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\TI;C-DIi'''lENSIo;~AL ilIGH VOLTAGE, LO:~ TEl'·?L::HATt.m.!.~ PAPER Er1~C'l'ROPHOm~SLS 

OF 14C-If.J3ELED PHODUCTS OF PHO'X'05YNTHESI3 ~'lITH 14C02 

~:olfgur~ Eohr1 am J. A. Drl.:';Sh.:llll 

La't.!renC(1 Ha.diaticn rilborator·'y. University of Call~ornia, 

Berkeley, California \. 

" 

PalY~r chrorr:2.tosraphy in cwbinat1on1r/1th radioautography i1Hs proved 

~,to be D.. b1gilly useful analytical tool in elucidatins the carbon reduction 

nttcmrts (3,14,5) have failed to produce unequivocal t'?vMcnce fer tb:: 

exist<:mce of the :31x-cru. ... oon betn,-ketO-:1.cid diphonpi'k1.tc (2-carbo.~Y-3-

kcto-'pent1tol-l.t5-diphosph~te), ';;hich hl.~s been proposed (1) to be the 

i'~"'st r:ea1 reaction product of 14C02 fixation. $uch a. conJ!)O'.md, as \'i~ll ' 

as the unidentified carly 1~~C02 i'1x.ltlc'f1 pro.1uct reported ''by Sp.lcolnlk 

a'1C1 Domnn (6) would be h1@llylabi1~. 

It 1s possible tht"lt the arAlysiS by ord1nary two-dlmension.a.l paper' 

because ot' t1rl~;l rf~qu1red;, temperature at w!::ich perforrned, and reactivity 

of 801vent~ durlnf; ch:..t"Q!;:a.togr'e.pl'ly. Other proble:ns BOtr..etirnes encountered 

in the' ~0pEratlon of sU!:;a..r pOOsph; .. tes coo relatt'..'d C01!pounds by poper 

chrOIn::i.to;;raphy could prevent one fror;; finding small' amounts of ~r~ pro-

p03E:\l beta-keto acid dlpllosphate. r'[hesC' problclro, include salt effects 

(caus1l1l str0akir.i~), Jldo.lble-spott:ln;;1t duo to solvent phase separation, etc. 

1. NA'I'O Fellmi, University of Heidelberg. Gerrl'lt'll'lY J 1962-1964. 
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,( I}"! .. I • " . 
. . . '" · ,',\ ~ tE!!]peratW'e a.t var10ua pOints near the pap~ is meaauNd bl 9 t~· , 

.' -' I! .. , <t. :,. :." .' .' , '. '. . ' . . '~'. . '. . . .'." \; '. ,',': 
, . mometera inserted through the cover ~ al.J:Dst touohing.the paper aheet., '.' ,:' .. 

'. ",",' • 'I' t...... ." .' . '. . '. ~" ": . ~.' ~ :~ .'._ . 
',' t .". "" :aw;tep. ' ~ ~ tollowing butters ~ed to be 8u1tab~ tor our" "';',' . 

.: ... ' , . ":: ~.. . -' .' - " . - \ ' . ,~ ~ ~ ,~ .:, ' 

. : . .",' ~;~p~es •. l"lrst ~1on (pH ~.4), 11.760 lU d18t~l1ed water; 150 ml·,· . 
. r. I • .: ,. , 

• . ' - • • . j ,) ... " ", " " • 0 '. ~ ., 

. ','.'~ .. glIw1ali~4cet1o ao14; 90 m1 pyr1d1ne. an1 8 g etl\Ylane c11am1ne, tetraacetlo ,. " .. :', 
.: "" ..... • ~ • \ .' , ..' ...' " ; . • • • • l • ,,' L,~.' , 

, " ':.~ ", ' ..... acid •. Second .d.1menalon (pH 2.0)~ 4500 ml 41stlUtK1 Watet-. :290 ~':a1acJal' : ' 
• >,.1 • • • ;. ." . " . 

