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Separationof Cl-Containing Chlorophylls
 Chromatography

byColumn

Tetzuya  Katohand  Kyoko  Yasuda

Department of Botaay,thculty of Scienc4ICyoto University, Kita-shirakawa,1<yoto 606, JlaPan

               1 and  cyclohexane:cyclohexanol  solvent,  four Cl-containing   Using Toyopear

Chls were  separatcd  from 3SC!-labeled  cells  of  the blue-green, Plectonenta bocyanam. In

normally  grown  cells,  al1 fourCFcontaining  chlorophylls  arnounted  to less than  1/2,OOO

of  the  total Chl and  about  IX50 of P700, values  much  lower than  previously reported

contents
 ofChl  RC  I, and  varied  from alga  to  alga,  The  level ofCl-containing  Chl was

markedly  enhanced  when  the cells  were  poisoned with  methyl  viologen.  These results

suggests  that these Cl-containing Chls are  not  relatcd  to the reaction  center  of  PS I.

                                                        tt

:i,:X,:II:,r,d,i:9h'OeO,p.ZyJ,i.R,g.JiCLI-co.",:2,L".1".:chl:$o.p,:yhli--36Ca.g;c.o,r,p.e",a"Lo.:s:t:
chromatography.

    Chl  RC  I, a  Cl-containing derivative of  Chl a (Scheer et al. 1986, D6rnemann  and  S.enger

eg.8g,l.6.w.ag.ag?tS?o5g`:d,S.g.,m.,a.m..".ta.".`,og,Sge,"g,dleigg`,,a7,d,s)est".i2t,2d.,?;,t?,e,ks.y.p,ig,m,,e."M?Xh.e,
isolated from blue-greens (Katoh et  al. 1985), but the  separation  of  this pigment  on  column

chromatograms  of  Sepharose gel was  not  always  clear  and  the  isolation required  thin-layer

chromatography  at  the  final step,  In the  present study,  the  column  chromatography  ofToyopearl

was  improved  so  as  to enable  separation  ofminor  Chl  derivatives from bulk Chl; using  
blue-green

    labeled with  radioactive  chlorine  (36Cl), the  determination of  Chl RC  I was  attempteq.
cellsExperiments

 were  conducted  using  freshwater blue-greens because these can  grow in media
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normally  cultured  algal  cells were  considerably  lower than  these  of  P700  in all the algal  species

tested.

                              Materials  and  Methods

,...",i{,,ai.t,L`r,'.e,-F.fl:rxtewai:ti.of,,bpl,u,ttg,r,:e,"s.･,flgecto,n,fzt,a.,b,oc,ff'zu.m),,A,naia.e,za,,.la,n'a.b,iiis.8Il:1,?,),･

Microbiology, University of  Tokyo;  Anabaena aytindrica and  Tb(JtPothrix tenuis were  obtained  
from

National Institute of  Basic Biology; and  an  R2  strain  of  SJ,nechecoccus was  donated by  Dr, R.

Haselkorn (University ofChicago,  Chicago, U.S,A.), Algae were  propagated axenically  in BG-

11 medium  (Allen 1968) and,  to deplete the Cl level, cultured  in a  Cl-free medium  
which

 
was

a  modification  ofBG-1  1 with  CaC12 and  MnC12  replaced  by equivalent  molarities  ofCa(NOs)2  and

MnS04,  respectively,  but due to reagent  impurities the  medium  still contained  O.048-O.065 ptM

CI, When  the  growth rates  of  the  algae  became discernibly slow  after  changes  in Cl-free medium

                                       1529
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every

 
4days,

 the cells  were  labeled with  
36Cl,

 In Cl-free BG-11 medium  supplemented  with  36Cl

 (4.27 ptM, 514mCilmole),  the  cells were  allowed to grow to the stationary  phase (4 to 5 days) to
 propagate the cell  mass  to 600 to 1,350 times  that of  the inoculum.

     (]hl exhaction,-Cells,  collected,  washed  and  suspended  in 50mM  Tris-HCI  (pH7.4), were

 
disrupted

 by being passed through  an  ice-cold French  press and  immediately  mixed  with

 4volumes of  cold  acetone  (-200C), fo11owed by centrifugaton  at 10,OOOXg  for 10min. The

 pellets yere then  extracted  twice  with  warm  methanol  (450C), Acetone  and  methanol  extracts

 were  mixed  with  petroleum  ether,  and  the  upper  green layer of  petroleum ether  was  collected  and
 washe      d repeatedly  with  50%  (vfv) aqueous  acetone  to remove  water-soluble  materials  such  as  Cl
 ion. Then  the petroleum ether  layer was  collected, evaporated,  disselved in a  small  volume  of

 ethanol  and  reevaporated  to remove  all traces  of  water.

