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CYANIDE EFFECTS ON CARBON DIOXIDE FIATION IN CHLORELLSA
Bernard R. Rabin, D.¥. Shaw, Niag G, Pon, J. M. Anderscn, and M., Calvin

Radiation Laboratory and Department of Chemistry
University of California, Berkeley, Califormnia

December 17, 1957

Abstracs

Green algae have been treated with radioactive XCN in an investigation of
the effect of cyanide on photosynthesis. A rnuititude of products have been
found to be formed in very short exposures {10 to 15 sec). One of these products
has been identified with the product formed when the aigae are given radio-
active CO, and nonradioactive KCN. The same product has been synthesized by
a nonenzymatic cyanohydrin addition reaction on ribulose-1, 5-diphosphate. It
has been shown to be a 2-carboxy-pentitol {probably mosily ribitol)- 1, S-diphosphate.
Upcn hydroiysis it gives an hydroxy acid {or mixture of isomers) closely related
to hamamelonic acid. The significance of this and the other as yet unidentified
praducts of cyanide interraction with a biological system is discussed with
respect to the use of cyanide as an inhibitor.
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CYAMNIDE EFFECTS ON CARRBON DIOHIDE FIXATION IN CHLORELLAS
) . 2 . . ~ - 4 .
Bernard R. Rabin, ~ D, ¥. Shaw, 3 Ming G. Pon, J.M. Anderson, " and M, CTalvin

Radiation Laboratory and Department? of Chemisiry
University of California, Berkeley, Caliioraia

December 17, 1957

Introduction

The effects of cyanide on biochemical aystems, both ip_vivo and in vitro,
have been studied under a large variety of condjtions. Thus, ?he use of cyanide
as an inhibitor for enzymes such as tyrosinase’ and catalas “f iz well know.
The mode of action appears to be due to meial inactivation. ° The possibility
that cyanide acts gs a carbony! trap by cyanchydrin formaticn has been suggesiad
in a limnited wavy.

Applications of cyanide to the problem of photosynthesis are also gquite
numerous. For example, in 1919 Warburg found that HCN, administered at
very low concentrations, decreased the rate of photosynthesis {O, evolution) and
increased the rate of respiration in Chlorella. ° The experiment was done in the
presence of strong light and abundant carbon dioxide. A similar result was
observed by Ruben, et al. when cyanide was added to Chlorella at high concen-
trations {10-2 M KCN}; both the photosynthesis rate {TOj uptake) and the carbon
dioxide dark-fixation rate were reduced to 91%% of the normal values, but its
respiration remained 2ssentially unchanged. On the other haad, K (afiroa
noted that cyanide affected Scenedesmus Dl in the opposite manner. Thus,
an addition of 2 X 10~% M KCN inhibited respiration nearly completely while

1’I‘}m work described in this paper was sponsored in part by the United
States Atomic Emcrgv Commission and in part by the Chemistry Department,
University of Talifornia, Berkeley, Califoraia.

ZRockefeﬂer Foundation Fellow, 1956-1957. On leave irom the Department
of Chemistry, University College, London, W.C. 1.

3Commonwealth Fuand Fellow, 1956-1957. Present address: Imperial
Chemical Industries, Ltd., Billingham, Eagland.

4King George VI Memorial Fellow for New Zealand, 1956-1957.
L. E. Tenebaum and H. Jensen, J. Biol. Chem. 147, 27 {1943).

[+38

K. Zeile and H. Hellstrom, Z. physiol. Chem. 192, 171 {1930).

gNeiiandsi, Stumpf, a2nd Stanier, Cutlines of Enryme Chemisiry (Wiley,
New York, 1955, ». 91.

8%, A. Zeller, The Eazymes, J.B. Sumner and K. Myrback, Eds., Vol. il
part 1 {Academic, Mew York 1551), p. 352,

{;D Warburg, Biochem. Z. 100, 230 {1919).

