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SUMMARY 

1. In tac t  chloroplasts were isolated in 2 rain frmn Pisum sath,mn and then 
placed in external solutions varying in composition and in osmotic pressure. The 
relative osmotic changes in chloroplast volume caused by the impermeable solute 
sucrose compared with equal concentrat ions of various alcohols and aldoses were 
determined. From such osnlotic responses the reflection coefficients (ax) of the 
latter compounds  were calculated using a version of the Boyle Van  't Hoff rela- 
tion derived from irreversible thermodynamics .  

2. The reflection coefficients of pea chloroplasts for alcohols became pro- 
gressively larger as hydroxymethy l  groups were added to the molecule, ;'i:. 
methanol  (C~x ~ o.oo), ethy,lene glycol (o.4o), glycerol (o.03), mcso-erythrit.1 
(o.9o), and adonitol (I.OO). This increase in (rx (decrease in permeability) with 
increasing molecular size parallels the decreasing l ipid-water parti t ion coefti- 
den t s  of tile solutes. The reflection coefficient of D-mannito] was I.OI, of D-sorbitol 
was 1.02, and of meso-inositol was i.oo, suggesting that  these six-carbon poly- 
hydroxy  alcohols are impermeant  and hence woukt be suitable osinotica in which 
to suspend chloroplasts. 

3. Chloroplasts are more permeable to certain aldopentoses, viz. D-xvlose 
((*x = o.43), n-lyxose (o.47) and c-arabinose (o.53), than they are to the optical 
isomers of the same compounds,  i.e. L-xylose (o.87), L-Ivxose (o.93), and ])-arabinose 
(o.85). Although all of these compounds  predominant ly  occur in a chair form of 
the pyranose ring, the first three are in the CI conformation, while the latter three 
are in the IC conformation. The greater permeabili ty of the ( ' I  aldopentoses was 
even more apparent  for l>ribose, which had a reflection coefficient of o.oo. 

4. Based on osmotic responses from 14 to 5 o Ill),], the aldohexoses tended 
to have higher reflection coefficients for tile limiting membranes  of pea chloro- 
plasts than did the aldopentoses:  :~-l>glucose ( (*~ :  o.98), fi-D-glucose (o.!)9), 
2-deoxy-D-glucose (I.OO), 1)-galactose (o.92), 2-deoxy-D-galaetose (o.91), 6-deoxv- 
])-galactose (0.89), D-mannose (o.85), tAnannose (i.oo), and 6-deoxv-k-mannose 
(I.oo). 

5. Based on the correlation between the reflection coefficient and the par- 
ticular sugar stereoisomer, it is proposed that  carriers in the limiting membranes 
of pea chloroplasts are specific for aldopentoses in tile CI fornl of tile chair con- 
formation of the pyranose ring and, furthermore, are particularly efficient in 
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shutt l ing D-ribose into pea chloroplasts. At concentrat ions above 5o raM, tire 
apparent  reflection coefficient of the CI aldopentoses increased, suggesting tha t  
such carriers were becoming saturated.  Moreover, the osmotic responses when 
two sugars were present together indicated that  D-xylose, l)-lyxose, L-arabinose, 
and D-ribose all competed for tire same carrier. 

INTRODUCTION 

Chloroplasts isolated from various plants such as Nitella ~, poke weed", 
spinach ~-a and pea s behave as osmometers when suspended in sucrose solutions. 
This indicates tha t  the limiting membranes  of chloroplasts are considerably more 
permeable to water than  to sucrose, as would indeed be expected. Osmotic rt,s- 
ponses of isolated spinach chloroplasts have also been observed with glucose, 
mannitol ,  sorbitol, or glycerol in the external solution s. Based on microscopic 
observations of the relative volume changes of chloroplasts in sucrose compared 
with glycerol solutions, HEBER 5 concluded that  glycerol penetrates the chloro- 
plast membranes more easily than  does sucrose. Besides this, no other even qual- 
i tative description of the permeation of neutral  sugars and alcohols into chloro- 
plasts apparent ly  is available. In the present study, the relative permeabil i ty of 
pea chloroplasts for such compounds  was determined using osmotic responses in 
various solutions. 

The behavior of the volume of cells or organelles in response to changes in 
the osmotic pressure of external solutions can be described using the Boyle-Van 
't Hoff relationS-S: 

7"~O(r  - b )  = R T  ~ ] 7 4 ]  ( I )  
J 

where ~0 is the osmotic pressure of the external solution, V is the volume of tire 
chloroplast or other membrane-bounded body, b is the nonaqueous volume within 
1", ~v I is a correction factor referred to as the osmotic coefficient, and n I is the num- 
ber of moles of species j within V - b  (R and T are the gas constant  and absolute 
temperature,  respectively). Eqn. I only applies to the osmotic responses to im- 
permeable solutes. To include the more usual case of penetrat ing solutes, NOBt~C 7 
has rederived tire conventional  Boyle-Van ' t  Hoff relation using irreversible 
thermodynamics  and obtained the following expression: 

j o- j  j 

X rri ~ °  = I ? T  - - - -  
,1 

i 
] w n w  

(2) 

where ~ is the reflection coefficient of species j, 3~ is the osmotic pressure contri- 
buted  by  external species j, ~,1 is the act ivi ty  coefficient of internal species j, Vw 
is the partial molal volume of water, and u~,. is the number  of moles of water 
within the membrane-surrounded body. To help reconcile Eqn.  2 with the con- 
ventional Boyle-Van ' t  Hoff relation, it is useful to identify the volume per mole 
of water times the number  of moles of water  contained within the membrane  
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bounded  body,  Vw n~,., with I ' - b  in Eqn. I, i.t'. t i le to ta l  volume (V) m i n u s  t i le  
nonaqueous  volume (b) equals the  in ternal  aqueous volume (Vw n{v ). 

