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Green algae have been treated with radioactive KCN in an investigation of the action of cyanide on photosynthesis. A

multitude of products have been found to be formed in very short exposures (10-15 sec.).

One of these products has been

identified with the product formed when the algae are given radioactive CO;and non-radioactive KCN, The same product

has been synthesized by a non-enzymatic cyanohydrin addition reaction on ribulose 1,5-diphosphate.
to be a 2-carboxy-pentitol (probably mostly ribitol) 1,5-diphosphate.

It has been shown
Upon hydrolysis it gives an hydroxy acid (or mixture

of isome;s) closely related to hamamelonic acid, The significance of this and the other as yet unidentified products of cyanide
interaction with a biological system is discussed with respect to the use of cyanide as an inhibitor.

Introduction

The effects of cyanide on biochemical systems,
both i viwo and in vitro, have been studied under a
large variety of conditions. Thus, the use of cya
nide as an inhibitor for enzymes such as tyrosinase’
and catalasef is well known. The mode of action
appears to be due to metal inactivation.” The
possibility of cyanide acting as a carbonyl trap by
cyanohydrin formation has been suggested in a
limited way.®

Applications of cyanide to the problem of photo-
synthesis are also quite numerous. For example,
in 1919 Warburg® found that HCN administered at
very low concentrations, decreased the rate of pho-
tosynthesis (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
concentrations (10~2 M KCN); both the photosyn-
thesis rate (CO. uptake) and the carbon dioxide
dark fixation rate were reduced to 0.39, of its nor-
mal value, but its respiration remained essentially
unchanged. On the other hand, Gaffron!! noted
that cyanide affected Scenedesmus D1 in the op-
posite manner. Thus, an addition of 2 X 104
M KCN inhibited respiration nearly completely
while photosynthesis (O, evolution) remained un-
touched. In a later work?!? it was found that the
cyanide-suppressed CO, dark fixation was a func-
tion of the preillumination period. That is, the
longer the KCN is allowed to stand in the light with
the plant, before the introduction of C!0. and
darkening, the greater the inhibition of CO, dark
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fixation. A marked effect on the C!‘-content of
the water-soluble fraction also was observed. Mean-
while, in this Laboratory, we!® had examined the
effect of cyanide on C14O, fixation by Scenedesmus
(Gaffron D-3 strain) during photosynthesis. The
algae were preilluminated aerobically without CO,
for 30 minutes. Cyanide (3 X 10~* M) was
added 1 minute before the addition of C¢0O, fol-
lowed by 1 minute photosynthesis. A 959, inhibi-
tion of CHO, fixation was found. It is interesting
to note that the ratio of 3-phosphoglyceric acid to
hexose and triose phosphates varied from 1:4.5 un-
der non-inhibited conditions to 3.2:1 under cyanide
inhibited conditions. The conclusion from this
experiment was that cyanide, under these condi-
tions, does not prevent the initial carboxylation
step with the subsequent formation of phosphoglyec-
eric acid. Related to this work is the cyanide in-
hibition experiment on the ¢n vitro system, carboxy-
dismutase.* CO, fixation appeared to be com-
pletely suppressed at 102 1/ KCN while lower con-
centrations (10—% M and 10~* M) yielded about
509, and 29, inhibition, respectively.

An extension of the examination of the effect of
CN~ on the pattern of CO; fixation in the alcohol~
water soluble fractions of Chlorella was made in the
early part of 1957 by O. Kandler,? in this Labora-
tory. The algae were subjected to normal photo-
synthesis (10 sec.) with C1*Q,. To the algal sus-
pension was added KCN (final concentration 1£/80)
followed by a 10 second light period and finally hot
alcohol was injected (to a final concentration of
809%,) to stop all of the enzyme reactions. The es-
sential features of these experiments were the large
decrease of C!* activity in phosphoglyceric acid and
concurrent increase of C!¢ activity in the diphos-
phates. The latter, when treated with acid phos-
phatase, gave two new spots plus other known sug-
ars. The new spots were characterized by means
of paper electrophoresis and rechromatography.
These spots were found 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 compound in Chlorella. Beyond this it
seemed useful to examine the fate of C'*N - in bio-
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Fig. 4—Radioautograph: chromatography of the nonenzy-
matic reaction product of KC!N and RuDP.
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Fig. 5.—Radioautograph of chromatogram of ribulose
diphosphate and hamamelonic acid diphosphate (KC!*N) in
butanol propionic acid (48 hours). The circles are the
sprayed areas of non-radioactive RuDP,

