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A spectrophotometric assay is described for chlorophylls a and b extracted by a simple procedure from the recalcitrant 
alga, Nannochioris atomus (strain CS 183). In this assay method, the extraction is performed at 60 o C with 85% aqueous 
methanol containing 1.5 mM sodium dithionite or sodium ascorbate. The success of this extraction method is consistent 
with the view that the reductant cleaves disulphide bridges of structural proteins of the cell wall to render the cell 
permeable to aqueous methanol. In this assay, chlorophylls a and b are extracted without conversion to magnesium- 
31,32-didehydrorhodochlorin-15-acetic acid 13,15,17-trimethyi ester and its 71-oxo derivative (also known as 
magnesium-rhodochlorins a and b) as occurs in an alternative assay for recalcitrant algae where the structural cell-wall 
proteins are hydrolysed by an aqueous alkaline methanol reagent which is used as extractant (see Porra, R.J. (1990) 
Biochim. Biophys. Acta 1015, 493-502) .  The new assay procedure described in this paper is suitable for biochemists and 
physiologists who wish to express the activity of photosynthesis-related reactions and processes in recalcitrant algal cells 
on a chlorophyll basis. 

Introduction 

Recently, Porra et al. [1] obtained corrected extinc- 
tion coefficients for chlorophylls (Chls) a and b in 
buffered 80% aqueous acetone from which they they 
derived simultaneous equations for the determination of 
Chls a and b extracted from higher-plant tissues with 
this solvent system. These equations are intended to 
replace the equations of Arnon [2], which were derived 
from the inaccurate coefficients of Mackinney [3]. Simi- 
lar corrections were also made for the estimation of 
Chls a and b extracted with methanol or D M F  so that 
compatible results could be obtained using all three of 
the above-mentioned solvent systems. None of these 
solvent systems, however, could totally remove Chls a 

Abbreviations: Chl, chlorophyll; DMF, N, NLdimethylformamide, 
DTT, dithiothreitol; Mg-Rchln a, magnesium-31,32-didehydro - 
rhodochlorin-15-acetic acid 13,15,17-trirnethyl ester; Mg-Rchln b, 
magnesium-3a,32-didehydro-7Uoxorhodochlorin-15-acetic acid 
13,15,17-trimethyl ester. 

Correspondence: (permanent address): R.J. Porra, CSIRO-Division of 
Plant Industry, GPO Box 1600, Canberra, ACT 2601, Australia. 

and b from the recalcitrant alga, N a n n o c h l o r i s  a t o m u s  

(strain CS 183). 
To overcome this problem with recalcitrant algae, 

Porra [4,5] developed a new extraction technique using 
2% K O H  in 85% aqueous methanol containing 1.5 mM 
sodium dithionite. Preliminary data were presented 
which showed that the aqueous alkaline component of 
this solvent system was hydrolysing structural proteins 
of the cell wall, so rendering the cell permeable to the 
alkaline-methanol component [4]. The extraction with 
alkaline methanol, however, converted chlorophylls a 
and b (Fig. 1, structure I) to magnesium-31,32-didehy - 
drorhodochlorin-15-acetic acid 13,15,17-trimethyl ester 
and its 7Loxo derivative. These rhodochlorin deriva- 
tives, previously referred to as magnesium-rhodochlorins 
(Mg-Rchlns) a and b [5] and represented by structure 
III (see Fig. 1), are formed either by methanolysis of the 
labile C13a-132 double bond of the enolate anion (Fig. 1, 
structure II), which is produced when chlorophyll is 
exposed to alkaline conditions [6], or by nucleophilic 
attack by methoxyl ions at the C-131 carbonyl [7]. 
Sodium dithionite (1.5 mM) prevented allomerization, 
the oxidative cleavage of ring E, which produces an 
unassayable mixture of allomerization products includ- 
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Fig. 1. The structures of chlorophylls and their derivatives. Chl a is 
represented by structure I. Chl b differs only in the presence of a 
formyl group (-CHO) at C-7 rather than a methyl group. The struct- 
ural differences of the enolate anions, which occur only in rings C and 
E, are shown in structure II. The structural changes, also occurring 
only in rings C and E, are shown for Mg-Rchlns a and b (III) as well 
as the magnesium-hydroxylactones (IV). C-151 and C-15 2 of struc- 
tures l l I  and IV are derived from C-13 2 and C-13 3 of structure I, 
respectively. The tetrapyrrole numbering system used is that currently 

approved by the international Union of Biochemistry [13]. 

ing magnesium-hydroxylactones (Fig. 1, structure IV) in 
addition to the magnesium-rhodoehlorin derivatives 
produced by methanolysis. 