Before proceeding,  some of t i le proper t ies  of reflection coefficients will be 
briefly ment ioned.  A reflection coefficient is a pa r ame te r  tha t  is in t roduced b y  
i rreversible  o~ nonequi l ibr ium the rmodynamics  and which is re la ted  to the  per- 
meab i l i t y  of some nmmbrane  for a par t i cu la r  solute:  '~. For instance,  a species j which 
cannot  cross a cer ta in  membrane  has a a l of u n i t y  for t ha t  barrier .  On the other  
hand,  if the membrane  does not  dis t inguish or select between water  and  some 
solute, then its a I is zero for t ha t  species, which is the case for solutes moving 
across very  coarse barr iers  or for lnolecules very  s imilar  to water  itself, i t  is often 
useful to consider  a reflection coefficient of species j to be the  osmotic  pressure of 
tha t  species which is effective in causing water  movement  d iv ided  b y  its theoret ica l  
osmotic  pressure ~l, the l a t t e r  being ob ta ined  from the Van 't  Hoff relat ion (.-rj R T  el). 
In fact, this  la t te r  definit ion character izes  the  exper imenta l  approach  employed  
in the present  s tudy.  

Using Eqn. 2, the reflection coefficient for a par t i cu la r  solute can be deter-  
mined from the osmotic  responses of chloroplasts  in ex te rna l  solut ions conta in ing  
tha t  compound.  The analysis  can be considerabh,  simplified if a nonpermean t  
solute is also avai lable ,  since only re la t ive  osmotic responses would then need to 
be measured  in order  to de te rmine  unknown reflection coefficients. In this  regard,  
NOBI-I_ 6 has found tha t  O'sucrose for pea chloroplasts  is uni ty.  Using sucrose as a 
reference for osmot ica l ly- induced  volulne changes, NOBEl...\N l) W A N G  TM measured 
the reflection eoefficients of pea chloroplasts  for various amino acids. The reflec- 
t ion coefficients for the  following amino acids were all o.o5 or less: glycine, alanine,  
serine, thre(mine, phenyla lanine ,  methionine,  and  proline. Such extremeh" low 
al 's  for anti,,,, acids means tha t  chloroplasts  are rea(til\" permeal)le to these con> 
pounds,  in agreement  with various metabol ie  studies in vivo ~l~a and in ~,l"lro 14 is. 

The ex te rna l  solut ions used in both the present  and the previous s tudies  ~'' 
conta ined  o.2 3I sucrose, 5 mM Tris H('I (pH 7.9),  and var ious  concentra t ions  
(Cx) of a subs tance  with an unknown reflection coefficient (ax). To analyze  the result-  
ing osmotic  responses,  Eqn. 2 can be reexpressed in the  following convenient  forn,U~: 

a × c x  ~ . . . . . . . . . . . .  (3  I 
RT l" -b 

where ~ is a cons tan t  represent ing  the reflection coefficients t imes the  osinotic pres- 
sures for o.2 M sucrose and 5 mM Tris HC1 (pH 7.9), while fi is the  factor 2~jT~n ~ 

J 

in Equ. 2. Eqn. 3 indicates  tha t  the  reciprocal  of the aqueous volulne within the 
chloroplast ,  I / ( I "  b), should va ry  l inear ly  with the solute concentra t ion in the 
external  solution, Cx. Moreover, since the  add i t ion  of solutes to the ex te rna l  solu- 
t ion would cause water  to flow out  of the  chloroplasts ,  the  reflection coefficients 
measured  in these s tudies  app ly  to the  pair  of membranes  sur rounding a chlor~> 
plast ,  this  being the barr ier  to solute e n t r y  or exit  encountered  under  physic> 
logical condit ions in the p lant .  By compar ing  the osmot ica lh :  induced volume 
changes of chloroplas ts  in the  test  solut ions with those ob ta ined  in the sucrose 
solut ions (~,sucrose --  Loo), the  Crx of pea chloroplasts  for the test  solute can be 
readi ly  de te rmined .  [_:sing this approach,  the  reflection coefficients of the l imit-  
ing membranes  of pea chloroplas ts  for aldoses and alcohols were measured.  
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M A T E R I A L S  AND M E T H O D S  

