 
curve is proportional to the number of 
molecules of  chlorophylls in each species, as- 
suming that all Qy transitions have the same 
dipole strength. These values have been ex- 
pressed as a percentage of  the 7 components 
resolved by fourth derivative spectroscopy 
(Table I). 

3.3. Chlorina-122s~176 
The 77 K absorption spectrum of seedling 

leaves of this mutant, which lacks chlorophyll b, 
was missing the prominent peak at 650 nm (Fig. 
5a). The fourth derivative showed the absence of 
the peak at 639 nm, while those at 648 and 677 
nm were much reduced (Fig. 5b). The best-fit by 
Gaussian deconvolution is shown in Figure 5a 
and closely matches that of  the data. Compared 
with wild type, the component at 640.5 nm was 
missing, while that at 649.5 nm was shifted to 
653.2 nm, with a much reduced amplitude. The 
peak at 682.9 nm was narrower than in the wild 
type (8.2 vs 8.7 nm), which accounted for the 
increased amplitude in the fourth derivative. 

this raised the noise level. With a nominal 
differentiating interval of  1.6 nm, peaks were 
resolved at 639, 649, 654, 661,670, 677,683 and 
691 nm, with peaks also seen at 666, 696, 705 
and 711 nm in some, but not all preparations 
(Fig. 3). In some samples, the 677 nm peak was 
split into peaks at 675 and 678 nm, and the 661 
nm peak could sometimes be resolved into one 
at 658 nm and a second at 662 nm. 

Since the computer-derived solution for fit- 
ting Gaussian curves is not unique, and depends 
largely on the choice of  initial parameter values, 
other criteria in addition to the error sum of 

3.4. Vir ld i s - zb  63 

This mutant, which completely lacks the reac- 
tion centre chlorophyll-protein of  PSI (20, 27), 
produced the absorption spectrum shown in 
Figure 6a. There was a marked reduction in the 
amplitude of  the chlorophyll b peak at 650 nm, 
as confirmed by the fourth derivative, which also 
lacked the component at 691 nm (Fig. 6b), and 
the difference spectrum (Fig. 2b). The solution 
obtained by deconvolution (Fig. 6a and Table I) 
was consistent with these properties, with a loss 
of  the 689 nm peak, attributable to the loss of 
the P700 Chla-P1 (CPI), and a reduction in the 
amount  of  the 650 nm component,  which is due 
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Table I. Chlorophyll components found by Gaussian deconvolution of absorption spectra 

wild type (o = 2.02) 
wavelength (nm) 640.5 
half-width (nm) 10.3 
amplitude 101 
area (%) 3.6 

clo-f228~176 (o = 1.45) 
wavelength (nm) 640.5 
half-width (nm) 
amplitude 0 
area (%) 0 

vir-zb ~ (o = 2.46) 
wavelength (nm) 640.6 
half-width (nm) 11.3 
amplitude 76 
area (%) 3.6 

vir-zb#3x clo-f228~176 (o ~ 1.41) 
wavelength (nm) 640.5 
half-width (nm) 
amplitude 0 
area (%) 0 

vir -H5 (o = 1.54) 
wavelength (rim) 640.0 
half-width (nm) 11.5 
amplitude 104 
area (%) 4.7 

vir-mx clo-f22s~176 (o = 2.62) 
wavelength (rim) 640.5 
half-width (nm) 
amplitude 0 
area (%) 0 

vir-rn z9 (~ = 1.51) 
wavelength (nm) 640.9 
half-width (rim) 12.6 
amplitude 168 
area (%) 7.7 

vir-k 2~ (o = 1.67) 
wavelength (nm) 640.4 
half-width (nm) 13.1 
amplitude 89 
area (%) 4.4 

649.9 660.9 668.9 676.6 682.9 688.9 
12.0 12.7 10.4 10.8 8.7 10.4 

327 447 486 798 268 193 
13.8 19.9 17.6 30.0 8.1 7.0 

653.2 661.9 668.9 676.8 682.8 688.5 
11.8 11.5 10.1 11.1 8.2 10.3 
76 384 518 814 328 196 

3.7 18.2 21.5 37.3 11.0 8.3 

650.3 661.3 668.9 676.7 683.1 688.9 
12.3 12.0 10.0 10.5 8.9 - 

234 406 462 784 269 0 
12.0 20.4 19.4 34.5 10.1 0 

653.9 662.1 669.0 676.9 682.7 686.4 
13.8 11.8 10.1 10.4 8.0 12.6 
84 376 507 805 274 124 