     P700-enriched particles-Freshly prepared spinach  chloreplasts  were  washed  three  times  with

 
ice-cold

 solution  contaning  HEPES  (20 mM,  pH  7.4) and  NaCl (10 mM),  frozen to -  1960C  with

 
liguid

 nitrogen  and  lyophilized in vacuo.  Removal  oflight-harvesting  and  PS-II pigments with

 diethyl ether  exraction,
                     

leaving
 the pigments  of  PS-I reaction  center,  was  performed  according  to

 
Ikegami

 (1976). Lyophilized chleroplasts  were  extracted  twice  with  water-containing  diethyl

 
ether

 [mixture of  water-saturated  and  dehydrated  diethyl ether  at the ratio  ef  4 : 1 (vlv)] at OOC,
Th.e

 Chl content  ofthe  resultant  pellets was  1143 that ofthe  original  preparation and  their  Chl a  .' b
           .7. These  were  used  as  P700-enriched particles.
ratio  was  15

     
Column chromatagram-Toyopearl  HW-55F  (Toyo Soda, Tokyo)  was  washed  with  distilled

water  and  then  acetone  repeatedly  to  remove  al1 traces  of  water.  It was  then  
washed

 
with

cyclohexane:acetone
 (1:1, v!v),  with  cyclohexane:aceton  (3:1, v!v),  twice  with  pure

cyclohexane
 and  then  allowed  to equilibrate  with  dehydrated  pure cyclohexane  for more  than  five

d.ays,
 
until

 
the

 gel had  shrunk  to  less than  two-thirds  ofits  original  volume.  Into a  glasstube with
sintered

 glass at  the  bottorn (internal diamete,r: 2 cm)  filled with  pure cyclohexane  10 cm  deep, the
HW-55F  suspension  was  poured  slowly  to  a  thickness  of  5 to  7 cm,  The column  bed was  washed

yg'Vha,P,,,vp'guessf,'g,O,m.i?,o,f,pg,'f.p.y.cio,h,sla.".e,,ffzat,2gs,og,pgfi:,p.rp,gfirt.':.:,oSt.h,2s,h,rv,:ltg:.e.W,g
important  to obtain  a  sharp  and  reproducible  separation  of  pigments.

collecEtioUrfteSEOafcChOiUfrMa:tlohnrOMwaatsOgreaxlllm:'neer:COfbiireCttehdeeVaebrsYo7bOadnrcOePSs(pCeactir'u3m2ML/iVhithaafrHai:;icOh:'

spegtrophotometer  200-10, and  then  treated  as  follows to bring to  the  36Cl  measurements  with
a
 
scmtillation

 
counter.

 
The

 samples  were  first dried in scintillator  vials  in an  oven  (t100C);                                                                              then

             .5%  H202  containing  20 mM  Na2C03  were  added  and  warmed  in an  oven  to digestfew drops of  16
the  pigments,             This was  repeated  until  the  samples  became colorless,  after  which  they  were  heated
to 1600C  to remove  all traces of  H202  and  brought  to the measurement  of  radioactivities.  In the

:/f",tr7g,zx,p,e.trr:?s.ts.w"t.h,ls2a,v",{;.d.a.rn,o.":,t.'&13elfZi,･teg.i:srz?f,:ln,,th.e,f.o."r.?e.o,f.",2,O.xtrf;,siig",
emitted  by acids  produced  by oxidation.

    
Amounts

 of  Chla  and  b were  determined according  to Mackinney  (1941). P700  was
measured

 
by

 ferricyanide-minus-ascorbate difference absorption  at  700 nm  using  a Hitachi 356
spectrQphotemeter.                  The  exidation                              of  the thylakoid  suspension  (25 to 30 "M  Chl  in 20 mM  Tris-

I{Cl, pH  7.4) by K3Fe(CN)6  (O.8 mM)  was  monitored  against  the reference  containing  10 mM  Na-
isoascorbate.  The  difference absorption  coeMcient  at 700 nm  was  assumed  to be 64mMui･cm-i
according  to Hiyama  and  Ke  (1972),