Seeds of Pisum sativum L., cv. Blue Bantam (W. Atlee Burpee Co., River- 
side, Calif.,) were soaked for 24 h and then grown at 20 ° in moist vermiculite under 
daylight fluorescent tubes, which provided 2ooo lux for 12 h each clay. On the I4th 
day, illuminated plants were harvested and 15 g of leaves and stems were used for 
chloroplast isolation. A gentle 2 min isolation technique '9 which yields 95 % intact 
chloroplasts 2° was employed. Tbe isolation medium was IO ml of o.2 I~I sucrose 
buffered with 5 mM Tris HC1 (pH 7.9). After isolation, chloroplast volumes in 
various external solutions were determined. All such solutions contained o.2 ,Xl 
sucrose, 5 mM Tris HC1 (pH 7.9) plus various concentrations (Cx) of alcohols, 
aldoses or additional sucrose (purchased from Calbiochem, Los Angeles, Calif. 
or Sigma Chemical Co., St. Louis, Mo.). Because of the great experimental preci- 
sion of packed weight measurements 1°, the weight of various chloroplast pellets 
following a 3 min centrifugation at IOOOO × g was first determined and then the 
values were converted to volumes using measured densities1°, 21. After using 
~Cldextran to correct for interstitial fluid trapped in the pellet ~°,2°, the volume 

of the chloroplasts per nag chlorophyll (V) was calculated (chlorophyll was deter- 
nlined spectrophotometrically~2,2a). The magnitude of the nonaqueous volume of 
pea chloroplasts (b in Eqns. I and 3) is already known 6, and so V - b  is readily 
found. When I / (V-b)  is plotted versus Cx, the slope of tile line obtained should 
be proportional to ~rx by Eqn. 3. Tile values of (*x can be obtained from the rel- 
ative slope obtained when the unknown is added to the external solution compared 
with that observed in the presence of added suc rose  (O 'suerose-  I.OO). Each data 
point in the figures represents the average of three or more experiments. 

R E S U L T S  

The osmotic responses of pea chloroplasts to various concentrations of 
alcohols and aldoses in the external solution are presented in Figs. 1- 5. Tile 
abscissa, Cx, is the concentration of a particular compound added to chloroplasts 
suspended in o.2 M sucrose, 5 mM Tris H('I (pH 7-9)- The quantity V b represents 
the volume of osmotically responding water in chloroplasts of volume V, and thus 
an increase in the ordinate, I / ( V - b ) ,  indicates an efflux of water from the chloro- 
plasts in response to an increase in tile external osmotic pressure. In each case, 
the osmotic response to the impermeant solute suc rose  (o'suerose = I .oo)  is given 
as a control. When a substance penetrates more readily than does sucrose (i.e. a 
lower reflection coefficient), the effectiveness of the external osmotic pressure in 
causing a volume change is reduced, and thus the slope of a plot of I / (V-b)  versus Cx 
is less in that case. 

Fig. I shows the osmotic responses of pea chloroplasts to a series of poly- 
hydroxy alcohols of increasing chain length. Methanol is extremely permeable 
and has a reflection coefficient indistinguishable from o.oo. (The highest methanol 
concentration employed was only 14 mM (o.o45 °o), since higher concentrations 
tend to extract lipids from the membrane and consequently cause a disruption 
of the chloroplasts.) The next member of the series, ethylene glycol, has a nmch 
larger reflection coefficient, viz. o.4o (Fig. I), while the ¢~ of glycerol is o.63. The 
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four-carbon polyhydroxy alcohol, meso-erythritol, is even less permeable (a~ o.9o ), 
while adonitol is essentially impermeable ( ~  - LO0). Not shown in 1;ig. I are results 
with six-carbon polyhydroxy alcohols. In particular, the reflection coefficient of 
l>-mannitol was I , O I  and that of b-sorbitol was z.<>2. Pea chloroplasts are also 
impermeable to the six-carbon cyclic po lyhydroxy  alcohol, meso-inosit<>l (a~ = i.oo)" 
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Next, the reflection coefficients of pea chloroplasts for both the I>- and the 
L-forms of five-carbon polyhydroxy aldehydes (the so-called aldopentoses) were 
determined (Figs. 2 and 3)- It was found that 1)-ribose is extremely perlneable, 
having a a~ of o.o<> (Fig. z). The reflection coefficient <>f b-xylose was <1.43, tha t  of 
D:lyxose was <1.47, and the ~ of l>-arabinose was (>.85 (l"ig. 2). 1:i~4. 3 indicates 
that the cr~'s of L-xylose (o.S7) and L-lvxose (o.93) are similar, being considerably 
higher than that of I.-arabinose (o.53). The reflection coefficient of L-ribose, which 
is not COlmnerciallv available, was not determined. Except for ]>-ribose, the 
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reflection coefficients of the  a ldopentoses  were grouped  e i ther  near  o.5 or near  
o.9, a m a t t e r  t ha t  will be re tu rned  to below. 

