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Molecular Species Composition of  Phosphatidylglycerols
        Chi11ing-Sensitiye and  Chilling-Resistant Plantsfrom

Norio Murata

Doparbnent ofBioto,ev, Ciniversity of Tlalyo, Kobama,  Atfeguro-ku,7blpo  J53, .Jopan

   The molecular  species  of  phosphatidylglycerols from  leaves of  9 species  of  chilling-

sensitive  plants and  12 specics  of  chMing-resistant  plants were  analyzed  by  gas-liquid
chromatography  and  gas chromatography-mass  spectrometry.  The  sum  of  the contents

of  the  dipalmitoyl plus the  1-palmitoyl-2-(trans-3-hexadecenoyl) species  of  phosphatidyl-
glycerol ranged  from  3 to 19%  of  the  total  of  this lipid in thc  chilling-resistant  plants,
and  from 26 to 65%  in the chilling-sensitive  plants. Thesc findings suggest  that  these

two  molecular  spccics  of  phesphatidylglycerols arc  closely  associatcd  with  the  ehilling

sensitivity  of  the  plants.  The  biochemical difference between the  chilling-sensitive  and

the  chilling-resistant  plants is discussed in terms  ef  the  activiLies  of  enzymes  involvcd in

phosphatidylglyccrol biosynthesis in the chloroplasts.
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    In the previous paper <Murata et  al. 1982), we  reported  that  the  sum  of  the  16:O ancl

l6:lt contents  relative  to the  total fatty acids  in phosphatidylglycerol was  higher in chilling-

sensitive  than  in chilling-resistant  plants, and  suggested  the  possibility that  the proportion of

the 16:0f16:O and  16:O/16:lt species  relative  to the  total molecular  species  of  phosphatidyl-
glycerol could  be correlated  with  the  chi11ing  sensitivity  of  higher plants. The  present investi-

gation was  designed to examine  this hypothesis by  GLC  and  GC-MS  analysis  ef  the  molecular

species  ofphosphatidylglycerol  from  leaves of  chilling-sensitive  and  chilling-resistant  plants.

Materials  and  Methods

    Plant leaves were  obtained  and  phosphatidylglycerols extracted  and  purified as  previously
described (Murata et al. 1982). Leaves  of  LuLfili aytindrica (sponge cucumber)  were  obtained

from  plants growing  in a  farm field. The  phosphatidylglycerols were  treated  with  pho$pholipase
C  (Behringer-Mannheim), and  the  resultant  diacylglycerols were  acetylated  with  acetic  anhydr-

ate  in pyridine (Kito et al, ]975), The  monoacetyldiacylglycerols  thus  prepared  were  subjected

to GLC  CShimadzu, GC-6AM)  either  directly or  after  hydrogenation of  their unsaturatien

bonds. The  molecuLar  species  of  monoacetyldiacylglycerols  were  separated  on  a  glass column

(2 m × 2 mm  internal diameter) packed  with  2%  Silar 10C on  Gaschrom  9  run  at  2550C and

detected with  a  hydrogen  flame ionization system.  The  flew rate  of  the nitrogen  carrier  gas
was  40 ml  min-i.  The  monoacetyldiacylglycerels  were  also  subjected  to analysis  by GC-MS

(Hitachi, M-80) with  the  column  conditions  the  same  as  in GLC,  except  that  the carrier  gas was

   Abbreviations: GC-MS,  gas chrematography-mass  spectrometry;  GLC,

palmitic acid;  16:lt, trans-3-hcxadcccnoic  acid;  18:O, stearic  acid;  18:1, oleic  acid,

acid,

gas-liquid chromatography;  16:O,

18:2, linoleic acid;  18:3, a-lino]enic
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helium  with  a  flow rate  of50  ml  min-i.  The  ionization voltage  was  20 eV,  and  the  ion sourcc

temperature  was  200DC.

Results

    I!J,drogenated molecular  species-The phosphatidylglycerols from plant leaves contain  the  fatty

acids  16:O, 16:lt, 18:O, 18:l, ]8:2 and  18:3 (Murata et  a],  1982). In order  to determine the

possible combinations  ef  these  fatty acids,  the  monoacetyldiacylglycerols  derived from  the

phosphatidylglycerols were  analyzed  by GLC  and  GC-MS  after  the  unsaturation  bonds  in the
fatty acids  were  hydrogenated. Fig. 1 shows  a  chromatogram  of  the  hydrogenated mono-

acetyldiacylglycerols  from  the  phosphatidylglycerols ef  taro  leaves, Two  peaks appeared  at

retention  times  of  11.9 and  16,O min.  Similar analyses  were  performed  for the  phosphatidyl-

glycerols ofleaves  ofsweet  potato, maize,  red  clover,  dandelion and  spinach.  In all these  cases,

two  peaks appearecl  at  the same  retentien  times as  in Fig. 1; however,  the relative  heights of  the

first and  second  peaks varied  with  plants,

    The  molecular  species  of  the hydrogenated  monoacetyldiacylglycerols  were  determined by
GC-MS.  Upon  electronicionization,  the  firstpeak produced  fragment ions having m/z  values

of  551, 355 and  239, which  correspond  to the  structures  CH2(OCOCisH3i)-CH(OCOCisH3i)-