I'ig. 6.—Co-chromatography of authentic hamamelonic acid lactone with the HCI hydrolysate of the nonenzymatic re-

action product of KCMN and RuDP.
radioactivity of film (left).
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Fig. 7.—Radioautograph of a chromatogram of the hot
alcohol-water extract of Chlorella which were treated as
follows: Normal photosynthesis for 2 min. with C1O, fol-
lowed by addition of KCN (final concentration 0.02 M)
along with a further 15 sec. light period and injection of hot
alcohol (end concentration 809%) to kill the algae, (C!O,,
CN ™~ expt.).
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Fig. 8.—Radioautograph of a chromatogram of the hot
alcohol-water extract of Chlorella which were treated as
follows: Normal photosynthesis for 2 min. with CO. followed
by addition of KC"N (final conc. 0.02 M) along with a
further 15 sec. light period and finally, injection of hot
alcohol (end concentration 809%,) to kill the algae. (CO,,
CHUN~ expt.).
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Fig. 11. —Radioautograph: Chromatography of the HCI
hydrolyzed diphosphate area of Fig. 7 (CH0., CN ~ expt.).
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Fig. 13.—Radioautograph:
paper eclecttophoresis of the diphos-
phate area of Fig, 7 (C"Q,, CN ~expt.)
and the nonenzymic reaction product
of KC™N and RuDP.
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Fig. 10.—Radioautograph: chromatography of the enzy-
matically hydrolvzed diphosphate area of Fig. 8 (COs,,
CUN "~ expt.).
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logical systems in order to try and understand its
widespread biological effects.

Experimental

Photosynthesis Experiment.—The cultures of Chlorella
pyrenoidosa used in the photosynthesis experiments were
grown in the medium described by Holm-Hansen, et al.18
using a continuous culture apparatus with constant fluores-
cent lighting of approximately 1,000 f.c. After harvesting,
the algae were centrifuged, washed and resuspended in dis-
tilled water to give a 19, suspension. Aliquots of 10 ml.
were used in the photosynthesis experiments, which were
performed in the vessel illustrated in Fig. 1.

Illumination was provided by reflector spotlight which
gave a light intensity of approximately 7,000 f.c. on either
side of the vessel; excessive heat production was avoided by
using water-cooled infrared filters.

The algae were preilluminated for 20 minutes; a con-
tinuous stream of 19, CO: in air was bubbled through dur-
ing this period. At the commencement of the experiment
the air stream was shut off and sodium bicarbonate (1 ml.
of 0.0018 M) was added. After 2 minutes photosynthesis
with occasional stirring, KCN (1 ml. of 0.24 M) was added,
and after a further 15 seconds the algae were killed by the
addition of boiling ethanol (40 ml.) to produce an 80%,
alcoholic mixture. The experiments were of two types:
(1) using a combination of NaHCX0; (20 uc./ml.) and KCN
designated as C!%0Q;, CN~; (2) using a combination of
NaHCO; and KCHUN (8.6 mec./ml.)!; designated as CO,,
C1N-. Extracts for chromatography were prepared by
centrifuging the mixture; the supernatant liquid was re-
tained and the residue was extracted successively with 10
ml. of 209, ethanol and 10 ml. of boiling water. All the
extracts were combined, concentrated to approximately 3
ml. in a rotating evaporator!® and chromatographed in two
dimensions (phenol-water first dimension, butanol-pro-
pionic acid-water second dimension).!® The diphosphate
was eluted with water and either used as such, or hydrolyzed.
Two methods of hydrolysis were employed: (1) HCI (1 N)
hydrolysis in a sealed tube at 120° for 16 hr. and (2) en-
zymic hydrolysis at pH 5.0 (0.2 M in acetate buffer and
0.01 M Mg**) using purified Polidase-S% (Schwarz Labora-
tories, Inc.) or acid prostatic phosphatase.