In this paper, another method is described for the 
total extraction of Chls a and b from N. atomus (strain 
CS 183). In this method, the structural proteins are 
again perturbed to render the cell wall permeable to 
aqueous methanol, but  not by alkaline hydrolysis, rather 
by reductive cleavage of disulphide bonds (cf. Ref. 8) 
using 1.5 mM sodium dithionite or sodium ascorbate in 
85% aqueous methanol. This method has several ad- 
vantages over the aqueous alkaline methanol procedure 
[4,5]: the chlorophylls are not exposed to alkaline condi- 
tions which render them liable to allomerization and 
they are extracted as Chls a and b with stronger ab- 
sorption peaks at 664 and 650 nm than those of Mg- 
Rchlns a and b at 642 and 623 nm [5]. No spectral 
assay distinguishes Chl a or b from their spectraUy 
identical allomers and epimers: but, spectral identity 

ensures no assay error if such artefacts arise during 
extraction. 

Experimental 

Chemical and reagents 
Acetone, diethylether and methanol were all Analar 

grade reagents supplied by BDH Chemicals (Australia), 
Port Fairy, Australia. Buffered aqueous acetone is 80% 
aqueous acetone containing either 2.5 mM sodium 
phosphate buffer (pH 7.8) or 50 mM Hepes-KOH buffer 
(pH 7.5) to minimize conversion of chlorophylls to 
phaeophytins. Sodium dithionite was obtained from E. 
Merck, Darmstadt, dithiothreitol from Boehringer-Man- 
nheim and sodium ascorbate from Sigma. 

Purification of chlorophylls a and b 
Chls a and b were purified by the method of Porra 

[ 5 ] .  

Extinction coefficients of chlorophylls a and b m 85% 
aqueous methanol 

These coefficients were obtained as previously de- 
scribed by Porra et al. [1] for chlorophylls dissolved in 
100% methanol, D M F  and 80% buffered aqueous 
acetone. 

Extraction of chlorophylls from N. atomus (strain CS 183) 
Cultures of N. atomus (strain CS 183) were provided 

by Dr. Shirley Jeffrey, CSIRO Division of Fisheries 
Research, Hobart,  Australia. Aliquots (12-40 ml) of 
cultures (36-250 /xg dry wt . /ml)  were harvested by 
centrifugation and suspended in 5 ml of 85% aqueous 
methanol containing 1.5 mM sodium dithionite or 
sodium ascorbate using a Potter-Elvehjem homogenizer. 
The suspension was transferred to a glass screw-capped 
centrifuge tube and closed. After wrapping in foil to 
exclude fight, the contents were heated to 60 °C  for 20 
min. After centrifugation, the pellet was extracted in the 
same way with a further 5 ml of the same reagent until 
the pellet was no longer green or exhibiting red fluores- 
cence under ultraviolet light. Normally, two or three 
extractions were sufficient for total extraction. The Chl 
a and b concentrations in N. atomus cells from identi- 
cal aliquots of the same culture were also determined as 
Mg-Rchlns a and b by extractions carried out with 2% 
K O H  in 85% aqueous methanol containing 1.5 mM 
sodium dithionite as previously described [5]. 

Results 

It is well known that it is difficult to totally extract 
chlorophylls from many fresh-water and marine algae 
using methanol, D MF  or aqueous acetone. In an earlier 
paper it was shown that less than 10 and 75% of Chls a 
and b were extracted from N. atomus (strain CS 183) 



cells with buffered 80% aqueous acetone and methanol, 
respectively [5]; further, repeated (four-fold) extraction 
with 33% (v/v) of petroleum ether (b.p. 40-60 ° C) in 
methanol, a solvent used by Strain [9], showed that the 
presence of the petroleum ether reduced the efficiency 
of chlorophyll extraction of methanol (approx. 75%) to 
that of aqueous acetone (< 10%). The difficulty appears 
to be associated with the impermeability of the cell 
walls to these solvents [4,5]. Supporting this view, algal 
cells which are recalcitrant to normal chlorophyll ex- 
traction procedures include the armoured dinoflagel- 
lates with their cellulose walls, heavily silicified berthic 
diatoms, blue-green algae with multi-layered walls and 
heavily walled green algae. Strong solvents such as 
dimethylsulphoxide, freezing and thawing procedures 
and mechanical techniques of cell disruption including 
grinding have frequently been employed but without 
achieving total extraction. 