. . ~'. ,'.~ : .. acetic acid, ard 130 UIl. 251. tormic acid. 
o. J j - • ~ ," '10 ~ • • • ' .~ 

'. c '.. ',;, '. Pa;mra .. ' Whatrran No~ 3MH pa~ ,was used.. ~ 18per ~ aurt1~lent. "., ·i . 
' .. ~ ... ; ,:.< ,~.,wet-8tntngth' to be haMled 'tOt' o~~ in two cUmenaionaw1th'one .', " 

''''. :,' ::' .'. . . '. . . ,', '.. " . .. .., : il'\, '. " 
','; .. ;:', :d17~ ~t1on ~ ~tween. "'l' ," • "'1.':, . 

, , 

"Ij :"'~"'\"" ,. Photonynthet1c 1"004 fixation.. sean leaves. u wen as algae, were ',> 
,: ,-; ""': " ': .. ~ ~ fix 14~"tor'A ~ per1oc1 (~30 ~ec:),.· ~n~!\~k11~ '. :".:' ',' 

t ", , '. : ~.." • I • .... • I,' • • \ i I ", ,: ~". '.' 

,' •. , ' ," and extraction of'thtt mter1al resulted in' a 8WJpen8,.on that 'conta1nocs,' . : .' 
~., "'-. ~ " .:" ..' . . " 

: , ' ... ", ' . the whole nater1al.. ' ~' , .. 
"' : • ,. t ... ~,' • ','. • " • • • ~" 

.' . " '~ loave$..Accord.1rio to 81z~, 000 a1ng1.e lear or, ~ exc1sed <11- ,<". . " : 
, , • • • t, ...... "i . 

:, ':';, or' tl"1tol1ate le~ 'rqn a bean p~ j (Pha6~lUli .wl&nrls)' ~ placed in '.' 
.~ f • \. ' > ... " • 

. . : ~ ~'an illwn1natlon ,~ot, 80 co volumltard expos\x1 to· .ll&C02 u' describod., , 

: 'ela~ (11). &lbaequentll. the . leaf, ~ plunged 1ri~O 1aopentane at 

-1600 C and ONshed into 8ta1aller pleces (10), '.these ~ gl"OWd to a 

tine po-.«1er 1n a ~zer that waacooled w1tb,c1r7 10Hoetona. After, ..... , . 

l1op~l1zat1on. the dry residue ~ l'esu.uperlded in'ioe *ter' ~ thilt the 
, . . 

:- " suspens10n Contained the extract or 100 ~ fresh weight. ot the: 8tart~ 
. ~ J. "" • ~ 

'" . , . 
mater1al1n 0.2 m1. . , 

,·l 

, Al.fn'.M, . Chlorella ·PY!Ynoldoaa •. gl'01m 1ft ~1_ cW.tur«t .•. waa '~"i \ f 
_. " , . :.' I ' 

harVe~ted ,and, Nau.a_~ 1n lo-~ 14 itH2p041K~4 bUtter" ~~ ~ ,U ~, .. i.: > . 
I' .' " .. " . 

. " " " . , .. ,,), ," '", ."' 'l, 
, " , , , 

't' :" , . 
"\ r·.· . " 

., ... \ f 

• ~ u .'~. • '~. , 

, ,I, < 1.'" 

" 

t"" ' 
~ .1 ' 
.~ 

" 
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(wet packed. voll.am!/suspena1on vol.um) 8uspension. 20 ml or wb1chwere 

placed 1n a G1n;>11t1~ ·lO~POP" that was 1nInersec1 1n a watel',batb (ll). 

, Air, conta1n1t6 2J CO2, wuPassed thrOugh the veasel. wb1ch was 1l1um1-

nated rran o1ther aide by a photospot 1azJt>. Atter 10-15 m1n of photo

synthesiS, _ the air wan replaced b)' nitrogen for 60 leo. Then. 0.1 ml or , 
NQHl"~ solut1on (0.06!,!. 1.7 mc/ml.) waa added with al'lak1n8.' Arter a 

short 'period 0 or poot08)'ntheaia. tl18' algae suspens10n vaS nan into _ 80 ml 
o 0 

mothaJ¥)l at -200 C. Th1a 8I.lspena1on was thon conoentrated 1n vacuo to 

1.5 ml at a to~tur~ below 00. 

