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. ARSORPTION SPECTRA OF SPINACH CHLOROPLAST FRAGMENTS
' AND THE STABILITY OF 'THE PIGMENTS

. . s
Kenneth Sateoer

Absorption spectra whose shape can be attributed salely to the nature
of the pigments present have been obtained for spinach chlaoroplast fragments.
The measurements were made in a \al.lmlmcl recording «,poalxophotc)mctcr
without tha use of nlml glass, integrating spheres; or other special devices,
and- without requiring adjustiment uf the refractive index of the suspending
m(-(lmm

Thu proc u(lut(' described by Parle and l"nnl {or the sonic rupture of
spinach chloroplasts, followed by differential centr ifugation of the fld{.?nl(,n[b
praduces .snspt:nsmns which exhibit negligible light scattering,  Furthermore
the pigment molecules present in these Iragments give evidence of being in
their in vivo enviromment.  The studies by Rabideau,. French, and Holt
showed that the sonic treatment of chloroplasts does not shift the pigment
absarption band maxima from their positions in vivo., ‘The present study con-
firms this observation and extends it toinclude much smaller particles than
those studied previously. Furthermore, the isolated fragments of the pig-
mented chtoroplast lametlac retain a high activity for the ¢volution of .oxygen
by the Hill reaction using potassium ferricyanide and ferric oxalate? or ‘
2, G-dichlorophenolindophenol™ and are capable of carbon dioxide fixation when
th(‘ supernatant liguid from the ultracentrifugation is present as well: ' The

cparated lamellae fragpents also show electric bnc‘ﬁmgoncc (K(‘JJ cffe(t)
ancl clectric dichroism, ? the latter in particular arguing for some degree of
ar u,ntalmn uf the pxg.,m enl molecules with - I(b[)(‘([ to one another.

. ) s U. S. Public Health Service l"ellow, ()60— 1962 )
| 1. R. B. Parkand N, G. Pon, J. Mol. Biol, g,_, 1(1961).
e 2.7 G. S. Rabideau, C. S. French, and A. S. Holt, Am. J. Botany 33,
" - 769 (1946). o . S o
3.7 .C. 8. French, A, S, Holt, R, Powell, and M. L. Anson,'ScivencéflO3,
505 (1946). , ' ST

47 l'_Rodcr ie B.- Park and Ulrich chc (ivL,awr(:ncc_,Radiatic_)n_,LaboraL;ofy),
- pr 1vat(= c_ommumc(\tmn Y : ) i

wn

l\enncth Sauer (Lawx ence R'ldmhon Laboxa&ory) unpublished results.
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Experimental Procedure

Chloroplaqt lamellae fr ag,mcnts were prepared essentially by the pro-
cedure of Park and Pon. I brief, chloroplasts isolated from the homogenate
of spinach leaves were sonically ruptured at 9 kc/sec for 90 sec. The son-
icated suspension was centrifuged at 35,000 g (maximum value) for 10 minutes,
and the precipitate, containing the largest pieces, was discarded. The super-
natant was then centrifuged at 145,000 g for 20 minutes, giving rise to a super-
‘natant contmxum5 ""'small fragments'' and a precipitate containing ""large frag-
ments. " The latter was resuspended in water or buffer (as noted in the text),
was sonicated a second time,and then recentr ifuged to give a suspension of
small fragments relatively free of fraction-1 protein {carboxydismutase) and
other small molecules. All operations were carried out at or near 0°C, as
far as possible. The three types of preparations studied will be referred to
as small fragments, large fragments, and twice-sonicated fragments, re-
spectively. ‘

‘Spectra were recorded on a Cary Model 11 or Madel 14 spectrophotom-
cter, The samples were contained in matched l-cm quartz cuvettes.  Ap-
propriate base-line corrections were made in order that an accurate repre -
sentation of the scattering of the samples be indicated by the spcct1 a shown in
the accompanying figures.

Absorption Spectra

A typical spectrum of sonicated chloroplast fragments is shown in
Fig. 1, along with the spectrum of an acetone extract from these fragments.
Casual inspection of the spectrum of the fragment suspension indicates that
the sample exhibits very little turbidity (light scattering). The best quanti-
‘tative measure of turbidity is the ratio of the apparent absorbency in the far
red beyond 735 my to the absorbency of the red maximum at 678 mu. In this
work this ratio is less than 0.01. Rabinowitch® also considers the ratio of -
“absorbency at the minimum in the green (at 555 my here) to that of the red
maximum as a measure of scattering, and reports the ratio of the absorbency
_inthe violet fat 437 my here) to that at the red maximum as constituting a
~significant ratio in the spectra. A summary of these ratios for the best spectra
of chloroplasts and Chlorella published to date is given in Table I. Tt is inter-
esting to note that the use of an opalescent plate diffuser, ’ although it greatly
sharpens the spectra of strongly scattering samples, still gives a relatively
‘high-apparent-absorbency in the far red. The two spectra noted in Table [
“that have been previously reported to give the lowest scattering in the far red
‘have other limitations associated with them. In the first case, the suspensmn
of pigment- protem complex clarified by digitonin stadied by Smxth 10 gives a
,Spectrum which is appreciably ci1stozted and shxfted from that of the unclar1f1ed

6. E. 1. Rabi'n'ou‘/it'ch, Phc’)to'syn'thesis,k vol: II, part I (Intersrciénce'

Publishers, Inc., New York, 1951). - e B
7. K. Shibata, A. A. Benson, and M. Calvin, Biochim. Biophys.
| Acta 15, 461 (1954) o | . S
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WAVELENGTH tm p)
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Fig. 1. Absorption spectrum of a spinach chloroplast fragment
suspension and extract: A (solid curve), suspension of twice- -
sonicated fragments in 10-¢ M aqueous phosphate buffer, ‘
: pH 7.4, freshly prepared; B{dashed curve), acetone extract
. - from somgated fragments, freshly propared - spectrum
e ' furmshed by Roderic B, Park




Table I. Absorbence ratios for chloroplast pigments in aqueous spinach andChl‘ofell"a‘suspénsi‘vo'h‘s:.’ s e

- (Absoirbenbc'iésv'a't the violet maximum, the green minimum, the red maximum, andinthe far‘re'd"be'yo'n'd‘ 7’20';mp')

System

Chloralla (+ protein)

Chlorella
~ Chlorella

'Spinach (protein-

' pigment suspension)
Spinach (protein-
pigment suspension
' with digitonin) '

. Spinach sonicate
‘Spinach sonicate

“Spinach sonicate

Method

‘Transmission(re-

fractive index
adjusted) ‘

Transmission

Opalescent plate
Transmission

Transmission

Transmission

Integrating s‘pheré

Transmission

(lamellae fragments only)

" Reference

8. Barer (1955)

A(green) ~Alviolet)  A{far red)

o ‘A(re'd)

9. Emerson, Lewis(1941) 0..28

7. Shibata, Benson,
Calvin (1954)

10. Smith (1941)

10. Smith (1941)

2. Rabideau, French,
“ Holt (1946) ’

2. Rabideau, French,

Holt (1946)
“This study

.. 8.. R. Barer, Scie‘nc‘e 121, 709 (1955).

9, R. Emersonand C. M. Lewis,
B see Reference 6, p. 708.

10 E. L. Smith, J. Gen. Physiol 24, 565 (1941).

A

Gibson Island A. A A.S. Symposium on Photosynthesis (unpubl_ished)_;i

A{red) = A(red)
0.59 1.36 0.4
1.40 0.2
0.24 1.33 0.17
0.254 1.62 110
10.132 1.60 0.034
o S
0.28 1.90 1 0.086 ,
0.18 1.14 " Small
' ' (<0.03)
0.103+.005 1.63%.02 <0.01
[
a
ol
~0
0
o
(o]
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CEmspession, sl the system s eriticized by the author as not representing the
Erae mgment specteum of the in vivo sy steny. Ii the scecond case, the meas
et iy Wabideau, Fre s W T THoN S on sonicated material by use of an
wtegrating sphece detector is more truly representative of the in vivo situation.
The instrument used, however, sulfers from rather limited spectral r roeolutmn
astl 18 ot o device that 18 readily available (o most laboratories. The study
Fepurted herein vicldys the Jowest relidive valies for abiso rhenc y in the far red

TuE ot thie weeen misiosin thas for reported, with the exception of pigment esx-
ematn o argants salvents, The ot entribagation at higher acoelerations
Baw clearky proelaoed saspersaons of noech soadler paeticles than those ab -
Pasned carbier by Rabidean, French, and ol The supernatant liquid resalt-
g Iy centeiftigation of the chloraplast soncate at 145, 000 g has heen ox- -

Camieed with the eledtran mnlmkic-up(-] and appears to consist of particles con-

taingng 4 to 10 of the ablate spheres meontianed by Park and Ponl as constitut-

s weits of the chlovoplast lomellar stractures. The particles in the solution
of stall Tragments stadicd here will then be shueets 100 A thick and 200 to .
4,000 A in diameter. The Iul;,u fragments will average somewhat greater in:

,"‘h ameter, hut pol ag large as 10, 000 A, which particles Park and Pon have
show 1o lu- precipitated between 5,000 and 10,000 g, Thus, the particles
stidied are seen to he comparable lu or less llmn the wave lvng ith of Tight used
1 the measarements, and Llittte turbidity s (o he expected in the resulting
BUSPUBBIGLY .,

Fhe miasimum of the red absorption hand for the spectrum of the frag-
gnests shows e Mg, | oconrs ot 078.50.% mp. This is in exc c]]c ntagreemaoent
-&Mh thee value of 678404 mp ;‘l'.vu by Ribideau, French, and Holt® for the larger

fraginents they studied and in geneval for the in vivo spectrd summarized by
Habinowiteho U doosomie cases i the study presented here valnes as high as
LEO. S g were obtdoed Trom different spinach samples fr eshly prepared,
"l’hn wavi Length of the maximum was, however, independent of the particle

e far the preparations studied from o single sample of spinach. The acetone

Qx!rsul has its cur responding maximum at GO3my.. "Also observable-in the
specteam of the fragments in Fig. | are pronounced shoulders at about 650,
S, and S90mp. . The maximmm in the blue occurs in the range 436 to 438 myL, .
iiﬂiwnmng an the sample, and shoulders are evident at 415, 470, and 485 my,
Frurther discussions of some of these f«-:mn( s are included among the observed.
ellecrs of aging the samploes, :

It is helieved that the spectra reported here, as lypific'i in Fig. 1, are
appreciably hetter than any previously reported for }n!,h( r Pldnl malerial es- -
‘a("\'z«:ll\ fn s in vivo environment, :

I wams.caee

’\?‘i‘.‘,{i aned Hlumrhing

Samples of ehloroplast lamellar {ve 1g,mcnl.s pr epared: al or near 0°C
Uy the procedure of Park and Pon were thew stoved in air at 20C for pmmds .
af up ta & weeks or more.  Figure 2 shows spectra, taken at intervals, of
ruparale portions of sm;,l(- suspension of twic (.-somc.atccl fragments kc,pt
v the dark 60 29G0 . During the first twao days there is no measurable change
(less than 0.5% ) in .nhbnrh(‘n( y at G78.5 myr, indicating that no significant K
Bleaching (oxidation) of chlorophylla occurs daving this interval, The v (_c_ordc.cl
spectra aof the fresh and of the 2-day-old .wmple.s were al)solutcly sup(.nmpose(l
Tram 500 1o 760 mlh Below 500 mlL, howuvcr the absorbency is seen to havc
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SPINACH CHIORUMLAS! FRAWEATE
(465D IN RN AT PCi

WAVELENGTH (my)

Fig. 2. Aging of chloroplast fragment suspension in the dark in
air at 2°9C: twice-sonicated fragments suspended in 107= M
~aqueous phosphate buffer, pH7.4." Curve A: fresh sample
immediately after preparation; Curve B: stored & days in
dark at 20C; Curve C: stored 2 weeks in dark at 29C. Curve
A-B: absorbency difference between curves A and B, multi-

plied 5 times. ' ' '
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~decreased (by as much as 7%) in the 2-day-old sample. The substance re-
, sponsmlc for this absorbency decrease is best characterized by sublracting -
the spectrum of the aged suspension from thal of the fresh one. The resulting.
“difference spectrum, also shown in Fig. 2, has maxima at 430, 452, and 485
ML and. is qmte characteristic of carotcnm(l absorption, 1! Iho pc'ctrum
u,pxc.sc,ntmg the two-week old material shows further bleaching including,
naw, thalt-of the chlorophylla. In addition, the 2-week -old sample has bec ome
“somewhat turbid, as evidenced by the increase in app sarant absorbency in the
relatively: Uanspdr(’nt regions of the spectrum. [ is significant to note that
the bhoul(l(‘ “in‘the spectrum of the fresh fragments at aboul 485 mp has vir-
ludHy disappearcd in the 2-week-old materinl, whereas the one at 4707 myp. h as
~become 1clal1voly more pronounced. This indicates that the substances ab>
soxl)my in the "carotenoid region' of the spectrum are not similarly alfected
by air oxidation. Barer has suggested that cholorphyll b may be responsible
for some of the absorption in this region, ® which may account for the present
observation of the relative stability of the material responsible for absorption
al 470 my. The s pectrum of chioraphyll b in ethyl ether exhibits principal’
maxima at about 363 and 642 my, 6 Phe long-wave-length absorption maximum
in the spectrum of the fragments is shifted o aboutl 650 my, and the short-wave-
fength band would also be expecled to be shilted comparably toward longer
wave lengths. Such is the case with chlorophyll a, for which both bands are
much more prominent in the spectrum. The lentative assignment of the ab-
sorplion at 470 myp in the spectrum of the fragpments to (*hlorophyll b is there—,
.fm ¢ nol unres sonable:

[n a similar_experiment, in which lwice-sonicated h(z;’mc‘nts were -
suspended in 541079 M [)h()'v[)lhﬂ(' buffer at pH 7.0 and aged at ZOC in tho darlk,
essentially identical Yesults were obtained,

The elfecetof Hight on the bleaching process is illustrated in Plg 3.
A ‘ulmplu of twice-sonicated [ragments suspended in 5410-5 M phcwphatc"
buffer, ptl 7.4, was placed directly in [ront of two 15-watt fluorescent lamps

ina cold room at 20C. The speclra show the pronounced acceler ation’of the”
bleaching process caused by light., The change in the shape. of tha {)m_trun'\
indicates that the different componenls arve chiang ing at different rate In- -

particular, the shoulder at 485 mp is scen to have vnrtu,llly dlfsappecn od after
the st day of illumination.  The absorption maximum in the red shifts pro=
gressively to shorler wave lengths--a phenomenon that has-heen observed in
previcus: studies of photobleaching. e : ' o LT

I)Ln ing Lhr= 3-day mtexv,ll no increase in turbidity. of [HC, bu%pcnmon,
as m(‘dburcd by the apparent. abamboncy in the near mfrdlcd is ubsm ved.

