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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
- University of California. ’ ‘
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N DIRODUCTION
Paper chromatography in copination with ra diowtogr h Las nroved

Jto Le a highly useful anslytical tool In eluclidating the cwbon reduf'tim
Icycle of photosynthesis as it is now known (1,2). However, several
attempts (3,4 have failed to produce unensuivoeil evidence fc;'r' the
existence of he sh-carbon beta-ieto-ae di')v waphate (2—-9&1"%30:(;?-3;- ‘i,ll
ketompentitol-l,5~diphosphate), which has oeen proposed (1) to be the
first real reactlon product of 1“002 flzation. Juch a compourd, as we ll ;
as the unid@ntified early 1'{4(709 fixation product "euomr*d by ‘smcolni&
and Doman (5) would be highly labila, ) |

it is posai‘aie tﬁat t‘;c aralysis by oréinar'y t%wd;x.mrmioml paver »
cbro:xaﬁog;raékw, rmoatly employed in past stul u.m s 18 not sufficiently mild
tecause of time required, tesperature nt which performed, and reactlvity

. of golvents duri 144 chromtbg,mp}'zy. Jchfr* problens sometlines _ncou‘n.tercd
in the separation of sugar phosphates ol related cor zisouz'zdzz biv pﬁper
'_chr'omtag,r 2y cw.lc prevent one from f‘:moi ng small am Cﬂ.&ﬂta of the pro-
posed bela-keto acid diphosphate, These prot >lem ix clude sait effects

(causing stresking), "double-spotting® due to solvent phase separation, etc,.

1. HATO Fellow, University of Heidelvery, Germany, 1962~1964.
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, 1t seemed worthwhile to attenpt to fimd conditiom for the nparatll a’.* ;."' *
j or early photosynthesxa produdts by mmpwlmgmhcmhmnio at low ""'- .-
tampemms. because the method should be faster and milder than paper’ H

N _I,

chwtompw. mo. sinco it depends on different mhcuw properuu SO
. ,‘, ? . N : " . .1 P b ',;‘:?' )
b 3“',,’-',_;,;,-‘-‘ it might mpplement chromatozrephic proceduress : ".5: o

’
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oyt -;';-‘ Ct e Oalm.ch has reported t*se separation of produsts of photo= r‘-';;'1".”-_‘".:.?-;:-":"

AR IR

o  tynthests for shart times with lhcoz by cne-dimenalonal paper olectx'o-i"‘ ICRPY

phcresia at 0° € (7). Hio found 1o new. gubotances 1ikely to be intere | 5' ‘\“‘ ‘

'médiatu in the early ateis of COp reduction during photosyritheats, R o

'In view of thesa mcrbed x'eaultn, in which incomplete reooluﬂm {*n

“ of photosynthetic produdts was achieved, we felt that two-dimensional -l\{?“ﬁ‘ R

" electrophoresis at two different pH valies night be/Anformatives MO )

: .dimnaional electrophoresis has been expldyed by Durrum (B) amd by Mead ( ) 3 i - .‘., |

: "’f-,.ff' ‘,"T, ¥ for the' geparation of antnd actds, and by Strain (10) for the sepdraticn ECEONNE

' “, of 1mrmnio fons and soms non-biochemical orynm ccmpamdn. Otw t;wo-‘ i (.
2 "’-:w \. -‘d’imensional -é1lectrophoreses have been mportad. but not for the tm cf L,‘ -’4"‘% I '.
, mixture in which we are interested. .- e "’1 2:
: "‘; ~ We have rmnd it necessary to imm'porata several techhiques o ?*l. ."J : ‘;.:.f" :
' e ,,' ~ Gifferent from those of theae earuer studiea in order to achieve o 1: ‘-a,?_; J "\
o \ 7." separation of photosynthetie intermedinte ccmwurna. ‘g8sential to aur ’ a -
‘ :’ :f“'mthod are the ronowim reatm'om “The. paper 18 supported rm'ihontauy j , o 1,
B “:-f .in an inert no].vent which 18 ‘cooled by specially~designod cooling com. 1 .; .
"85 resulting 1nithe eMatnation of local heating effectss . Following” gl
; R etwomatogrephy ‘1h the first dlmnsion. the. mmq of m arens occupi.od 13“
T by conpounds e decresse dut‘l.ng uu ap1dhtion o the sesond tfirer,’ ) 2: o
UGN e R 4*:.{‘.1‘ ' o ,:‘*.l'};»‘? Ly #«1@’” A
r ‘ et ) "\‘ .\,;J P T L AP | " \‘ L PR B . 7';."%-“‘1