Electrophoretio technique. The bufter vessols were each t'1lled with 

1600 ml or burter, A GbMt ot paper (',S.li x: 46.4 10m) was cUpped into 

butfer oolut1on, blotted betwoon filter. paper, -an1 plaood. in posit1on 

un:1er the, a.caun. The oonnection ot the paper to ,the butter vesBela 
, 

was fllade b)' paper wickS, TheDe were strips or-the 8amJ piper. 48,." em 

long an1 9 em 1d.de. . 'llloy overlapped the cdgo ot· the paper Bbeet· b)' 1 to 

1.5 em. 
I 

ArteJt "0 m1n or tvdrtwlla equilibratiOn at 100 °C, the .)fstem waD· 

cooled to rf' C arr1 turthol' equil1brated url1er the voltago to be usocl tor' 
o • 

20 min. 

~Q ,cover was l1tted and the ~le to be anal1zed was appl1ed to 

the crjg1n aa a otr1pe. 2-4 em long (10 to 25 "l1ton or Bar.rp~). The 
. ' 

c;over carry1.r\i tl» electrode, -tho upper coolin;, -coll,.m.1. thI.t thonnOrDetera 

(P1g. 2) waa then lowered' into po&it1on again. The ~ltap waa then 

appl1ed (oorr11tlona given unier Fig. 3). 
! , " 

Arter- soparat1on in eaoh d1."DenSlon, the vtoks were remoVod and ·the 
, .' .. 

# , " •• 

paper (cl.an;)e4 to .its·support) was taken out and· plAced in a 6I71n6 bOx. . ," . . . -. . 
I 

.. #' 
'1 

: " ~ , , "'- . . 
I 

yO' 

• ; " . 
i' . ., 

.. 



" Dry~ in our chrOmtogt"D.ph,y boxes with torce4 a1r now at room. t~ra-
, 

,ture requires 1-1(2 to 2 hra. 

For tW<>-d1menslonal, separat1on. the paper waG sprayec1 with tho r.QN 

, ' 

acid1c butter ,utter the t1rut dr'J1ns. Coro was taken not to wet a ,trip 
J , ' 

'I 

5 to, 6 em wide in wll1cb the t1rst separation ot C~8 hOd tGlcen, plaoe. 

'!he wet'soctlons of tho paper were blotted agaJ,n. and the paper ttaa put 10 
. ' 

pos1t1on to give a separatIon at r.tght anc;los to the firat, one. After 

applioation of th& paper .d.cka. tho two butfer tronts atart ~ to-
, ", 

gether. t~B~.\ br1ng1ng abcut Do concentration ot the 8~le' zones to s1r8le . 
"spots. This 8harpen1~ or spots after tho first dimenuion seems to be 
, " II 
~. very help1\ll 1n Cbta1n1.ng good overall resolutlcn. When the ,whole strip : \ 

wna cor.;>l.etely wet w1th the butter •. the 'syatem was cooled down, ~ the 

aecam run wau atLu:"tec1. . .. 
'!bo radioactive areas or the eleotrophoret~ were'located by . , . 

rad1oautograpl\Y. The ~8 were 1dent1tlec1 by ooahrOmat~ and 

coelectrophorea1a. with kilown conpamds as mrkera. 

A rad1oau.t~h or 8. two-dimensional eleotr'cphoretogram ot tho 

~c~s ot 20 sec photoayrtthea1a of 14002 by bean leaves 1s ahOwn 1n 

Fig. 3. 

As i8 the caso with two-dimeM1onal paper chrorrntography, ,it has 

been poss1ble to aeparote tram a crude extract a l.arge number ot c~ 
. . . . 

1 
from several olassos 1n a a1ngle operation. CanpQ.Il'lds of s1m1lar pK and . ' 

, .' 

noleculal- siu are round to move to 'the ~ general area at the 'eleotro- . 

phoret~ Thus tha sugar phosphnto& aN tounc1d1at~buted 1n a rcNI, • 
. . .' 

a.ccord1r6 to theae properties. 'lbe resolution ot· these ~ .P~,.phates 
" . I". 
" 

" 
f".. J , " 

" 

, . 
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atter two-d1.rrIens1onal electropbores1a is so~whnt better than 1s 

. uBUlll.l.y achieved with a general tw~nslonal papeI' ohraMtography. 