5.1 19.5 22.3 36.7 9.6 6.8 

649.4 661.7 669.5 677.0 682.9 687.4 
13.1 12.4 11.2 11.0 - 13.7 

323 386 427 701 0 209 
16.6 18.7 18.6 30.1 0 11.3 

652.1 660.8 669.0 677.3 682.9 686.8 
15.6 12.6 12.6 12.6 - 12.1 
91 345 525 804 0 270 

5.5 17.0 25.7 39.1 0 12.7 

648.7 659.8 669.1 676.7 682.8 686.8 
10.3 13.6 11.3 10.3 7.5 12.1 

282 440 544 759 97 134 
11.0 21.8 22.4 28.6 2.6 5.9 

650.6 662.2 669.8 676.4 682.9 690.3 
12.0 12.4 9.8 9.0 8.5 8.5 

210 446 593 686 504 132 
9.5 20.8 21.8 23.2 16.1 4.2 

to a partial deficiency of chlorophyll b in this 
mutant,  as shown by the increased chlorophyll 
a / b  ratio (5.3 versus 3.2 for the wild type). The 
fourth derivative of the Gaussian fit did not, 
however, match that of the data as closely as for 
other mutants (Fig. 6b). The absorption spec- 

t rum of the double mutant,  vir-zb6~x clo-f228~176 

is shown in Figure 7a. The fourth derivative of 
the Gaussian solution matches that of the ab- 
sorption spectra very closely (Fig. 7b), although 
it required the presence of a component at 686.4 
nm (to = 12.6 nm), which cannot be the same as 
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Figure 5. (a) Low temperature (77 K) absorption 
spectrum of  clo-j"22,oo with the solution from Gaussian 
deconvolution. The 640 nm component is missing, 
with a minor chlorophyll a component required at 653 
nm in the absence of the 650 nm peak. 
(b) Fourth derivative of the absorption spectrum ( - - )  
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Figure 6. (a) Low temperature (77 K) absorption 
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and Gaussian solution (- - -) at dx - 3 nm. The match 
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the 689.9 nm component,  and which was not 
found in wild type (Table I). The absorption 
spectrum.of this double mutant  can be attribut- 
ed to the PSII core, plus LHCI and CP'29, the 
latter two being stable in the absence of  chloro- 
phyll b (13). 

3.5. Viridis - m  
The thylakoids of viridis - m  have recently 

been shown to lack completely the PSII reaction 
centre (26). This did not result in a major change 
in the absorption spectrum (Fig. 8a), but  the 
absence of  a component  at 683 nm was clearly 
demonstrated by taking the fourth derivative 

(Fig. 8b). This component  was also missing from 
the solution obtained by Gaussian deconvolu- 
tion (Fig. 8a and Table I), and was clearly seen 
in the difference absorption spectrum (Fig. 2c). 
The double mutant  vir-mx clo-f228~176 lacked 
those components  which were missing in each 
of  the parents, i.e., 640.5 nm, 649.9 nm and 
682.9 nm (Fig. 9 and Table I). The remaining 
components  must correspond, in view of  the 
loss of  PSII and most of  the chlorophyll a/b- 
proteins, to PSI, consisting of  PT00 Chl , -PI  plus 
LHCI and CP29. 
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Figure 7. (a) Low temperature (77 K) absorption 
spectrum of the double mutam vir-zb 63x clo-f2 zsoo with 
the solution from Gaussian deconvolution. This mu- 
tant should contain the PSII core, plus LHCI contain- 
ing only chlorophyll a. Bands at 640, 650 and 689 nm 
are missing. 
(b) Fourth derivative of the absorption spectrum ( - - )  
and Gaussian solution (- - - )  at dx = 3 nm. The two 
curves match very closely. 

3.6. Vir id l s -m  ~9 

This mutant  contains only about 25% of  the 
PSII reaction centres that are found in wild type 
(27). The fourth derivative of  the absorption 
spectrum was unable to resolve a peak at 683 
rim, although a shou/der was present (Fig. 101)). 