In 1968, Thompson and Preston [8] reported that 
dithiothreitol (DTT) caused a considerable weakening 
of the cell walls of the green alga, Cladophora rupestris. 
This phenomenon was ascribed by these authors to the 
breaking of disulphide bonds in structural proteins of 
the cell wall. Working on the premise that DTT might 
weaken the cell walls of N. atomus and render the cells 
permeable to solvents, it was found that the chloro- 
phylls were indeed totally extracted from this alga with 
12.5% DTT in 85% aqueous methanol using the proce- 
dure described in the Experimental section. However, it 
was found that the results, including the Chl a/b ratios, 
were variable and this variability may be due to a 
side-reaction between the thiol compound and the for- 
maldehyd~e group of Chl b to form a cyclic dithioether. 
Support for this side-reaction was previously obtained 
[5] when purified Chl b was treated at room-tempera- 
ture with 2% KOH in 85% aqueous methanol containing 
12.5 mM DTT: the isosbestic points, observed under 
identical conditions when Chl a is converted to Mg- 
Rchln a, were lost (cf. Ref. 5). The side-reaction does 
not occur at room-temperature, as judged by the pres- 
ence of isosbestic points, when using 1.25 mM DTT, 1.5 
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mM sodium dithionite or 1.5 mM sodium ascorbate; 
however, at the higher temperatures (60 ° C) used in the 
extraction procedure (see Experimental section) the 
side-reaction with DTT is again present (cf. Ref. 5). For 
this reason, the preferred reductant used with both 85% 
aqueous methanol and with alkaline 85% aqueous 
methanol containing 2% KOH is always dithionite or 
ascorbate (1.5 mM). The oxidized ascorbate is not very 
soluble in methanolic solvents but the gelatinous pre- 
cipitate, which interferes with spectroscopy, was re- 
moved simultaneously with cell debris by centrifuga- 
tion. 

Determination of extinction coefficients of Chls a and b in 
85% aqueous methanol and derivation of appropriate 
simultaneous equations 

To develop this extraction and assay process, the 
extinction coefficients of Chls a and b were determined 
in 85% aqueous methanol using the method of Porra et 
al. [1]. The extinction coefficients are given in Table I 
both as millimolar extinction coefficients (emM; 1. 
mmol - I .  cm -~) and as specific extinction coefficients 
(a; l - g -1 ,  cm-l).  The simultaneous equations derived 
from these coefficients for solving Chl a, Chl b and Chl 
a + b concentrations are given below in nmol/ml (Eqns. 
1-3): 

Chl a (nmol /ml )  = 18.36 A 664 - 9.06/165o (1) 

Chl b ( n m o l / m l )  = 39.94 A 650 - 13.85/1664 (2) 

Chl a + b (nmol /ml)  = 30.88 A 65° +4.51 A 664 (3) 

and in #g/ml  (Eqns. 4-6): 

Cbl a ( # g / m l )  = 16.41 A 664 - 8.09 A 6s° (4) 

Chl b ( # g / m l )  = 30.82 A 65°-  12.57A 664 (5) 

Chl a + b (~tg/ml) = 22.73/1650 + 3.84 A 664 (6) 

TABLE I 

Millimolar and specific difference extinction coefficients for chlorophylls a and b in 85% aqueous methanol 

Because the spectrophotometer was zeroed at 750 rim, the extinction coefficients are difference coefficients as indicated in column 1. Each 
coefficient is the mean of three separate determinations. The percentage variation about the mean (m) is presented as 100- o / m  where o represents 
standard deviation. The percentage variation is presented (in brackets) beside the millimolar coefficients ( e = i )  but would be identical for the 
specific coefficients (a)  which are derived from the same data. 