To help u n d e r s t a n d  the differences in ~ for the  a ldopentoses  and  also the 
unexpec ted ly  low values for some of them,  the  osmotic responses of pea chloro- 
plasts  a t  even higher concentra t ions  of D-ribose (~x = o.oo) and n-xylose (o.43) 
were tes ted  (Fig. 4). As the  concent ra t ion  of e i ther  of these a ldopentoses  increased 
above  5 ° raM, the  slope of the  cx versus I/(V-b) plot  increased and  in fact be- 
came essent ia l ly  paral le l  to the  osmotic response to sucrose. In  o ther  words, the 
appa ren t  reflection coefficient in the range of ex te rna l  concentra t ions  from IOO 
to 2o0 mM was near  uni ty ,  in marked  cont ras t  to the  value for concent ra t ions  
under  5o nlM (Fig. 2). As will be discussed below, such a change of slope is con- 
sistent  with sa tu ra t ion  effects t ha t  can accompany  a ca r r i e r -media ted  up take .  
Ano the r  character is t ic  of carr iers  is the  phenomenon of compet i t ion,  and so var ious  
pairs  of a ldopentoses  were added  to the  ex te rna l  solution. As Fig. 4 indicates ,  
50 mM r~-ribose leads to no wate r  efflux, while I / (V b) is 1.o 9 for 50 mM D-xylose. 
If these two sugars ac ted  i ndependen t ly  as far as osmotic volume changes of pea 
chloroplas ts  are concerned,  then  I / ( r - b )  should also be 1.o 9 for 5o mM 1)-ribose 
plus 5o mM D-xylose. However ,  the measured  value under  such condi t ions was 
1.25. in  analogous  inanner  the  effects of o ther  pairs  of a ldopentoses  on chloroplast  
volume were also s tudied.  Fo r  5 ° mM D-ribose plus 5 ° inM D - I y x o s e ,  I / ( [ ~ - b )  was 
1.2fl, while for 5o nlM D-ribose plus 5 o nl3I L-arabinose it was 1.28. Such non- 
a d d i t i v i t y  of osmotic responses of pea chloroplas ts  for these a ldopentoses  s t rong- 
13 ' suggests t ha t  such sugars are compet ing  for the  same carrier,  as will be dis- 
cussed later .  

The reflection coefficients of cer ta in  a ldohexoses  were also measured  using 
the ~smotic responses of pea chloroplasts .  For  instance,  Fig. 5 suggests t ha t  opt ical  
i somerizat ion affects the  reflection coefficients of s ix-carbon sugars,  since the  ~ 
of L-mannose (I.OO) is somewhat  higher than  t ha t  of o -mannose  (o.85). To help 
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Fig. 5. (}smotic responses  of pea  ch lorop las t s  to  a ldohexoses .  

Fig. 6. The effect of s to rage  t ime  in the  presence of sugars  w i t h  var ious  rel tect ion coefficients 
on the  mean  volunles  of pea  ch loroplas t s .  The e x t e r n a l  so lu t ions  con t a ined  o.2 M sucrose,  5 mM 
Tris-HC1 (pH 7.9), and  5 ° mM of the  i nd i ca t ed  sugar  (ax g iven in parentheses) .  After  s torage  
a t  o: for different  per iods  of t ime,  the  ch lo rop las t  suspens ions  were cen t r i fuged  for 3 rain at 
i o o o o  x g as usual  and  the  mean  ch lo rop las t  vo lumes  were ca lcu la ted  as descr ibed p rev ious ly  1°. 
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see whether  h y d r o x y  groups affect the  reflection coefficients of aldohexoses enter-  
ing pea chloroplasts ,  the ax's of 2-deoxy- and  6-deoxyhexoses  were de te rmined .  
The reflection coefficients for deoxy  aldohexoses were found to be quite s imilar  
to the  (rx's of their  h y d r o x y l a t e d  coun te rpar t s  (Fig. 5), as can be seen from the 
following pai rs :  2-deoxy-D-glucose (I.oo) and ~q)-glucose (0.98); 2-deoxv-I~- 
galactose (o.9i), 6-deaxy- l ) -ga lac tose  (l)-fucose) (o.89) , and  l)-galactose (o.92); 
and 6-deoxy-L-mannose  (l.-rhanmose) (I.oo) and  L-mannose (i .oo). For  complete-  
ness, it should be ment ioned  tha t  fix for fl-D-glucose was 0.99, s imilar  to tha t  of 
x-D-glucose (o.98) . 

In the  de r iva t ion  of Eqn. 2 a " s t a t i o n a r y  s t a te"  condi t ion of no net  v~lume 
flow across the  l imit ing membranes  was assumed7, s. This means  tha t  the  v,~lume 
of the cell or organelle should not  1)e changing with t ime (after the init ial  rapid  
flux of water ,  which occurs when the  osmotic pressure of the  ex te rna l  solut ion is 
var ied  and is over wi th in  about  I sec for pea chloroplasts) .  However ,  if the reflec- 
t ion coefficient is be tween o and l ,  the  ex te rna l  solute can enter  the  cell or organelle 
and  the reby  change the in ternal  osmotic pressure,  and  so the  volmne must  also be 
changing with  t ime.  To inves t iga te  the magni tude  of such volmne changes, chloro- 
p las ts  were s tored for various per iods  before their  packed  weights were deter-  
mined.  Fig. 6 summar izes  such observat ions  which were carr ied out  using a Cx 
of 50 mM for the  following sugars :  D-ribose ((*x o.oo), D-xylose (o.43), D-mannose 
(0.85) and  sucrose {I.oo). l)-Ribose has a reflection coefficient of o (Fig. _-) and 
thus  would be expected  to exer t  no effective osmotic pressure difference acros> 
the chloroplast  membranes  and  consequent ly  to cause no volume change with 
increasing s torage t imes, as was indeed the case (Fig. 6). Sucrose, on the other  
hand,  is judged to be impe rmean t  6 and thus  the  chloroplas t  volume also should 
not  change in t ime,  a l though it would have a different value than  for l)-ril)~se; 
this  was the  case for 3o rain of s torage in an ex te rna l  sCut ion  conta in ing  5o m.~l 
sucrose (Fig. 6). The mean chloroplas t  volumes changed very  l i t t le  for appr~x.  
Io  min of s torage in the J)-xylose and the D-mannose solutions,  indica t ing  tha t  
the  s t a t iona ry  s ta te  assumpt ion  and the exper imenta l  technique used in the 
present  s tudies  is sui table  for de te rmin ing  reflection coefficients between o and I. 
F ina l ly  it should be pointed out t ha t  even tua l ly  the  pe rmean t  neu t ra l  solute will 
achieve the  same concent ra t ion  inside as outside,  at which t ime it would exc.rt n~ 
osmotic  pressure difference across ti le membranes ;  consequent ly ,  the a sympt~ te  
far the chloroplas t  volume is the  same as the  l" ob ta ined  in the absence of the 
pe rmean t  solute (which is also the volume in the presence of 5 o mM t)-ribose, at 
solute whose reflection coefficient is o, see Fig. 6). 