10 T ] o .
10 iben, Xamen, aad Hassid, J. Am. Chem. Seoc. 62, 3443 {1940).

Uy Gatfron, Bicl. Zemtz. 59, 302 {1939),
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photosyathesis 'C? avolution) remained untcuched, In a ia?;
that the ;gamae suppressed CO, dark fma:tmn was 2 .un%m
period. That is, the iongar the ‘E%C
fp‘!.:;;,mv peiore the 1mr@ductmn of 70, and dar;«;em.ng‘9 the g”ﬂ
of CQ, dark fixation. A marked sffect on the C° * content of the waler-soluble
fraction was also cbserved. Meanwhile, in this laboraiory, we Aad enammed the
affect of c';ramde sn C 140, fixation by Scenedesmus (Gaffron D-3 strain} duriag
vhotosynthe ais. 3 The algae yere preilluminataed aerobically mmmut COZ foz
30 minutes, Cyanide (3 X 107 ) was added 1 minute before the addition of C1%
followed by 1 minute photosynmesms. A 95% iahibition of C140, fixation was
found. It is interesting to note that the ratio of 3-phosphogivcaFic acid io hexose
and triose phosphates varied from 1:4.5 under noninhibited conditions to 3.2:1
under cyanide-inhibited conditions. The conclusion from thiz experiment was that
cyanide, under these conditions, does not prevent the initial carboxylation atep
and the subseguent formation of phosphoglyceric acid. Related to this work is
the cyanide-inhibition sxperiment on the in vitro system, carboxydismutase: CO,
fixation appeared %033:3 cormnpletely suppressed at 107° M XCHN while lower “
coacentrations (10~ M and 107% M) yielded about 50% and 2% iahibition,
respectively.

An extension of the examination of the eifect of C N on the paitera of
CGZ fixation in the aicohol-water-soluble iractions of Chlorelia was made in
the early part of 1557 by Otto Kaandler, in this labcraiory 5 The algae were
subjected to normal photosynthesis {10 sec) with C140,. To the algal suspensw@
was added KCN ({final conceantration M/SO} foliowed by a 10-second light period,
and finally hot aicohol was injectied {to a final concentration of 80%) to stop all
the enzyme reactionfé The e=ssential features of these experimentis were the
large decrease of C° ~ activity in phosphoglyceric acid and concurrent increase
of C14 activity in the diphosphates. The latiter, when treated with acid phosphatasc.
gave two new spots plus other known sugars. The new spots were characterized
by means of paper zlectrophoresis and rechromatography. These spots were
fouud to exhibit an acid-lactone behavior.

it is the purpose of this paper to establish in more detail the role of
cyanide in the formation of this new mo?‘}pound in Chlorella. Beyond this it
seemed useful to examine the fate of C**N” in biological systems in order to
try to understand its widespread biological effects.

12

BCa!viag Rassham, Benson, Liynch, Ouellei, Schou, Siepka, aad Tolbert,
Sumposia Soc. Expti.Biol. 5, 284 {1951

14& L. Kornberg, J.R. Quayle, and M Calvin, Studies on the Carboxylation
Reaction of Photosyanthesis, UCRI.-2885, May 1935,

-

fi“‘.-f"u-é.‘ Vﬂnn."‘}ﬂ? in whem}s&"y D‘a”-flslcﬁ Qua? ’i?’ Repgriﬂ EJQRL‘B?EOE MarCh

S e i

1957, ». 8, alsc ‘Azch. Biochem. and Biophys,, in press,

Gaffron, Fager, and Rosenberg, Symposia Soc. Exptl. Biel. 5, 262 719515,
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Ex ntal Procadures

51:’
13
2

Fhotosvnthesis Experiment

The cultures of Chiox ,.3. pyzrenoidosa used ia the photosynthegis exper
iments were grown in the me 'ium describe- by Holm-Hansen gt a}. *° us ag a
continuous-culture apparatus with constant fluorescent lighting of approx '
1,000 ft-c. After harvesting, the algae were ceatrifuged, washed, and
resuspender in Jdistilled water to give a 1% suspension. Aliquots of 10 mi werz
used in the photosynthesis experiments, which were performed in the vessel

illustrated in Fig. 1.

i
im

Illumination was provided by reflector spotlight, which gave a light
intensity of approximately 7,000 fi-c on either side of the vessel; excessive
heat protuction was aveijed by use of water.cooled infrared {filters.