Wavelengths appropriate 
to the difference 
coefficients 

Difference extinction coefficients 

Chl a Chl b 

(emr~) a (emM) a 
(1.mmol-  l .cm -1 ) ( I . g - l . c m  - l  ) ( l .mmol -  l .cm -1 ) ( l . g - l . c m  -1 ) 

664 minus 750 68.18( + 0.36%) 76.26 18.19( 5: 0.44%) 20.03 
650 minus 750 27.81( + 0.39%) 31.11 36.88( 5: 0.34%) 40.62 
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TABLE II 

Extraction and assay of chlorophylls from Nannochloris atomus (strain CS183) cells 

Samples (15-40 ml) of freshly-grown cells (Culture 1) and of cells maintained at room temperature under low light conditions for the various 
indicated periods (Cultures 2 and 3) were harvested by eentrifugation and extracted with 85% aqueous methanol containing either 1.5 mM sodium 
dithionite or sodium ascorbate (as indicated) or with alkaline aqueous methanol in the presence or absence of 1.5 mM dithionite (as indicated). 
Cultures 1, 2 and 3 contained 36, 16 and 250 #g dry wt. of cells/ml, respectively. 

Culture Exposure to Extraction Extraction procedure Reductant Chlorophyll content of cells Chl a /b  
No. low light No. used (nmol/mg dry wt. of cells) ratio 

(days) Chl a Chl b Chl a + b 

1 0 1 aqueous methanol ascorbate 16.76 7.03 23.79 2.38 
2 aqueous methanol dithionite 16.64 6.60 22.24 2.52 
3 alkaline aqueous 

methanol dithionite 16.43 6.02 22.45 2.73 
4 alkaline aqueous 

methanol - 16.45 6.75 23.20 2.44 

2 4 5 aqueous methanol dithionite 12.88 5.03 17.91 2.56 
6 alkaline aqueous 

methanol dithiortite 12.41 4.88 17.29 2.54 

2 8 7 aqueous methanol ascorbate 12.01 5.86 17.87 2.04 
8 aqueous methanol dithionite 10.66 5.37 16.03 1.98 
9 alkaline aqueous 

methanol dithionite 10.53 5.02 15.55 2.09 

3 10 10 aqueous methanol dithionite 16.01 8.48 24.49 1.69 
11 alkaline aqueous 

methanol dithionite 17.05 9.34 26.39 1.82 
12 alkaline aqueous 

methanol - 17.05 10.24 27.29 1.66 

Assaying the chlorophyll content o f  N. atomus cells 
The  assays of  the ch lo rophyl l s  ex t rac ted  with  85% 

aqueous  me thano l  con ta in ing  d i th ion i te  or  a scorba te  
f rom cells harves ted  f rom al iquots  of  three d i f ferent  
cul tures  of  N. atornus are  shown in Tab le  II  (see extrac-  
t ions  1, 2, 5, 7, 8 and  10). F o r  compar i son ,  Chls  a and  b 
in ident ica l  a l iquots  of  these cul tures  were assayed  b y  
the me thod  of  Por ra  [4,5] as Mg-Reh lns  a and  b fo rmed  
dur ing  ex t rac t ion  with  aqueous  a lkal ine  me thano l  con-  
ta in ing  d i th ion i te  (see Tab le  II ,  ex t rac t ions  3, 6, 9 and  
11). The  c o m p a r i s o n  clear ly  shows tha t  bo th  me thods  
give re l iab le  and  cons is ten t  results.  Also  i t  was shown 
tha t  ex t rac t ion  at  60 ° C with  a lka l ine  aqueous  m e t h a n o l  
con ta in ing  no reduc ing  agent  (see Tab le  II ,  ex t rac t ions  
No.  4 and  12) gave consis tent  results.  

A n o t h e r  in teres t ing  fea ture  of  the resul ts  is the  de-  
crease  in the  Chl  a / b  ra t io  when  cells are  m a i n t a i n e d  
for  long pe r iods  in low l ight  cond i t ions  (see Tab le  II ,  
ex t rac t ions  5 -12) .  This  is consis tent  wi th  resul ts  ob-  
ta ined  with  h igher  p lan t s  [10]. 

Discussion 

Ear l ie r  w o r k  [5], in which N. atomus cells were 
b r o k e n  in a h igh-pressure  cell of  Mi lne r  et al. [11], 
c lear ly  showed tha t  the res is tance of  these cells to 

ex t rac t ion  of  their  ch lo rophy l l s  was due  to the imper -  
meab i l i t y  of  the cell wal ls  to ace tone  o r  me thano l  or  
me thano l  con ta in ing  33% ( v / v )  pe t ro l eum ether  (b.p.  
4 0 - 6 0 ° C ) ;  unfor tuna te ly ,  the cells of  m a n y  o ther  re- 
ca lc i t ran t  species are  no t  r ead i ly  b r o k e n  to a f ford  such 
an easy  m e t h o d  of  ext rac t ion .  