In all t‘hc experiments cli%cussul thus far the wavé léngth"of 'x'i'1ax'i'm1ir'h
absorption in the red occurred at 6784 .5 my. in the freshly prepared suspen-
.stons. In several other preparations, however, the initial maximum. occurred
at 680.5 mp.. Inone series of exper mmnts with bLth a 5ampl(, store(l in wcak

. York, "1950); J. W. Porter, Arch. B)oc hem. Bibph’yé. {1_5, "29!1,,(";1.'9,_5_37),
12.. J. S. Brown and C. S. French, Plant Physiol. 34,305 (1959).° =
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SPINACH  CHLOROPLAST - FRAGMENTS
(STRONG LIGHT A] 2°C)

AB8SORBANCE

o
S

WAYELENGTH  {mp)

Fig. 3. Bleaching of chloroplast fragment suspension in strong
light in air at 29C: twice-sonicated fragments suspended in
~5X1075 M phosphate buffer, pH'7.4. Curve A: fresh sample
immediately after preparation; Curves B, C, and D after 1,

2, and 3 days of illumination, respectively.
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Hlumination Gombient caom light) at 29C, the progress of the bleaching was
tollowed spectrophotomaetrically. “After 16 hours the absorbency al the max-
s aef the red band was nnchanged; however, the position.of the maximum
bad shifted from 680.5 Lo 678.5 myp. The difference between the Lwo spectra
i plotted-in Fig. 4. The curve snggests that a4 component with maximum ab-
sorption ncar 687 myp s disappearing and one with a maximum near 668 my
15 forming. Such o shift would be expected if 4 chlorophyll a2 agpregate or
chlorophyll - protein comples of some sort were bresking up to form mono-
smeric chlorophytb, It is interesting to note that similar absorption shifts anq
difference spectra woere noted by Shibata 17 1 may be, therefore, that this
shift in IMig. 4 is due to the presence of @ small amount of Shibata's C 684
which gets converted to C 073 subscquent-lo the prepar ation procedure. The
lack of agrecment in wave-length maxima may arise {rom distortion in the
difference spectrum in the prescnt system resulting from spectral ovo.La[

of the absorplions of the components and partly {rom errors in subtracting
eurves which do not differ very greatly, - During the same 16-honr interval

A bleaching in the blue was obscerved and thediffe rencesspectrum shows it to
have the same g( nerval shape and absorption maxima as the corresponding ’
ccurve in Fig, g, indicating that only carotenoids are undergoing bleaching
during this interval. Subscquent aging produced a family of curves analogous
Stothose in Fig, 30 The shift from 680.5 (o 6785 mp, which had also been
observed in several other previous cases, could not be repeated with subse
quent preparations, all of which showed th(- absorption maximum initially at
GTB.5 mp and l)v;’un l)l(m( hing without any prior or associated niarked shift
Anowave length, It is nol known at present whether the variation in the max-
Jimum absorption of the red band of freshly pre [)nr-(l spinach chloroplast:
frapgmoents is 4 conscequence of var mtmn», in lhv spinac h used or of the prep-
dration proc c'(lux e,

Conclusions

The ability to produce aqueous suspensions of small fragments of
spinach chloroplast Tamcellae now permils qecarate determination of the dab-
sorption spectra of plant leal pigments-essentially in theiv natural environ-
ment, AL the same time the clarity and relative stability of such suspensions -
allows obhsevrvation of detailed features and changes in the ‘71)0\.,[‘]‘8. of the so-
Iations which could not be casily follawed for sc altering suspensions or systemb
tvowhich settling . ts a problem. Nonscaltering pr (’[7?11c1110115 have abvious ad-
vanlapes for studies of phosphorescence, luminescence, absarption Llansnmts,
guantu yiclds, -or other optical phenomena in which sc attering and-settling
are often major complicating factors. "One must, of course remain aware.
that these fragments are not thlOplaSl’S in vivo; however, 1L secems that they
are capable of efficiently carrying out quantum conversion pr occsses 1(lent1cal'
with those occurring inthe 1ntact thmopl(ml : : ‘

13, K. Shibata, J. Biochem. (Japan) 44, 147 (1957)
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o2 SPINACH CHLOROPLAST FRAGMEN!S
(LOW LIGHT AT 2°C)
oI
8]
<0 I~
—
-0 3 : . : . )
. 1 L L 1 L .l | i L | Il | 1 1 £
400 500 600 [775)

WAVELENGTH. (my)

Fig. 4. Bleaching of chloroplast fragment suspension in low

light at 29C: small fragments in 5X10-3> M phosphate buffer,.
pH7.4; increase in absorbency resulting in a freshly pre~
pared suspension standing for 16 hours in ambient room

light at 20C.
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The well-known protective elfect of colored carotenoids toward the
photosynthetic apparatus ' may be a result of the greater susceptibility of
volared cavotenoids than of chlorophyll to oxidation, either in the dark or in
the light. The evidence of this study indicales that one or more colored ca-
rotenoids absorbing at 430, 450 to 45%, and 485 to 490 mp are irreversibly
bleached to colorless or weakly color u(l products in the first stage of aging
of chloroplast famellac.,  This occurs, in part, before any bleaching of chloro-
phyll i, and probably of chlovrophyll I), has taken place. Tt is quite likely that
the bleaching is a consequence of air oxidation of the carotenoids and that this
aoxidation occurs much more rapidly in the presence of light, It would appear
that the phenomenon is not simply a question of the chlorophyll's being oxi-
dized simultancously at o slower rate; the data definitely indicate that a cer-
tain fraction of the carotenoid is bleached before any of the chlorophyll is.
Thus the former appears Lo exert a proteclive aclion toward the latter. The
spectra also show that when the chlorophyll does begin to bleach there still
remaing a shoulder at 485 to 490 my, although it is appreciably reduced from
that present initially., This shoulder eventually disappears completely before
the ¢hlorophyll bleaching has progressed very far. It a’)pears therefore,
that part of the material responsible for absorption at 485 to 490 mpu does not
confer protection against chlorophyll oxidation.

That the absorption at 470 myp does not decrease nearly so rapidly as
that at 485 o 490 myp suggests a distinetly different origin for the two bands.
This can bhe explained if either the 470-mp band is due to chlorophyll b, which
does not bleach initially as measured by its absorption at 650 my, or it is
due Lo a colored carotenoid which is less readily oxidized than the one re-
sponsible for absorption at 485 to 490 mp. The former explanation is held
to be the more likely,

The author wishes to thank Dr. Roderic B, Park for furnishing most
of the pl('pdldlmnb of the chloroplast fragments and for very he 1pfu] discus-
gions concerning the nature of the particles contained.

b4, M. Griffiths, W. R. Sistrom, G. Cohen-Bazire, and R, Y. Stanier,
Nature 176, 1211 (1955); G, Cohen-Bazire and R, Y. Stanier, Nature -
181, 250 (T958). : . ~ Ce vl
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N 2 PHO TOSYNTHETIC AND ESR BFHAVIOR OoF A
CHLAMYDOMONAS REINHARDI MUTANT DURING CHLOPOPHYLL SYNT Hl‘;b[

. G. M. ‘Ahdroes, J. Biggins, and M, F. Singleton

Introduction

" Light-induced free radicals have been observed in many photosynthetic
systems, but their role in quantum conversion and their function in natural
photosynthesis are unknown, Light does not ihduce ESR (electron spin reso-

- nance) signals in etiolated leaves, ! Slmxlar]y, a dark-grown nonchlm'ophsIluu%
mutant of Chlamydomonas reinhardi™ yields no photoinduced spin signal. How
ever, this yellow, darkgrown mutant produces chlorophyll in the light and

~similtaneously develops photo-induced ESR signals. During greening, chloro-

- phylls a and b are produced in about equal guantities over a period of 15

hours, by which time maximum pigment concentration is rcached., An inves-

tigation was carried out on the relationship of photosynthetic activity and pro -
duction of photo-induced free radicals to thc amount of chlorophyll present in
the Brchng organism. »

Procedure

, ~ Cultures of the mutant were grown heterotrophically in six 1-liter
flasks over periods of 8 to 14 days in the dark (three experiments). When -
the cultures were dense enough to provide the samples needed, the first

. flask was harvested at zero time and the remaining five flasks were exposed
~ to uniform light of 700 ft-c {foot candles). These remaining cultures were

" harvested at 3-hour mtervals The followirig determinations were made on

each. sample : :
S a. chlorophyll a and b concentratlon,
b. rate of O, evolutmn,
rate of C1402 foatlon,
“d. - equilibrium photo-induced ESR signal amplitude.

For all measurements the Iight intensities used were more than sufficient to
' lightf—rsaturat:e»the:samples., (See data from the third experiment in Table II,)

S a. - For the chlorophyll determinations 0.02 ml wet-pack cells were.
“extracted with 5.0'ml 80 % aqueous acetone. The residue was removed by
" centrifugation and the optical density of the extract was measured-at 700,

_645 and 663 myu . Chlorophyll content was calculated by the following formula,

* Supypliéd by Dr. Ruth Sager: S : : : ,
1 B. C‘omr‘noner;, JT‘Z-TQWn'send,' and G. E. Pake, Nature 174, 689 (1954),
2. D. I.Arnon Plant Physiol. 24, 1 (1949). '
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For Dy - optical density with Lecm-light-path cnvette at  wave length
N,

< mp chlorophytl o b per titer of 80% accetone extract.

Fhe maximum chlorophyll content attained wis 2.7 mg chlorophyll/ml wet -
pack cells.

b The O, cvolution experimment was conducted in Warburg manom-
cters cach with 0,03 ml woet-pack cells dituted to 3.0 mb with bicarbonate
Buffer at pll 8.6, The sample was equilibrated at 239 C at light intensity of
SO0 (= for % min, after which oxypen evolution was measured over a period
af 40 miin, The derived rates weee corrected for respiration.. The maximum
rate 0f Op evolution attained was 3.4 AN pl O, per mg chlorophyll per hr
forr the sample havvested ac T2 hre

o, Inthe CHOL fization experiment 0,03 ml wet-pack cells was sus-
pended tn 1.0 ml bicarbonate buffer at pH 8.6, After 5 min pre-illumination,
1.0 M D ull(;l ‘():, (15 p(J) with added .md the sample was illuminated for 2
min more of 5,000 (o0 and 23°C0 The cells were killed with 4.0 ml cold
methanal (sbsolute), rusnllinu i oan 80% agucous methanol mixture., This
miixtyre was {eft standing overnight ot room tempecature.  Next day the cells
swere extracted twice with 807% maethano!, (wice with 20% methanol, and {wice
whHth wiater to remove the soluble fraction. The extracts were combined and
(EAH :puruin b under vacuum, followed by dilution to 0.05 m! with 20% methanol.
A 10-% aliginot was acidificd and dricd on a planchette and the total radioactive
et measured. The extract was analyzed by two-dimensional chromatog-
raphiy, using 250X aliquots of the extracts on Whatman 4 paper and develop-
g with phenol watee and butanol-propionic acid-water-solvents. The chro-
wiatopram of the first sample, harvested al Gme zero, showed radiocactive
products indicative ol dark CO, fixation into organic acvds All the subsc-
quent samples, starting at 3 )n showed o typical light CO, fixation pattern,
the supar phosphates and (llpln,).sphnl(:s being predominantly labeled.

d. T'he FBSR measurements were performed on samples that were as
concentrated as possible. The last four samples were dense suspensions of
abuit 0.3 mb wet-pack cells plus several drops of culture media,. On the
other hand, the cultures harvested at zero time and at 3 hr had to be diltuted
by &5 tines their wet-pack volume to fitl the sample cell. Allincident light
wian ahsorbed by the tast four preparations, while about 20% of the incident
Light was absorbed by the first two. White light of intensities of 7,500 ft-c
or more was used,  This was more than sufficient lo tight-saturate the ESR
signal,  The maximum signal obscrved was 4.5 in. (noise = 0.3 in. ) on the
1é-hr sample with 10 gauss modulation amplitude and 3-sec instrument time
censtant.  This signal is the composite of two overlapping lines which instru-
mant seasitivity prevented our resolving in such young cultures. There was
no observable change in the line shape or width during greening.

Our x'Lsults are plotted in Fig. 5. The equilibrium ESR amplitude,
the rate of C O& fixation, and the rate of Oy evolution are all normalized
g0 that the maximum value observed in each variable is equal to unity.
These are plotted against chlorophyll a+b content, also normalized to unity
al maximum value, : : g : :
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-

“during greening of a mutant of Chlamydomonas reinhardi. The ESR signal
amplitude, the rate of CMOZ fixation, the rate of O evolution, and the

.- chlorophyll content are all normalized so that the maximum value observed
- in each variable is equal to unity,

‘Time Ml. of wet- ESR O?. 0, Chlorophyll
in - pack cells o o . s ;
light per liter signal evolution fixation (a4 b)
(hr) of culture amplitude rate rate content
0o 0.32 0 0 0.14 0.00
3 0.37 0 ' 0.28 0.36 0.08
6 0.51 0.19 0.5 0.5 0.20
9. 0.45 0.41 0.83% 1.00 ‘ 0.79
12 0.64 1.00 1.00 096 .83
15 0.56 ' 0.95 0.46 (.84 , .00

32 R S 0.88 0.8+

Discussion

The data indicate: A :
. " An ESR signal grows in as the chlorophyll content of the culture increases.
2. The relationship between chlorophyll content and ESR amplitude is not '
linear, the major part of the ESR signal amplitude increase coming during
synthesis of the last 20% of the chlorophyll.
3. The rate of H)hotosynthesis, as measured by either the rate of O, evolution
or the rate of C140, fixation, is maximal long before the ESR amplitude staris
“its steepest rise.
The amount of chlorophyll in the cell appears to limit the rate of photosynthesis
up to a certain point. This would suggest that when the concentration of light= -
absorbing pigments passes a certain level, their energy-absorbing ability no
longer limits the rate of Oy evolution and CO; fixation, but some other proe- .
ess then becomes limiting. This may be represented schematically as follows:

A7

. D R (O&) ‘ o
hv —---—:ﬁpigm(?nt system ----> A ----> B\\ ’ -

C ----> (CH3Q)

As the :é'ne:rgy-abso'rbing power of the pigment system increases some follow-

o ‘up step, such as A ----»B, becomes rate-limiting. This allows pools of A,

etc.,. and excited pigment molecules to build up. In this view the radicals
“would then be in‘any or all of these pools. .
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Fig, 5. ‘The ESR amplitude, OZ evolution rate, and _C14OZ
fixation vate as functions of chlorophyll (a +b) content’ ,
during the greening of a yellow mutant of Chlamydomonas. |
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The steepest rise of signal amplitude as the last c:hlorophyll is syn-

'thesmed suggests also that the highest efficiency for spin production is d&-
"pendent upon the completxon of some structural element containing chlor@plnih

We plan to repeat thxs experiment on Chlamydomonas reinhardi in
the near future
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[“31% s UDHuh OF CHROMATOPHORES FROM I{HODOSPIRII .UM RUBRUM

G.

M. Androcs and M. F. Singleton

Inl r (1(lu( tion

The ESR (electron spin resonance) behavior of a red photosynthetic
bacterium Rhodospivillum rubrum has been studied previously. 1 wus ex-
pected that furthier Tonformation could be obtained by using isolated chromato-
phores rather than whole cells, Chromatophores are small spherical parti-

- clus approximately 1,000 A in diameler and contain all the photosynthctlc
pigments. ‘l'hese particles perform both cyclic phoiophosphm ylation and
photu-oxidation reactions in light,

Procedure.
Chxoumtophm ¢S were prepare d f:om Rhodobplnllmn xublum cultures
which varied in age from 5to 17 days.2 After harvesting, the cells were re-
suspended in 0.1 M potassium glyclglycine buffer, pH 7. 5 The following
‘separation scheme was carrioed outat approx. OQC I

cell suspension

sonic I'LI[)l.LH'(":V, 3 min
(:cntl'ifuge at 25,000 g, 30 min

z'esi(luul(disca rded) supernatant
J‘} 000 gﬁ, 50 min

1 . -

residue - T ‘supelrnatan‘t T
B T (discarded): = °
resuspend in buffer 50,000 g, 50 min

rujidue B S supernatant (diSCa;‘c{) *
resuspend 46,000 g, 50 min

chromatophore sediment - -oao2 > resuspend in buffef

4nr1 store at dpprox '
() CJ i N

The optical density of the resuspended chromatophores -was 1.6 at = .~
880 mp with a I-cm cuvette path length.  This measurément was made on.
chromatophores at 1/»12 the concentration used_ for;,the ESR derterminati'on‘s}[ o

1. P. Sogo, M. Jost, and M Ca]vm, Radldhon Research, \Suppl 511(1959)

 &. AL W, F)Lnkel andD D ankmrm,,J. Blophyb BlO(,h(‘m Cytologyé
’85(1959) R S
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Also, in the ESR measurements the effccetive path length of the sample was
~only 0.025 cm. Thus, the o.d. recorded in Fig, 6 vrepresents a sample of the
same thickness, but of greater concentration by a factor of 3,3 than that usesd

 in the ESR determinations. The chromatophore sample appeared only slightly

~.colored in the ESR aqueous sample cell and most of the light used for inducing
. free radicals could pass through the cell. This helped eliminate the self-
~absorption effects obscrved in samples of the whole bacteria, which were
infinitely thick compared with the distance of active light p(.-netrn!ium :

The action spectrum of equilibrivun ESR signal amplitude WaB meas-
ured as a function of wave length of incident lipht, MO'“SL hromatic light
from 600 to 1,000 myu was used at’ intensitics of 1.2410°7 and 1241010
quanta/soc (Plg, 6) :

Chromatop shores were also prepared in a D20 potassium glyeylglycine
buffer following the procedure described above, and the ESR phatosignal ap-
peared to be identical to that in the HpO-buffer sample.  In white light the
widths were approximately 12 gauss from peak to peak with 1,25 pauss maod-
ulation amplltud(, The light saturation curves were the same shape, and the
. rise and decay times of the sxg’ndlb appeared to be the same as in the H»0-

buffered sample.