Gaussian deconvolution showed a peak at 683 
nm (Fig. 10a and Table I), but  its area was only 
about 1/3 that of  wild type (Table I). 
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Figure 8. (a) Low temperature (77 K) absorption 
spectrum of vir -I1~ with the solution from Gaussian 
deconvolution. Correlated with the loss of PSII activity 
is the absence of the 683 nm component. 
(b) Fourth derivative of the absorption spectrum ( - - )  
and Gaussian solution ( - - - )  at dx = 3 nm. 

lacks LHCI (13), so its absorption spectrum was 
expected to reflect that of  the reaction centres of  
PSI and PSII lacking most or all of their light- 
harvesting antennae (Fig. l la). The fourth 
derivative showed a prominant  peak at 683 nm, 
but all peaks found in wild type were also 
present, indicating that LHCI contains no 
specific chlorophyll a species. The fourth deriva- 
tive o f  the solution from Gaussian deconvolu- 
tion (Table I), which closely matched that previ- 
ously published (21), was close to that of  the 
original spectrum (Fig. 1 lb). 

3.7. Vir id l s - k  2J 

This mutant  is photosynthetically competent  
(21, 27), but is deficient in chlorophyll b and 

4. DISCUSSION 
It has been possible to deconvolute the 77 K 

absorption spectra of  wild type and mutant  
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Figure 9. (a) Low temperature (77 K) absorption 
spectrum of the double mutant vir- m x clo-f22800 with 
the solution from Gaussian deconvolution. Bands at 
640, 650 and 683 nm are missing. This mutant should 
contain PSI plus LHCI containing only chlorophyll a. 
(b) Fourth derivative of the absorption spectrum (--)  
and Gaussian solution ( - - - )  at dx = 3 nm. 
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Figure 10. (a) Low temperature (77 K) absorption 
spectrum of vir-m 29 w i th  the solution from Gaussian 
deconvolution. Correlated with the partial loss of PSII 
activity is a corresponding reduction in the amplitude 
of the 683 nm component. 
(b) Fourth derivative of the absorption spectrum (--)  
and Gaussian solution ( - - - )  at dx = 3 nm. 

barley leaves using the same 7 symmetric Gaus- 
sian components. The fourth derivative of  the 
solution is usually very similar to that of  the 
original spectrum, and consistent with diffe- 
rence absorption spectra, suggesting that the 
mathematically derived components represent 
real chlorophyll species in vivo. By lowering the 
temperature, from 293 K to 77 K, the absorption 
bandwidths decrease due to reduced molecular 
vibration and rotation, allowing improved reso- 
lution. The appearance of  additional bands in 
vivo at 77 K is attributed to modification of  the 
excitonic coupling interactions between chloro- 
phyll molecules, causing band splitting or band 
shifting towards higher or lower wavelengths as 
a result of  changes in the intermolecular dis- 

tances or orientation between chlorophyll 
molecules, and is not a low temperature artefact 
(15). No changes are seen at low temperature in 
the 650-670 nm region, as expected from the low 
degree of  organisation of  the monomeric 
chlorophylls absorbing in this region (15). 

The fourth derivative spectrum of wild type 
barley leaves closely resembled those of  spinach 
(7), tobacco (15, 24), pea (4), and that of  barley 
reported by (5). The method of  calculating the 
fourth derivative described by (7), using four 
nearly but not exactly equal differentiating in- 
tervals, greatly reduced the amount  of  noise. But 
it was not possible to resolve reproducibly com- 
ponents at wavelengths greater than 691 rim, 
where the absorption is weak, because of  the low 
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Figure 11. (a) Low temperature (77 K) absorption 
spectrum of vir-k 23 w i t h  the  solution from Gaussian 
deeonvolution. This mutant lacks LHCI and most of 
the LHCII, but no bands are missing although their 
amplitudes arc significantly different from that of wild 
type. 
(b) Fourth derivative of the absorption spectrum ( - - )  
and Gaussian solution ( - - - )  at dx = 3 tam. 

signal-to-noise ratio (16). Although only 7 peaks 
were used for subsequent curve-fitting, there is 
evidence for the existence of  other components  
when the differentiating interval is reduced (Fig. 
3, refs. 5, 24). 