Chromatography and Electrophoresis.—Whatman No. 4
paper was used throughout, except where otherwise noted.
For routine chromatography the paper was washed accord-
ing to Benson!?; for chromatography in ethanol-water—
formic acid—sodium molybdate, it was washed according to
Trudinger.?? (In the latter case Whatman No. 1 was used.)
Unwashed paper was used for electrophoresis and for chro-
matograms which were subsequently sprayed with Tollens
reagent. (AgNO; dissolved in a little water, concentrated
NH,OH added until the precipitate dissolves, then diluted
with methanol to 59, AgNO; w./v.) The apparatus rou-
tinely used in this Laboratory for chromatography was em-
ployed. Electrophoresis was carried out in an apparatus
similar to that described by A. B. Foster.2? Glycine buffer
(0.1 M) pH 9.75 was used and the experiment was run at
600 v. (10 to 20 ma.) for 8 hr. at room temperature. For
chromatography with carrier hamamelonic acid diphos-
phate, the ethanol-water—formic acid-sodium molybdate
system was used.

Phosphate esters were detected on the paper by spraying
with the reagent described by Hanes and Isherwood,?¢ dry-

(16) O. Holm—-Hansen, P, Hayes and P. Smith, University of Cali-
fornia Radiation Laboratory Report, UCRL 8595, p. 56, October
1956.

(17) R. Lemmon, B. Fingerman and H. Simon, University of Cali-
fornia Radiation Laboratory Report, UCRL 3836, p. 18, June, 1957,
It was shown that the amount of C140: present in KC14N could not be
greater than 0.001%,.

(18) Rinco Instrument Co., Greenville, Illinois.

(19) A. A. Benson ’'Moderne Methoden der Pflanzenanalyse’ 1I,
edited by K. Paech and M. V. Tracey, Springer Verlag, Berlin, 1955,
p. 113.

(20) 8. S. Cohen, J. Biol, Chem., 201, 71 (1953).
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wick and N. O. Kaplan, Vol. II, Academic Press, Inc., New Vork,
N. Y, 1953, p. 523.
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Fig. 1.—Glass vessel for KCN-algae work.

ing in an oven with a forced air draft at about 60° and ex-
posing to sunlight. Free sugar and hamamelonic acid
were detected by spraying the paper, after thorough steam-
ing, with Tollens reagent. The paper was washed with 5%,
ammonia to remove the excess of silver salts and to reduce
the background color. Both hamamelonic acid and the
lactone react poorly with the spray and prolonged heating
(several minutes at 100°) is required for satisfactory results.

Radioactive areas on paper chromatograms were detected
by exposing the paper to du Pont X-ray film type 507.
For plate counting, Mpylar® end-window, Q gas G.M.
tubes were employed; the planchets were prepared in 2 IV
acetic acid and dried under an infrared lamp.

Preparation and Assay of Phosphoriboisomerase—Phos-
phoribulokinase Mixture.—The preparative steps are il-
lustrated in the flow diagram, Fig. 2.2%6%" It is essential that
all operations are carried out at 0°.

The isomerase~kinase mixture was assayed by measuring
the rate of acid production using a pH-stat.?® The test
solution contained 11 umoles of adenosine tripliosphate
(ATP),? 10 umoles of ribose 5-phosphate, 10 umoles MgCl,
and 5 uymoles of cysteine in 10 ml. The pH was adjusted
to 7.40 and held constant 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 wmoles of NaOH was consumed in 25 minutes;
the alkali uptake slowed down considerably after 10 minutes.
A control without ribose 5-phosphate showed that the prepa-
ration contained very little ATPase activity (alkali consump-
tion ceased after 10 minutes; a total of 1.5 umoles was con-
sumed).