Discussion

- Although the chromatophores! ESR signal is nearly identical with the
“whole bacteria's signal, there are some interesting differences. Rise and
decay times of the signal in the chromatophores are somewhat altered from
those in the whole cell.  This might be expected, since the terminations of the
"energy-transfer system have been removed. This would explain why for the
chromatophores at room temperature the decay scheme contains a fast and
a slow component, whereas the whole cell in aqueous suspension has only a
single fast c.omponent

. -Another interesting difference is that of the action spectra, In the

“action spectra'made on thick suspension of whole bacteria, the maximum
was shifted to the long-wave-length side of the chlorophyll absovption max-
imum because of self-absorption. 3 However, the slightly colored chromato-
phore sample has. its peak at the absorption maximum of the bacteriochloro-
- phyll and, although there are probably still some self-absorption effects,
_this is nearer the true situation. Thus, it is evident that haclvrlmhlm'ophyll
" is the principal pigment responsxble for spin produchon

The stud\f of chromatophores in D>O buffer was suggested by an ex-
periment of Commoner's in which he used Chlorella cultured in a 99.9 %
s O growth - medium. The ESR. resonances observed in these Chlorella were’
- f”alg__,mhcantly xmmowed by the substxtutxon of D for H. 4 If the Width ©

L 3.- P. Sbgo L Car t'cr and M. Clelh, Free Radicals in onlog,mdl Systems

(Academm Press, Inc., New York 1961) p. 311,

: 4 Commone ,ﬁ Light . and Life (Johns Hopkms Press, Baltimore, 1961),
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Fig. 6.  Action spectrum of Rhodospirillum rubrum 'ch‘rcmiaiophorés., o
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*resonance in. rhromatophores were in part due to neighboring H atoms, ihen'
preparing the samples in D0 might exchange some of these H's far D's,
and ‘a change in line width would result. However, no change of ESR signal

- was.observed in D30, meaning that if the line width is in part contributed by
: nelghborlng H's, these H's are not casily exchangeable, '
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1. ASTUDY OF LIGHT-CATALYZED OXYGEN TRANSPORT
IN HIOTOS YN'I'I-]ESIS* k
lie A.. Shneour

Muast of the fraitful rescarch on the redox reactions of photosynthesis
Chas ceitered on the reducing moicty resulting from the photolysis of water
By cuatrast, our knowledge of the pathway of the oxidanlis practically non-

Cexistent . The major stumbling bloclk has been the lack of an adeguate ana-
tytical tool. There exist no suitable radioactive oxygen isotopes. The stable

isotopes, oxyeen 17 and 18, require mass spectrographic analysis which is,
a1 best, 4 cumbersome technique,  Nuclear activation of O'Y appears to-be
the mwost promising approach fo this problem. This ]mp(" ])1(’8(,]'1[5 results
wbtained by means of the nuclear activation reaction 0! Eg 8 of xantho-
phivils from spinach teal  chloroplasts treated with H0 '

l'msmm‘lng work on an oxygen-transport-function of xanthophylls’
was carrvied ont in this Laboratory by Dorough and Calvinl and ¢lsewhere hy
~Sapozhnikov and Lopatkin Z Although this cevidence adduced by mass spec-
Ctrographic analysis of O°F and by balance prt‘nmcnt% respectively was
equivocal, the mechanism suggested by Dmougﬂh and CleIH has now 1cce1vod'
auhﬁﬂqutml support (Fig. 7, 1), :

Reaction | has been shown to take place in the darlk in leavca of Elodea
canadensis. Latein is converted o its cpoxide, vmld\dn!hm5 (Fig. 7, D).

Reaction [Ih Whether or not rearrangement of the (,pomdo to the furan
occurs in vivo has not been determined, The furan isomer of violaxanthinyg
however, ﬁcll known. ‘This beautiful golden yellow pigment, auroxanthin®
(Fig. ¥, 95 ), is found associated with violaxanthin in the blossoms of Viola®
tricolor. ' Aunroxanthin can also be produced in vitro by trealment of T
vloelaxanthin with dilute acid, ’ T :

#* This wurk was done during the author's tenure of an Advanc_cd Fel‘owahlp
from the American Heart Association. : -~

t The term "xanthophyll" is defined here as all Cqg cavotenoids contlaining
axygen. ' : ' o s
1. G. D, Dorvough and M. Calvin, J. Am. Chem. Soc. 73, C 2362 (1951).

D. [. Sapozhnikov and A, B. Lopatkin, Dokl. Acad. Nauk S.S. S R. 72
A3 (1950). - ,

1. D. L. Sapozhnikov et al., Doklady Akad, Nauk $ 'S'S'R’ (1‘957')

4. D. [. Sapozhnikov and N. V. Raz,hanova, Dokl ady Acad Nauk E; S. S R
120, 5 (1958). : : -

P. Karrer and . Rutschmanu, Helv. 'Ch.ivm'; Ac't'ag_s_,,lé'zﬂx (7'19‘4‘72,)';7. :
P. Karrer and E. Jucker, Helv. Chim. Acta 28, 300 (1945).

Eo

W
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"F‘ogclstrom_-Fineman et al 10 several experiments woere neeessary to obtam
~optimum activation. This was achieved finally by a protoy bombardment at
- 4% 1 Mevand 2£1 pa for 10 min. Results are shown in Table I

Tablé IHV. : 018(})’ n)F18 arcti'vati’on ana.lysis of Ols in xanthophylls-
T (expressed in counts/min)(l()'“)').
Time elapsed after hux?\iﬁiﬁ[_:ﬁ:—ﬁ%—}i—@
2.5 3.5 4.5 - 6.5 7.5 9.0 48.0
Dark = » 72 .4 56.0 40.7 20.58 1ol 8.3 0
I min. Light 131.8 120.7 101.3 6440 18.0 29.0 0
15 min. Light 781.3 62 .3 46.5 24.0 17,3 10.4 0

|

|

~Table IV. Extrapolated F 8 rudioactivny»(ut time

Dark 1.48%10°
1 min Light 3.40X10°
15 min Light 1.80X10°

. . C ) C ol :
Extrapolation to zer ime gave the initial F 8 activitics as shown in
P 9 g

Table IV. The number of O~ atoms in each experiment was estimated by
making the following assumptions:

"a. The efficiency.of counting is 50 %.

b. No 018 has been lost by thermal decomposition of the sample during the
‘bombardment.

< All 01178 has been converted to Fl18,

Then A F!8:0.693/1.8 hr=0.385 hr™ 1

Qe T = SNt -\t -dn '
. Since I=Ig e =n=nge "7, then o ° An.

" For dark sample, dn/dtg = 1.78X107/dr,

- rf'_(va‘ril min illumination, dn/d,to = 4.08x107 d/hr,
~ ‘for 15 min illumination dn/dty=2.16x107 d/hr.

10. "I.ngélsfi‘bm-Fix'xema‘n.,' O. Holm-Hansen, B. M. Tolbert, and

v : ‘ M. Ca lrviﬁ .
Intern. J. Appl. Radiation and Isotopes 2,280 (1957). .
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4. ASTUDY OF LIGHT-CATALYZED OXYGEN TRANSPORT
IN PHOTOSYNTHESIS™
Flie A, Shneour

Most of the fruitful rescarch on the redox reactions of photosynthesis
has ventered on the reducing moicty resulting from the photolysis of water,
By contrast, our lfnuwl(rly(' of the pathway of the oxidant is practically non -
exigtont, lhv major stumbling block has heen the lack of an Aclequdlc ana-
Ivtical tool, There exist no suitable radioactive uxygen isotopes. The stable
tsotopes, oxypen 17 and 18, require mass spectrographic cmalyms which is,
at begt, a cumbersome tec l\mqur CNuclear activation of O appears-to be -
the most promising approach Lo Hn:—; problein. This paper presonts resulls
oblained by means of the nuclear activation reaction O V¢ “J, n),F‘l{” of .xantho-
phylls from spinach leal  chloroplasts treated with H»0 '

FPianee li’u; worlk on an (my[_,( n-transport funclmn of xunlhnphyllb‘ -
wis carried out inthis Laboratory by Dorough and Calvinl and elsewhere by
Sapozhnikov and Lopatkiy, ¢ Although this cvidence adduced by mass spec-
trographic analysis of O and by balance experiments ve speclively was
equiivocal, the mechanisim su/;;g_,csl((l by Doroug sh and Calvin has now received
substantial support (Fig. 7, :

Reaction 1 has been shown Lo Lake place in the dark in lcaves of F‘Ioded
canatdensis. Lutein is converted to its epoxide, violaxanthin?, 4 (F ig. 7, 2.

Reaction [ Whether or not rearrangement of the epoxide to the furcm

eeursin vivo has not been determined. The furan isomenr of vwmxanthm
however, {5 well known,  This beautiful golden yellow pigment, auroxanthin’
(Fig. 7, (J) )y is found associated with violaxanthin in the blossoms of Viola
tricolur. 7 Auroxanthin can nlso be produced in vitro by tr catm(,m. of
vﬁa\dnlhm wnh dilnte acid, T :

oo mnad mrea

FhRis Work was done dur ing the (llllhOI 's tenure of an Acivcmccd Followslnp
hmn the American Hearl Associalion, : ~

FThe term "santhophyll" is defined heve as all Cqg ca rotenoidscontaih'ing
oxygen. : : ‘ .

G. D, 'l')m'(mgh and M., Calvin, J, 'Am.-Chem. Soc. 3_3_, 23(32-‘(1951).

2. D. I, Sapozhnikov and A, B, Lop’atkin, Dok!l. Acad. Nauk S.S. S.R. _?_2_,

413 (1950). S ‘ ; o -
3. D0 Sapozhnikov et al., Dokldcly Almd auk 5. b. S R __3 /_ (19 57).
4, DL Sapozhnikov aned "N, V Bawl 1:1:1;‘)v‘;‘1, Doklady Ac'ad‘,' Nauk S. S;S'.v R.-
- 120, 5(1958). : : SR v

‘8. P. Karrer and J. Ruzschniami,'r»rclv._c_h;m; Acta 25, 1624 (1942)
6. P. Karrer and E. Jucker , Helv. Chim, Acta 28, ‘3VOO (1945) '
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F‘ig. 7. Prdposed oxygen transport mechanisms in xanthophylls,
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“Reaction T has been shown to be Hipht-catalyzed in l(ﬂlvcs of Elodea
canadensis, 3eh The davk Reaction |is s suppressed under abacrobiosis® or
apon addilion of the inhibitor hydroxylamine, but these Lonchtxonb lmvf- no
(ffmt npun Light Reaction 1T, '

Warburyg ct dl have reported on their discovery of a lahile carotenoid.
()xy;'('nrls(* enzyme system in Chlorella which is active in the dark and inhibited

by light, 8 thus adding further suppori to the concept of carotenoid involvermnent ‘
fn oxygen transport, : : :

E:{p(z rimental Procedure

Thuese experiments were carr ol oul with the Hill-reaction a¢ U\o
fragimented chloroplast fractions of Spinacca olervacea, preparcd accor ding -
Ho Pk (:l‘u,l.r) One-half-ml aliquots of This fraction (containing 16 mg
chlovophyll per liter and having « Hill fu lnvny of 211 uM O, evolved per hr
per mg chlovophyll) were added to H,0! Luntmmng, 20% 018, (It should
be noted here that the method of fractionation used to enrich water with ‘Ol_gv
S tauseds 4 concomitantly much grealer enrvic hmcnt ol deuterium. Analysis of
the Hﬁ;‘O]8 used is reported as follows: 20% 018, 0.7% © . 67% Dyand 6. ¢
counts /min per miM T, Thus a pountmlly smm\\s m\xlhph, isotope cffect may
be obscuring results,  The ideal H()l\lt\(m would be Lo synthesize O '7-enriched
water with Q 28 and Hi L

Bach such aliquot containing a linal 018 c(mu*ntranon of 10 Y% was,
[tlushed with Og-free argon gas and sealed in the dark, All experimental
samples were exposed Lo HZO 8 for exac tly 15 miw at 20°9.C. Tube | was -
Callowed to stand in complete darkness. Tube [T was. exposed to 10,000 ft-c
Sincandescent {Humination for 1 min. Tube 11l was exposed-to the same illu-"
mination for 15 min, ' : o

At the end of the 15-min period, the x;mthophylt fl'aaticm% were rapidly o

extracted, then isalated according to the proc edures described in paper 5 of
this reports ’ :

The combined xanthophylls of bands I to [V fr om cac’n tube. wele plated ;
as l-em-diameter spots on reactor-grade tantalum plates and exposed to a
proton flux in the Cr ock GO-mch cyclotron, according to Lhe,proc»eduze of

7. D, I Sapozhnikov et al., Doklady Acad, Nauk 5.S.S. R. vl‘)nglv. V'L‘r'nn‘él..,
p. 219 (1959). . - : , , - B o
8. Vbn O. Wax'bm‘g et al., 7. Natu v'fdr_sc:h. 3 }_33013,“43? (1958)." o
9. R, 'B,. Park, N.G. P_on,‘K_'P, 1_,c;Lx\Q‘ri(:x', and M. Calvin, Biochem.
¢t Biophys. Acta 42,27 (1960). - - L
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Fogelstrom Fineman et al. 10 Several experiments were necessary to obtain
optimum-activation. This was achieved {inally by a proton bombardment at
: 4i l Mov and 2+1] pafor 10 min. Results are shown in Table JI1.

- Table IlI.. O 8( )F 18 actxvatmn analysis of O 18 in xanthophylls.
o ‘ (expressed in countq/mm)(lO"3)

B
a4

Time elapsed after bombardment (hr)

2.5 3.5 4.5 6.5 1.5 9.0 gig
" Dark 24 56.0 407 20.5 L4 8.3 0
1imin. Light  131.8 120.7  101.3  64.0 48.0  29.6 0
15 min. Light ~ 81.3  62.3 46,5  24.0  17.3  10.2 0

Table IV. Extrapolated F 8 radicactivity {at time. zero) {in counts/min).

Dark - 1.48X10°
I min Light 3.40x10°
15 min Light  1.80X10°

L1 Co .
Extrapolatlon to zerg ime gave the initial F 8 activities as shown in
Table IV. The number of O = atoms in each experiment was Lshma.t(,d by
making. the fOllOWlné assumptions:

a. The efﬁuency of counting is 50‘ Y%

b. No O!8 has been lost by thermal decompos1t10n of the sa.mplo; durmg_, the
boxnbardm(,nt

C All 0-18 has been conve1t<,d to Flg.

Thenm X F1820693/1.8 hr=0.385 hr-d.

1 Since IvZIo e.',M‘— n= nge "M then -—%;—1- = \n,

']For dark sample, dn/dto = 1. 78)(107‘/(11,» :

g Vfor l min xllunnnatlon, dn/dto 4. 08><10{ d/‘hr,

: ) foi' 15 min: 111unnnat10n dn/dt =2 16>< 107 d/‘hx

IFogelstrom Fmeman, O Holm Hansen, B. M. Tolbert, and M. Calvm.,
Intern. J- Appl ad1at1on and Isotopgs 2,280 (1957).
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Exprdssgd in moles, these results ave:
for dark sampic, 7.67%10°17 M ol8,
for | min itlumination, 1.76x10716 M O\g;
for 15 min illumination, ‘).327{10‘ 17 M 018,

[iach samplo was estimated to contain on the order of . 01 micromole

xanthaphylls.  The enoxmoua discrepancy between this value dand the calcu-
lated amount of activated 018 js immediately apparent. It is probable that
assumptions b and ¢ are not valid, In addition, the t(achmcal problem of
proton beam homogene\ty and flux control has not been solved, I‘he lesulte
here are confirmed, however, by a recent paper of bdpozhmkov et al. '
Although no quantitative s1gmf1cancr~ can be ascribed to these fmdmgs ‘it now.
appears likely that xanthophylls are assocmredwnh an oxygen linked function
in pholosynthcs;s

1. D. I. Sapozhnikov et al., Botan. Zhur 46, 673 (1961).
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A'STUDY OF LIGHT-CATALYZED HYDROGEN TRANSPORT
UNDER PHOTOSYNTHETIC CONDITIONS, -

PART II. CAROTENOIDS CONTAINING HYDROXYI, GROUPS™

Elic A, Shneour

Carotenoids are intimately associated with the photosynthetic apparatns
of green plants, algae; and photosynthctic hacteria. Yet no clear-cut function
for these ubiquitous substances has been found. The possibility that the ca-=
rotenoids might be involved in hydrogen transport has been the object of these
studies. In Part I, evidence was presented to preclude such a role for hydro-
. ‘carbon carotenoids in model systems and in chloroplasts of spinach leaves,

In this second part, the major hydroxyl-containing carotenoids (hereinafter
referred to as xanthophylls) of green plants, lutein and zeaxanthin, are con-
. sidered in the role of hydrogen carriers in photosynthesis. These investiga-
tions were also carried out with tritjum oxide as the substrate. They are:
therefore subject to the same limitations described carlier. Additional lim-
itations are imposed on the study of the xanthophylils by these techniques:
“Although lutein (3, 3' dihydroxyl derivative of a-carotene) and zeaxanthin

(3,3 dihydroxyl derivative of f-carotene) occur mostly in the free state, their
’ d1pa1m1t1c esters are sufficiently 1mp01tant& to require saponification in
-order to recover a reproducibly high fraction of these xanthophylls for tritium
assay and characterization (Fig. 8) . Saponification, on the other hand, may
cause tritium-hydrogen exchange during isolation procedures. This problem
has been circumveinted to some extent by comparisons between saponificd. and
unsaponified extracts.