Results

The dried preparation of  pigments isolated from 
S6Cl-labeled

 cells  of  Plectonema boryanum was



The Japanese Society of Plant Physiologists

NII-Electronic Library Service

The  JapaneseSociety  of  Plant  Physiologists

Cl-containing chlorophyll 1531

dissolved in 1.0ml  of  pure cyclohexane  and,  after  filtration through  a  glass filter to  remove

insoluble materials,  applied  to a Toyopearl HW-55F  column  which  had  been equilibrated  with  the

same  solvent.  In the experiment  (Fig. 1), a  relatively  large amount  of  the sample  was  charged

because the specific  degradation rate  of  S6Cl  is very  low  (due to its long half life of  3 × 105 years).
                                                                        after  it wasUsing pure cyclohexane,  P-carotene was  separated  from the column  first; immediately

removed,  the  solvent  was  changed  to a  mixture  efcyclohexane  : cyclohexanol  (200 : 1, vlv),  which

eluted  a  gray band  of  pheophytin a. After 25 ml  of  120 : 1 mixture  had  been allowed  to flow, the

solvent  was  changed  to 80 : 1, at  which  time  a  dense green band at  the  middle  of  the column  started

to migrate  and  separate  into a  faster migrating,  faint band of  Chl  a' and  a  slower,  predominant

band  ofChl  a. After Chl a' was  eluted  out,  the solvent  was  changed  to a  40 : 1 mixture  to facilitate

the removal  ofChl  a, after  which  two  bands remained  on  the  column,  one  a  pale green band at

the  
middle

 and  the other  a  red  band of  myxoxanthin  at  the  top. The  former was  then  eluted

by cyclohexane:cyclohexanol  (20:1, v/v),  and  the latter with  cyclohexane:acetone  (1:1,
vlv),  The  change  of  solvent  for the last step  had  to be preceded by a  small  

volume
 

of

cyclohexane:acetone  (5:1, vfv)  to avoid  an  abrupt  change  of  gel properties. A  faint green 
.band

of  chlorophyllide  a rernaining  at  the  top  of  the column  was  removed  with  a  sizable  quantity of

                        ,
 vlv).  Although  the mixture  of  methanol  i acetone  should  have

:eYICelaOsheedX2･ tneefiigiCee:91:?tfile 
:Tloyopearl

 column  showed  a  massive  expansion  of the  bed volume  with

methanol,  resulting  in cessation  of  the  solvent  flow.

-oz(cacrout･ca<

fiQ
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FRACTION  NUMBER

Fig. 1 E]utiQn pattern of  Toyopearl  HW-55F  co]umn  chrornatography  of  pigments  
extracted

 
from

 
Reectonema

boryanum cells.  A  chromatogram  of  a  sample  containing  56.2 mg  ef  Chl a was  developed first with  20 ml  
of

 pure

:l:lgg::a.:: l?y"･i.RL;:fi:iSt-'?' .W,LSSeW(L')v;,O  aMnkOgnaaliOyO  -: l'ih29oMili?foaf 
ic?Oci6iLx"aOnilil

 :cfet[olnBeO (s'i i29 aMnidOaas  3i9 
:o\

cyclohexane:acetone  (1:1), In the  upper  part, absorbance  larger than  5.0 was  plotted ona  
logarithmic

 
scale

 
on

the ordinate  : squares,  absorbance  at  484nm  due  to fi-carotene (fractiens 3-18) and  to  myxoxanthin  (112-127);
triangles,  absorbance  at  671 nrn  due to pheophytin  a (21-29); circles,  absorbance  at  664nm  

due
 
to

 
Chl

 
a
 (50-59)

and  a  (60-88). Lower  part: rdioactivity  of 
36Cl,
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Measeremept

 gf 
36Cl

 radioactivity  revealed  four Cl-containing components  (Fig. 1, bottom),
none

 
ofwhich

 
coipcided

 with  the bands  ofseparated  pigments. The  first and  second  (CIChl-I and
-II)

 
were

 
eluted

 
with

 cyclohexane  : cyclohexanol  (120 : 1), the  third (CIChl-III) between Chl  a' and
Chla,

 
and

 the fburth (CIChl-IV) after  the large band  of  Chla. Among  these, CIChl-I was

g,r:d,s,m,i.nan.t}?,",terbe.",tgls-,g:s,.:･:･".a,'iy,,i3,d,isf,e:";b,i,",e'ss?.a,&i,zf-?ie..q",a?,tt'jy,Zt.P2g,Me,,","X,l,a.S
absorption  spectra  with  the maximum  at  665  nm,  coinciding  with  that ofChl  RC  I.

    The  quantities of  these CIChls, calculated  on  the basis of  the  absorbance  of  Cl-containin
fractions, were  about  115,400 of the  total Chl for CIChl-I and  less than  this figure for the othef
CIChls.