Preparation of RuDP.—The method depends on the con-
version of RMP to RuDP in the presence of ATP and the
isomerase—kinase mixture. The barium salt of ribose 5-
phosphate (4 mmoles, 1.83 g.) was dissolved in water (40
ml.) and potassium sulfate (40 ml. of 0.15 M) added. The
mixture was centrifuged and the residue washed with water
(20 ml.). To the combined washings and supernatant
liquid 6 mmoles of ATP, 0.4 mmole of cysteine and 4
mmoles of MgCl; were added and the volume made up to 300
ml. The reaction was carried out in the pH-stat at room
temperature under an atmosphere of N; gas; the pH was
adjusted to 7.40 and held constant by the addition of CQO.-
free NaOH (1.8 N). The reaction was started by the ad-

(25) Mpylar is du Pont’s registered trademark for its polyester film.
P. M. Hayes, University of California Radiation Laboratory Report,
UCRL 2932, March, 1955, p. 48,

(26) B. L. Horecker. J. Hurwitz and A. Weissbach, J. Biol. Chem.,
218, 785 (1956).

(27) J. R. Quayle, University of California Radiation Laboratory
Report, UCRL 3017, January, 19586. |

(28) J. B. Neilands and M. D. Cannon, Anal. Chem., 27, 29 (1955).

(29) The following abbreviations will be used throughout this paper:
ATP, adenosine triphosphate; RMP, ribose 5-phosphate; RuDP,
ribulose 1,5-diphosphate; PGA, phosphoglyceric acid; HmDP,
hamamelonie acid diphosphate; RuMP, ribulose 5-phosphate,
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Fig. 2 —Flow diagram for the preparation of phosphoribo-
isomerase~phosphoribulokinase.

@ All centrifugations were done in a Spinco Model L, ultra-
centrifuge. ? After each addition of ammonium sulfate the
solution was adjusted to pH 7.0 with 2 ¥V NH,OH.

dition of the isomerase-kinase preparation (5 ml.) and
stopped, after 37 minutes when the uptake of alkali (1.5
ml.) had slowed down, by the addition of 20 ml. of 509,
trichloroacetic acid. The nucleotides?® were removed by the
addition of acid-washed Norite A (120 g.). The solution
was centrifuged (2000 r.p.m. for 10 minutes) and the resi-
due washed successively with four 200 ml. increments of
water. Barium acetate (4 ml, of 1 M) was added to the
combined supernatant liquid and washings and the pH ad-
justed to 6.4 with saturated barium hydroxide. The pre-
cipitate was removed by centrifugation and washed with
water (50 ml.). The supernatant liquid and washings were
combined and an equal volume of ethanol was added.
RuDP precipitates in a gelatinous form; it was collected
by centrifugation, washed with 80% ethanol and dried »
vacuo over P,O;; vield 1.75 g. (erude).

Analysis of the preparation showed it to contain 0.4 ymole
of inorganic phosphate and 2.31 umoles of organic phos-
phate per mg. These analytical figures must be regarded
as approximate only. Assuming the only phosphate ester
present to be the dibarium salt of RuDP, the product was
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699% pure. In the experiments with cyanide, this prepara-
tion was used without further purification.

Purity of RuDP as Determined by Column Chromatog-
raphy.—The column employed was 0.8 cm. (diameter) X
27 em. The resin was Dowex 1 formate; it was freed
from fines by decantation and converted from the chloride
to the formate form with 2 NV formic acid.

The elution apparatus consisted of two vessels of equal
size and shape. One, the mixing vessel, was provided with
a stirrer and had an outlet to the top of the column; water
(100 ml.) was placed in this vessel. Ammonium formate
(100 ml., 2 M) was placed in the other vessel and the two
vessels connected together by means of a siphon tube.
This system provides a linear gradient of ammonium for-
mate at the outlet of the mixing vessel.

RuDP (100 mg. Ba salt) was dissolved in water (30 ml.)
with the aid of a little Dowex 50 (H* form), and the pH
adjusted to 6.0 with KOH. The solution was centrifuged
and run through the column. The column was washed with
water and subjected to gradient elution; fractions were col-
lected every 5 minutes using an automatic device. The
flow rate was 0.44 ml./min. The fractions found to con-
tain phosphorus by qualitative test?¢ were assayed for total
phosphate® and RuDP. The method used for the deter-
mination of RuDP was based on the fixation of C14Q, by
RuDP in the presence of carboxydismutase. The reagent
solution was prepared by mixing NaHCM0; (200 ul. of
0.036 N, 400 wc./ml.), MgCls (80 ul. of 0.01 M in 0.04 N
HCD), tris® buffer (20 ul., pH 7.83, 1 M with respect to
tris) and carboxydismutase (50 ul. of a spinach preparation
fractionated between 35 and 399, saturated ammonium sul-
fate and containing 6 mg. of protein per ml.). An aliquot
from each column fraction (5 ul.) was placed on a planchet
and the reagent solution (15 ul.) 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 hr. the reaction was stopped by the addition of acetic
acid (10 ul. of 6 V) and the planchet prepared for counting
in the usual manner. The elution pattern obtained is
shown in Fig. 3.