" Experimental Procedure

, - Both nonbiological and spinach chloroplast systems were used for these
studies. Authentic samples of highly purified xanthophylls necessary for
characterization of pigments were kindly provided by Dr. H. H. Strain,
"~ Argonne National Laboratory, and by Dr.- J. H. C. Smith, Carnegie Institution
- of Washington. Experiments were carried out with active fragmented chloro-
-plast fractions from Spinacea oleracea treated with tritium oxide and illumi-
nated as reported earlier.l Xanthophylls were then (hromatoglaphcd on
" kieselguhr-treated paper and developed with 3% isopropanol in petroleum

o _ether. They yielded five. major bands, as follows

% This work was done duxmg the. authov ‘s tenure of an Advanced F(_llowslnp
from the Amemcan Heart Assoc1at10n : :
“E. A. Shneour, in }310 -Organic Chemlstly Quartexly Repoxt UCRL- 9652,
Apr11 1961, 99- 104. ‘ , .
P, Karrer and E. Jucker Cax otenoxgs (Verlag Birkotiser A. G, Basel,
1948) :
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H - ZEAXANTHIN

MU=~24569

Fig. 8. Comparison of lutein and zeaxanthin. .
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' Baﬂnd I’_(o:rigin) | Chlorophylls, some highly oxidized ;‘canthdphylls
Band II  Xanthophyll mixture, including ncoxanthin,
o o flavoxanthin, and violaxanthin
Band 111 Zeaxanthin | |
Bandr"IV | Lutein |
Band‘V' _ Xanthophyll rhixture, mostly cryptoxanthin

These bands were eluted directly into separate 20-ml counting flasks con-
taining 10 ml scintillation solution #2, and assayed in a Packard Automatic
Tri-Carb Scintillation counter, after chlorine water bleaching, 3 Except for
the isolation of xanthophylls, all procedures were identical to those described
in Part I of these studies.

A. ;>Isolaytion of Xanthophylls from Pyridine orv Dioxane Model Systems

At the conclusion of the experiments, the contents of each sample
tube was dumped into 10 ml of NaCl-saturated water. Several l-ml fractions
of peroxide-free diethyl ether were then added and stirred to extract the
lipoids., The ether extracts {epiphase) were then washed free of tritium oxide
by shaking with several successive fractionsof NaCl-saturated water until no
radioactivity remained inthe aqueous phase (hypophasc). Since purified
xanthophylls were used for the model system, no saponification was carried
out.. The washed ether extract was dried with anhydrous sodium sulfate,
filtered,and distilled off in vacuo at 300 C. The residue was redissolved in
‘a small amount of an ethyl ether-ethanol (1:1) mixture and chromatographed
on-Schleicher & Schuell Paper No. 287 according to the procedure described
by Jensen & Jensen.? No significant radioactivity associated with the xantho-
_ phylls was found under the conditions uscd for these experiments,

B. Isolation of Xanthophylls from Spinach-Leaf Chloroplasts

At the conclusion of the experiments, the contents of each sample tube
‘was transferred to 1.0 ml of an acetone-methanol (7:2) mixture. Two ml
- peroxide-free ethyl ether was added with stirring, followed by 10 m! NaCl-
saturated agqueous solution. Several 2.0-ml ether fractions were used to
" extract the agqueous phase. The combined ether extracts were washed with
NaCl-saturated solution until no radiocactivity remained in the aqueous phase.
The ether extract was distilled off in vacuo. To the residue, 0.1 ml water

"~ and 1.0 ml of a5 M mecthanolic KOH solution were added with stirrving, and

, ,_the'm'ix‘tur‘e was allowed to stand at room temperature for 5 min in darkness
“ and under an argon atmosphere. Two ml of peroxide-free diethyl ether was
‘then added, followed by 10 ml NaCl-saturatéed water. The ether extract was

" ‘collécted and added to a second 2,0-ml ether extract., The combined ether

extracts were washed free of alkali with successive 10-ml portions of NaCl-

: ~saturated water, The ethe1 extract was then dried with anhydrous sodmm 7

s 3 EA Shn'eo‘ur, in Big- 01 gamc Che,mlstry Quartelly Report UCRL- 9652

. April 1961, 105, , ,
4. A Jen’sekn',anld S».,L. Jensen, Acta Chim. ‘Scand. 13, ]863 (1959),
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sulfate, filtered, and distilled off in vacuo at 30°C. The residue was redis-
solved dnd chromatographed as described above. The chromatograms do not
show a Band [ after complete saponification. Bands IT through V were cluted,
. , bleached, and assayed for radioactivity, Results are shown in Table V., It
‘ can be seen that no significant radioactivity appears associated with the
xanthophylls,

The over-all conclusion, Lhm cfore, is thal both the hydrocarbon and
hycll oxylated carotencids do not participate in hydxog__,on transfer processes
in photosynthesis.

Table V., Spinach leaf sonicated chloroplast fraction in 0.01 M phosphate,
opll = 7,240 Trichlorophenol endophenol Hill aclivity: 218 M O,
- evolvaed per hie per omg chloraphyll; 23.0 mpg chlovophyll per liter.
Bach flask contained 0.1 mt T,0 (109 mC T,0 per ml). Final
specific activity:  1.97 pC/uM. '

Counts per minute

Total Liess ~Plus internal
< background standard

Background ' 43 0 --
| 8480 |
40
45

standard

Interial

Band 2,

dark

illuminated

Band 3, dark 51

illuminated

Band 4, dark
‘illumi.xvlatcd

Band 5, dark

illuminated
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©&.. FURTHER STUDIES ON THE FORMATION OF METHYL PHOSPHATE
BY ’IREATMENT OF P3ZO4 FED SPINACH CHLOROPLASTS
WITH METHANOL

Johannes Ullrich

» "Klllmg" sonically fragmented spinach chloroplasts with 80 % methanol .
after incubation with P3204 at pH 8 produces monomethyl phosphate. Tyszakiewicz ‘
assumed that this compound is formed in a nonenzymic reaction by a still un-
known phosphate donor of enzymic origin, because she was able to get some
methyl phosphate-even after killing the samples by short boiling and adding
the methanol later. !+ 2,3 She also assumed a relation between formation of
methyl phosphate and the presence of some cofactors, ADP, and light,

: Based on these hypotheses, her experiments have now been repeated,
varied, and extended, somectimes undel completely different Lon(htions Some
of the first results thereof have been given in a pr eliminary report” and are
pointed out more completely in this paper, together with new results,

General 'Experimcntal Procedures

The conditions of the isolation prO(_ecl\nC for the spinach chloroplasts
were changed to give a higher yield. Five hundred g of fresh, completely
turgid spinach leaves without the major part of the midrib were cut into 0.5-cm
strips at 09 and homogenized for 30 sec in 1 liter of a precooled solution of
0.5 M sucrose, 0.1 M tris (hydroxymethyl)-aminomethane, and 0.01 M
ethyTenediaminetretraa(:eti( acid (sodium salt), adjusted to pH = 8.1 by addition
of HCl. -After being squeezed through 12.layers of commercial cheesecloth,
the suspension was centrifuged for 5 min at 200 g to remove all the larger
particles. Then the chloroplasts were spun down from the supernatant by
centrifugation for 15 min at 1,000 g. They were resuspended in 100 ml of a
sulution of 0.5 M sucrose, 0.002'M tris,and 0.0002 M EDTA, adjusted to
pH = 8.1 as previously described, and centrifuged for 30 min again at 1, 000 g.
The precipitate was resuspended in 10~ 3 M tris buffer of pH = 8.1 to give a
total volume of 40 to 50 ml of a solution still ‘containing a considerable quan -
tity of sucrose. In most cases, the suspension was sonicated for 90 sec in a

. Raytheon sonicator. All these operations were carried out at'temperatures
very neat to 0°. - ' ‘ ' ' ‘ '

~ The chlorophyll content of the suspension was determined by light-
' absorption measurement'in 80 % acetone at 663 and 645 mp or at 652 mu. In

*NAI‘O Fellow from UmverSLty of Bonn, Bonﬁ Germany, 1961-62.

1. Edwige Tyszkiewicz, in Blo-Orgamc Chcmlstry Qudrterly Repoxt
- ~UCRL- 9519 Jan. 1961 P. 58 . .

2, Edwige Tyszkiewicz, in Bio- Orgam(. Chemwhy Quarterly Report
 UCRL-9652, April 1961, p. 117.

>3, E. Iyszklewmz G. Gmgras,;and M. Calvm Ri_o’chim. Biophyﬁs'._ Acta 50,
0 376-377 (1961), R o

4, Johannes Ullrich, in Bi()—Oi'ganyic, _Ch(:mis"t_ry Qna'rt(:rbly Report, UCRL-9772,

~June 1961, p. 95. ' S o ‘ '
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general, the suspension contained between 1.3 and 2.0 mg chior uphyll per ml.
The pil nl the newly sonjcated mixinre was about 7.5 te 7.7, During storage
At OV 4t went down progressively, sometimes as far as pll 3.0 within 2 weeks
When the saspension was storeaed f:o/vn pH changes did not occur,

I not stated otherwise, the feeding and k 1llaup experimaents were carried
ot in ssll sevew-cap vials with 0.1 ml of the P3 ‘O| (al teast 1 pC of P32y
sultition, adjusted o pll = 8.1 with MCU and NaOL (containing 10-4 M P“O
as carrier, metal ions, and colactors unly 1f specially mentionaed), 0.4 ml ()f
the chiloraplast suspension, and 2.0 ml of organic solvenl as “killing agent. "
The time between the addition of the chloroplast suspension to the phosphate
solution and "illing" with the organic solvent is called Mincubation time, !
Dueing this Giie the samples were shaken in a water bath ot 20 (o 259 and
dlunnnated intensely by o sel of fluorescent lamps. To make the incubation -
tigle zero, the arganic salvent was added befare the chloroplast suspension,
amd there was vo special shaking and tHumimation,  Between 1/10 and 1/5 of
!Ew Gual sample (solution and precipitate together) was put on the origin of a
Sedo-am Whitman Noo 4 paper, The chromatogram was run in the {irst
flnncnamn (tenpgthwise on the [mp( k) for 14 hr with a mixwure of 1.2 g EDTA,
OO ml cone. NF3 solution, 1,450 ml water, and 2,520 ml isobutyric acid.

In the second dimension it was run for aboul 20 hr with & freshly preg pared
mixtare of 1,800 mil propionic acid, 3,750 m) n-butancl, and 2,453 ml water.
After deying, the chromatograms were radioautographed for 5('verdl days, in
general with double-coated x-ray film, Subscquentiy the spols on the chramato-
grams wereo counlod, .

Fxperime nml De l.nls and Results

I Variation of the tncubation time from 0 through a few minutes up
to % hre resulted in g more or less rapid build-up and turnovér of the several
arganic phosphates usually involved in photosynthesis and some side reactions,
bul the vield of methyl phosphate, when the 'am'plc' was "kilted" with methanol,
turned oul to be compluetely independent of the incubation time (cven if it’is 0);
the sample had unly to have been stored l(m;, enough (several days) before it
was put an the paper : . "

4. Treatment of the chior ul)l:mt ‘allb[)(,llbLUl\ with methanol up to a fe
davs hefore the addition of the Pz‘-Ol substrate only slowly decreased tlm
quantity of methyl phosphate Tormed., “Killing' the mixtare with acelone and
addding mothanol up to some days tater did not appreciably affect the formation
of methel phosphate. However, whoen the nuxture was killed with acetone and
then deied by an abr MMow al room fermperature, '1(lciili0n ol methanol did not

resalt in any Termation of methyl phosphate,  Frecze-dried (hlon)pld%ls o -
liw cantrary, ‘-:ll“ form vnc‘thyl phosphate, when fod with P3’“O; and killed
with methanol, 2 Storage of the chloroplast euspmmmn for .)Olr’l("d’lyb at Qv
cut down the fmmdlxon of all the phosphates of photosynthetic origin, but-
50Care (,ly affccted the yield of methyl phosphate. Frozen stored chloro oplast

“suspensions lost their photosx,fnthetw phosphorylation activity more slowly. -
(,hl()l'nplaslb not xuptuled by somratxon kc_pt their aklwlty lonf,e‘ than sonicated

5. Ulrich Heber (Lawrence Radiation Labo rator'y),; private communication,

July 1961,
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‘suspensions., It never was possible to get any formation of methyl phosphate
Dby use of a boiled or even brmfly heated chloroplast suspension or by replace-
ment of the enzyme only with 1073 M tris buffer of pH = 8.1, Exclusion of ,
“light during the incubation cut down the formation of most of the photosynthetie
phosphates, but did not affect the yield of methyl phosphate. In ne case has it
been possible to get methyl phosphate by adding the methanol to a sample pre-
viously heated in boiling water, even when the heating was limited to half a
minute.

3. Some experimental results showed that the amount of methyl
phosphate depended on conditions of storage of the completud mixture before
‘the chromatography. This led to investigation of the speed of melhyl phosphate
formation after the addition of the methanol to the reaction mixture. A larger
sample (without incubation) was mixed and divided into two parts. One of them
was stored at room temperature, the other one heated in an oven to a tempers
ature somewhat below the boiling point of methanol (about 559),  After definite
times, samplos of both parts of the mixture were put on chromatograms.
"Figures 9 and 10 -show the results of this experiment. At room temperature,
the yield of methyl phosphate increased up to 2 days and then feveled off,  The
heated sample, on the other hand, stopped after a short time, probably when
it reached the killing temperature, and no longer formed methyl phosphate.
The experiment has to be repeated with immediate heating; in this case no
farmation of methyl phosphate should be expected.

B .When following the pH changes in the chloroplast suspension for &
‘weeks at 0°C, I found that there was a considerable decrease in pH, from
about pH 8 down to pH 3. It was expected that similar pH changes would take
~.place in the mixture containing the "killing agent.' Measurements of a number
of samples showed, however, that the pH of the killed samples never did fall
below 7.4. So there was no possibility that an acid catalysis might be respon-
sible for the formation of the methy! phosphate,

"4, To get some idea what part or kind of compound in the chlaroplast
- system is performing the phosphorylation of the methanol, unsonicated and
- sonicated chloroplast suspensions were {ractionated by Lcnlnfu;.,almn for 1
hr at 80,000 g. The precipitate was resuspended in 103 M tris buffer of
"pH = 8.1 to give the original volume. In addition, some "recombinate' was
prepared by reunification of the precipitate with the supernatant (both fractions
homogenized together). Eight different suspensions were used for comparison:

I. Unsonicated whole mixture
II. Sonicated whole mixture
I Unsdnicated precipitate
IV. Sounicated precipivtate ‘
V. Unsonicated supernatant (nearly free of chlorophyll)
VI. Soniéated supernatant (containing only a little chlorophyll)

'VII Unsonicated recombinate

»’iV'VI:II. Somcated reconlbmatc

77In the usual exper,lment they all formed c,onbldelable quantnlcs of methyl
_phosphate except No. V, which gave: vonly a very low yield. A quantitative
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TIME (DAYS)
B MU=2457) - ,

Iig. 9. Yield of methyl phosphate formed by sonicated chloroplast -
suspension (0.4 ml) after addition to a mixture of methanol
(2.0 ml) and 11’3‘3()_{‘: solution (0.1 ml) without carrier phosphate
at 2590C, : . ’
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%

TIME (HOURS)

MU=24572

- Fig. 10, Solid curve: ~enlarged beginning of the curve in Fig., 9;

- dashed curve: yield of methyl phosphate formed by a mixture
identical to that in ‘Fig., 9, but heated in an oven to 55°C. The
heating started slowly, therefore some methy! phosphate could
be formed before the enzyme stopped working,
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somparison s difficall, because the samples ware not stoved for the same
Ctune and not allowed to react completely (the facts pointed out belore in No.
were sUlL unknown, when these experimoents were performed).

g
-

o I wag of interest to find ont whether other compounds with alcoholic
hydroxyl groups would also be phosphorylated in similar experiments.
Fysabkiowics dlready found that cthanol reacts in the same way, but with some-
wind lower yivld, to form nu-thyl phosphate, and she tried also, but unsuccess-
nilly, n-propanol and n-butanol.

Because of the Timited solubility of higher alcohols in water, it was
necessary to uase miktureys of acetone with the aleohol in order Lo get compa-
vable vesults. First a serics of methanol-acetone mixtures was Lried ont.
Fhe regults are shown in Iig. 11 IPor the alcohol comparison scries, mix-
tirves of S0 aleohol and %0 % acetone (measurced by volume) were chosen.
Figare L showy the results: the yield of n-alkylphosphates decreases with the
munber of G atoms in the alkyl residue. Sceondary alcohols react much more
dlowly than primary ones; tertiary butanol gave nearly no rveaction.