The algae were preilluminated for 20 minutes; 2 continuous atream oi
1% CO; ia air was bubbled through during this period. At the commencement
of the experiment the air stream was shut off and sodium bicarbonate {1 ml
of 0.0013 M) was added. Afier 2 minutes’ photcavathesis with occasional
stirring, KCN (1 ml of 0.24 M} was added, and after a further 15 secoands the
algae were killed by the addition of boiling ethanol {40 ml) to produce an 80%

alcoholic mixture. The experiments were of two types:

{a) Using a csmb1natmn of NaHCMOB {20 pC/ml) and KCN; designated

as C 1402, CcNT

{b) Using a combination of NaHCO; and KC 14N (3.6 mC/mil) 17, ; designatec
as CO,, Ccl4n-

Extracts for chromatography were prepared by centrifuging the mixture; the
supernatant liquid was retained and the residue was extracted successively

with 10 ml of 20% ethanol and 10 ml of boiling water. All the extracts wée:fr%
combined, concentrated to approximately 3 ml in a rotating evaporaior, *

and chromatographed in two Jimensions (phenol-water first dimension, butaasci-
propionic acid~water second dimension). 9 The diphosphate was sluted with
water and either used as such or hydrolymd Two metho s of hydrolysis were
employeﬂ" {a) HC1 (1 N) hy-rolysis in a seale” tube at 120°C for 16 hours, and
(b) en~ymic hydrolysis at pH 5.0 (0.2 M in acetate buffer and 0.01 M Mg++? using

purified Poli'ase- g2 {Schwar~z Laboratories, Inc. ) or acid progtatm phosphatase. -

°0 HClm-Hansen, P. Hayes, ani P. Smith, in Chemisiry Tivision Quarterl-r
Report, UCRL-3595, Oct. 1956, p. 56.

37R Lemmon, B. Fingerman and H. Simon, in Chemistry Division Ouaz rterly
Repori, UCRL-3836, Jure 1957, p. 18. It was shown that the amount of i’"i‘@(‘*
preseat in KC14N could not be greater than 0.001%.

"8Rmco Instrument Co., Greenville, Illinois.
1 - - ‘ .
gA. A. Benson, Molerne Methoden der Pflanzenanalyse II, ¥. Paech and
M.V, Tracey, Eds. (Springer, Berlin, 1955), ». 113.
20, = , - . ~
8. 8. Cokisn, J. Binl. Cl=m. 2919 71 {31983),

21 -
=G, Schmidt, Methods of En
Vol, 1L {Academic New Tork, 1
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Chramatography and Zlectrophoresis

Whatman No., 4 paper was used throughout, except where otherwise noied.
For routine chromatography the paper was washed according %o Benson;? for
chromatography in ethangi-water—formic acid-sodium molybdate, it was washe:l
according to Trudinger. ¢ {In the latter case Whatman No. 1 was used. 3
Unwashed paper was used for electrophoresis and for chromatograms which were
subsequently sprayed with Tollen's reagent. {AgNO; dissoived in a liitle watar,
concentrated NH, OH added until the precipitate dissolves, then diluted with
methanol to 5% AgNO, w/v). The apparatus routinely used in this laboratozry
for chromatography was employed. Electrophoresis was carried out in an
apparatus similar o that described by A. B. Foster. 23 Glycine buffer (0.1 M,
pH 9.75 was used and the experiment was run at 600 v {10 to 20 ma) for 3 hr.
at room temperature. For chromatography with carrier hamamelonic acid
diphospkhate, the ethanol-water-formic acid-sodium molybdate system was
used.

Phosphate esters were detected on the paper by spraying with the reagent
discribed bg Hanes and Isherwood, 4 drying in an oven with a forced air dzait
at about 60° C, and exposing to sunlight, Free sugar and hamamelonric acid
were detected by spraying the paper, after thorough steaming, with Tolien's
reagent. The paper was washed with 5% ammonia to remove the excess of
silver salts and to reduce the background color. Both hamameleonic acid and
the lactone react poorly with the spray, and proionged heating {several minutes
at 100° C) is required for satisfactory resulta.