Two Gaussian curves can be resolved when 
they are separated by more than half the band 
width ((o/2) of  the narrower curve (Fig. 12). In 
contrast, two Lorentzian curves (6) can be re- 
solved when they are separated by only (o/4 (Fig. 
13). Thus the resolution of  peaks at 675 and 678 
nm or 658 and 662 nm, where to = 10.8 or 12.7 
nm (Table I), implies that the components  are 
not pure Gaussians, as also concluded by 
LECLERC et al. (16) and BROWN and SCHOCH (4). 
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Figure 12. (a) A Gaussian curve with k - 660 nm, 
c0 = 20 nm, A~ - 1000 (--) and its fourth derivative 
( - - - ) .  
(b) Two Gaussian curves with ki = 660 nm, X2 = 670 
nm, to = 20 nm and Ao = 500 ( ). They are not 
resolved by the fourth derivative ( - - - ) .  

To resolve two curves separated by (o/3, each 
must be at least 10-20% Lorentzian. Since pure 
Gaussians were used exclusively in the curve-fit- 
ring, this may explain some of  the discrepancies 
between the fourth derivatives of the fitted 
solution and the original spectrum (e.g., Fig. 6b). 

The complexity of  the absorption spectrum, 
which arises from the large number of  chloro- 
phyll molecules and their different associations 
in vivo, makes it difficult to analyse. Thus, 
fourth derivative spectra are mainly used to 
determine the number  and position o f  close 
absorption bands (6), within the limits of  resolu- 
tion imposed by the technique. Although the 
bandwidth of  the fourth derivative peaks are 
proportional to the bandwidths (to) of  the com- 
ponents in the original spectrum, in practice it is 
difficult to measure these values since the peaks 
are often too close together. However, since the 
amplitude of  the fourth derivative is proportion- 
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Figure 13. (a) A Lorentzian curve with k ~ 660 nm, to 
= 20 rim, Ao = 1000 ( ) and its fourth derivative 
( - - - ) .  

(b) Two Lorentzian curves with k~ - 660 rim, Lz - 670 
nm, to = 20 nm and A~ - 500 ( ). They are readily 
resolved by the fourth derivative ( - - - ) .  

al to l/to 4 for both Gaussian and Lorentzian 

curves (6), the method is very sensitive to minor 
components with narrow bandwidths. In the 

present paper, the fourth derivative has also been 

used to test the various different solutions result- 
ing from Gaussian deconvolution. 

The individual chlorophyll-protein complex- 
es in thylakoids contain many different chloro- 
phyll species, but it is possible to assign certain 
absorption bands in the total spectrum to 
specific chlorophyll-proteins. This can be done 
by isolating the chlorophyll-proteins (3, 14, 24, 
28), although the use of detergents during the 
isolation is a possible source of artefact. Alterna- 
tively, specific chlorophyll-proteins can be re- 
moved through mutation, and the absorption 
spectra of the resulting mutants  recorded in 
vivo. These spectra are still very complex, but 
difference spectra and fourth derivative analysis 
show the loss of specific absorption bands as the 
result of the loss of certain chlorophyll-proteins. 

In the mutant  clo-f22~~176 the loss of all chloro- 
phyll b results in the complete loss of the 640.5 
nm component, and another at 649.9 rim, as 
revealed by deconvolution (Tables I and II) and 
the fourth derivative (Fig. 5b), although the 
640.5 nm component is not seen in the diffe- 
rence spectrum (Fig. 2a). It is unlikely that the 
640 nm component is due to a chlorophyll a 
species, nor is it associated with the 682 nm 
band, as suggested by LEPPINK and THOMAS (l 7), 
since it is also found in vir-115, which completely 
lacks the 683 nm component.  The loss of the 
649.9 nm band reveals a 653.2 nm component 
by Gaussian deconvolution, but this is not a 
prominant  peak in the fourth derivative of 

Table II. Normalised areas of Gauss ians  

Component(nm) 640.5 649.9 653 660 .7  668.9 676.6 682.9 688.9 c h l a  c h l b  ch la /b  

wild type" 30.6 89.4 14.0 88.1 78.0 133 36.0 31.1 380 120 3.17 
clo-f22s~176 0 0 14.0 68.3 80.8 140 41.2 31.3 376 0 co 
vir-zb 6~ 22.2 44. I ! 5.9 66.3 62.9 112 32.6 0 290 66 4.4 
vir-zbr~x clo-f22s~ 0 0 15.9 60.5 69.3 114 29.8 0 290 0 oo 
vir -115" 35.4 98.5 14.0 74.3 73.9 119 0 44.5 326 134 2.43 
v i r -mx  clo-f2 ~~176 0 0 16.7 51.6 78.1 119 0 38.6 304 0 oo 
vir-m 29" 62.2 47.4 21.9 92.5 95.1 121 I 1.3 25.0 367 I l0 3.34 
vir-k 2J* 29.9 28.1 19.0 74.1 78.0 81.1 57.7 15.0 244 58 5.5 