_ The chromatograms of these siumples had to be run for a shorter
time, 80 that the solvent front did not approach the edge of the paper, because
the lngher alkyl phosphates ran very clase to the solvent front in both dimen-
siong.  bithyl, n-propyl, and n-butyl phosphates were identified by cochroma-
tography with commercial samples, and there cannot be any doubt about the
tdentity of the other compounds. ‘

In some orientation experiments, cthylene glycol, glycerin, D-glucose,
and D-fructose were Llested in low concentrations mixed with the usual amount
of acetone. Only the lwo sugars gave spots lnnmnp with the same Ry vdluv
as the vorrvesponding sugar phosphates; the yield was 1.6 % for glucose, 4.89
for fructose. ‘The (()thUlndt()j_,ldl)hy of the spols is not yet accomplished.

When ADP wias contained in the acetone-killed mixture, no formation af ATP
cauld ever be found. ' ’ ' ‘ ' :

B. A numboer of experiments designed to isolate the previously pos-.
tulated phagphate donor, which should form mz'lhyl phosphate when tr eate d
with methanol, were unsuccessiul,

A freshly prepared acctone-killed sample (incubation time s 0) was
run an only one dimension with a modified solvent system in which the ammo-
nid (whie howas thought to be destructive tor compounds like the expected -
phasphate donor) was replaced by an cquimolar quantity of trimethylamine.
Two small new spols appeared on the chromatogram, not present in the si-
ttltanvously cun methanol-killed mixture, but it was impossible to make
these spols or any other part of the chromatogram react with methanol to
form methyl phusplmtc- cven when the still wet chromatogram was cut into
strips and the strips were treated with the alcohol.

The same sampl(., without mLumc(haLL dr ymg, on the papcx, that
could have destroyed the donor in the chromatography experiment, was elec-
trophoretically separated on paper in 0.01 M tris buffer of ptl=8.1"for 3 hr
at 1,500 v (current dau,ndmg:, from 9 to 22 ma during the experiment). A
small spot not occurring in the methanol-killed sample, in addition to the b]g
phosphate spot, was obtained. However, treatment of the still wet papex, “cut
inta strips, with methanol ylcldul ne mcthyl phosphntc :
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Fig. 11, Yield of methyl phosphate in mixtures of methanol and
acetone after 24 hours at 259, No incubation.
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%

MU -24574

I'ig. 12, Yicld of alkyl phosphates after treatment with 1:1 mlxtules
of alcohol and acetone for 16 hours at 259, No mcuhatlon o
A, primary alcohols; B, sec ondcn y alcohols; C, tertiary butanol SE
D, allyl alcohol, : : i
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Discussion of the Results

- The experiments, especially those mentioned under No. 3 in the ex-
perimental part, show that the working hypothesis of E, Tyszkiewicz, whieh »
assumes that there is a phosphate donor formed by enzymic synthesis which
gives alkyl phosphates in a nonenzymic reaction, is untenable.

It seems much more probable that some protein in the chloroplast
system, apparently a phosphatasc, catalyzes the exchange of phosphate be-
tween the alcohol and the water contained in the samples to give an equilibrivm
which can only be accomplished by strong acid ar by an active enzyme.

This explanation of the data is supported by a rough calculation of the .
changes in free energy in this reaction, based on the often approavhed or even
exceeded yield of 20% methyl phosphate:

At pH = 7.5, the back reaction can roughly be given by the equation

~> HOPO® 4 McOH ;

MeOPO?'_,; + HOH ;

=

[Hopoi']- [MeOH]
K = = 7.14 H

[MecOPOS™ ] - [HOH]

AF =-RT InK = 1.986 X298X2.303X0.853 = - 1.16 kcal.

In esters of phosphoric acid A F of the hydrolysis is in general between -3
and -5 kcal. The calculated value in the investigated reaction is of the same
order of magnitude, although it still includes large errors caused by nonin-
corporation of the additional ions in the solution and by the high concentration,
whereas the equation applies only to very dilute solutions. $So the A F seems
to approach the usual values for alkyl phosphates quite well,

In future experiments an attempt will be made to approach the supposed
equilibrium from the other side, starting with labeled methyl phosphate in
methanol-water mixtures. Tyszkiewicz has alrecady mentioned some mﬁperi =
ments on the hydrolysis of methyl phosphate by sonicated chloroplasts, If
it-is possible to approach the equilibrium from both sides, an intermediate
high-energy phosphate donor cannot be involved in the formation of the methyl
phosphate by the chloroplasts.

An important and surprising result of all this investigation will then
be the extremely high stability of the phosphatase catalyzing the reaction,
which.is still active in mixtures containing 80% alcohol or acetone at room

" temperature for several days.
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7. THE NUCLEIC ACID CONTENT
OF SPINACEA OLERACEA CHLOROPLASTS

John Biggins and Roderic B. Park

INTRODUCTION

Several workers have analyzed the chloroplasts of higher plants for
polynucleutide ,‘Onlt,nl. '9 However, there is considerable quantitative dis-
agreemaent in the results, probably owing Lo the methods employed.  The
methods include (a) cytochemical procedures which depend upon the speufw e
staining of ribonucleie acid (RNA) and deoxyribonucleic acid (DNA) in the
chloroplasts of intact cells, and (b) the chemical analysis of RNA and DNA
i chloroplasts isolated in aqueous media,

The amounts of nucleic acid reported in chloroplasts using cyto-chem-
wal procedures are at the lower Timit of the methods! sensitivity.,  This lack
of sensitivity is circumvented by direct chemical analysis of isolated chloro -
plasts lor RNA and DNA, but inthis procedure artifacts are introduced owing
o contamination of the plastids by other cell fragments during isolation from
the cellular hamogenate. Additional anomalices may also arise owing to the
tass of compounds from chloroplasts during their isolation {rom agueous
systems, |

This paper reports the chemical estimation of RNA and DNA in spin-
ach chloraplasts isolated by a nonagueous density technique, This technique.
yields uncontaminated plastid preparations, minimizes enzymatic degradation
of the polynucleotides, and prevents the loss of polar metabolites {rom. the
chloroplast. :

J. M. McClenden, Am. J. Botany 39, 275 (1952).

2 M. Holden, Biochem. J. 51, 433 (1952).

A0W D Cooper and B S, Loring, J. Biol. Chem, _{é_@ 815 (1957).
o AL T Jagendorl, Plaat Physiol. 30, 138 (1955), -

B ¥, Chiba and K. Sugahora, Arch. Biochem. Biophys 71,367 (1957), -
0. R. Spickermann, Protoplasma 48, 303 (1957). o

T.ooV0 Gl Lidltau, Am., J. Botany 4 45 (1958).

8. . Meteaner, Biol, Zentr, ll, _57 (l‘?Sd) -

9, Y. Chiba, Gytologia (Tokyo) 16, 259 (I 951).

10, S. Granick, in The Cell, Vol. 1[I, Ed. Blochct &Mubky (Academié'?;‘eéé‘, -

Inc., New York and London, 1961), Chapter 7.
L. 1. Heber, Ber. deut. botan Ges. zg,'f’;'r’l (1957).
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~ Materials and Methods

e i

1. | ChIOroplast isolation

L Spinach (purchased fresh from a local market) was \mahod thoroughly
dnd the midribs removed. Surplus water was removed from the leaves by
blotting and they were frozen in liguid nitrogen. After freezing, the leaves
werc placed in a desiccator precooled to -10YC, and the whole evacuated for
3 to 4 days until the leaves were dry.  The temperature was grodually ins
creased to 00C. A flow diagram of subscquent operations carvied out at 09¢
is presented below,

5-&(11\' leaves

e e v G2 rene

250 ml petroleum cther Waring Blendor operated
: at full speed, 3 min

homogenate

~strain through 8 layers of
cheesceeloth & glass waool
supernatant

< 10 g, % min

w7z oo n T an,

& .
residue (discard) s_u_f)crnata}lt

‘if:, 000 g, 10 min

' N “ 1 .

[~ - =- - > sediment supernatant (discard)

l ol il Lol
resuspend 3 times resuspend in 50 ml pet. ether;

| 800 g, 3 min

t .

T

'sediment supernatant (discard)

(crude chloi'oplast )

resuspend in CClg-pet, ether,;
spgr 1.34, 12,000 g, 15 min

—

sediment (cell debris) o supernatant
‘ (discard) adJuql sp gr to 1.00 with pet. ether;
, 000 g, 3 min

b

chloroplast sediment™

¥ (purity checked éytoqhemiéally by staining with methyl green)

Ndnaqueous chloroplast isolation procedure;
~modification of methods by Heber and Stocking (Ref 12).

2,- C. R. ,S’tocking‘,‘Plant Physiol. 34, 56.(1959).
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4. Chemical techniques

Nueleic acids were estimated by the Smillie-Krotkov 3 modifications’
of the Sehmidt-Thannhauser procedures. When these modifications were used
the maximum sengitivily was '

0.05 my DNA/ml by the diphenylamine reaction for deoxyribose; 14

25 g ribose/mi by the orcinol x'mxctibn;]5

0.006 mg P/ml; 10 '

0.001 mpg polynucleotide per ml by ultraviolet ébsorption at 260 my.

Standard DNA (Sigma Chem. Co.) was depolymerized under identical
conditions to those employed for chloroplast nucleic acids. A Cary Model

R=14 recording spectrophotometer wias used for all spectrophotometric meas-
urementy, using l-cm cells,

T'he procedure can be summarized,
nonagueous. chloroplasts, 100 mg

MeOh extraction
{ B

3o,

residue

MeOH -soluble P

cold trichloracetic acid
P e e e e L extraction o
acid-soluble P - r¥siduc

ethanol, ethanol-ether =
— _extraction '

liptd=soluble P - : : : .
! He - Insoluble residue analyzed

by either method (a) or
method (b) o

B P RPN S PR G R

13. R. M. Smillic and G.- Krotkav, Can. J.” Botany _3_8_, 31.(1960).
4. K. Burton, Biochem, J. 62, 315 (1956). ’ '

156, R. Markham, in Mcthods of Plz’mt.‘Ana]ysis, Ed. Paech & ’I‘_raxc‘ey,ir-v
Vol. 4 (Springer-Verlag, Berlin, 1955), p.. 246, : ' o

16.. R. J. L. Allen, Biochem, J. 34, 858 (1940).
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(a) insoluble residue from 100 mg chloroplasts

alkaline digest

(0.3 NKOH, 34°C, 16 hr) acidify and centrifuge
"r‘es_idue (protein f& DNA) supernatant "B" {(RNA cémponemg)

5%perchloric acid,
b 90°C, 15 min

supernatant ""A"

residue \\/DNA components
V) T . > ,
phosphate uv, 260my diphenylamine
I T — —
phosphate ultraviolet “orcinol test foriribese

absorption 260 my

N

—RNA¢

(b) insoluble residue from 100 mg chloroplasts

acid'dvigest

(5% perchldric acid, 90°C, 15 min)—— centrifuge
P g

) N
residue Supernatant ''C"
(protein etc.) (DNA + RNA)

LR

, )
orc[i:ol test for Diphenyla‘mine test uv, 260 mu phosphate
ribose for deoxyribose

|

" RNA DA DNAY RNA DNAYRNA
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l(caulls and Discussion

Analysis of 100 mg freeze-dricd chloroplasts gave the following results.
Milligrams solynucieotide/100 my chloroplasts, determined by various methods,

Maethod

B A T T T 1.7 AL £ S A s T € r b o oa i ke s e

R uv, 260 my,- - l))ph(my]ammc test-- Orcinol test-- Phosphaf,e
Solution estimales estimates deoxyribose estimates ribose estimate
S bases _
Supernalant A 0.795% 0.37 (DNA) 0 041 (DNA)
(DNA) ' - '
Supernatant 1 7.49 (RNA) 0 C 7,10 (RNA)  7.62(RNA)
Supernatant C 7T.95(DNA 0.1 (DNA) T8 (RNA) 8.1(DNA.
1RNA) : 2 ' + RNA)
C-B-A 0.0 (DNA) .- , . 0.48 (DNA).

RS S S TELI IR I TS A SV R Akl SETEAS A A SNk s e - -

These datic show that the dry chloroplast is 0.5% DNA and 7.5% RNA

The value obtained for the RNA content of chloxoplastb is consuluclblv
higher than that veported previously (2-4% 1203 This is probably due to
differences inthe chloroplast isolalion procedure employed. Tt is likely that
RNA g leached from thoxupldsts isolated from aqueous cellular homogc,natvs
whereas this 1s minimized by usmg, nonagueous isolations.

The value obtained for the DNA content of chloroplasts is inagr c,emcnt
with previous reports, 3,5 The replication between the values: obtained by
analysiys of deoxyribose and phosphate is good. The high value obtained from
altraviolel absorption at 260 mp (in supernatant A) suggests interference by

some hydrolysis product other than HH(_ILO[IdCS.
Purity of the thOlopldsL preparations was checked by phase micros-

capy after staining with methylg,x(,cn Contammatxon of the pldSth by nLlCIEdI‘ '
fragments was not detected by this method.

Summary-

RNA and DNA were estimaled in Spinacea oleracea chlor oplasts iso-
lated by a nonaqueous density Luchmquc :

v Plepdtalmna were free of nuglear (ontdmmahon, and’ pl ehmmdry
tlalu show that the DNA and RNA content of th dry chloroplasts is O 5 % and
TS5 Y% (by wug,ht), respectively. ,
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- The value we obtained for the RNA content of chluroplasts is higher
thanithat previously reported by a factor of two, and it is likely that this re-
sult is due to our method of plastid preparation. The nonaqueous isolation
technique minimized loss of RNA from the chloroplast. Thus the RNA con-
tent of these chloroplasts probably approximates the in vivo level,
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. PAPER CHROMATOGRADPIY OF NUCLIEIC ACID CONSTITUENTS

Cyril Ponnamperima

Muore than cighty solvent systems have been described for the separa-
tia of pudleie soid components by paper chromatography. I' Several of these,
which showed distinct advantages over the others, were investigated by us
earlicr, * [sobutyric acide-mmmonia- EDTA in one dimension and butanol —
propionie acdewiater in the otherd were selected as the solvent systems for
the separation of the radiation decomposition products of G labeled nucleo-

1i6bers

b in

feoue recent work, ? however, we used propanol-ammonia-water
e first dimension instead of isobutyric acid-ammonia-DTA, The propanol-
ammonia=water systemn had several advantages over the other. Well-defined
spots were obtained for all purine and pyrimidine bases, nucleosides, and
sacleotides. The rate of flow of solvent was mnch faster,  The unpleasantness
af woricaywiththe evil-smelling isobutyric geid, the odor of which is evident
frong s hronudtographic papers even alter the papers arve dry, was eliminated.

The Re values Tor the series of compounds tested with the two systems,
propatol amimonia-water and butanol—-propionic acid-water, are listed in
Table VIO Phe relintive positions of the compounds in a two-dimensional
shromatopram are shown in IFigs. 13, 14, and 15,

The RNA bases, nucleosides, and nucteotides were obtained from the
Sational Blochemicals Corp., Cleveland, Ohio. The deoxy compounds were
stupplicd by Schwars BioRescurch, Inc., Mount Vernon, N, Y. The form-
amidopyrimidines were o gitt of Dro G B, Brown of the Sloan-Kettering
fanstitute for Cancer Rescarch, New York, '

The butanol ~propionic acid solvent was prepared by mixing equal parts
of butanol saturated with water and 60% propionic acid. The mixture was
prepared immediately before use. The propanol-ammonia solvent consisted
ol n-propanol mixed with a4 sotution containing 75%of 0.880 N ammonium
hydroxide, Here, again, the two liquids were mixed just prior to usec.

P'ress, Ine,, New York, 195%5), Vol. I, p. 250.

¢, G Ponnamperuma, R M. Lemmon, andvlf‘. H., Woeller; in Bio-Organic

Chemistry Quarterly Report, UCRL-9408, Scpt. 1960, p. 9.

H. AL Krebs and R Hems, Biochim, Biophys. Acta E, 173 (1953).

4. Murray Goodman, The Separation and Characterization of Phospho 1'y1;;lted
Compounds {yrom Green Plants (Ph.D. Thesis), UCRL~19671, Sept. 1952,
p. o7,

i C. Ponnamperuma, R. M. Lemmon, B, L. Bennett and M, Calvin,
Science L34, 11D (1961). 7

a. k. L. Bennett, Biochim. et Biophys. Acta-11, 487 (1953).
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7 The solutions of the nucleic acid components contained | pe/pl. The
“xanthine and guanine, which are poorly soluble in water, were dissolved in
10% formic acid.