Radioactive areas on paper chromatograms were detected by ez.;posing
the paper to DuPont X-ray film type 507. For plate counting, Mylar‘s end-
window, Q gas GM tubes were employed; the planchets were prepared in 2ZN_
acetic acid and dried under an infrared lamp.

Preparation and Assay of Phosphoriboisomerase-Phosphcribulokinase Mixture

The preparative steps are illustrated in the flow diagram, Fig. 2. 28, 27
It is essential that all operations be carried out at 0° C.

The isomerase-kinase mixture was assayed by measuring the rate of
acid production by meansa of a gH—stat. “© The test soiuniion contained 11 umoies
adenosine triphosphate (ATP), 9 10 pM ribose-5-phoaphate, 10 M MgCl,,
and 5 pM cysteine in 10 mi. The pH was adjusted to 7.40 and held constan
during the reaction by addition of 0.1 M NaOH. The reaction was started by the
addition of the isomerase-kinase mixture (150 ul). In a typical assay 7.14 pmoles

2%p, A. Trudinger, Biochem. J. 64, 274 {1956).

235A.8. Foster, Chem. and Jad. [Londoa) 1050 {1952},
245,5. Manes and F. A, Isherwood, Nature 154, 1107 {1949),

“sMyiar is DuPont's registered trademark for its polyester film. Paul Hayes,
in Chemisiry Division Quarterly Repori, UCRL-2932, March 19535, p. 43.

2 o ;
283orecker, Huswitz, and Weissbach, J. Biol. Chem. 218, 785 (1956).

257 a® o) - > Fid L3 s ol 3 4
J. R, Quayle, Preparaiion and Some Properties of Ribulose-1, 5-Diphosphate,
UCRL-3017, Jan, 19%s5.

28

B .

J,.8, Meilandsz and 3. . Tapaon,

290
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NaJH were consumed in 25 minutes; the alkail aptake zi Town o
after 10 minutes. A conirol without ribose-53- zahmsnh te showed that the pz
paration contained very litile AT Pase activity (alkali consumpticn ceased a
10 minutes; a total of 1.5 umoles was consumed,;.

Preparation of RuDP

The metho’ depens on the conversica of RMP to RuDF in the pr“& ace
of ATP and the isomerase-inase mixture. The barium salt of ribose-5-phosshai:
{4 urnoles, 1.83 g) was disselved in water {40 ml) and potassum sulfatz {40 ml
of 0.15 M} added. The mixture was ceuntrifuge an the residue '}vasned with
water {20 mi). To f'he combined washings anr’ supernatant liquid & pmoles ATP,
0.4 ymole cysteine an” 4 umoles MgCl, were a de ' and the volume made up to
300 ml. The reaction was carried out in the pii-stat at room temperature
under an atmosphere of N, gas; the pH was adjusted to 7.40 and held constant
by the addition of CO,-ireé NaCH {1.8 N}. The reaction was staried by the
addition of the isomerase-*inase preparatmﬂ {5 ml} and stopped, after 37 minuien
when the uptake of alkali (1.5 mil) had slowe down, by the addition of acid-
washed MNorite A {120 g). The solution was centrifuged {2000 rpm for 10 miautes’
and the residue washed successively with four 200-ml increments of water.
Barium acetate {4 ml of 1 M) was added to the combined supernaiant liquid and
washings, and the pH adjusted to 5.4 with saturated barium hydroxide. The
precipitate was removed by centrifugation and washed with water {30 ml), T
supernataat liguid and washings were combined and an equal volume of ethano
was added. RuDP precipitaies in a gelatinous form; it was collected by
centrifugation, washed with 80% ethanol an-' dried in vacuo over PZGS; vield:
1.75 g {crude).

.
Fe
H
Ok

Analysis of the preparation showed it to contain 0.4 pumole of inorganic
phosphate and 2.31 »mmoles of vrganic phosphate per mg. These analytical
figures must be regarded as approximate only. If as assumed, the only
phosphate ester prasent was the dibarium salt of RuDP, the product was 69%%
pure. la the experiments with cyanide, this preparation was used without
further purification.

Purity of RuDP as Determined by Column Chromatograchy

The column emplioyed was 0.8 cm {(diameter) by 27 cmm. The resin used
was Dowex-1 formate; it was freed from fines by decantation and coaverted
from the chloride to the formate form with 2 I formic acid.