. Despite the m1ldnosa ot too analyt1cal cOJ:X1it1onsemplo),ed and the 

excellont resolut1on achieved. we have been unable to idontifY any new 

" '" awnstanoeo. r,lQreover. we have not observed on the elcctrophorotosram , 
" VfI nmt or ~own ra.d1oa~tlve ccnpound which \.lnd(W the Uo--ual oondlt1CXlS',' 

of tWo .. d11~:malonal paper Chromat~ gives kn~ CanPound.~ BuCh as, II ~ .L 

phospho&lycerlc acid. 

S1m1l.ar reaults (not shown) were obtalnod upon two-dimensional 
, , 

electrophores1a an:1 radioautography of the ~cta or 2O-&ec photo-

synthesiS',with 14002 by Chlorella pYronoldosa. I, 

DISCU5.$ION 

I , , , 

Tho unthOd of low temperature, ~~ voltage, two-dimens1onal electro.:. " 

,phONSls descr1bed here acc,O!%i>l1nhns at least 83 goO<1 res6lutlon ~f ca;~ 

plexb1oahem1co.l'mixtures. such as the products ot a few !Sooonds' photo-' 

synthet1c reduction of l4C02. aa does two-dimens1onal. paper chromatography. 
, • ' ' • 1:"" 

'lbo eleatrophoret1c methcXl t'equlrcis abOut two hours"ot actual running·time 

plus tour hwrs' ~~ t(1me) WhOreas tho chrOmatographiC method. requires 

16 to 48 hours' running time plas abcut 24 hour!J of drying time. The 

principal adVanttlge of the electrophoretio technique. however. lies 1n 

the milder Con.:11tlona or nnalyd1a. Because o£ the considerably. ~ter 

experimental canplexity involVed in running the two-dimensional electro-
, . , 

. phoretograms. this meth03. 1s not l1kely to supplant chromtogmphy :except 

,where the lnvtlst~ator \dshea to employ the m1.l.dest cond1t1orus of an&11&18, 
, 

or where the better resolution "achieved by electrophoresis 1a esoentlal,~, 

~ fa1lure to t1nd attf new conpounda as early products or 14002 

f1xation by photouynthea1a dOeS not e11ml.nilte t~r' possibility that 'OUCh 

, , 



, , 

conpounds exist, "but 1t does indicate that any' such substances IJust be 

extremely unstable to be lost dur1:ng the mild corrl1t1ons of analys1s. 

An acid buffer (pH 2~O) was uned in the second d1menlSion 1n order to 

achievo 500d resolution of the phosphate coopounds. If this bUffer, 

CIt' the drylnl operation after the first d11mns1on caused the deconpos1-
, , 

t10n of 80100 un.known. stable oOITpound, and if" all the l4C \'f-aB not lost 

in theproces8. ,then we should have. found' the pl~o1uct of' the' decortpos1 ... 

t10n 1n the final chromatogram. For example, rib.llose'd1phoSphate in 
" , , ' 

already labeled ,in the rad1oautO'~aph ahmm in Fig. 3. 'If. a beta keto 

ac1d were fornnd 10 the algae by thG cW:'boxylation of thio ribulose 

d1phosphate, and if it wercs suofleQ.u.ently decQ!lli)Osod 1n the dry1n.l opera-
, " ' i\ 

t10n or 1n the secorXl chrc.matosrnPh,y, we should have found a second spot; . 

of ribUlose diphosphate or 'of phosphO~lyccrlc acid. or at least a streak , 

1n the secord d1mension. Nelthoo.'" was found, either 1n'thin or other 

experimental Thus. we may conolude that if such an \.1."'lBtablc prodUct ,of 

carboxylation ,1s or1&1nal.ly fonncd in thtl al&le, its concentration mst 
I ',', 

be below the l1nli:ts of deteatio."l by the sensitive r~oautogo.ph1c methOd. 

SUWMRY 

The se~t1on ot e~ly productB of l4C02 ~uc~1on durin!; Photo-
. '{ . 

synthesis by twO-<timens1onal high. voltage. low t~erature paper, electro

phores1.a is described. AlthOUgh excellent reGolution was obbt.1ned under 

very mild oondit1ollS of analysia, no new p.roducts war'6 fWnd. 
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FIGURES .' 