This  work  shows tha t  reduc tan ts  such as d i th ioni te  
and  ascorba te  (see Tab le  II ,  ex t rac t ions  1, 2, 5, 7, 8 and  
10) r ender  N. atomus cells pe rmeab le  to aqueous  
m e t h a n o l  a l lowing ch lorophyl l  extract ion.  This  is con- 
s is tent  wi th  the view tha t  the reducing  agents  d i s rup t  
the  cell wall  b y  c leaving d i su lph ide  br idges  of  cell-wall  
s t ruc tura l  p ro te ins  as prev ious ly  observed  with D T T  b y  
T h o m p s o n  and  Pres ton  [8]; ano the r  view appea r s  later.  

Perusa l  of  the resul ts  in Tab le  II  a lso shows that  
t r ea tmen t  of  N. atornus cells at  6 0 ° C  with a lka l ine  
aqueous  m e t h a n o l  wi th  d i th ion i t e  (ex t rac t ions  3, 6, 9 
and  11) or  wi thout  d i th lon i t e  (ex t rac t ions  4 and  12) 
p roduces  nea r ly  iden t ica l  da ta .  This  obse rva t ion  shows 
tha t  at  60 °C ,  where  oxygen  is inso lub le  in organic  
solvents,  the reduc ing  agent  is no t  essent ia l  to p reven t  
a l lomer iza t ion  reac t ions  in the  a lkal ine  ext rac tant .  This  
conf i rms  not  on ly  tha t  aqueous  a lka l ine  me thano l  can 
make  cell wal ls  p e r m e a b l e  to solvents  in the absence  of  
r educ tan t s  bu t  also tha t  r educ tan t s  are  only  needed  with  
the a lka l ine  ex t rac tan t  when man ipu la t ions  pr ior  to 
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heating at 6 0 ° C  (i.e., grinding in a mortar) occur at 
room temperature (cf. Ref. 5). 

These results are consistent with a single, simple 
explanation for the successful extraction of chlorophylls 
from recalcitrant algae by  the aqueous alkaline condi- 
tions of aqueous alkaline methanol reagents [5] or of 
aqueous alkaline pyridine [12] on the one hand and the 
reducing conditions of aqueous methanol containing 
dithionite or ascorbate on the other because both condi- 
tions are capable of causing structural alterations of 
proteins. The aqueous alkaline solvents [5,12], while 
replacing the phytyl  group with a methyl group and 
altering the isocyclic ring to form chlorophyll deriva- 
tives, would also be capable of hydrolysing peptide 
bonds of structural proteins of the cell wall, possibly the 
same proteins susceptible to modification by reductive 
cleavage of their disulphide bonds in aqueous methanol 
containing reductants. Alternatively, the reductants may 
remove oxygen and prevent oxidations such as di- 
sulphide bridge formation in cell-wall proteins during 
denaturation in aqueous methanol which might produce 
a tighter-meshed, less-permeable wall structure. The 
much older assay procedure of Porra and Gr imme [12] 
employing alkaline aqueous pyridine to extract Chls a 
and b from recalcitrant Chlorella fusca (pyrenoidosa) 
211-15 cells does not hydrolyse Chls a and b to stable 
Mg-Rchlns a and b (see Fig. 1, structure III), as occurs 
with aqueous alkaline methanol, but oxidizes them to 
their respective less stable magnesium hydroxylactones 
(see Fig. 1, structure IV). Preliminary experiments 
(Lorenz, Porra and Grimme,  unpublished results) indi- 
cate that chlorophylls can also be extracted unaltered 
f rom recalcitrant C. fusca cells using aqueous methanol 
with dithionite or as magnesium rhodochlorins with the 
aqueous alkaline methanol procedure [4,5]. 

Finally, this and other [5,12] chlorophyll assays for 
recalcitrant algae may be useful in marine biology where 

marine-productivity estimates are based on the chloro- 
phyll content of marine algae which include many  re- 
calcitrant forms. 
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