: ~ The chromatograms were run for 3 hr at an average temperalure of
27°C. In both systems the solvent front had run approximately 20 em from

* the origin.
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Tablee VI. Ry values of purine and pyrimidine bases, nucleosides, and
nucleotides in two solvent systems

: ' Solvent system
Propanol-anmonia-water  Butanol-propionic
Compoinl acid-water
Adenmine 0.64 0.79
Gyivsine 0.62 0.60
STINTITHTE 0.37 0.56
Hy poxanthine 0.55 0.58
Thymine 0.75 0.74
Uracil 0.63 0.63
Lanthine 0.4] 0.50
Adenosine 0.65 0.63
GCytidine 0.60 0.46
Guanosinge 0.36 0.37
lnoksine 0.52 0.40
Uridine 7 0.54 0.47
Kanthosine 0.43 0.32
Deoxyadenosine 0.78 0.70
Deoxyoeytidine 0.75 0.60
Deoxyguanosine 0.59 0.50
Deoxyinosine 0.70 0.49
Deoxyuridine 0.73 0.58
Thymidine 0.76 0.73
Adenylic acid 2! 0.34 0.24
Adenylic acid 3! , 0.35 0.25
Adenylic acid 5 0.29 0.19
Cytidylic acid 0.22 0.19
Guanylic acid 0.11 0.16
Inosinic acid 0.24 0.10
Uridylic acid 0.17 0.18
Deoxyadenylic acid 0.39 0.26
Deoxyoytidylic acid 0.35 0.24
® Deoxyvgwinylic acid 0.22 0.17

Deogyuridylic acid 0.3% 0.17
A< Amino=H-imidazole carboxamide 0.64 0.606
d-Amino-S-formamido-6-hydroxy- ' ,

pyrimidine , 0.36 0.36
4, 6-Dinmino-%-formamidopyrimidine 0.49 0.53
Sy d=Diaminoe-5-formamido-6-hydroxy - 7

Py rimidine 0.21 0.30
<oh BT riamino- S-formamido-

py rimidine 0.22 , 0.37
1, 5, o< Triaminopyrimidine sulfate 0.57 ‘ ' o 0.67

s
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— BUTANOL-PROPIONIC ACID-WATER

POR/G/N

o ‘ 02-4 DIAMINO-6-HY DROXY-5: FORMAMIDO PYRIMIDINE
Q o ,
2,4,6- TRIAMINO-5- FORMAMIDO PYRIMIDINE

&

- OGUANINE

s O4 - AMINO-6- HYDROXY-5- FORMAMIDO PYRIMIDINE
3 OXANTHINE

< ' : ,

5 36 DIAMINO-5-FORMAMIDO

s PYRIMIDINE

s OHYPOXANTHINE

< 04,56 TRM;AJRN& OINE
d

s} G aEmiNE

: 4 AMINO- 5- IMIDAZOL.E

g CYTOSINE © CARBOXAMIDE

a

a OTHYMINE

MU = 24548

Fig. 13. Two-dimensional chromatogram, purines and pyrimidines,
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PROPANGL ~AMMONI

CHNGSINIC
ACIS

FE?/G N

¢) GUANYLIC ACID

OURIDYLIC ACIO
CYTIDYLIC ACID
OADENYLIC ACID
OGUANOSINE
OADENYLIC ACID 5' :
ADENYLIC ACID 2 - -
DADENYLIC ACID 3

OXAN THOSINE

©'NOSINE
OURIDINE

OCYTIDINE
O ADENOSINE

MU-24549

Fig, 14, Two-dimensional chromatogram, ribose nuclc¢osides-and:

nucleotides.,
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= BUTANOL-PROPIONIC ACID- WATER
Woriciv

Q

©
} '/:LO O DEOXYGUANYLIC ACID
‘ 2,

QL
5%,

& ©  ©DEOXYCYTIDYLIC ACID

*<;x ODEOXYADENYLIC ACID

<

P

&

s

s

< ~ ODEOXYGUANOSINE

-

S}

4

& ©DEOXYINOSINE

S EOXYURIDINE

a DEOXYCYTIDINED® O THYMIDINE
OpEOXYADENGSINE

MU =~ 24540

Fig, 15, Two-dimensional chromatogram, deoxyribose nucleosides
- -and nucleotides.



5] - UCRI1.-9900

O PRIMORDIAL ORGANIC CHEMISTRY: KVIDENCE [FOR PRODUCTION OF
PURINES AND PYRIMIDINES FROM SIMP L (JASLS. : '
BY KLECTRON IRRADIATION

Christol Palm o and Maelvin Calvin

Introduction
Muler and Urey in 1954 were able to synthesize anino acids by clectric
iy Loy i gaseous tnxture of (lH,]. Iy and NIy over diguid wale r.l It
swhits preduned thid these conditions sy lated the primitive terrestrial at-
tdsphe e, Since then, vartous workers have attempted to produce components

YU fvidence is

s aenchepe acids ander similive o other primitive conditions. “ E
now presented that heterocyelic bases --namely, cytosine, thymine, adenine,
antd wsamitnoimidazole s % carboxamide (perhiaps also uracil and guanine)--can
He toutdd noan electron-irradiated nusture of CHy. N, Hyand 15,0,

During the progress of this work, two simple syntheses of basces that
serir i nucleic acids have heen reported. Qrd heated concentrated agqueous
sedations ot NHLON for extended p(-rimls,‘ of time apd found adenineg and 4-
SHEIROG I!(ll/nltw‘)“i arboxarmide. S50 Wo Fox heated malic acid and urca Lo-
gethe e with polypliosphoric acid wund could separate wracil, 6 s synthesis,
Bowe e, uging sullurie aewd as the condensing apent, has long been known, 7

It g very sugpestive that syntheses of the same kind occur upon ir ra-
dintoon of primitive pas mixtures over water,  Indeed, the formation of both
HON and traces of urea o electric discharges has been reported 1 Larger
amuounty o urea in addition to HON arve formed in electron irradiation. 8- Yet
an extravredinarily high number of compounds and reactions compete in these:
mixtures, and evidence has to be provided that synthesis of (-omplr % hetevo-
vyvelie bases does indeed take place in such systems.

[norder to test the possibility of formation of heterocyclic bases- -

11

oeey purines and pyrimidines ag found in nucleic acids~-we have chosen a

TMiller, J. Am. Chem, Soc. 77,2351 (19%5). ,

2. 8. L. Miller, in Intern. Union of Biochemistry Symp. Ser. Vol, |

nE life on the Earth (Pergamon Press, l.ondon, 1960), 126,

Biochem. Biophys., Rescarch Commun., 2, 407 (1960).

DTN ()lu and AL P Kimball, Arch. Biochern. Biophys. 94, 217 (1961).

SO WL Fox, TL ELC Johnson, and AL Vegolsky, Scicnce lm% 923 (1956),

o S, WL Fox and K. Harada, Science 133, 1923 (1961). R B

. DL Davidson and O, Baudisch, J. ‘A;;w(”}u,m Soc. 48, ?379 (1926) c

. C. Palm and M, Galvin, Primordial Organic Cl mnusil; Compoundb
lu'hullmg, from Islectron Ir chdlrLLlOll of G L l]Il J- Am Ch_(:_m. Soc. (in
presy). : o ‘ '

, The
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system of sxmplc gases, Clly, Hp, and NHq over liquid water, The energy to
activate the gases was dclwcxul by 5-Mev clectrons shot into the éiualed
,system by a linear acceclerator.™ ‘

Two kinds of potentially promoting compounds were added in various

E experiments with this primitive system.
{a) to imitate possible mineral surface action, an nun=mdgngsmm silicate,

| olivine f(MgFe)281O(_;J was added as a powdcer,

(b) To simulate the influence phosphorus compounds might have had in

. evolution, a polymex phosphate (NH‘;PO3) and phosphine (F‘H;, Palig) were
added.

It must be emphasized that the high dose rates necessary to achieve
synthesis in reasonable times may also be highly destructive of the initially
- synthesized compounds. Time and energy rates alone set limits on drawing
a close comparison between these experiments and chemical evelution under
truly primitive conditions, either in the past history of the carth or at present
in extrater restrial environments,

Experiments and Analytical Methods

Since the general experimental and analytical methods have been de-
scribed in sufficient detail elsewhere, 8 Table VII reproduces data only on
irradiated mixtures that were fully or partly examined for purines and

pyrimidines.

As a rather sensitive tool, we made usc of ultraviolet spectroscopy
-.in several runs in order to search for pseudoaromatic heterocyclic basges.
Ex(‘(,pt for a generally increasing absorption below 4, 000 A, no specific ab-
sorption could be seen which c¢ould have been unequivocally due to @ hetero-
cyclic system. Also, subsequent examination of more specific fractions
from an ion-exchange column and simultaneously prepared paper chromato-
grams revealed no specific uv absorption. Since 4 to 5 mg of organic material
~ ‘is formed in one run, not more than 0.1% of it can be in the form of any single
-‘m--absorbing compounds. The more sensitive tracer methods with carbon- 14
~were therefore explored next.

. - , »
At this time, Oro and co-workers reported the formation of Advmnv

and 4- ammonnlda/,ole 5-carboxamide upon heating a concentrated aqueous

solutlon of NP14CN In a preliminary attempt we found by means of paper

% The l‘me’ar accelerato‘r was maintained and operated by Mr. William Everette
of the Lawrence Radiation Laboratory. We would like to express our thanks
to him for his cooperation. '
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4o . D ., . . . % g
Fable VII, GComposition of irradiated gas mixtures and conversion data”

T

Experiment No.

. M30

M2z

"(,‘-H,[l presgure (em Hg)

¢l activity (mC)

“?, pressure {cm Hg)

NHy pressure (em Hg)
H40 (ml liquid)

Olivine (g)

, ,(Nlldp()3) (mp)

Ply pressure (e Hy)
Tempervature of ”20 (°C)

Time of ivrvadiation (hr)

Total encrgy absorbed

(vvps)
Aclivily in aqueous phase,
after irradiation (HC)

Conversion from
original Gy, (%)

80
1011
27.1

1.16

4.31
4.15
20

18

12,45

30,6

1,16

0.2

20

13

FArranpged according to the phosphine content.

| ‘The volume of the irradiation fask wis 810 ml,
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~.chromatography ot' the basic fraction from. run M22 that adenine and 4-
aminoimidazole-5-carboxamide carried 0.03% and 0.02% respeetively of the
activity with th(,m The solvent systems used in scquence for this separation
‘wcre (a) phenol-water (1470:604), (b) butanol-propionic acid=water o
(375:180:245), (c) repetition with butanol-propionic acid=-water, and (d) ‘ '

-~ propanol-ammonia-water (6:3:1), The radioautograph of the final chromato=

" gram after 15 weeks' exposure is shown in Fig. 16, : :

" The following method of dilution analysis was then used in an attempt
to evaluate the amounts of adenine, guanine, thymine, and cytogine in runsg
-M27 and M28. Aliquot amounts (10 ml) of these reaction mixtures waere
evaporated and passed through cation- and anion-exchange resins (25 cec of
Dowex-50 and Dowex-1, respectively). ’

, ‘One hundred mg each of adenine, guanine, and cytosine weare added
to the cold evaporated residue of the 3 NHCI cluate from the Dowex-50

column. It was dissolved in dilute sulfuric acid, precipitated with AgNO3,

- filtered, then the filtrate made alkaline with Ba(OH),, and filtered again,

" From the respective silver salts, the bases were extracted with HC1, then
"precipitated as either the free base, guanine, or the picrates of adenine and

cytosine.

Cyanide and thymine were separated in a similar manner from the
acid fraction. One hundred mg of thymine and 123.5 mg of KCN were used
for dilution. Thymine was separated from its silver salt by H;,S.

- The bases were recrystallized three times, then purified further by
jon-exchange chromatography. This was done on a Dowex-50-XZ2column with
HCOONH, at pH 4, following the method of Crampton ct al.9 The column was
~.modified to have an i.d. of 1.5 cm and a height of 60 cm and was operated at
1 259C. Five to 8 mg of each of the four bascs and their respective picrates
~could be handled in one run.

_ Carbon-14 Wa.S counted after each step of the purification. The samples
were counted as Cl OZ after combustion, by use of liquid scintillation tech-
‘- niques. The specific activities that resulted after ion-exchange chroma-
. . tography, as well as the respective fractions of converted CHy, are shown in
Tablc VIIL. Also included are the G values. .

, ‘The specific activities had shown only a slight decrease between the
.,j”,la.st recrystallization and the ion-exchange purification. Therefore these
““values had been considered as likely. Yet it will be seen, that the activities
~might still not be entirely due to the bases examined, and thus may be too high.

- "1'159‘ C. Fv.r"Crarhpton,:Ai." M. Frankel, M. Benson, and A. Wade, Analyt.
- Biochem. 1, 249 (1960). .
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M 22/~
PURINES =~ ™
: PYRMIDINES -
(EXPOSED 107
DAYS)

“~

n PROPANOL - NHOH

SAMINOBINIDAZOL ApCwiNE. .
CARBOXAMIDE -~ ADENINE.

ZN-2951

Fig, 16, Chromatogram of adenine and 4-aminoimidazole-5-carboxamide-
added to the basic fraction of M22. The dotted lines indicate the ultra-
violet absorption of the carrier bases on the paper, ' e




Table VIII.

Production of CN~, adenine, guanine, thymine, and <ytosine '

;_Experir_niept Number CN~ Adenine Guanine Thymaine ' Cytosine
CM28 S ecxfxc act1v1ty :
» (dpm}) ‘ . 2540 104.3 12.6 13.7 123.4
. 'Fr’ac‘iiobr’l of converted ; ' 4
c'tH, 2.14x10°2 3.47x10-4 4.19x10°° 4.56x1072 4.10%10"
G 4.02x10°3 1.3%107° 1.9 x10-© 1.7 x10-6 1.9 %x107°
M27 S ec1f1c act1v1ty
' (dpm mg) 605 84.4 12.5 24.2 103.7
"Frﬁftlon of converted 3 _ .
3 3.95%10° 2.19x1074 3.23x107° 6.27x10°2 2.69x10" 4
G 8.02x10-% 8.9 x107° 1.3 x107° 2.5 x107° 1.4 %10-5

;()g-

0066-"T4ON
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Calenlations from the dilution analysis bad indicated that the radio-
Activity yields should gencerally allow radioautography of these compounds.
Tewo different attempts have been made in this divection:

() by rueans of paper cochromidography alone (ME60), and :
ALY by iun'=¢'xt‘h.'lnyu'(m htnm.llupldphy cambinced with subsequent papu
TS h;um ltopgraphy. (M/ 7, M0, and M ':l)

, The reaction solution of M26 containing 92.9 pC was cvaporated

down after 80 y thymine, 120 v adenine, 100 vy cytosine, and 20 vy guanine

bud been added. It was then spotted onto two Whatiman No. 3 MM papers and
chiromatographed in the solvents (a) n-propanol-ammonia and (b) butanol—
propronic acid=wiater. With the uv absorption as a guide, the added compounds
vere cat ouly, ehited, and run separately, cach in (c) 1501)10]mnol—-f01mu,
acitd==t{, 0 (170 41 :49), (d) batanol-anmunonia (saturated).  Again the uv-
shisorbing spots were cluted and now run ascending parallel on a single sheet
i (e) mopropanol -HGI-H, O (170 1411 39). 0 rhe radioautograph after 8 weeks'
exposave (Fig. 17) shows“carbon- M coincidence with cytosine and adenine, and
poesbly with thymine. Guanine cannot be judged owing to too much streaking.