Flg. 1. Lower cool.1nE c011. p~t1c 5Uj;>port 8hoot~ buffer tanl<:3 and 

electrode froril t~na~onnl eleotrophoresi3 e.pparatus. 
, , 

For illustration. these parts of th~ apparntua are shO'tm 

outs1de the eon'tB.1ncr. The la-licr cool1ng' c011 1s urxler the 

plast1c shoot (wh1ch has holea to porL11t o1rculation or cool.1l\1 

l1qu1d). SmaU ,glass bCads glued to plastic sheet with epoxy 
... 

resin are for th8' support of the paper \tIh1ch 1& not: shoWn. 

-At either cr41 are the pla:lt1c buffer tanks and too plastic 

and plat1nJm eleotrode asacmol1es. 

Fig. 2. ~o-d1liJCnSional elactrophoresis apparatus 1n an open (non

operat~) pos1~1on. 

ThC:t paper cnn be seen rcstiru on 1ts pl.ast10 support sheet 

and 1:mcrsed 1n decalln. T'11'.t uppar part' of the asSembly 

shows the upper cool1r.g coils, the electrodes, and the the%'

l00lt"letera. all attached to the cover. The upper port of the 

ruJ~CJlbl.Y is ra16~ and lowered b:l me~ or ,n ~lley arran;~nt 

(not shown). It is Mpt in thin raised pos1tion during appli

cation of the extract to the origin. Dt.4'1.ne the electrophoresis 

the upper asaeroly is l<1l'1ered until the cover an:1 electrodes 

aro in place. The upper cool.1ng 'co1l 1a then 1 eel trom the 

iA'\per. ~ ent1re apparatus is operated in a fume hoOd .. the 

doors ~ which carry 1nterlocks t-:h1ch prevent the app11cation 

of voltage unt1l the doors aro closed. 

\ 

, , 
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FIGURES (Cont.) 

1""1 3 Radioautd~aph ot t~~nsloral electrophoretn~~.· or nroauots . g. ...... ~- • 

of photosynthesis or 14CO~ 1n be~~ leaves •. 
, .:;. 

Bean leaves of ?t-aseolu5 vulf!8£ls were exP05~ 20 8~ to 

14co2• killed. anJ extracted 8.3 described in text. 14C-labeled 

1\mar1c. sucoin1c, 'and 'citrio acids were ad~ed to the extract. 

F~t dirr.ens1on; pH It.4 .. 75 min at 2.35 k11ovolts (53 volts/em) .. 
and 105 tlA. Seeond d1mendon. pH 2.0. 55 .min at 3.35 k11ovolts 

(78 volts/em) and 90 ~. 

AbbreViations: 2-PGA, 2-phosphOgl.yeer1e. ac1a. 3-POA, 3-phospoo

glyceric acid; Pr:.PA, phosphOenolpyruvic acid; JM)P. ribulose-l,S-
, . , II 

d1phoGphate; FOP, fruc~~l.6-d1pbosph.'\to; SDP, aoooheptulono- II 

l,7-d1phosphate .. UDP-Glu, UDP-glucosej UDP-Gal, UDP.:..zalactose; 

" r AD~~lu, ADP-gluc03e. J~, ribose-monophosphate. "ruMP, r1buloa~ 

I:IOnoPho3phate; FMP', rructose monophoephate; m'lP, SlUoos~ 'mono

phosptBte; St1P. sec1oheptulo~e monophoephate. 
,I 

, " 

." 
" 

, f,· 

. , 

" 
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Fig. 2. 
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• pH 20 

+ 

Fumaric Acid 

Malic Acid 

Citric 'Acid 
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Succinic ADP-Glu 

Acid 

Orioin 

Neutrol 
Subslances 

Fig. 3. 

PEPA 
3-PGA 
2-PGA 

RuDP 
(-)Pi ,- FOP 

SOP 

Triose-P UDP-Glu 
UOP-Gol 

RMP 
q, 

RuMP ,I 

FMP + , 
GMP 

SMP 