The esiution apparatus consisted of two vessels of equal size an‘l shape.
©One, the mixing vessel, was provided with a stirrer and had an outlet to the
ton of the column; water (100 ml) was placed in this vessel. Ammonium formats
7100 mi, 2 M) was placad in the other vessel and the two vessels connected
together by means of a siphon tube. This system provides a linear gradient of
ammonium formate at the outlet of the mixing vesssl.

RuDP {1900 mg Ba sait} was dissolved in water {30 ml) with the aid of a
1ittle Dowex-50 {HT form) and the oH adjusted {0 5.0 with KCH. The solution
was centriiuged and run ﬂam,ug% the »nlumn The column was washed with
water and subjected {o gradient 2luticn; fractions were cpilected avery 5

minutes by means of an automatic device, Ths flow rate was 0.44 ml/min.

yoed

13
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The fractions foun%éc coniain phosphorus by guailitative tasi”  wers assaved
for total phosphate”™ and RaDP, The method used for the determination of

RuDP was based on the fixation of 133402 by RaDP in the pressacs of carbouxy.
dismutase. The reagent solution was preparesd by mixing Nas+C ""'403 ;Z,%Gﬁ Wi

b

of 0.036 N, 400 uC,/mil), MgCiZ {80 nl. of 0.01 M in 0.04 N HC1), tzis” " bufier
{20 ul, pH 7.83, 1 M with respect to tris), and carboxydismutase {50 pl of a
spinach preparation fractionated beiween 35% and 39% saturated ammonium
sulfate and containing 5 mg of protein per ml). An aliguct from each column
fraction {5 ul) was placed on a planchet and the reageant solution {13 pl) added.
The planchet was placed on moist filter paper in a covered vessel, to reduce
evaporation, and allowed to incubate at room temperature. After 2 hours
the reaction was stopped by the addition of acetic acid {10 pl of & N) and the
planchet prepared for counting in the usual manner. The elution patiern
obtained is shown in Fig. 3. :

Two well-separated phosphorus-containing peaks are observed, The
first to emerge coatains inorganic phosphatie; the second peak is in the posi-
tion expected for a diphosphate ester and the snzyme assay shows it to con-
tain essentially all the RuDP emerging from the column. Ii is noteworthy
that the RuDP and phosphate peaks do act coincide in the second peak, which
suggests the presence of at least one phosphaie ester in addition tc RuDP;
this impurity emerges from the column slightly ahead of RuDF, From the
ratio RuDP/organic phosphate, the quaatity of this contaminant can be
calculated. This coastitutes the shaded area on the graph, Fig. 3, and
represents about 20% of the material in the second peak. The fractions
emerging between A and B {Sample a), and B aad C (Sample b) were bulked.
To each of them barium acetate {500 pl of 1 M) and an egqual volume of 95%
ethanol were added. The aclutions were cooled in ice aand the precipitate
collected by centrifugation. The precipitates were washed with 50% ethanol
{20 m1), 95% ethanol {10 ml}, and absolute ethanol {10 ml), and dried in

-----

vacuo over }?205° Material recovered: Sample a, 22 mg.; Sample b, 23 mg.

Both samples contained small quantities of inorganic phosphate,
though very much less than the starting material. By treatmeat with acid
phosphatase the only sugar found to be present in Sample b was ribulose;’
Sample a appearad to coantain a small quantity of ribose in addition to ribulose.
Sample b is considered to be a highly purified dibarium salt of ribulose
diphosphate.

Reaction of RuDP with xclin
RuDP {12 mg Ba salt, crude) was triturated with water {1 mil} aad

Nazsoé (#5 psnole). The residue of barium sulfate was removed by
centrifugalicn and washed with water {200 ul). The combine%l supernatant
liquid and washings were allowed to react with 1.3 mg of KC**N_{1 uC/umole)
at room temperature for 16 hours. An aliquot was plated in & N acetic acid
and counted; 21,000 dpm/ul was fixed as an acid-stable compou;d. 32 This
reprecsents approximaiely 100% reaction, when the impurities present in RuDF
are taken into account.