CH2, CH2-CH(OCOCisH3i)-CH2(OCOCH3)  and  COCisH3i,  respectively.  The  second  peak
produced  fragment ions having m/z  values  of  579, corresponding  to CH2COCOCIsH3i)-

CH(OCOCi7H3s)-CH2  andfor  CH2COCOCi7H3s)-CH(OCOCisH3])-CH2;  383, to CH2-

CH(OCOCi7H3s)-CH2(OCOCH3)  and/or  CH2(OCOCi7H3s)-CH-CH2(OCOCH3);  355, to

CH2(OCOC]sH31)-CH-CH2(OCOCH3)  andfor  CH2-CH(OCOCisH3i)-CH2(OCOCH3);  267,

to COCi7H3s;  and  239, to COCisH3i.  These  data frem GC-MS  indicate that  the first peak  of

GLC  in Fig. 1 was  due to CH2(OCOCisH3i)-CH(OCOCisH3i)-CH2(OCOCH3),  and  the second

peak to CH2(OCOCi7H3s)-CH(OCOCisH3i)-CH2(OCOCH3)  and/or  CH2(OCOCisH3i)-
CH(OCOCi7H3s)-CHL,(OCOCH3).  However,  their  molecular  ions, which  should  have  m/z

values  of614  and  638, were  net  ebserved  by GC-MS.

    These findirigs suggest  that the molecular  species  of  phosphatidylglycero]s should  be in the
form of  either  1-Ci6-2-Ci6, l-Cis-2-Ci6 or  1-Ci6-2-Cis, but not  in the  form ef  1-Cis-2-Cis.
Since the Cis acids  were  localized at  the C-1 position of  sn-glycerol  in phosphatidylglycerols
from the  chloroplasts  and  at  both the  C-l and  C-2 positions in the lipid from the  whole  leaves

(Murata et  al, 1982), the  1-Cis-2-Ci6 species  should  have  originated  from the  chloroplasts  and

the  1-Ci6-2-Cis species  from the other  membranes.  Most  or  all of  the I-Ci6-2-Ci6 species

are  considered  to have  also  originat ¢ d from  the  chloroplasts.

    U>znjdrogenated molecutar  species-The molecular  species  composition  of  unhydrogenated

monoacetyldiacylglycerols  was  determined  by GLC  and  GC-MS.  Fig. 2 shows  a  gas chromato-

gram  of  the menoacetyldiacylglycerols  derived from the phosphatidylglycerols frem  taro  leaves.

Five peaks were  ebserved  at  retention  times  of  12.6, 16,7, 19,1, 22.2 and  27.7 min.  The  first
and  second  peaks appeared  at  about  the same  retention  times  as  the  first and  the second  peaks
of  the hydrogenated  menoacetyldiacylglycerols  in Fig. 1.

    The  molecular  species  of  monoacetyldiacylglycerols  in the  peaks in Fig, 2 were  analyzed

by GC-MS.  Upon  electronic  ionization, the  first peak  in Fig. 2 produced fragment  ions having
mfz  values  of551,  355 and  239, as  in the  first peak  of  the  hydrogenated  monoacetyldiacylglycerols

(Fig. I), and  in addition,  those  with  mlz  values  of549,  353 and  237, These values  indicate that
the  first peak in Fig. 2 contained  molecular  species  of  16:OII6:O and  16;O/16:1i combinations.

Since 16:lt is localized at  the  C-2 position (Murata et  al.  I982), the  16:Ol16:lt species  should

be in the  form ef  1-(16:O)-2-(l6:1t).

    The  second  peak in Fig, 2 produced  fragment  ions having  m!z  vatues  ef  579, 383, 355, 267
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Fig. 1 Gas  chromatogram  oi' the  monoacetyldiacylglycerols  dcrived from  phosphatidylglycerols of  taro leaves after
hydrogenation of  the'unsaturation  bonds,

Fig. 2 Gas chromatogram  of  the unhydrogenated  rnonoacetyldiacylglycerols  derived from phosphatidylglycerols
of  taro  Ieaves.

and  239, as in the  second  peak  of  the hydTogenated monoacetyldiacylglycerols  (Fig. I), and  in
addition,  those  of  577, 353 and  237. Thus  the second  peak  likely contained  molecular  species

of  18:Ol16:O and  18:O/16:1  ̀ combinatiens,  Le,, the  1-(18:O)-2-(16:O), l-(16:O)-2-(18:O) and

1-(l8:O)-2-(16:lt) species.