D I S C U S S I O N  

Permeatio~z of alcohols i~zto chloroplasts 
The ra tes  of permeat ion  of most nonelec t ro ly tes  through biological  membranes  

are p ropor t iona l  to the pa r t i t ion  coefficients of the  solutesS, 2a-2G. This s i tua t ion  
arises because the concent ra t ion  difference or " foree"  ac tua l ly  de te rmin ing  the 
diffusion of molecules across a membrane  is the concent ra t ion  jus t  inside ~me 
side of the  membrane  minus  tha t  jus t  wi th in  t i le  o ther  side, whereas the  concentra-  
t ions tha t  are normal ly  considered are those in the  aqueous phases ad jacen t  to 
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the membrane.  Consequently, a correction factor is needed to give the actual  
concentrat ion gradient existing in the membrane.  This factor, which is known 
as the part i t ion coefficient of the solute, is essentially the solubility of the solute 
in the membrane  phase divided by the solubility in the adjacent aqueous phase. 
Numerous experimental  results have shown that  the membrane  water parti- 
tion coefficient of a solute can be approximated by  the ratio of the equilibrium 
concentrat ion of the solute in a lipid phase (such as ether) divided by the con- 
centrat ion in an adjacent and immiscible aqueous phase. In this regard, WI~I(iHT 
and coworkers 2a,26 have shown tha t  as such e ther -water  part i t ion coefficients 
decrease from high values to low ones, the reflection coefficients for the same 
nonelectrolytes (obtained using epithelial cells of rabbit  gallbladder and frog 
choroid plexus) go from o up to I. hi  other words an inverse relationship exists 
between reflection coefficients and parti t ion coefficients. The partit ion coeffi- 
cients of po lyhydroxy  alcohols decrease as hydroxymethy l  groups are added "T, 
and this should be accompanied by an increase in ~rx. Since the reflection coeffi- 
cients of pea chloroplasts increase in going from methanol  (ax -- o.oo) to ethylene 
glycol (o.4o) to glycerol (o.63) to erythri tol  (o.9o) to adonitol (I.OO), the most 
reasonable interpretat ion is tha t  this is simply due to the concomitant  decrease 
in the part i t ion coefficients of the alcohols. 

Next, some of the implications of the values for the reflection coefficients 
of po!yi lydroxy alcohols determined for pea chloroplasts will be briefly considered. 
For instance, the finding tha t  the reflection coefficient of glycerol is o.63 and tha t  
of sucrose is un i ty  G supports the microscopic observation of HEBER a that  the 
chloroplast membranes  are more permeable to glycerol than to sucrose. In place 
of sucrose, sorbito128 and mannito129 have also been used in chloroplast isolation 
me:tia. The values found for the reflection coefficients of pea chloroplasts for 
sorbit(d (1.o2) and mannitol  (I .oi) s trongly suggest tha t  both sugar alcohols do 
not enter tim chloroplasts easily, and thus such po lyhydroxy  alcohols can func- 
tion as osmotica in suspending media for chloroplasts just as well as sucrose can 
(O'suerose = I.OO). In other words, the s tudy  of osmotic responses can be used to 
evaluate the suitabili ty of various osmotica for tile isolation and suspension of 
cells or organelles. Tile reflection coefficient of Nitella transhtcens a° for methanol 
is o.2 7 while tha t  of Chara australis a° for methanol  is o.3o and for ethylene glycol 
is I.O. Since the ~rx's of pea chloroplasts for methanol  (ax = o.oo) and ethylene 
glycol (o.4o) are considerably lower, it is clear tha t  the reflection coefficient of a 
given solute depends on the particular membrane being considered. 