R.J. L. Allen, Biochem. J. 34, 858 (1940),

ris {hydroxymethyl) aminomethane,
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Two-dimensional chromatography ia the usual solvent system indicaied
that 87% of the activity was in the diphosphate arsa, as shown in Fig. 4. OCne-
dimensional chromatography of the unhydrolyzed reacticn product in bhutanoi-
propionic acid-water for 48 hours indicated the preasence of one main 3pot,
with the same Ry value as AmDP with a small amount of other impurities, as
shown in Fig. 5.

An aliguot og §he above material (25 ul. ) plus 100 pg of carrier authentic
hamarneloaic aczd was hydrolyzed with 1 N_HC1 by heating for 16 hours in a
sealed tube at 120° C. The rs sulting solution was chromatographed ia two
dimensions {butanol-propionic acid-water followed by phenol-water), and
the chromatograph is shown ia Fig. 6. It was found that the radio-activity
and the silver spray did not coincide exactly. Thias is almost certainly due
to the probability that the radioactive material consists of both epimers at the
a-carbon atoms. A similar spot in the lactone position was produczd by the
action of acid phosphatase on the material; this indicates that the reaction
product contains a carboxyl group and is not the cyanohydria, which is presum-
ably formed first, but is subsequently hydrolyzed.

Preparation of Hamamelonic Acid Diphosvphate {2-carboxy-ribitol-1, 5-
diphosphate) '

RuDP {117 mg Ba Salt, crude) was triturated with water {10 ml)} con@
taining K SG {75 mg). The inscluble material was removed by ceatrifuga-
tion and kont {900 ul of 0.24 M) added. After 18 hours at room temperature
the solution was centrifuged and the small amount of residue discarded. The
supernatant liquid was cooled in ice and barium acetate {600 pl of 1 M) added.
The copious precipitate was ceantrifuged off, washed with 5-ml portions of 80%
and 90% ethanol, and dried in vacuo over P,0Og; yield: 120 mg A further 15 mg
of hamamelonic acid diphosphate Ba salt could be recovered by the addition of
ethanol {2 ml) to the superaatant liquid. The material {120 mg plus 15 mg) was
contaminated with BaSO4, which was removed by trituration with HC1 {10 ml
of 0.1 NJ and centrifuged. The residue was washed with water (5 ml); it
weighed 42 mg and consisted maiualy of BaSO,.

The solution was cooled in an ice bath and the precipitate of hamameloric
acid diphosphate, Ba salt, was centrifuged oif, washed with 50% ethanoil
{7.5 ml) and 90% ethanol {5 ml) and dried in vacuo over P,O0;; yield 26 mg (A
A further crop was obtained by adding equal volumes of eghanol to the super-
natant 11qu1d This was ceratmfuged washed with 50% ethanol {4 ml} and 90%
ethanol {5 ml) and dried in vacuo over P0g5; yield 22 mg of hamemelonic acid
daphosphate Ba salt JB)

Poth A and B were co-chromatographed with the products of the reaction
of KC 14N on RuDP, and coincidence of radioactiviiy and the phosphomolybdate
cclor was sbiained.

33We are grateful to Prof. O. Th. Schmidi for a gift of several mg of that
stercoisomer which he has =zstablished {0 be hamamelonic acid. ©O. Th. Schridt
and K. Heintz, Ann. 515, 77 {1935),
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Caromatography ia the solvent system of Cowgill, as modified by
Trudinger, showed a sharp separation {rom RuDP,

Preparation of Carrier Hamamelonic Acid.

Hamamelonic acid diphosphase A (5 mg, was dissolved in HCI {1 mi of
1 N) and heatad for 15 hours in a sealed tube at 110° C. For carrier 160 i
of this sclution was used. Before use it was treated with Na,504 solution
{50 pi of 0.05 M) and centrifuged.