    In a  similar  way,  the molecular  species  in the other  peaks in Fig. 2 were  determined:  1-

(l8il)-2-(16:O), 1-(16:O)-2-(18:l) and  1-(18:1)-2-(16:lt) species  in the third  peakl 1-(I8:2)-
2-(16:O), l-(16:O)-2-(18:2) and  1-(18:2)-2-(16:lt) species  in the fourth peak; and  1-(18:3)-2-

(I6:O), 1-(I6:O)-2-(18:3) and  1-(l8:3)-2-(l6:lt) species  in thc fifth peak, The  molecular  ions

were  observed  in the  polyunsaturated species  such  as  the latter seven.  It was  clear  that  the

retention  time  of  the.molecular  species  depended  on  the  chain  length of  the  fatty acids  and  the

number  efcis  unsaturation  bonds in the Cis acids.  The  eflbct  ofa  trans unsaturation  bond in the

Ci6 acids,  if present, was  very  small.

    The  mass  chroma'tograms  for the melecular  and  fragment  ions provided the exact  retention

time  for every  molecular  species  ofmonoacetyldiacylglycerol,  and  this analysis  revealed  that  the

isomers having the  mo]ecular  structures  1-Cis-2-Cl6:O) and  1-(l6:O)-2-Cis appeared  at  the same

retention  time.  The  molecular  species  having 16:lt appeared  slightly  later than  the cor-

responding  species  having  16:O,

    Motecular species compositien-In  the  determination of  the rnolecular  species  compositien,  the

relative  areas  under  the peaks in the gas chromatograms  as  in Fig. 2 were  first measured.  As

mentioned  above,  each  peak  contained  three  molecular  species  having the same  Cis fatty acid
and  either  16:O or  16:lt, The  ratios  between the 16:Ol16:O and  I6:Ol16:lt species  and  between
the  Cisl16:O and  Cis/l6:lt species  within  the peaks were  determined  by comparing  the areas

on  the mass  chromatograms  for the  fragment  ions CH2(OCORI)-CH(OCOR2)-CH2+.  In this
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Table 1 Molccu]ar  spccics  compositions  of  phosphatidylglycerols from lcaves of  the  chi]ling-sensitive  and  chilling-

resistantplanLs

Molecular  species  composition  (%)
Plants

[lgi.8 [lgSt [lgl8 [lgl?t [lgl6 [lgi.1, [lglg [lgl?t [l21: [l:l?t [l218+[lgi?t
Chilling-sensitivc plants

Sweet potato
TaroCaster

 bean

Tobacce

Sponge  cucumber

MaizeKalanchoe

SquashCyclamen

26202019I620321753942222023I722421317o2o3oo331513oo23731514o19o11832915I94o5344113115526138441731113827

 17417II234

4611611266235656242393937343126

ahilling-resistantplants

PeaLettuceCluster

 arnaryllis

Red  clovcr

japanese radish

1,Velsh onion

Chinesc cabbage

SpinachOatCabbagc

Dandelion

Mihcat

121364554133217456323521221ooo111oooooo12ooooooooo27
 16534212432

6132811oooo12o1526281152795Il4516H1047144113o32295I5262312Sl264716334315327242025262432724522047191711IO87765443

determination, however, the  rnolecular  species  of  1-Cis-2-(I6:O) and  1-(16:O)-2-Cis could  not

be discriminated, so  the sum  of  their contents  is given instead (Tab]e l).
    A  comparison  of  the  molecular  species  compositions  of  leafphosphatidylglycerols in chilling-
sensitive  and  chilling-resistant  plants is presented in Table 1. The  l6:Ol16:O species  accounted

for 5%  (cyclamen) to 32%  (kalanchee) of  the total phosphatidylglycerols in the chi11ing-sensitive

plants, and  from  10,6 (spinach and  wheat)  to 13%  (lettuce) in the  chilling-resistant  plants,
The  proportion of  16:Ofl6:lt species  ranged  from 2%  (kalanchoe) to 42%  (taro) in the

chilling-sensitive  plants, and  frorn 1%  (cabagge) to 7%  (pea) in the  chilling-resistant  plants.
Thus, the  relative  content  of  either  of  these species  alone  was  not  correlated  with  the chilling

sensitivity  of  the plants, The  sum  of  the  relative  contents  of  the  16:Of16:e and  16:Ol16:lt
species,  however, did correlate  well  with  the  chi11ing  sensitivity,  It varied  from 3%  (wheat) to