'or bioohemical mmedmten. » mmgh the appucacim of rehtivoly
high voitam (Z.S-Q.O K volts) rapid aepamtim 18 aohiovod Varim

, [

‘;.'; wisr ﬂq features are aiscussed under “Methodas

1 X Volnma ot‘ mt.er and ethylene glyeol) rrom an mmnma tank by mhnq g 5 }’
Ry L g t\«b PuTHa. mo contertts of the tank were kept ot -a %o -10' by A H{\ g
T ," J- :;:;\:3 ’:., ) ' . | : i .‘ -’s' . “:"_,‘_ :f

SR “vofrigeratton untt, C NP O

" The actual nppmtun consiats of a square box ot‘ Imito (66.13 x 664.'4 :

o - that centains 13 rows of 13 holes (2.9 am :I.n dnmwr), 'mo paper ia,';,'; ,
‘ ....‘dét\%lly aup;m*éed»«by 12 mwa of. lzfiglasﬁ beada (5 m) t'ixea in tha opaoo e _‘
L "f;_”\‘ .5‘.“ . between tm holss, thus giving point suppart as mn as ﬁ'ee ci.mulation
L7, of the cooling decalin to the peper (Pg D)e. . o -
. 77" . Above and below the paper and 160 suppart are Gooling Golls, the . -'*}z,.-*"%f?ﬁ;??:’§:f
T upper, of which 1a mamtad to the covar of the box,. The cover also bears ..
A‘ the two platmum electmdoa. 'I‘he ower itsell can be mimd and lowemd : "5:‘.;'?
7w a pullay, Nitrogen pressure is uaea to push the decaldn from a ghsl REEREY
.". , f - nmimr boIow the. nppmtus up tht‘mah 'Y valvo am mbo the l‘yntem, ) ) ';T'-'.j‘j:-.
PP ., ST ‘\';‘“ ' “-*' ~ ‘.."‘._;""'*;"; | , ‘
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1 ' et
att.er which the valve is closed. The valve 18 opened to drain the box.

'I}‘he tmpemtux‘e at varioua points nedr the paper is measured by 9 therw

momatm msert.ed t.hhough the cover and almost touchina ‘the paper aheet. e

_Egg’__g . The two following buffers praved to be nuttahle foz' our

purpoaost 'First dimension (pH 4.4), 11,760 ml distilled watar. 150 ml.
mm‘ acetio aom, 90 ml pyridine. and 8 g sthylene diamine tetmacetic

acid, Becond dimension (pH 2.0). 500 ml distilled mf.or. 290 ml alaom

., 'sacetic acld, ard 130 ml 25%. t‘ormic acid.

Papera, wrmtmn Noe 3 paper was used. 'mu paper haa sutfioiem

]

4l alloved to £1x 0y for a short pertod (130 see. &mmmt, ndmng

: and m:t;raceion of the mterial resulted m & nuapam;ton tmt. aomaimd

L the whole mterials

o . Bean leaves, According to size, cae single 1ear @ an miaed d1.- :
g | 1_ or trit‘onat;e leaf from a bean pl&nt (Phaseolus vu }@13) wag: placed 1n | | ) .
"i" - ?\._?‘an 1undnation charber of, 80 ¢ volume and exposad to- 1400, as described.

o ‘elsewhere (A1), Subseq{zenﬁly; the - leaf was plunged into isopentane at -
" <160° C and orushed into mualler pleces (10)¢ These were ground to a
' fine powder in & honogenizer that was cooled with dry lce-ecetona, m:er'
lyophyldzation, the dry residue was rempended In 1ce vater so that the
< suspension co:ztained the extract or 100 4 rr'esh weisht of' the atartim

material in 042 mls
&% Chiorella gzr_gnoid ) -grown in contimm cultum.
harvested and nmpemd in 10'3 u xnzmu/xzupon mrm, amm s 1:

} < ' .
.. L L
! * L ! +
€ i . " ~ bR . § 3 )

1,‘.‘"

‘ mt-stmngth to be handled ror cm'cnntmp!zy in two dimnsim wlt.h omt1 f‘f . .' ,.
drym; Opemt:ion in betwean, e
‘ Photosynthetic 1"002 fixation, Bean leaves, as well as algae, wem

s .

e

A

f.., ‘
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(wet packed vomm/msﬁenslon volume) suspension, 20 ml of which were
placed in a simplified "lon;ipop" that was immersed in a water bath (11).
. Atr, containing 2% 00, was passed through the vessel, which was 1llune
nated fran elther side by a photospot lamp. After 10=15 min of photo=
synthesis, . the air was replaced by nitrogen f‘or 60 seo. Then, 0.1 ml of
Nanl“oo3 solution (0406 1, 1.7 mo/ml) was added with shaking, After a |
short perdod ‘of photosynthesis, the algae suspension was run into. 80 ml
" methanol at ~20° C. This suspension was then conaentrated 1n vacuo to
1.5 ml at a tenperature below 0°, -