Results

A radiocauthograph of a typical C-léOZ. CN~ experiment is shown in
Fig. 7. The general picture is rather similar to that obtained in the
absence of cyanide. From a cursory examination it might bs concluded
that cyanide is acting only as an enzyme poiscn. That thisz is far from the
truth is illustrated iti %\i{g, 3, which is the radioautograph of a typical
experiment, CO;, C ". The sole source of radicactivity here is cyanide;
heace, all the spols are the products of the reaction of cyanide with materials
present in the algae,

Radioautographs of dephosphorylated diphosphate areas of the above
experiments are shown ia Figs. 9 and 10 (enzymic hydrolysis) and ian Figs.
11 and 12 {acid hydrolysis). Both of these radicautographs show large amounts
of a material not observed before in experimeats without cyanide. Since it
has been demonstrated that cyanide participated in the formation of this
material, it is probable that this substance is formed by a cyanchydrian
reaction. As this substance originates in the diphosphate area, the possibility
was investigated that it was produced by a cyanchydrin reaction oa ribulose
diphosphate. This reaction has been shown to yield hamamelonic acid di-
phosphate {together, possibly, with some epimer). A comparison of t?e
electrophoretic behavior of the diphosphate area of the experimeant, C 10,
CN~”, with syathetic hamamelonic acid diphosphate {produced by the non-
enzymatic action of C14N" on RuDP} is illustrated in Fig. 13. It can be
seen that the two materials are electrophoretically indistinguiskable under
these conditioas,

4 The diphoaphate areas obtained using the material from experiments .
Cl O,, CN” and COZ,, Cl4N" were chromatographed with RuDP and HmDP-C“;'4
by means of the solveni system of Trudinger. The radicactive areas coincided
with the areas reacting io the phosphate spray. In a coantrol in which RuDP was
added as a2 carrier, no such coincideacz was obtained. This is evidence that
the new material produced in experiments with cyanide on the algae is
hamamelonic acid diphosphate, produced by the action of the cyanide on RuDP,
either inside the aigae oxr during the extraction procedure. A photograph of
the sprayed paper was not iacluded as it was not possible to photograph it
beiore it disintegrated,

Further confirmation was obtained by hydroiyzing the diphosphate
area in 1 N HC for 16 hnﬁf‘a The material obtained from sxperimeats using
C3402, CN™ and CO;, T *N” was shown o be identical with synithetic
hamamelonic acid [made {rom HmDP) by co-chromategraphy in one dimension
in butanol-—propionic acid-~water,
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It has been shown that the new material which appears in photosynthesis

experiments with algae by the use of high coancentrations of cyanide iz hamarmelisu

acid diphosphate together with some epimer. This compound has aot besn
detected in normal photosynthesis experimenis without cyanide addition., A
substance that is chromalographically rather similar but not ideatical has
been detected by Moses>4 in normal photosynthesis experiments. This
material on dephosphorylation and reduction by KBH4 yields Aamamelonic acid
and its izomers,

The source of hamamelonic acid diphosphate is clearly a cyanchydria
reaction on RuDP. In order to form appreciable amounts of HmDP it is
2ssential to nave a light period bet’ivgen the cyanide addition and the injection
of boiling 8lcohol to kill the aglae. urthermore, the nei {ixation of
radiocarbon as PGA is diminished when Lhe algae are illuminated after the
addition of cyanide. The amount of radiorarbon fixed as hamamelonic acid
diphosphate is consistent with the amount disappearing from the pentose
phosphates an’ the PGA pools. This can be interpreted if it is agsumed that
the addition of cyanide has little effect on the ability of the algase to reduce PG4,
at least for an initial short period of time. Then in the light period after
the cyaniie addition, PGA is reduced io triose phosphate, which cveles iato
RuDP and is tra-ped by the cvanide. The principal effect of the cyanide must
then be to block the uptake of CO,, probably by inhibition of the carboxy-
‘dismutase systern, 14 and trap the RuDP as it accumulates from other inter-
mediates of the paotosyathetic cycle. In addition, it can be deduced that the
reaction involving the phosphorylation of RuMP is alsoc occurring during the
light periods%fter the addition of cyanide. This is consistent with the finding
of Kandler, who has taken his resulis on cyanide iphibition to indicate that
a light phosphorylation is not inhibited by high concenirations of cyanide in the
first few minutes. However, the validity of this method of determining
phosphorylation rates must be re-examined in the light of the broad reactivity
of CN™ here demonstrated.