19%  (pea) in the  chilling-resistant  plants, and  frem 26%  (cyclamen) to 65%  (sweet potato) in
the  chilling-sensitive  plants. Among  the  chilling-sensitive  plants, the  sensitivity  is greatest in
sweet  potato, taro  ancl  castor  bean and  least in cyclamen  and  kalanchoe. Ameng  the  chilling-

resistant  plants, wheat,  oat  and  spinach  are  the most  hardy, and  pea  and  lettuce the least. It
may  be seen  in Tab!e 1 that  the order  of  the l6:0116:O plus 16:0!I6:lt contents  seems  to cor-

respond  to the  degree ofchilling  sensitivity  of  the  plants.
    Nishihara et a]. (1980) determined the  molecular  species  composition  of  phosphatidyl-
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glycerols from  the chloroplasts  ofhigher  plants. The  16:Oll6:O plus 16:ell6:lt content  was  14%
of  the  total phesphatidylglycerols in spinach,  a  chilling-resistant  plant, and  43%  (soy bean),
37%  (rice), 39%  (mesophyll ceHs  ofmaize)  and  56%  (bundle sheath  cells  of  maize)  in chilling-
sensitive  plants, These  values  fa11 within  the  ranges  of  the  16:O/16;O plus 16:Ol16:lt contents

of  the  chilling-sensitive  and  the chi11ing-resistant  plants in the  present work,  showing  consistency

with  the  results  in Table  1.

Discussion

    The  molecular  species  compositions  of  phosphatidylglycerols from chi11ing-$ensitive  and

chilling-resistant  plants in the  present study  indicate that the sum  of  the  16 :Of16  :O plus 16:Ol16:1t

species  contents  relative  to the  total phosphatidylglycerols correlates  well  with  the chilling

sensitivity  of  the plants. As  discussed previously (Murata et al. 1982), the thcrmotrophic

behaviour  of  the 16:el16:O and  16:O/16:lt species  of  phosphatidylglycerol should  be similar,

with  both species  undergoing  a  gel to liquid crystalline  phase transition  at  about  room  temper-

ature.  It is rcasonable,  therefore,  that these two  molecular  species  would  form gel phase domains

in the membranes  at  the  chilling  temperature  and  cause  chilling  iniury in the  plants. The

molecular  species  18:Ol16:O and  possibly 18:Of16:lt should  also  undergo  the thermotrophic

phase transition  at  about  room  temperature,  The  contents  of  these molecular  species  were  very

low  in the chilling-resistant  plants, and  amounted  to a  considerable  level in some  chi11ing-

sensitive  plants. The  ether  molecular  species  containing  either  18:1, 18:2 or  18:3 would  be

expected  to undergo  the  thermotrophic  phase transition below room  temperature,  and  therefore

would  not  take  part in chilling  iajury (Murata et al.  1982).

    Since most  of  the  phosphatidylglycerols from  leaves originate  in the chloroplasts,  the mo-

]ecular species  compositions  of  the chloroplastic  phosphatidylglycerols should  be similar  to those

in Table 1. Tlte chloroplastic  phosphatidylglycerols contain  either  16:O or  a  Cis acid  at  the

C-1 position and  either  16:O or  16:ltat the C-2 position (Murata etal.  1982). This observation

suggests  that the relative  content  of  16:O at  the  C-1 position should  be equal  to the sum  of  the

16:Ol16:O plus l6:O/16:lt species  contents,  and  should  therefbre  be related  to the  chilling

sensitivity  of  plants. Sparace and  Mudd  (1982) proposed  that  phosphatidylglycerols are

synthesized  from glycerol-3-phosphate and  acetate  in spinach  chloroplasts,  and  that  the  primary

products ofphosphatidylglycerols  centained  18:1 and  18:2 at  the C-1 position, and  16:O at  the