Two well separated phosphorus-containing peaks are ob-
served. The first to emerge contains inorganic phosphate;

0—0 RuDP
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Fig. 3.—Elution pattern of RuDP: Klett reading of 230
corresponds to 0.5 umole phosphate.

(30) R. J. L. Allen, Biochem. J., 34, 858 (1940).
(31) Tris-(hydroxymethyl)-aminomethane,
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the second peak is in the position expected for a diphosphate
ester, and the enzyme assay shows it to contain essentially
all the RuDP emerging from the column. It is noteworthy
that the RuDP and phosphate peaks do not coincide in the
second peak, suggesting the presence of at least one phos-
phate ester in addition to RuDP; this impurity emerges
from the column slightly ahead of RuDP. From the ratio
RuDP/organic phosphate, the quantity of this contaminant
can be calculated. This constitutes the shaded area on the
graph, Fig. 3, and represents about 209, of the material in
the second peak. The fractions emerging between A and B
(sample a) and B and C (sample b) were bulked. To each
of them barium acetate (500 ul. of 1 M) and an equal volume
of 959, ethanol were added. The solutions were cooled in
ice and the precipitate collected by centrifugation. The
precipitates were washed with 50% ethanol (20 ml.), 95%,
ethanol (10 ml.), absolute ethanol (10 ml.), and dried in
vacuo over PpQs; material recovered: sample a, 22 mg.;
sample b, 23 mg.

Both samples contained a small quantity of inorganic
phosphate, though very much less than the starting mate-
rial. By treatment with acid phosphatase the only sugar
found to be present in sample b was ribulose; sample a ap-
peared to contain 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 KC¥N.—RuDP (12 mg. Ba salt,
crude) was triturated with water (1 ml.) and Na,SO; (40
umole)., The residue of barium sulfate was removed by
centrifugation and washed with water (200 ul.). The com-
bined supernatant liquid and washings were allowed to re-
act with 1.3 mg. of KCN (1 uc./umole) at room tempera-
ture for 16 hr. An aliquot was plated in 6 ¥V acetic acid and
counted; 21,000 d./m./ul. were fixed as an acid stable com-
pound.? This represents approximately 1009, reaction,
when allowance for the impurities present in RuDP are
taken into account.

Two-dimensional chromatography in the usual solvent
system showed 879, of the activity was in the diphosphate
area, as shown in Fig. 4. One dimensional chromatography
of the unhydrolyzed reaction product in butanol-propionic
acid—water for 48 hr. showed the presence of one main spot,
with the same Ry value as HmDP with a small amount of
other impurities as shown in Fig. 5.

An aliquot of the above material (25 pl.) plus 100 ug. of
carrier authentic hamamelonic acid3® was hydrolyzed with
1 IV HCI by heating for 16 hr. in a sealed tube at 120°. The
resulting solution was chromatographed in two dimensions
(butanol-propionic acid-water followed by phenol-water)
and is shown in Fig. 6. It was found that the radioactivity
and the silver spray did not coincide exactly. This is al-
most 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 produced by the
action of acid phosphatase on the material; this indicates
that the reaction product contains a carboxyl group and is
not cyanohydrin, which is presumably formed first, but is
subsequently hydrolyzed.