Permeation of aldoses into chloroplasts 
In the case of the aldoses tlle inverse relationship between reflection coeffi- 

cients and part i t ion coefficients did not  seem to be valid. For  instance, pea chloro- 
plasts are apparent ly  more permeable to certain aldopentoses like D-ribose ( ~  = 
o.oo), D-xylose (O.43), D-lyxose (O.47) and L-arabinose (o.53) than they  are to 5- 
and 6-carbon po lyhydroxy  alcohols (~rx ~ I.OO for those tested) having even higher 
part i t ion coefficients. Also, the reflection coefficients of pea chloroplasts are differ- 
ent for the D- and L-forms of the same aldose (Figs. 2, 3, and 5), which means that  
chloroplasts can differentiate between optical isomers of the sugars. Since it is 
generally assumed tha t  part i t ion coefficients do not depend on optical isomeriza- 
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tion, the  permeat ion  of these sugars into pea chloroplasts  must  not  be governed 
solely by  the par t i t ion  of aldoses between membrane  lipids and water.  Thus  
someth ing  more than  the usual physicochemical  factors may  be involved in t lw 
movement  of sugars into or out  of chloroplasts .  I;or instance,  carriers  m a y  hel t) 
shut t le  specific aldoses across the l imit ing membranes  of pea chh)roplas t ,  and 
the reby  lower the  observed reflection coefficient of a cer tain sugar isomer c~,m- 
pared  with tha t  of the other  opt ical  form. 

Three features tha t  are genera l ly  observed for carriers  areS: (I) specif iciD, 

such as being able to dis t inguish between the I)- and  the L-isomers; (2) sa tura-  
tion, i.e. the  ra te  of en t ry  a sy inp to t i ca l ly  approaches  an upper  level as the  s~)Iute 
concent ra t ion  is increased;  and  (3) most  carriers  exhibi t  compet i t ion  effects wl~en 
presented  with s t ruc tu ra l ly  s imilar  solutes. It was observed in Fig. 4 tha t  the os- 
motic wflume response of pea chloroplas ts  was l inear with the concentra t ion  of 
e i ther  D-ribose or D-xvlose up to about  5o raM, but  as e i ther  concentrati~m was 
raised to 2oo raM, the  volume change for a given l c ~  became much greater .  In fact, 
the  increment  in water  efflux as e i ther  ~)-ribose or l)-xvlose was increased from 
Ioo to 2oo mM was essent ia l ly  the  same as for the impermean t  solute sucrose. 
S t a t ed  ano ther  way, the  carriers which bad  faci l i ta ted the en t ry  of i)-ribose ~r 
D-xvlose at the  lower concent ra t ions  appeared  to become sa tu ra t ed  at the higher 
concentra t ions .  The osmotic responses of pea chloroplasts  to the pairwise addi-  
trim of 5 ° mM D-ribose ph~s 5 ° mM of var ious  other  a ldopentoses  indicate  compet i -  
t ion for common carriers,  as will be considered below. Thus, evidence for car- 
t iers  which can t r anspor t  a ldopentoses  across the  l imit ing membranes  of pea chloro- 
p las ts  is based on specificity, sa tura t ion ,  and  compet i t ion  phenomena.  A carrier-  
med ia ted  up take  occurr ing wi thout  an energy supply  such as is proposed for the 
e n t r y  of cer tain aldoses into pea chloroplas ts  is known as faci l i ta ted diffusion ~-3~. 
The use of carr iers  as shut t les  for such a passive process faci l i tates the rate  ,~f 
e n t r y  of a solute and the reby  lowers its reflection coefficient. 

The effect of opt ical  i somerizat ion on the reflection coefficients of pea chloro- 
plasts  for aldoses led to a re- inves t iga t ion  of cer tain of the  amino acids tested 
previously.  It had been found t ha t  the reflection coefficient of DL-valine was o.35, 
of L-leucine was o.50, and  of l.-isoleucine was o.33 (ref. ~o). Using the same tech- 
nique, the reflection coefficients of the  o ther  optical  isomers and racemic mixtures  
of these amino acids were measured  with the following resul ts :  l)-valine (ax (~.I7), 
L-valine (o.53), D-leucine (o.I9), DL-leucine (o-34), D-isoleucine (o.i3) , and I}L-iso- 
leucine (o.25) (C.--T.WANG ant)  P. S. NOBLL, unpubl i shed  observat ions) .  Since the 
l)- and  the I.-forms act as independen t  species, aDL should equal  (aD i aL) 2, as 
the d a t a  for all three  of these amino acids c lear ly  indicate.  Moreover, pea  chloro- 
plasts  do dif ferent ia te  between the D- and  the L-isomers of valine, leucine, and 
isoleucine, suggest ing tha t  carriers  for amino acids m a c  also exist in the  limit- 
ing melnbranes  of pea chloroplasts .  

Correlation be&een r~!flectiou co~!/]icients and the structures of  ahtoscs 
As is the case for enzymes,  carriers  are known to exhibi t  specifici ty as t~ the 

pa r t i cu la r  solute t r anspor ted .  For  instance,  whether  a h y d r o x y  group on an al- 
dopentose  is in the axial  or the  equator ia l  posi t ion of the pyranose  rin K m a y  well 
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affect its ease of entering pea chloroplasts. Consequently, the structure of the 
neutral  sugars will next  be considered in a little detail. 