Ou the second attempt to achieve vadioantographs. of presuned purines
and pyrimidines, aliquots of the whole reaction mixtures ol runs M27, "M 30,
and ML were fractionated by ion-exchange ¢hromatogr aphy The pr ocudm @
fiothe same as uged for purification in the above described dilution analysi
and ix fally reported in the general methods of the previous paper t IWQ,
iundred ¥y cach of thymine, cytosine, and adenine and 40 vy - of guanine were
mitidly added to 6.90 pC of M27. Cylusine and adenine (380 v cach), 500y
b thymine, and 40 y of guanine were added to 25.2 pC of M’vO The same ~
carveiers as M0 with the addition of 400 v of uracil and 320 y of 4-amino-
onidasole-bacarboxamide were added to 59,7 pC oof M31. The tvapor(\ted'
and concentrated mixtures were then chr uma.to;ﬁxa shed on lon-excl ang’o <_olumns.,

Figure B demonstrates the possibility of scparating the aforementioned
bises detected by their absorption-at 2,600 A The C Modistribution of run
NG s saperimposed oo the same diagram. ' :

The bases were then recovered by cvaporating the respective fractions
aied subliming the excess ammonium formate in vacuo (0.1 MM) at 50 to 609C
G bamp). The residucs were taken up indilute HCL and spotted on Whatinan
Noo o filter paper for two-dimensional chromatography in'the solvent pair -

(i) plnpmml-.ln'nn()ni(l-\.v.J.L(-1 , and (b) butanol- p:opionig acid—-water The
chromatogram of the recovered thymm(, from the ion-exchange Clnomatog_,x aplnr
fractionation of M31 is shown in Fig. 19 in order to indicate how complex

these fractions still arve, although from- the diagram in i 1;, 1& their ‘3(’[)dlc’lt10n

10, A survey of thege solvcnt aystom.s 1.5 given in H. Virmef, VAN p.hy‘si_él‘.
(,hcm._j_{_i_ 122 (l‘)b()) S o S
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PURINES
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(EXPOSED 86
DAYS) ‘
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Fig. 17. Chromatogram of purines and pyr imidines in M26, The
- dotted lines indicate the ‘ultraviolet FIb.:O]])thn of the m'l'i('l's

‘on the- paper
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© A RADIQACTIVITY OF FRACTIONS SEPARATED ON
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Fig. 18, Diagram of ion-cxchange chromatography of M31,
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: M3~ FRACTIONS 10-8D
. THYMINE FROM OOWEX " :
ELUTED WITH HCOONMg ‘ :
FILM EXPOSED 20 DAYS
FOLLW!NG auo\u Of

THYMINE., UV ABSORBING
INDICATED BY DASHED LiNE

BUTANOL-AROPIONIS AGID-WATER

nPROPANOL NHOH  ORIGIN e
ZN-2952

Fig. 19.7 \/[31 thymine fraction from Dowex-50 by ion-cexchiange
cochromatography.  Film exposed 20 days following removal
~of thymine; uv-absmbmg, arca indicated by dotted line,  This
chromatogram demonstrates the complexity of the thymine
fraction from ion-exchange chromatography,
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dappears very distinel . T'he uv-absorbing bases were cluted immediately
fram the regpective paper chromatograms and spotted separately on one
“sheet for joint final parallel ascending chr omatography with isopropanol-

G- n,u

!ht* respective radivantographs ave shown in Fig, 20, Only thymine
ansl sdenine are neluded from ron M27 {, as the lwo. other bases could not be
Crecovered owing to a mechanical failure in the fraction collector,

Thymine secims Lo }H:‘])l'(:.‘ﬂ'lll. in M27; adenine cannol be estimated
becatise of streaking,  In M30, (hymine streaked, bul adenine and cylosine
avemed to coincide with small activity maxima, Guanine is negative.  The
tinal chronidopgrion of M3 could be exposcd for ld(ll()cLllL()l_,lLl[)hy for only 3
wieeks,  Thymine aad d-aminoimidazoles5-carboxamide appear Lo be present.,
Liraeil, o ylogine, Mlumno, d guanine cannot be geen,

The efficiency of carrying the bases through @ll procedures has been
checked by evaluating the extinction in the ultraviolet for cluates of the spots
“on the final ascending chiromatoygriams, - JUis generally below, 50%.  Thymine
wets 1A% in MA7, CFFor M0, the efficiency was adenine 37%, cytosine 14.6%;
thy e 30,8%, puanine 20%. For M31, it was adenine 27.1%, cytosine 7.8%,
thyanmine 30,049, \ll‘d('ll .//u, and d-amminoimidazole-S-carboxamide 21%, '

AL the time of the uv measurement it was possible to determine the
radioactivity in the eluates,  Subscquently the formation in fractions of total
converted GV could be caleulated. These values are included in Table IX.-
They are certainly too high for the thymine in M30 and 4-aminoimidazole-5-
carboxamide in M31, since other compounds were eluted at the same time.

RcsulLS

In Table IX are summarized all the resulls involving added carrier -
buses.  The question marks indicate dubions cases in which streaking of :
sctivity did not permit clear pictures. No marks appear for those cases in -
Swhich no search was made, ’ ' ‘

It should be noted that the quantitative yield as estimated in Table IX
is lower than that estimated in Table VIII.. For this reason we refrain from’
quantitative s stimates of pussible yields in geologic time. However, it ap-
pears that the synthesis of heterocyclic bases of biological interest by thcso
simple processes from primordial starting mater mls is 105%11)10, and m'ly be
included in discussions of c,h(,nnc,’ll evolution, L o : - :

11, M. Calvin, Chemical Evolution, Condon luectures, Oxegon btat(_ Board'-"
ufvlh_i_,lu.r iducation, Eugene, Ougjon, 1961 (llllle:(’, s). ‘ -
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Exammatlon of the products formed by other energy sources, aueh ag
ultrav1olet radiation and electric discharge, is under way,
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ZN-2954

'Fig. 20.  Radioautographs of final chromatograms of M27, M3O
and M31, The dotted lines indicate added carrier.
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i) LBLECTRON HU(AI.)IA'I'ION O AQUEOUS SOLUTIONS OF HCN

Christofl Palin and Melvin Calvin

I the course of electron irradialions of mixtures of simple gasces
(G, Pl). M) over Hiquid wate) it became of mt(n(st to obtain a gr*nmal
idea haw HON t.!.uul(l react under similar conditions.,  HCN is obtained under
widely varied conditions from mixtures of CHy and nitrogenous gases like
N or N, which have been subjected to electric discharge. 203 Its presence
um?d also be um[nnm(l during our mvostxg,nmns of ¢lectron irradiation of
simple gagces, 7 HCN hag been found in comets, 2 and there is evidence that
it is widely distributed in primitive systems. ’

[n view of these factors and, at the same time, the high free energy of
HOGN, it must be considered a possible key compound in primordial chemistry,
e, chemical evolution, :

Reactions of H(,J‘N ,}ln(lu rosimulated primitive terrestrial conditions have
heen studied by Ord " Y These experiments have involved heating concentrated
agueous solutions of NH CN for extended periods of time. Amino acids and
i few heterocyelie bages (adenine and 4-aminoimidazole-5-carboxamide) were.
identified,  We have undertaken a study of the reactions of HCN and H,0 under
¢ither ultraviolet or electron irvradiation-to further understand its role in
Cvhieimie .|l evolution,” '

[Gxperimental Procedure

Inorder to allow use (ff tracer methods, CHolabeled HQN st c-mploycd
in these experiments. HC TN was obtained by gently reacting 1:2 HpS0Oy4 with
commercially oblained KCUING The irradiation flask is shown in Fig. 21.- .
The thin-wall (0.Lvnm) target cell has an extension volume to avoid overpressure
on accidentad heating during the irradiation.  In general, the system is kept at
rogm temperature by an air stream during the irradiations. - HCN and water
were condensaed into the flask after it had been flushed several times with
nitrogen.  Before the flask was sealed for irradiation, nitrogen was allowed
to bubble inuntil a pressure of 60 ¢ Hg was reached (209C).  The amounts .
and activities involved were 2to 3 ml H,0, and 1.86 1117)01(‘ KC N (73 pC),
which made the starting material 0.81 Ivfm HCN. : S

Trmmml s T - aas Eens

I L; l-’.lhn and M. Calvin, Primordial Oq.,dmg Chomlstxy 1. Compounds - N
Resulting from Electron lrradiation of cle Mg, J. Am. Chem. Soc. (in'press).. =

.- 8. ‘Takahashi, KGg,ySkayaku Zasshi 04, 447 (1961).
3. 8. L. Miller, J. Am. Chem. Soc. 77,2351 (1955)

4. Ghristof Palm and Melvin Calvin, in Bio-Organic Chemxbtxy Qucnterly
Report, UCRL-9519, Jan. 1961, p- 30. :

‘5. J. Or6, Nature 190, 389 (1961). , » | »
6. J. Ord and A. P. Kimball, Arch. Bioéht:m B1ophys (in‘ p're‘sj‘s).r
7. 1. Ordand S. Kamat, Naturc 190, 442 (1%1) P
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" "The target cell was then irradiated for 2 hr with 5-Mey clectrons from
a linear accelef%tox. The total dose rate absorbed was caleulated te be on
~ the order of 10" ergs. After irradiation, the aqueous vhase is vlear, and
“the pH has changed from 5 to 8. It can casily be seen by Nessler reagent
that NH4 has been formed; this explains the alkaline pH value,

“The radioactivity of aliquots of the reaction solution was determined
by direct liquid scintillation counting and also, after spotting, by pitper
chromatography. Whereas the direct counting indicates the ¢ ety ALy
introduced, the residual activity on the paper was taken s the converted
fraction. Possible traces of NH4CN were disregarded in this case, The

converted fractxon then amounts to 29% of the starting HC HIN,

Radioautographs of the chromatograms of the crude reaction mixture,
“using two solvent systems | phenol-water and butanol=propionic acid=water
(designated BP), and propanol-ammonia and butanol-propionic acid=water
“(designated PA)] are shown in Figs. 22 and 23, Some amino acids and het-
erocyclic bases were added as carriers for the respective chromatography,
Their final positions are indicated. Two major compounds (17.8% and

13.5% ) are apparent. '

Since the formation of urca was considered possible, nrea was ¢o-=
chromatographed with cluates from both spots. The radioactivity of the
.compound with higher Rg LOlnCId(‘Cl in two solvents (PA and BIRP) with urea
and is therefore taken as this basce.  The sccond major active spot 18 as yel
“unidentified. Evidence from cochromatography of several wmino acids points
to the formation of glycine, alanine, and aspartic acid. As yet, no further

confirmation has been made.

~The uv-absorbing spots from the added carrier bases were cut out and
eluates from them rechromatographed for further separation in isopropinel=
hydrochloric acid-water. Figure 24 represents the corresponding chromaite-
gram. - The ultraviolet absorption on the paper and the respective bases are
indicated. Only with thymine and uracil does radioactivity c¢oincide with an -
added carrier, yet at least most of the activity in the uracil area comes from
~urea in the original chromatogram. Confirmation of this identification with-
out still further fractionation is obviously impossible. On the other hand, na
negative statements can be made, since calculations that consider the starting
activity on the paper and the exposure time indicate that only compouncls whieh
contained 1 part per 1,000 or more of the activity on the origin of the chr@mﬂto—
gram would be re vealod : '

Discussion

A parallel experiment, heatmg comparable molaritics and activities
of aqucous HC! 4N at 90°C for 5 days under nitrogen atmoaphexc indicated
" no formation (less than I part in 10_4) of higher organic material. Also, care
“ had been taken to avoid bacterial contamination. Therefore the radiation
» ‘"effcct is very distinct. So far, no comparablc_ experiment has been done by
.. heating NHy, ch LN Lmder mtrogen atmosphere in order to confirm Or(:) 8 0X =
pe_rxrnents :
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Fig. 21. Iriadiation flask.
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5 Mev ELECTRON mumn
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- PHENOL WATER

ZN=2956

Fig, 22. Chromatogram of crude reaction mixture, Amino
acids added before chromatography.
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e : : " POSITION OF ADDED BASES
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"\ ADENINE. N o !
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Fig, 3. Chromatogram of rude xecgctxon mixture. Pumm,
and pyrimidine babes added before chromatog1 aphy
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ICmust be kept in mind that in electron irradiation the c.lif[‘ei'cz'lccs
between HON and NILON are very small; obviously, some NH/*"‘ isformed
vapidly upon bombardment,

The tormation of nrea in these experiments is not surprising., - A re-
~action wvolving HON and OH radicala of 1,0, has alrceady been considered
~for us formation from CH,, NI, and w_zll,(': r flpon clectron irradiation. ! The
- direet irradiation of water is wc'}l known to yiceld enough OH* or H,0; for the
formation of HOCN in this experiment. Also, the formation of urea is only
a repetition of Wohler's 1828 urca synthesis, since NH,;“ was found in suf--
ficient amounts after irradiation, ’ C ‘
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1 R.A’DIATION CHEMISTRY OF CRYSTALLINE CHOLINE CHLORIDE

~Margaret A, Smith and Richard M. Lemmon

Introduction

For some time the mechanism by which ionizing radiation decomposes
crystalline choline chloride into acetaldehyde and trimethyleamine has been
under investigation in this Laboratory.! Recent work has been direeted to-
ward establishing the movement of hydrogen atoms during this (lg(’ompumuml
by exammmo the products obtained from irradiation of [(CII;) NC!!2CD oH] tei”
and [(CH3) NCHZCHZOD] Cl™. Also, attempts have been nmd})e to detmmi:w
whether am decomposition is an inter- or intramolecular process by investi-

" gating the deuterium composition of the acetaldehyde obtained from the ir-
radiation of a mixture of undeuterated and O-methylene-deuterated choline
‘chloride. The following is a report of progress made in these investigations,

Experimental Procedures

‘Preparation of Deuterated Choline Chlorides

SR [(CH3) NCH,CD OHJ Cl was prepared, as previously described, by
LiAlDy 1educt10n oizthc ethyl ester of N, N-dimethylglycine to deuterated

‘N, N-dimethylaminoethanol followed by = quaternization with methy! iodide and
subsequent conversion of the resulting deuterated choline iodide to the chloride,
- The purity of the O-methylene-deuterated choline thus prepared was deter-
"mined by C and H analysis and NMR spectroscopy. The NMR spectrum ob- -
tained was identical to that previously gotten for deuterated choline in which

" the O-methylene proton contribution was missing and the N-methylene line

was sharpened by the cllmm%’tlon of hyperfine interactions.

» (CH3)3NCH,CH, OD] *Cl1- was prepared by dissolving undeuterated
choline chlomée in a largc, excess of 99% D,0. This solution was evaporated

to dryness and the deuterated compound was recrystallized from N, N-dimethyl-
formamide. Previous to using this solvent for recrystallization, it was es-
tablished by NMR spectroscopy that the hydrogen atom of the solvent would net

- exchange with D,0O. . The purity of the hyd roxyl-deuterated choline was de-

" termined by C and H analysis. It was not possible to obtain a check of the
purity by NMR spectxoscopy, since no suitable bOl\(’llt for this puxpo&g could

“"be found.

Purificatio'n of Evolved Acetaldehyde and '1‘1‘imcthylaminc :

e Immally the acetaldehyde from irradiated choline chloride samples
was 1solated by dissolving the sample in 0.1 N H,5804, refluxing this solution,
and sweeping the evolved acetaldehydc into a colczl trap.with a helium stream.

'I. Margaret A Sm1th and Richard M. Lemmon, in Bio-Org Eamc Chemistry
~ Quarterly Report, UCRL 9208, June 1960, p. 27. _

2. ‘Robext O. Lindblom,. Electron- Spin-Resonance and Chemical Studies of
. Radiation Damagc of Choline Chloride and some of its Analog_,'-, (me‘s).

UCRL 8910 Ogtobu 19 1959, pp- 31- 34
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Fhe acetaldehyde wag then transferved into an evacuated flusk and its
tass specterim taken,  JTowever, it was found that when acetaldehyde is va-
pisvized from an acidic 2,0 nolulmn its subscquent mass spectrum shows
that vonniderable deuleritm is exchanged into the molecule. Consequently
s method of isotating acetaldehyde wis abandoned., It was then decided to
attempt to weparate acetaldehyde from trimethylamine and any other vadiation-
decomposition products by vapor -phase (ln(nn.ll(‘J;ﬁl;xphy (VIPCY. A 10-Toot
dimethy bsulfolane column was found Lo be suitable in pilot cxperiments using
mixtures of reagent acetaldehyde and (¢ imethylamine and material from ir-
vadiated undeuterated choline chloride,  The experimental procedure and
i hluumlu;il.l]rhlt. resulls are desceribied helow.

Ui drrvadiated choline chlorvide siomple is cooled 1o 1199 in an ethyl
bronnde slush, opencd, quickly attached Lo an evacuated ling, and the volatile
products vacuume-distilled into a4 trap suit: Lbl<~ for introducing the sample. into
thee . apor=phase chromatograph, The sample is then procaessed on dimethyl -
sulfolagie ot voonm tempevatare, with helivm as o carrier gas at a flow rate
of 50 te 90 co/inin, A VPG trace typical of those obtained for both deuterated
e dndedterated choline sanples is reproduced in Fig, 25, As may be seen,
the n etaldehyde s cleanty separated from several minor products (Lhe nature
o owhaele od digeussed o detadl later). T was first thought that one of these
small camponents seen in the VPG Urace was trimethylamine, but further in-
vesbigation revealed that the amine is produced in the radiation decomposition
as the iiydrvoc hloride sobt, and not even a Lrace appears in the acetaldehyde
fraction, Conscquently the trinnethylamine is obltained by adding strong
NaOH solation to the frradiated choline chlovide saomple from which the acet-
wldehyde fraction has been removed, The evolved amine is then swept with
hehivn or nitvogen into a cotd trap and proce ssurl on dimethylsulfolane under
the same conditions as used for acetaldehyde, " A typical trimethylamine VPG
trace s reproduaced in Fig, 200 As is scen, no other producls exc cpt a lrace
o1 acetaldehyde have been detected inthis {raction,

‘\‘L‘f~ =

Spectra ob .!,‘3~.1333.‘ thylamine and Accelilde hy(l(. from J)(‘LchlzLL( :d Choline
By use of the above procedure purc lrimcthylamilw samples {rom
itvadiated O-methylene-denterated, hydroxyl-deaterated, and undeuterated
chaline ehloride have been obtained and their mass spectra comparced with.
thee spectrum given for trimethylamine in the American Petrolewm Institute

Catalog of Mass Spectral Data, The results are pl’c&entcd in Table X.