Preparation of Hamamelonic Acid Diphosphate (2-Car-
boxyribitol 1,5-Diphosphate).—RuDP (117 mg. Ba salt,
crude) was triturated with water (10 ml.) containing K-
SO: (75 mg.). The insoluble material was removed by
centrifugation and KCN (900 ul. of 0.24 M) added. After
18 hr. 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 ul. of 1 M)
added. The copious precipitate was centrifuged off, washed
with 5-ml. portions of 80 and 909, ethanol and dried in
vacuo over PyO;; yield 120 mg. A further 15 mg. of hama-
melonic acid diphosphate Ba salt could be recovered by the
addition of ethanol (2 ml.) to the supernatant liquid. The
material (120 mg. plus 15 mg.) was contaminated with Ba-
SO4 which was removed by trituration with HCI (10 ml. of
0.1 N) and centrifuged. The residue was washed with

(32) The symbol HmDP is used in this manuscript to designate the
product of the addition of KCN to RuDP. It is derived from the
name hamamelonic acid diphosphate. As will appear later the
compound upon hydrolysis produces a mixture of stereoisomeric hy-
droxy acids including hamamelonic acid.

(83) We are grateful to Prof. O. Th. Schmidt for a gift of several
mg. of that stereoisomer which he has established to be hamamelonic
acid; O. Th. Schmidt and K. Heintz, Ann., 5186, 77 (1935).
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water (5 ml.); it weighed 42 mg, and consisted mainly of
BaSO4.

The solution was adjusted to pH 7.1 and cooled in an ice-
bath. The precipitate of hamamelonic acid diphosphate,
Ba salt, centrifuged off, washed with 509, ethanol (7.5 ml.),
909, ethanol (5 ml.) and dried iz vacuo over P:Qs, yield
26 mg. (A). A further crop was obtained by adding equal
volumes of ethanol to the supernatant liquid. This was
centrifuged, washed with 509, ethanol (4 ml.), 90% ethanol
(5 ml.) and dried #xn vacuo over P:Qy; yield 22 mg. of hama-
melonic acid diphosphate Ba salt (B).

Both A and B were cochromatographed with the products
of the reaction of KC1N on RuDP and coincidence of radio-
activity and the phosphomolybdate color was obtained.

Chromatography in the solvent system of Cowsgill, as
modified by Trudinger, showed a sharp separation from
RuDP.

Preparation of Carrier Hamamelonic Acid.—Hamamelonic
acid diphosphate A (5 mg.) was dissolved in HCI (1 ml. of
1 N) and heated for 16 hr. in a sealed tube at 110°. For
carrier 100 ul. of this solution was used. Before use it was
treated with Na,SOy solution (50 ul. of 0.05 M) and centri-
fuged.

Results

A radicautograph of a typical C!*O,, CN~ experi-
ment is shown in Fig. 7. The general picture is
rather similar to that obtained in the absence of cy-
anide. From a cursory examination it might be
concluded that cyanide is acting only as an en-
zyme poison. That this is far from the truth is il-
lustrated in Fig. 8, which is the radioautograph of a
typical experiment, CO,, C!*N=. The sole source
of radioactivity here is cyanide; hence, all the spots
are the products of the reactions of cyanide with ma-
terials present in the algae.

Radicautographs of dephosphorylated diphos-
phate areas of the above experiments are shown in
Figs. 9 and 10 (enzymic hydrolysis) and in Figs. 11
and 12 (acid hydrolysis). Both of these radioau-
tographs show large amounts of a material not
observed before in experiments without cyanide.
Since it has been demonstrated that cyanide par-
ticipated in the formation of this material, it is
probable that this substance is formed by a cyano-
hydrin reaction. As this substance originates in
the diphosphate area, the possibility was investi-
gated that it was produced by a cyanohydrin reac-
tion on ribulose diphosphate. This reaction has
been shown to yield hamamelonic acid diphosphate
(together possibly with some epimer). A compari-
son of the electrophoretic behavior of the diphos-
phate area of the experiment, C!0,, CN~—, with
synthetic hamamelonic acid disphosphate (pro-
duced by the non-enzymatic action of C*N= on
RuDP) is illustrated in Fig. 13. It can be seen
that the two materials are electrophoretically in-
distinguishable under these conditions.