" normalisation factors: Chl a ffi 380/26135, Chl b ffi 120/4338 
all values re-normalised to account for the loss of 90 molecules of Chl a as CPI 
all values re-normalised to give same number of molecules of Ca677 as vir- n5 

+ all values re-normalised to give same number of molecules of Ca669 as wild type 
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ClO-f2 28~176 or any of the double mutants (Figs. 5b, 
7b and 9b). This may be the chlorophyll a 
species giving rise to the 654 nm peak in the wild 
type fourth derivative at high resolution (Fig. 3), 
although its presence does not improve the 
goodness-of-fit of the deconvolution of the wild 
type spectrum. 

In Table II, the areas of the various compo- 
nents have been normalised for wild type, so that 
they are expressed per 500 chlorophyll 
molecules, assuming equal dipole strengths for 
all chlorophyll a components. For the mutants, 
the normalisation has been made using the same 
conversion factors for chlorophyll a and b, with 
further normalisafion as explained in Table II, 
although these values are not meant to be strictly 
quantitative. There is nevertheless, a clear loss 
of chlorophyll a absorbing at 661 nm from 
clo-f22~~176 which is probably associated With the 
loss of most of the LHCII. 

The 689 nm component is clearly associated 
with about 30 molecules of chlorophyll a in the 
PSI reaction centre, since this band is lost from 
the PSI-deficient mutant vir-zb 63 (Table II). This 
is consistent with Chlamydomonas, where BEN- 
NOUN and JUPrN (2) concluded that about 46/ 
500 molecules of chlorophyll a were associated 
with a PSi-specific band absorbing at 691 nm. 
Although this component has been found in 
isolated CPI (24) and PSI preparations (3, 4), it 
was not enriched compared to whole thylakoids, 
which is surprising since the chlorophyll:P700 
ratios of these preparations are 90:1 and 200:1, 
compared with about 600:1 for thylakoids. 

The mutant vir-115 establishes that the 30-40 
molecules of chlorophyll a absorbing at 683 nm 
in wild type thylakoids (Table II) are specifically 
associated with the PSII reaction centre, since 
both PSII activity and the 683 nm band are 
missing from this mutant. The reduced intensity 
of the 683 nm band in vir-m 29 (Table II) is 
consistent with the partial loss of PSII activity. 
Also consistent with this assignment is the pres- 
ence of a 683 nm component (to = 8 nm) in PSII 
core particles (28). This band represents 8-10 of 
the 45 chlorophyll molecules in the complex, 
and consists of more than one component, 
including the reaction centre pigment P680 and 
pheophytin a. 

By taking the fourth derivative of the solution 

provided by Gaussian deconvolution, it has 
been possible to select, from the many possible 
solutions, one which is consistent with the 
fourth derivative of the original absorption 
spectrum - a technique previously only used by 
LECLERC et al. (16). This has produced a series of 
consistent solutions for a number of mutants 
(Table I), allowing certain components to be 
assigned to specific chlorophyll-protein com- 
plexes. The validity of the solutions are further 
confirmed by the close correspondence of the 
amplitudes of these components (i.e., 650, 683 
and 689 nm) with those predicted from the 
difference absorption spectra. The large number 
of different chlorophyll a species associated with 
each of the different chlorophyll-proteins has 
made it difficult to resolve extra bands in mu- 
tants lacking some chlorophyll-proteins, al- 
though a component at 653 nm is revealed in 
mutants lacking chlorophyll b, which absorbs at 
650 rim. Further refinement of the analysis of 
the absorption spectra of barley seedling leaves 
will require the fitting of components which 
have a partial Lorentzian component. The anal- 
ysis is simplified, and possibly more informa- 
five, when using isolated complexes from which 
much of the chlorophyll has been removed, 
such as PSII core complexes (28), or wet ether- 
washed PSI reaction centres (14). 
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