These results demonstrate that no deuterium is present in tr 1mcthyl—
amine obhtained from cither O-me Lhylem- or hydroxyl- doutudtui choline
chlaride,

The mass spectral data for accetaldehyde are presented in Tal )h,VXI
Unfortunatety, the results arée much less certain Lhan those obtained {or Lu—
methylamine, Furthermore, interpretation of these results s made some- -
whatl more dilficult by variations in Llw general expeumcntdl proce duto s.and
conditions descr \b( d above. : P

Inthe first exper nn(,ntt with acetaldehyde samples from undd utudted
dand O-methylene-deuterated choline echlorides, methane was used 45 a carrier
gas for the vaipor-phase chromatography. Since it was dif fuult to get a stable -
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mass spectrum showed major peaks from acctaldehyde at masses 45 and 30
with some enhancement of mass 46, indicating a mixture of CH4GNDO and
CH,DCDO. The NMR spectrum, rather than the single peak expuected from
CH,DCDO, consisted of a doublet, one peak of which was approximately three
‘times the size of the other.

Two factors were suspected to have been responsible for these dig-
cordant results. Perhaps the synthesis had failed to yield choline chloride
completely deuterated in the O-methylence position, although the clemental
and NMR analysis indicated complete deuteration, or the products had heen
contaminated during the chromatography. The irradiated sample was re-
covered, purified by several recrystallizations, and another C and I analy-
sis and NMR spectrum obtained. These having again indicated complete deu-
teration in the O-methylenc position, the VPC was checked for contamination,
Material giving a large number of mass peaks ranging from mass 20 to massg
60 was found when the helium stream from the VPC was run through a trap
cooled in liquid nitrogen. The source of this contamination was eventuilly
found to be impuritics {rom the methane usced as a carrier gas, which had
been absorbed on the Tygon tubing connecting the chromatograph with the
tanks of carrier gases., Consequently, a separate line used only for heliumn
was installed, When we used this line and a new dimethylsullfolane column,
we found that the effluent helium stream was essentially free of material
condensable at liquid nitrogen temperature.

The contamination having been reroved, acectaldehyde samples from
undeuterated choline chloride and a small portion of the recovered O-methylene-
deuterated choline chloride were processed. The sample (rom the undeuterated
material gave a mass spectrum comparable to all the results previously ob-
tained (3c). However, the acetaldehyde from the O-methylene-~-deuterated
material again gave a spectrum showing major peaks at masses 45 and 30 with
some enhancement of mass 46 (4¢). This disagreement with the carlier re-
sults for O-methylenc-deuterated choline chloride could not, however, be
attributed to the VPC contamination of the acetaldehyde obtained in the previous
experiments since, as indicated above, acetaldehyde from undeuterated
choline chloride gave the same spectrum whether processed through the con-
taminated or clean system.

Therefore, despite the excellent C and M and NMR data obtained
for the material [rom the second synthesis, it was decided to prepare a third
batch of O-methylenc-deuterated choline chloride. Again, satisfactory ele-
mental and NMR analyses were obtained. The acetaldehyde from radiition
decomposition again gave major peaks at masses 45 and 30 with some en-
hancement of mass 46 (4c ).

Attempts are currently being made to resolve these conflicting results
by more directly determining the amount of deuterium in the methyl group of
the acetaldehyde. As reported by Blacet and Heldman, this methyl group
may be isolated as methyl iodide from the photolysis of acetaldehyde in the
presence of iodine. 3 The methyl iodide can then be examined mass spectrome-
etrically for the presence of deuterium. Several preliminary experiments
with reagent acetaldehyde have been made. Difficulties have been encountered

. F. E. Blacet and J. D. Heldman, J. Am. Chem. Soc. _()_‘i, 889 (1942).
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asoliting mass spectrometrically poure methyl jodide from the reaction
vwtnre,  Side products which cochromatograph with the methyl fodide on
both silicone and dimethylsulfolane colummng have been obscerved, Tt is hoped
that these contaminants can be removed by chromatography on Apiczon, If
soy an acetaldehyde sample Trom O-meaethylene-deuterated chaline c¢hloride
will e photaly sced and the mass spectrum of the methyl iodide exunined,

Ouly one mass speetrum for acetaldehyde from frradiated
l(( M)y N(,l[ CLL,OoD]| "G his been taken {5). This spectrum has an enhanced
sy - [H'.l]( and m: ay be tentatively said to corroborate that set of results
whivh immdicates that O-methylene-deuterated choline chlorvide yields on radia-
Lion decomposition a mixture of CHCDO and C H‘,DCDO However, no firm
conclugions about hydroxyl-deaterat Led cheline can be drawn until more data
bave been obtained.

\-q\mnn\.n HH)\[\HLH of (e ) NCIT, (JHZOH] Yot and
[(( i) NGHLOD ()Il] C17ohave been 11 radialed and the mass speclra of the
TS .|l(luhy(l(- samples produced taken in order to ascertain whether the de-
composition s an inter- or intramolecular process., Howevev, no interpre-
Lation of these spectra can be made until the mass spectrometric results
frome the pure G-methylene-deuterated mmaterial ave certain,

Minor Radiation Decomposition Products from Choline Chloride
As was seen in Fig, 25 above, o few minor produacts were detected

when acetaldehyde samples from the radiation decomposition of both deuterated
and undeuterated choline chlorides wore hx()m,).log raphoed on dimethylsullolanc.
That material which, at a flow rate of 90 ¢c /mm, comes ofl the column with-
i the Tirst & min has been trapped and vechromatographed on dimethylsulfolane
at vmnch stower flow rate, The component peaks hiave been trapped indi-
vidually and their mass spectra taken. Only one component appeared con-
ststently, and it has been tentatively identificd as dimethylamine. The peak
that appears about 3 min after injection in Fig. 25 has been deflinitely 1dent -
tied as methy! ehloride, The peak appearing 7 min after injection was found

be ethyl ether. However, choline chloride is usoually recrystallized [rom
an alcchol-cether mxture,. Since this pealk was not seen when the choline
chloride had been receystallized from N, N-duncethylformeamide, it is very
Brikely that it results from ether occluded in the crystals.  Whethev this is in-
deed occluded ether will be determined by examining for radicactivity the etherv
peak from a sawmple of choline chlovide labeled with carbon-14d in the C-meth-
viene position. ‘Trimethylamine and acetaldebyde, however, remain the only
major products of the radiation decomposition of choline chlovide. Methyl
chloride, the only other product definitely identified, appears in amounts
representing nol morve than 1% of the acetaldehyde produced. ‘
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oo 'T'HIZ RADIATION DECOMPOSITION OF GUANINMIY

Cyril Ponnamperuma and Richard M. Lemmon

Ina previous report we dosfx'ibvd the action of ionizing radiation on
guaninc‘.-}%CM and guz-\nimz-B-CM. The more ready formation of volatile ¢
products from guanine-8-C'" indicates the greater sensitivity of the imids-
azole ring of the purine system to destruction by irradiation.

Further experiments have been performed to Jearn what types of prods-
ucts are formed when guanine-2-C'? is irradiated at a dose level of 109 1o
10" rads. As with adenine,” two general types of cffects were observed. In
one instance the purine ring is preserved. In the other, either the imidazole
ring or the pyrimidine ring undergocs fission.

Guanine-2-Cl4 gulfate, with a specific activity of 9.4 pC/mg, wiis
obtained from the Southern Rescarch Institute; Birmingham, Alabama. A
0.02% solution was used for the irradiation. The methods of irradiation, paper
chromatography, and radicautography were the same as those described in
our carlier worlk.

¢ One hundred microliters of guanine-2-CH solution irradiated at

2X 107 rads was cochromatographed in two dimensions with 2% g of cach of
the following nonradivactive compounds: adenine, hypoxanthine, xanthing,
aracil, 4-amine-5-imidazole carboxamide, -, b-diamino-5-formamidopyrimi-
dine, 4-amino-6-hydroxy-5-formamidopyrimidine, 2,4, v-diamino-5%-farms-
amidopyrimidine, and 2, 4-~diamino-6-hydroxy-5-formamidopyrimidine. The
unlabeled materials were detected by means of their uv absorption, Darkens-
ing of the x-ray film corresponding to the uv-absorbing areas was found for
the first seven compounds listed.

As uracil and 4-amino-5-imidazole carboxamide have R, vilues
very close to cach other in both the solvent systems used, these two com-
pounds could not be distinguished {from cach other.

Cochromatography in at least two other solvent systems will be nee-
essary before we can be certain that the seven compounds listed above are
formed when an aqueous solution of guanine is irradiated.

1. Cyril Ponnamperuma and Richard M. Lemmon, in Bio-Organic Chemistry
Quarterly Report UCRL-9774, June 1901, p 70,

Cyril Ponnamperuma and Richard M. Lemmon, in Bio-Organic Chemistry
Quarterly Report, UCRL-9652, April 1961, p. 50.

3. C. Ponnamperuma, R. M. Lemmon, E. L. Bennett, and M. Calvin,
Science 134, 113 (1961).
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13, FORMAMIDO PYRIMIDINES FROM ADENINE
Cyril Pommamperuma and Richard M. LLemnmon

Among the effcats of fonizing radiation on aqueous solutions of ade: nLlw
15 the opening of the imidazole ring Lo give rise Lo formamidopr yxmndme'
Hewms obgerved the for mation of 4-amino-5-formamido riboside when aqueous
gianylic acid was irrvadiated, 7 In our study of the y-ray decomposition of
daueous solutions of adenine we have identified the Ll—annno—t)—hydl()\(y—S—
formamtdopyritmidine and the 4, 6-diamino-5-formamidopy rimidine, 2

The deamino-G-hydrogy-r-formamido compound wis produced in ve 13
stdl yvield, about 0.5% being formed (from 0.1% adenine solutions) at 2100
rads,  The compound probably arises from hypoxanthine that is formed during
the rradiation, The 4, 6-diamino-5-formamidopy rimidine was produced in
uredater yield, about 10% conversion taking place at the same dosc level.

Figure 47 1s a two-dimensional chromatogram of adenine-2-C L4
reradiated at 24100 vads, Compound A has been dentified as the 4, 6-diamino-
- formamido compound.  This is presumably formed by the ission of the
G-8~10-N-9 bond in adenine. 17 the ving opening took place by the fission of
the N«%=tu-C-8 bond, Lhe 5, ()-(_lmnnno—fl—loxma,mldo (.ompound might also
be formed,

Although several methods ave z?vailal)le for the preparation of 4, 6-
diamino-5-formamidopyrimidine, *+ 2 2 the 5, 6-diamino-4-formamido com-
pound has, to our knowledge, not been reported in the literature. Any attempt
at formylation of 4, 5, 6-triaminopy rimidine has resulted in the formation of

the Y- tormamido compound,

To find out whether Compound B was an {somerv of A, threc lines of
approach were open Lo us: (a) synthesis of the 4-formamido compound for
cochromalopgraphy with B; (b)) cyclization of B to see whether it gives adenine;
and (3) hydrolysis of B to 4 5, 6-triaminopyrimidine (a commercially available
compound),

Formylation of the 4, 5, 6bH-triaminopyrimidine after prolection of the
position % by a reagent such as the carbobenzoxy group should give us the
d-Tormamido compound.  BDut any altempt at removal of the protecting group
would also result in the loss of the labile -CHO group. The approach through
syinthesis does not seem very hopeful,

I, Cyril Ponnamperuma and Richavrd M, Lemmon, in Blo-Organic Chemistry
Quarterly Report, UCRIL-9652, April 1961, p. 50,

2. Cyril Ponnamperuma and Richard M. Lemmon, in Dio-Organic Chemistry
Quarterly Report, UCRIL-9772, June 1961, p. 70.

. Gl Hems, Nature 181, 1721 (1958)

4. Lo 7. Cavalieri and A, Bendich, J. Am. Chem. Soc. 72, 2593 (1950).
5. L. K. Cavalieri and A, Bendich, J. Am. Chem. Soc. 71, 533 (1949).
6., V. M. Cook and 1. M, Kalckar, J. Chem. Soc. 1950, 1030.
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6,7

105, 6-dinmino-5-formamidopyrimidine cyclizes readily to adenine,
I componnd B were the isomer of A it should alsa cyclize back to adenine,
I one expernonent the spots A 1 15, from a chromatogram of adenine-2-C R
prradinted at 24107 rads, were eluled with water.  The cluates were evapora-
ted to dryness in vacuo and were vcach dissolved in 0.5 mlof formamide, The
solutions were heated in scaled tubes for 2.5 hy at 1709C.  The chromatog-
raphy of the products indicated that about 40% of A was converted to adenine.
In B about 10% conversion took place.,  In both A and D none of the original
materal wag found at the end of the reaction. From 1 sceveral other products
weve formed during the cyclization, However, both A and B do yield adenine
tpon heating,

Ina second experiment, 0.1 myg of unlabeled 4, 6-diamino-5-formamido-
pyrimi(lim'(’ wias hydrolyzed with 250 X of 1 N FICH at 100 to 110° for 1 hour.
The product had the same Ry vilue s as 4,5, 6-1r mmlno yrimidine. Compounds
A and B eluted from a chr omdto;_,x am of ddcmne- 2-C 1 irradiated at 2X10
vads were hydrolyzed unde 1 similar conditions. The product analysis indicated
that A yielded about 50% 4,5, 6-triaminopyrimidine. From B, however, a uv-
abgorbing matcerial was [m nn,d which did not have the Ry values corvesponding
to -, nG-tmiaminopyvimidine.

The result of the cyclization experiment would appear to indicate that
Bowas 5, 6-dinmino-4-formamidopyrimidine, while the result of the hydrolysis
experiment remains inconclusive. Further investigation of this problem is
uder way.,

Tt B, Cavalieri and G BB, Drown, J. Am, Chem. Soc. 71, 533 (1949).
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14. COMPLEXES OF SULFUR ACIDS WITH ELECTRON ACCEPTORS

P. R, Hammond

Continuing the work described in a previous report, I'a number of
sulfur acids were investigated with electron acceptors in the presence of
bases. Color reactions were again observed and they are recorded in
Table XII. Abbreviations are the same as listed in the previous report,
and a new abbreviation, Tr, indicates transient coloration (duration a few

seconds).

P. R. Hammond,in Bio~-Organic Chemistry Quarterly Report, UCRL-977¢,
June 1961, p. 48.
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15, THE DIETHYL PHOSPHONATE-TRINITROBENZENIS COMPLEX

P, R. Hammond

This complex, described in a previous report, l was studied in ab-
solute alcohol in the presence of tertiary bases, The spectrum obtained was :
independent of the base although the rate of color production varied with the
strength of the base in water. The growth of the 559-myp peak is a close ap-
proximation to the relation

dD ' -
T kl t C exp (-klt),

where the constants kl, kz, and C together with literature values for the

base dissociation constants in water arc shown in Table XIII.

Table XIII. Reaction of diethyl phosphonate (,10'21!1) and trinitrobenzene
(IO’ZM) catalyzed by bases (10'&_1\_/1) at 2790,

Run 10% k) 102 k, 108 ¢ 10% K,
(min'l) (min-1) (min'l)
1 27 130 85 64
2 13 50 38 67
3 1.5 11 12 1.4
4 1.5 9.4 4.1 1.0
5 0.49 10 1.9 26

The bases used are 1— triethylamine, 2—tri-n-butylamine, 3-—trimethylamine,
4 —dimethylbenzylamine, 5—triisobutylamine.

1. P. R, Hammond,in Bio-Organic Chemistry Quarterly Report, UCRIL.-9772,
June 1961, p. 33.
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This report was prepuared as an account of Government
siponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
. implied, with respect to the accuracy, completeness,
ar usefulness of the information contained in this
report, or thoat the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned righus; or

B, Assumes any linbilities with respect Lo the use of,
or for damages resulting from the use of any infor-

mantion, apparatus, method, or process disclosed in
this report,

As used in the ahove, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employece of such contractor, to the extent that
asuch employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