It has also heen demounstrated that a facil reaction occurs between
RuDP and KCN to produce HmDP. It is feagible that this reaction cccurs
readily because the intermediate cyanohydrin can cyclize to give an imino-
lactone, which should undergo rapid hydrolysis.

Tq:;%Lo ‘!T# 5'13' e
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Figure Captions

1. Class vessel for XCN-algae work.

2. Flow diagram for the preparation of phosphoriboisomerase-
phosphoribulokinase.

3. Elution pattera of RuDP. Klett reading of 230 corresponds to
0.5 umole phosphate.

4. Radioautograph: chromatography of the nonenzymatic reaction
product of XC 143§ and RuDP.

5. Radioautograph of chromatograrﬁlof ribulose diphosphate and
hamamelonic acid diphosphate {KC"™N) in butancl propiconic acid
{48 hours). '

. 6. Co-chromatography of authentic hamamelonic acid lactone with

the HC1 hydrolysate of the nonenzymatic reaction product of KCi4N
and RuDP, {Note that origin is at lowur left. )

. 7. Radioautograph of a chromaiogram of the hot alcohol-water extract

of g}:l‘o‘r_gug treated as follows: Normal photosyanthesis for 2 min with
c 140, followed by addition of KCN {final concentration .0.02 M) aloag
with a further 15 sec light period and iiqgection of hot alcohol [end
concentration 80%) to kill the algae {C 02, CN~ experiment}.

. 8. Radicautograph of a chromatogram of the hot alcohol-water exiract

of Chlorella treated as follows: 4Narmai photosynthesia for 2 min with
CO, followed by addition of KC 4N {final conc. 0.02 M) along with a
further 15 sec light period and finally, injecéion of hot alcohol {end
concentration 80%) to kill the alge {CO;, clen- experimeant),

. 9. Radiocautograph: chromato%faphy of the enzymatically hydrolyzed

diphosphate area of Fig. 7 {C""0,, CN™ experiment].
10. Radioautograph: chromatograpﬁi of the enzymatically hydrolyzed
diphosphate area of Fig. 8 {CO,, C''N experiment).

11. Radioautograph: Ci}iomatography of the HCl-hydrolyzed diphos-
phate area of Fig. 7 {C O,, CN™ experiment).

12. Radiocautograph: Chromafzgx:aphy of the HCl-hydrolyzed diphos-
phate area of Fig, 8 %XCOZ, C*"N experiment).

13. Radioautograph: Parallel paper electrophoresis of the diphosphate
area of Fig., 7 {C 402, CN~ experiment) and the nonenzymic reaction
product .of XC14N and RuDP.
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EXTRA VOLUME FOR
ALGAE SUSPENSION
(CYLINDRICAL)

TO DRAIN

ALGAE SUSPENSION
(5 mm THICK)

A

— WATER JACKET
(CYLINDRICAL)

COOLING WATER

H__\/

MU-13695

Fig. 1.
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240 g spinach leaves

960 ml water

homogenate

cheesecloth

]
residue

(discard)

¥
filtrate

10,000 rpm; 10 min (No.

UCRL-8086

blendor-3 min.

21 head)*

f
precipitate
(discard)

) =T
supernatant liquid (800 ml)

246 g ammonium sulfate
5,000 rpm; 5 min (No. 21 head)

[
precipitate

(discard)

b
"All centrifugations were done
in a Spinco Model L ultracentrifuge.
ke 3
“After each addition of ammonium pre
sulfate the solution was adjusted
to pH 7.0 with 2 N NH4OH

solut

! .
supernatant liquid

142 g ammounium sulfate

5,000 rpm; 5 min
(No. 21 head)

t 1

cipitate supernatant liquid
(discard)

80 ml, pH 7.4,

0.05 M phosphate
ion (88 ml)

23.1 g ammonium sulfate
15,000 rpm; 15 min (No. 40 head)

H
supernatant liquid

1
precipitate
{discard)

5.16 g ammonium sulfate

15,000 rpm; 5 min (No. 40 head)

uttam

precipitate

1
supernatant liquid

(discard)

12 ml, pH 7.4,
0.05 M phosphate

isomerase-kinase preparation
(stored in frozen state)

‘Fig. 2.
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