Electrophoretic techniques The buffer vessels were each {illed with

1600 ml of buffers A sheet of paper (N84 x 46,4 .om) was dipped tnto |
| 'burror solution, blotted between [ilter.paper, and placed in position |
‘under the decalin, The cannection of tho paper to the buffer vessels
was made by paper wicks. These were strips ottlu'a same paper, 48.4 em
long and 9 am wide, . They overlapped the cdgn of the paper sheet by 1 to
1.5 om, - | | . |
After 40 min of hydraulic equilibration at 10%-C, the system was.
cooled to 0° C and further equilibrated under the voltage to be used for
20 min, | - o |
| The cover was lifted and the sarple to be anulyzed was applied to |
the origin a5 a strips, 2-4 em long (10 to 25 ylitrs of sample). Toe
cover carrying the electrode, tha upper cooling €oll, and the thomomoters
(Pjg. 2) was then lowered:inbo position again. The voltage was then -
applied (comiuom glven under Fig. 3). o
Arter sopmuon in each dimension, the wicks were removed and ‘the

paper (clamped tolits gupport) was taken out ,ardr placed 1:; a dryi.ns, !;ox.



o6 |
 Drying in our chromtography boxes with forced air flos at room temperae

- ture re;;uirea 1-1/2 to 2 hrs,. - , |
- For two=dimensional separation; the baper was sprayed' with the nore
. acidicburferat‘berwrimt drying. Care was taken not to wet a strip
5 to, 6 om wide in which the first separation of coopounds had taken ploge,
_ The wet sections of the paper were blotted azain, and the paper was put in
position to give a separation at right angles to the first om. Arter
applioation of' t;he paper wicks, the two buffer fronts start woving to— '
gether. th.u: bringing about & concentration of the single' zones to single
.. 8pots. This sharpening of spots after the first dimension seems to be
very helpful in obta.i.ni;:s £ood overall resolution, ¥hen the whole stx'ip“."
wag corzpleﬁely wet with the buffer, the system was cooled down, and the
second Iun was started, o ‘ |

‘

-

The radicactive arcas of the electrophoretogra:ns were located by
radiowtograpm. The compounds were identified by cochromatozraphy and -
coelectrophoresis, with known ooapounds as markers. | .

A radicautograph of @ two-dimensicnal eleotropharetogram of the
pioduc;s of 2&:) seg photoasynthesis of Uico, by bean leaves 1s shown 4n
Fig. 3.

As 18 the case with two-dimensional paper chromatography, it has
| been possible to separate from a ¢rude extraoct a large number ot' compounds
from several olaasoa in a single opemt,ion. Canpamds of s:lmilar pK and
molecular size are found to move to the same 3emral area of the elect:ro-
phoretogran, 'nm the ausar phosphates are f‘ound diat;ribut:ud insa row .
ascording to thesge properties. ’me reaolution of these susar phoaphatea

i
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 after two-dimensional elsctrophoresis 1s somewhat better than 1s
usually achieved with a genox;&l two-dimensional paper chranatography.
Despite the mlldness of the analytical corditions employed and the
excellent resolution achieved, we have been unable to identify amr new

. substances, ﬁareomr, we have not observed on the eleétrophomt:ogmm

' 9ny new or unknown radioactive cazpound which under the usual ecnditions': '
" of tm—dimnsionnl paper cnromtog;raphj gi\'es lmosm canpom:!s auch as- }}:’, 4

phosphozljceric acld,

Studlar results (not shown) were obtalned upon two-dimensional
electrophoresis and radloautography of the products of 20-se¢ photo—
synthesis with 1“003 by Chlorella pyrenoidosas | ‘ B

‘ DLSCUSSION '

Tho mothod of low temperature, high voltage, two-dimensional eleotros .