 
The

 
radioactivity

 of  588 cpm  in the CIChl-I fraction (Fig. 1, fraction ne,  40) should
correspond

 to 4.54gatems  Cl after  the corrections  for isotopic clilution, and  the absorbance  of

gg,Cmh,iiL.l".:h,fi,S:.M:.`l･3C.t,ig.".C,Odrle.SPbO,",dh2d,g.O,t'6Zrftl,gLe8gg,f,,C,hhi.a,'.:f,t8:cl:i?lall,stS,O.rigtAO.",
one

 
atom

 of  Cl, The  Cl contents  in the  other  CIChl fractions were  smaller  than  this value,

probably        because they  were  not  completely  free from bulk  Chl a.

    
Fig,

 2 shows  the  elution  pattern of  acid-treated  pigrnents in the same  column
chromatogr.aphy.

 Most  part of  Chla and  a' has been transformed  into pheophytin  a, and
myxoxanthm

 
was

 completely  degraded with  this treatment.  Most  part of  Cl-containing Chls

yere lost, and  a  peak of  
36Cl

 radioactivity  appeared  immediately prior to pheophytin a instead,
mdicating

 
that

 the  Cl-containing components  had been converted  into pheophytin-like pigment
compounds  (CIPheo),'                    The  pheophytinized products of  the fbur separated  CIChls were  all eluted
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pure cyclohexane            , 
and

 applied  to  the  column  chromatography.  For the conditions  ofdevelopment,  the  scale  of  the
orclinate,  and  symbols,  see  the  legend to Fig. 1,
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Table  1 Contentso

104 Chl)

f Cl-containing Chls and  P700in  var{ous  blue-greens (per

clchla CIChl-Ia P700

Frayelta diPtosiPhon

Plectonema boryanum

Anabaena variabitis  (M3)
Anaaystis nidutans

Synechececcus R2
'7bippothrix

 tenuis

Anabaena aylindTica

1.094,41O.293.551.404.97O.66

1,89 (1.85)b
O,16 (O.18)b

O.49 (O.82)b

O.49 (O,58)b

68.984.078,291.4100.7

 71.7

 73.5

a  Estimated frDm  the  
36Cl

 radioactivity  tn chlorophyll  fraction.

b Values  in parentheses estirnated  from the absorbance  of  CIChl-I fraction.
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amounts  ofCl-containing  Chls were  less than  1f2,OOO those  oftotal  Chl  and  less than  1120 those  of

                                                                            . The
P700  and  varied  from alga  to alga,  in contrast  to the rather  stationary  values  of  P700

number  of  Cl atoms  per molecule  in the collected  fractions free from the contamination  
of

 
bulk

Chl a calculated
 with  the  corrections  for isotopic dilution on  the  basis ofS6CllCl  of  culture  media,
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circles, absorbance  at  644 nm  due  to  Chl  b' (77-81) and  to  Ch}  b (83-95); squares,  absorbance  
at

 
484
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due

 
to

violaxanthin  (59-64).
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of

 
development

 the scale  of  the ordinate,  and  the symbols,  see  the legend to Fig. 1,

were  in the range  between O,55 and  O.94.
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however,
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still

 
much

 
smaller

 
than

 
the

 
content

 
ofP7oo

 in this preparation
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chlorophyllide

 fraction to the  same  extent,  but no  Cl incorporation was  seen  in the CIChl-I and  -II
fract.ions

 (Fig. 
4),

 
The

 CIChl-IV isolated from MV-poisoned cells  showed  an  absorption
maximum

 at 672 nm,  differing frQm the  other  CIChls, but the  ratio  ofCl  atom  to Chl  was  fbund to
be close  to unity  (O.89),, ND  

36Cl
 incorporation into Chl  was  observed  when  the cells  were
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. 
An  Fttempt to chlorinate  purified Chl  a  enzymatically  using  chloroperoxidase  of  Chldorio

tm`ego (Sigma, Y･S.A.) yiplded only  very  little of  a chlorinated  fbrm of  chla, but prod iltiged'
a
 
slzable

 quantity of  chlermated  pheophytin, which  was  eluted  at  the same  position as  CIPheo.This
 was  probably due  to the low pH  (4.3) of  the  reaction  medium,  adjusted  to facilitate the
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reaction  of  this enzyme,  the  optimum  pH  of  which  is 2.2, Of  the chlorinated  products of  Chl

recovered,  the  greatest quantity was  for CIChl-I and  no  radioactivity  was  obsrved  at  the position
of  CIChl-III or  -IV.

    The separation  of  pigments  with  the  solvent  system  efcyclohexane  : cyc]ohexanol  mixtures  as

described above  was  obtained  with  cyclohexane  : isopropanol mixtures  of  the  same  ratio  as  well.