C-2 pesition ofsn-glycerol.
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Fig. 3 A  proposal  for two  pathways  of  biesynthesis for the phesphatidylglycerol molecular  species  in the chloroplasts

ofchilling-sensitive  and  chilling-resistant  plants, Pathway  A  is dominant in the chilling-resistant  plants, whcreas

both  pathways  A  and  B are  of  comparable  activity  in the chil}ing-sensitive  plants. P, phosphate; P-G, glycerophos-

phate. 
'
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    On  the basis of  the results  of  the present and  previpus (Murata et aL. 1982) studies  and  the

proposal of  Sparace and  Mudd  (1982), it may  be speculated  that  two  pathways can  occur  in the
chloroplasts  for the  biosynthesis ef  the phosphatidylglycerol molecular  species,  As shown  in
Fig. 3, in pathway A, l8:1 is esterified  to  the  C-1 pesition of  glycerol-3-phosphate, and  l6:O to
the C-2 position. After the  phosphatidic acid-thus  produced is converted  to phosphatidyl-
glycerol, most  of  the l8:I at  the C-1 position is desaturated to  18:2 and  18:3, and  seme  of  the
l6:O at  the  C-2 position to 16:lt, The  cembinations  of  the fatty acids  thus  preduced fbrm
a  variety  ofmolecular  species,  In pathNvay B, 16:O is esterified  to both  the  C-1 and  C-2 positions
of  glycerol-3-phosphate, After thc transformation  of  the phosphatidic acid  into phosphatidyl-
glycerol, some  of  the  16:O at  the  C-2 position is desaturated to 16:P, but the l6:O at  the  C-l
position is not  desaturated at  all, resulting  in the  formation of  only  two  molecular  species,  1-

(16:O)-2-(16:O) and  1-(16:O)-2-(16:1`), in this  pathway,

    The  observed  diflbrences in the molecular  species  compositions  of  phosphatidylglycerols
in chilling-sensitive  and  chilling-resistant  plants can  be accounted  for by  the preferential activities

of  the  synthetic  pathways of  their phosphatidylglyceroLs, In chilling-resistant  plants, in which
the  sum  of  the 16:O/16:O plus 16:Of16:lt contents  is low, the  activity  of  transferring  16:O to

the C-I position of  glycerol-3-phosphate (pathway B) should  be much  lower than  that  which

transfers 18:1 to the  C-1 position (pathway A), resuLting  in a  small  proportion of  the  Ci6/Ci6
species,  In chilling-sensitive  plants, on  the  other  hand, the  activity  of  transferring  16:O to the
C-1 position (pathway B) should  occur  at  a  rate  comparable  to that  transferring  18:1 to the  C-l

position (pathway A), resulting  in a  large proportion of  Ci61Ci6 species,
    If such  a  scheme  is valid,  the  diflbrence in the  sum  of  the 16:O/16:O plus 16:Ol16:1t species
contents,  which  apparently  accounts  for the  variability  in chilling  sensitivity,  should  result  from
the preferential transfer of  16:O and  18:1 to the C-1 position ofgLycerol-3-phosphate.  Such
a  preference is possible if an  enzyme  (acyltransferase), which  transfers the acyl  group to the  C-1
position ofglycerol-3-phosphate,  has a  different selectivity  for 18:I and  16:O between the  chilling-

sensitive  and  the  chilling-resistant  plants; the enzyme  in the chilling-resistant  plants has a  rather

strict specificity  for 18:1 than  fbr 16:O, whereas  that  in the  chilling-sensitive  plants is unspecific
fbr either  of  the fatty acids  and  transfers both 18':1 hnd 16:O in comparabLe  rates.  It is more

likely if there  are  two  acyltransferases,  one  specific  for 18:1 and  the other  fbr 16:O; in the
chilling-resistant  plants the former enzyme  has a  much  greater activity  than  the  latter, whereas

in the  chilling-sensitive  plants both enzymes  are  almost  equally  ac.tive.
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(56840037) and  ibr Co-operative Research (5734038) from  theJapanese  Ministry ofEducation,  Science and  Culturc.

References

Kito, M., M.  Ishinaga, M,  Nishihara, M.  Kato, S. Sawada  and  T, Hata  (1975) Metabolism  of the phosphatidyl-
 glycerol molecular  species  in Escherichia coli. Eur. J, Biochem. 54: 55-63.
Murata,  N., N,  Sato, N.  Takahashi  and  Y. Hamazaki  (1982> Cornpositions and  positional distributions of  fatty

 acids  in phospholipids  from  leaves ef  chilling-sensitive  and  chilling-resistant  plants, Ptant (lf CleU RItvsiot. 23: 107l-
  1079.Nishihara,

 M,, K. Yokota  and  M.  Kito (1980) Lipid molecular  species  composition  of  thylakoid  membranes,

 Biochim, Biopdys. Acta 617: 12-19.
Sparace, S. A. and  J. B. ixCudd (1982) Phosphatidylglycerol synthesis  in spinach  chloroplasts:  Characterization
  ofthenew]y  synthesized  moleculc.  Ptant Plpsiol. 70: 1260-1264,

(Received August 19, 1982; Accepted  November  19, 1982)