" .phoresis described here accomplishes at least as good resélution of corye
plex biochemical mixturéa. such as the products ot’ a réw geconds? photo= -
synthetic reduction of 14co,, as does two—dimnsional paper chromatographye
The eleot.ropzmuo method requim about two hours ‘of actual running time
plus four hours! 4rying time, whereas the chromatographic method requires
16 to 48 howrs' running time plus about 24 hours of drying time. The
prineipal advantage of the electrophoretic technique, however, lles in
the mdlder conditions of ana.lya’is. Because of the considerably greater
e;perimntal ocmxiluit;y involved in running the ﬁMimensional electro-
* phoretograms, thls method is no'c 1ikely to supplant émbo@aphy i,except
‘where the investigator wishes to employ the mildest conditions of analysis,
. or where the better resolution "acfzieved by electr‘ophqresia i3 esaenﬁigl,’.f
Our failure to £ind any new cé:rpoumﬂ as early products of 1’4002
fixation by photosynthesis does not eliminate the, possidbility that such

¢



compounds exist, but 1t does indicate that any such substances must be
‘extremsly unstable to be lost during the mild conditions of analysis.
An acid buffer (pH 2.0) was used in the secondf dimension in order to |
achieve good resolution of the phosphate compounds; If thils b\.x'ffer,
o i:he drying pperation after the first dirension caused the decomposie
"tion of some unkniown, stable compound, and if all the 1i¢ was not lost
in the process, 'then we should havc fourd the pro:mct of the decorzposi-

~ tion in the final chromatogram. For example, ribtulose diphos;;hate is
. ! :

already labeled in the radiocautograph showvn in Pig. 3. If a deta keto
aqid were formed in the algae by the carboxylation of this ribulose
diphosphate , and 1f it' were subsequently decomposed in the drying opera-;
"~ ticn or in thé second chrasatograplyy, we should have found & second spot:
~of ribulose diphosphate or of phosphoz;lycéric acld, or at least a streak .
in the secord dimermion_. Neither was foud, éither in this or other |
experin:.enta. This, we may conclude that if such an mat:aﬁle product of
carooxylntion 1s orie;imlly formed 1n the algae, its concentration rust
' be below the limits of detection by the sensitive radioautogmphic met:hod.
The separation of early products of 1“(‘0 mduction during photo=
| ‘synthesis by two-dimnsional high voltage, 1ow temeratum paper electro-
phoresis is described Alchouuh excellent resolution wag obtained under
| very nild eonditions of analysis, no new products were fmnd . |
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Fig. 2.
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PIGURES

Lower cooling coil, plastic support shcet", buffer tanks and
electrode from two«nmriaa.onal electrophioresis apparatus.

For 111usi:mt10n, these parts of' the abpamtua are shown

outside the container. The lower cooling coil is under the

plastic aheet (which has holes to permit circulation of cdolin; )
liquid). Small glass beads glued to plastic gheet with epoxy
resin are for the support of the paper vfnich‘.m not sho;.«in.

‘At either end are the plastic buffer tanks and the plastic

and plétimm electrode assenblies,

Two-dimensional electrophoresis apparatus in an open (none
operatirg) position. . e
The paper can be seen resting on its plastic support shée:; o
and imersed in decalin. The upper part of the assembly

shows the upper cc;olirg colls, the electrodes, and the ther-
moeters, ali attached to the cover.: ’I’ne upper part of the
asscmbly is ralsed and lowered by meahai of a pulley arrangement
(not shown). It is kept in this raised position during appli=
cution 'of the m;tract to the origin. During the electrophoresis
the upper asz;exrbly 1s lowersd until the cover and electrodes

are in place. The upper cooling coil is then 1 e from the
paper, 'I'he: entire apparatus is operated 1n a fume hood, the

. doors of which carry interlocks which prevent the application

of voltage until the doors are closed.
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FIGURES (Cont.) R ‘ ,/
e Lt

-

Radicautograph of two=dimensional electrophomtogrard of products

- of photosynthesis of 14002 in bean leaves,

Bean leaves of Phaseolus vulpsris were exposed 20 se¢ to

14c0,, Killed, and extracted as described in text, ic-laveled

2 fumardce, suceinic, ‘and eltric acids were added to the extract.

First dimension, pH 4.4, 75 min at 2,35 kilovolts (53 volts/cm) .

and 105 mA. Second dimension, pH 2.0, 55 min at 3.35 kilovolts

(78 volts/cm) and 90 mA.
Abbreviations: 2-PGA, 2-phosphoglycerie acid; 3-PCGA, 3-phospho-
glyceric acid; PEPA, phosphoenolpyruvic acid; RuDP, ribulosewl,Se

: . T
diphosphate; FDP, I‘mct;qse&l,(i—diphospmm;‘ SpP, sedoheptulosom !

. 1,7=diphosphate; UDP-llu, ,UDP-&';J.u‘cose; UDP~Gal; UDP-~galactose;

o f

ADP-Glu, ADP-gzlucose; 1P, ribose-monophosrymteg. RuMP, ribuloge -

_ mono;imsphate; FMP‘, fructose monophosphate; GMP, i;lucos‘xe‘mono- -

phosphate; SHP, ‘sedoheptulose manophosphate.
. 8 ' . . N -

!
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