We  used  the cyclohexanol  mixtures  because they  afford  smaller  changes  in gel volume  than  the

latter, though  the cyclohexanol  mixtures  are  more  viscous  and  ]ess easily  removed  by evaporation

than  the  latter, When  the fiow rate  slowed  down, it could  be readily  resumed  by applying  an

appropriate  air  pressure to the  column  without  sacrificing  the separation  performance.

    Rechromatography  of  the  separated  Chls in the same  column  showed  that no  conversion  of

Chla  into other  forms, including conversion  to Chlal or  to  pheophytin, or  vice  versa,  had

occured,

Discussion

    Using Toyopearl chromatograms  and  cyclohexane  : cyclohexanol  mixtures,  photosynthetic

pigments, including phenophytin a, b, Chl a, a', b, b', one  Cl-containing pheophytin a  (CIPheo) and

four types  of  Cl-containing Chls (CIChl-I, 
-II,

 
-III

 and  
-IV)

 could  be separated.  A  method  to

separate  Chl a and  b was  developed by Omata  and  Murata  (1980, 1983) using  DEAE-Sepharose

CL-6B  and  Sepharose CL-6B  and  hexane-isopropanol mixtures.  These agarose  gels, however,

show  extensive  shrinkage  of  bed volume  with  an  accompanying  ¢ hange  of  chromatographic

properties when  the  content  ofthe  polar solvent  is lowered to the range  in which  Chl ais  adsorbed

to the  gel [in the  case  ofisopropanol  : hexane, lower than  1140 (vlv)], making  it dificult to separate

those  pigrnents which  are  eluted  prior to  Chl  a.  Toyopearl  is more  stable  in this respect.  It also
shrinks  in nonpolar  solvents,  such  as  pure hexane or  cyclohexane,  and  swells  in polar solvents

especially  in the  presence of  methanol,  but the physical conditions  of  gel bed  are  less aflbcted  by

the type  of  solvent  used.  With  this  system,  most  the  acetone-extracted  phetosynthetic pigments
can  be chromatographically  separated  without  preliminary purification with  DEAE-agarose

chromatogram,  which  causes  epimerizationof  Chl a to Chl a'  (Omata and  Murata  1980).

    The  extremely  low level ofC]Chls  in the cells  was  rather  unexpected.  The  total amounts  of

CIChls was  about  1/2,OOO that  of  the  total Chla  and  the  most  predominant  CIChl-I was  1/50 or
less than  that  ofP700.  Separation of  such  a  smal1  quantity ofpigment  is feasible only  with  the  use

of  radioactive  Cl or  with  chromatography  of  the highest sharpness  such  as  HPLC.  The  observecl

value  diflers from  the  Chl  RC  I content  which  had been reported  to be of  the  same  level as  P700  in

variety  of  algal  species  (D6rnemann and  Senger 1981, 1982, Katoh  et  al.  1985). The  scarcity  of

Cl contents  in Chl cannot  be interpreted as  being due  to incomplete incorporation of  radioactive

Cl because the  amount  of  CIChls, calculated  from the absorbance  of  the  Cl-containing fraction,

gave  almost  the  same  values.  In the  case  ofCIChl-I,  the ratio  ofCl  atom  : Chl was  calgulated  to

be close  to unity  if the  absorption  coeMcient  was  assumed  to be identical te that ofChla.

    The  fact that, in Anabaena variabilis cells, the content  of  CIChls  is less than  11280 the content  of

P700 (Table 1) is not  compatible  with  previous  results  with  the same  alga  (Katoh et al, 1985),
The  chromatographic  performance of  Sepharose CL-6B  gel, used  in the previous work,  was  much

less stable  than  that  ofToyopearl  in highly polar solvents,  so  that the final determinations ofChls

were  often  made  using  another  chrornatogram  with  thin-layer  plates. The  higher values  fbr Chl
RC  I in the  previous report  woulcl  therefore  be accounted  for either  by incomplete
chromatographic  separation  or  by a  secendary  transformation  of  Chl  in the course  of  thin-layer

chromatography.  Judging from  their  relative  amounts  in this alga,  no  Cl-containing Chl should

have  been visibly detected as  a  separate  band on  a  CL-6B  column  chromatography,  so  the  collected

fraction should  probably had  not  been separated  enough  from Chl a', which  is eluted  very  close  to
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CIChl-I
 
and

 
-II.

 The possibilities that Chl  a undergoes  chlorination  on  occasion  of  cell disruption
and  that  the chlorinated  derivative is oxidatively  converted  into Chl RC  I in the  course  of
thin layer chromatography  in the presence of  02  have recently  been suggested  by T, Watanabe in
Tokyo  University (personal communicatien),
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