PI(;MAN AND ISBELL a2 have found tha t  the major i ty  of aldopentoses and 
aldohexoses in aqueous solutions occur almost exclusively as the a and the fl 
anomers of the pyranose ring, with only a small quan t i ty  ( <  z %) in the furanose 
and tile acyclic forms. (A pyranose ring is a six-membered ring containing five 
cart)on atoms and one oxygen atom.) The pyranose ring can exist in two Sache 
strainless forms, viz. the chair and the boat  conformation a2. REEVES a~,'~a has 
demonst ra ted  tha t  pyranoses prefer the chair to the boat  conformation. How- 
ever, owing to the presence of an oxygen a tom in the ring and different substi tuent  
groups on the carbon atoms, such sugars m a y  exist in two different chair confor- 
mations, denoted ¢ i  and I(" (refs. 33 381: 

_ _ -- /// \ 

CI ~C 

where the heavy  lines in the ring mark the side facing outward,  the solid lines 
emanat ing  from the ring are axial bonds, the broken lines are equatorial  bonds, 
the solid circle represents the oxygen atom, and the numbered  circles are the con- 
ventionally numbered carbon atoms. 

The relative stabil i ty of the CI and the IC conformations of the pyranose 
ring depends on the substi tuent  groups a t tached to the carbon atoms of the ring a3-3s. 
I t  has been shown tha t  D-ribose (~x ~ o.oo for pea chloroplasts), D-xylose (O.43), 
D-lyxose (O.47) and L-arabinose (o.53) are more stable in the CI conformation 33, a4, 3T-~. L 
On the other hand, D-arabinose (o.85) has been shown to be more stable in the IC 
form35,3v, ~8, while L-lyxose (o.87) and L-xylose (O.93) are also predicted to be in 
the IC form aa,34. In other words, the four aldopentoses having the lower reflection 
coefficients for pea chloroplasts are all in the CI conformation, while their optical 
isomers are in the IC form. Consequently, da ta  for the reflection coefficients of 
pea chloroplasts for aldopentoses suggest tha t  those sugars in the CI conforma- 
tion are far more permeable (¢x of o.oo or near o.5) than  is the case for the IC 
conformation (¢x near o.9). Such a specificity for aldopentoses in the CI confor- 
mat ion has already been indicated for the t ransport  of these sugars across mem- 
branes of the human red blood cell a3,a4 and the frog choroid plexus aS. Moreover, 
m a n y  enzvmes are also specific for aldoses in the C~ conformation of the chair 
form of the pyranose ring 3~. 

Next, the position of hyd roxy  groups on the pyranose ring will be related 
to possible effects on the values of reflection coefficients of aldopentoses for pea 
chloroplasts. The position of the hydroxy  group on C-z apparent ly  has little effect 
on the permeability,  as can be seen by  considering D-ribose (¢x = o.oo), which 
is an equilibrium mixture  of the ~ and the/3 anomers. Since ~ f l  equals the fraction 
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of a anomer  t imes  a:~ p lus  t i le f ract ion of t3 anomer  t imes  a//, tire reflection coeffi- 
cients of both a-D-ribose and  fl-D-ribose mus t  be indis t inguishable  from o, which 
is to say  t ha t  the posi t ion of t i le h y d r o x y  group on ( ' - i  does not  m a r k e d l y  affect tile 
pe rmeab i l i t y  into pea chloroplasts .  The insens i t iv i ty  of the  reflection coefficient t,, 
t i le h y d r o x y  group on C-z can be apprec ia ted  by  considering D-xylose (a× --  o.43 ) 
and  D-lyxose (o.47), which are epimers differing only at ( '-z. L-Arabinose (o.53) 
and D-xylose (o.43) are epimers differing in the configurat ion of tire hyd roxy  group 
a t t ached  to the ( '-4 of the pyranose  ring. Since the reflection coefficients of these 
two sugars are about  t i le same, the h y d r o x y  group on C- 4 a p p a r e n t l y  has l i t t le 
if any  effect on the  pe rmeab i l i t y  of pea chloroplas t  membranes  to (~I aldopentoses.  
An a ldopentose  has no h y d r o x y  group ou C-5, and  so a t t en t ion  will next  be d i rec ted  

tl~ ('-3. 
One of the  most  s t r ik ing aspects  of t i le present  results  is tha t  pea chloroplasts  

were nmch more permeable  to D-ribose (~x = o.oo) than  to ti le o ther  three aldopen~ 
t(~ses s table  in the CI conf l l rmat ion (L-arabinose, D-lyxose, and  ~)-xylose). D-Ribose 
has the same configurat ion at  (;-5 as these other  three sugars,  and  it was just  argued 
tha t  the  posi t ions of h y d r o x y  groups on C-I, C-z, and  ('-4 do not  exert  a p r imary  
influence on the ease of pene t ra t ion  of ( ' I  a ldopentoses  into pea chloroplasts .  ( 'on- 
sequent ly ,  interest  is focused on the h y d r o x y  group on ('-3 of the  pyranose  ring. 
In fact, the h y d r o x y  group is in the axial  posi t ion and the hydrogen a tom is equa- 
tor ial  for I)-ribose, while tile opposi te  is true for L-arabinose, D-lyxose, and D-xvlose. 
Consequently,  the  shif t ing of this  one hyd roxy  group causes a marked  change in 
the  pe rmeab i l i ty  of the (?I aldopentoses,  since the  retlection coefficient goes from 
abou t  0. 5 for 1)-xylose, l)-lyxose, and  L-arabinose to o.oo for I)-ribose. 

"Fire correlat ion between sugar  s t ruc tures  and reflection coefficients lead,, 
to the following specula t ion concerning the common features of carriers t ha t  can 
be used for moving a ldopentoses  across the  l imit ing inembranes  of pea chloro- 
plasts.  The carriers  recognize those sugars in the chair  form of ti le pyranose  ring, 
specifically ti le CI conforinat ion.  The posi t ions of hyd roxy  groups on ( ' - I ,  C--,, 
and  C- 4 have l i t t le  effect on the ab i l i ty  of t i le carr ier  to lnove tile sugars acros~ 
t i le chloroplas t  membranes .  If the  h y d r o x y  group on ('-3 is in the axial  positi(m 
(~lr perhaps  is s imply  lacking from the equator ia l  one), then the carrier  can grea t ly  
enhance  the pe rmeab i l i ty  of tile CI a ldopentose  into pea  chh)roplasts,  hnpl ic i t  in 
this  discussion is t ha t  one and the same carr ier  is involved in t r anspor t ing  all the 
a ldopentoses  into pea chloroplasts .  Based  on such a premise one would predic t  
t ha t  compet i t ion  effects should be observable  between the various sugars, i.e. 
the  osmotic response of pea chloroplasts  to say  50 mM of a cer tain a ldopentose  
should  depend  on whether  a similar sugar  was also present .  If the effects of sugars 
on I/(l" -b) were independen t  of each other,  then the d a t a  in Figs. 2 and 3 in- 
dicate  tha t  i / ( | "  D) would be Lo 9 - L I 2  for 5 ° mM D-ribose pl,us 5o mM of e i ther  
D-xylose, ~)-lyxose, or L-arabinose (5 ° mM D-ribose bv itself leads to im water  el'flux). 
H(m'ever, under  such c i rcumstances  I/(I" -b) was found to be z.25 4.28, indica t ing  
n o n a d d i t i v i t y  of the  osmotic responses. Specifically', each of the other  CI aldopen-  
toses a p p a r e n t l y  competed  with D-ribose for the  proposed carr ier  and  as a conse- 
quence tended  to sa tu ra te  the capabi l i t ies  of such a carr ier  sys tem (see Fig. 4). 
Since L-arabinose, r)-lyxose, and  l)-xylose all competed  with D-ribose, a reasonable 
deduc t ion  is tha t  all four of these ('.I a ldopentoses  can use the salne carrier.  

l+iochim, lH~)pky,,..4eta, z41 ( J97 ~ ) ,oo.--_, I z 



C H L O R O P L A S T  R E F L E C T I O N  C O E F F I C I E N T S  2 I I  

The relatively large reflection coefficients of aldohexoses for pea chloroplasts 
will next be briefly commented upon. Studies with animal cells have indicated 
that  the carrier systems for aldohexoses can saturate at much lower concentra- 
tions than for the analogous pentoses (e.g. see refs. 38, 43). If the same situation 
held for the limiting membranes of pea chloroplasts, then the carriers may  have 
been nearly saturated at the hexose concentrations employed (14-5o raM) in the 
present studies, resulting in reflection coefficients from o. 9 to I.O. Alternatively, 
the increase in ax in going from an aldopentose to an aldohexose with the same 
configuration around the pyranose ring may  be due to a steric hindrance to pas- 
sage across the membrane caused by the additional hydroxymethyl  group. The 
following series of compounds indicates the effect of this group: D-glucose (a~-= 
o.98 ) vs. ~)-xylose (o.43); D-mannose (o.85) vs. D-lyxose (O.47); and D-galactose 
(o.92) vs. L-arabinose (o.53). Such a marked decrease in the ease of penetrating 
the limiting membranes of pea chloroplasts is also observed when a methyl group 
is added to C-5, e.g. L-arabinose has a ax of o.53, while 6-deoxy-D-galaetose (l,- 
fucose) has a reflection coefficient of 0.89. (To make these comparisons valid, >- 
glucose, D-mannose, and D-galactose should all occur predominantly in the CI 
conformation of the chair form of the pyranose ring, as is indeed indicated to be 
the caseaa, a*,as.) A sinfilar increase in reflection coefficients for pea chloroplasts 
caused by methyl groups had previously been attributed to the branch methyl 
groups on amino acids and methylated derivatives of acetamidO °. As another 
possibility, the addition of a methyl  or hydroxymethyl  group on C- 5 may decrease 
the permeation of pea chloroplast menlbranes by affecting the binding to the car- 
rier used for the CI aldopentoses. 

In conclusion, it has been shown that  two different properties affect the 
penetration of alcohols and sugars into pea chloroplasts. First, there is the par- 
titioning of molecules between membrane lipids and the aqueous p h a s e s - t h e  
higher the partition coefficient, the easier the penetration---which is the basis of the 
relative permeabilities of the alcohols. Second, carriers may specifically slmttle 
certain aldoses into chloroplasts. In particular, carriers in pea chloroplast men> 
branes may select those aldopentoses in the CI conformation of the pyranose ring 
and apparently account for the vanishingly small reflection coefficient of l>ribose. 
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