The disphosphate areas obtained using the ma-
terial from experiments C140,, CN~and CO,, C*N~-
were chromatographed with carrier RuDP and car-
rier HmDP using the solvent system of Trudinger.
The radioactive areas coincided with the areas re-
acting to the phosphate spray. In a control where
RuDP was added as a carrier, no such coincidence
was obtained. This is evidence that the new ma-
terial produced in experiments with cyanide on the
algae i1s hamamelonic acid diphosphate, produced
by the action of the cyanide on RuDP, either in-
side the algae or during the extraction procedure. A
photograph of the sprayed paper was not included
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as it was not possible to photograph it before it dis-
integrated.

Further confirmation was obtained by hydrolyz-
ing the diphosphate areain 1 N HClfor 16 hr. The
material obtained from experiments using C!O,,
CN-~ and CO,, C¥N~ was shown to be identical
with synthetic hamamelonic acid (made from
HmDP) by cochromatography in one dimension
in butanol-propionic acid-water.

Conclusions

It has been shown that the new material which
appears in photosynthesis experiments with algae
by the use of high concentrations of cyanide is
hamamelonic acid diphosphate together with some
epimer. This compound has not been detected in
normal photosynthesis experiments without cya-
nide addition. A substance which is chromato-
graphically rather similar but not identical has been
detected by Moses®* in normal photosynthesis ex-
periments. This material on dephosphorylation
and reduction by KBH, yields hamamelonic acid
and itsisomers.

The source of hamamelonic acid diphosphate is
clearly a cyanohydrin reaction on RuDP. In order
to form appreciable amounts of HmDP, it is essen-
tial to have a light period between the cyanide
addition and the injection of boiling alcohol to kill
the algae.’® Furthermore, the net fixation of ra-
diocarbon as PGA diminishes when the algae are
illuminated after the addition of cyanide. The
amount of radiocarbon fixed as hamamelonic acid

(84) V. Moses, unpublished work from this Laboratory.
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diphosphate is consistent with the amount disap-
pearing from the pentose phosphates and the PGA
pools. This can be interpreted if it is assumed that
the addition of cyanide has little effect on the abil-
ity of the algae to reduce PGA at least for an initial
short period of time. Then in the light period
after the cyanide addition, PGA is reduced to tri-
ose phosphate which cycles into RuDP and is
trapped by the cyanide. The principal effect of
the cyanide would then be to block the uptake of
CO,, probably by inhibition of the carboxydismu-
tase system,!* and trap the RuDP as it accumu-
lated from other intermediates of the photosynthetic
cycle. In addition, it can be deduced that the
reaction involving the phosphorylation of RuMP is
also occurring during the light period after the
addition of cyanide. This is consistent with the
finding of Kandler,® who has taken his results on
cyanide inhibition to indicate that a light phos-
phorylation is not inhibited by high concentrations
of cyanide in the first few minutes. However, the
validity of this method of determining phosphoryl-
ation rates must be re-examined in the light of the
broad reactivity of CN ~ here demonstrated.

It also has been demonstrated that a facile reac-
tion occurs between RuDP and KCN to produce
HmDP. It is feasible that this reaction occurs
readily because the intermediate cyanohydrin can
cyclize to give an imino-lactone which should un-
dergo rapid hydrolysis.

(35) O. Kandler, Naturwiss., 42, 390 (1935).
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The Condensation of 2-Nitroethanol with the D-Aldopentoses
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p-gluco-Heptulose, D-manno-heptulose, D-galacto-heptulose, D-talo-heptulose, 2,7-anhydro-8-p-ido-heptulopyranose and
2,7-anhydro-3-p-altro-heptulopyranose (sedoheptulosan) have been obtained by application of the 2-nitroethanol sy nthesis

to the appropriate D-aldopentoses.

A preliminary communication! from this Lab-
oratory reported the condensation of sodium aci-
2-nitroethanol with bp-arabinose to give, after
hydrolysis of the intermediate sodium ¢ci-2-deoxy-
2-nitroheptitols, D-gluco-heptulose and D-manno-
heptulose. The synthesis now has been extended
to p-lyxose, D-xylose and p-ribose to give, respec-
tively, D-galacto-heptulose plus p-talo-heptulose, 2.7-
anhydro-3-D-ido-heptulopyranose and 2,7-anhy-
dro-B-p-altro-heptulopyranose (sedoheptulosan).
Although the yields (5-229) by this method are
not high, the relative simplicity of the synthesis
rates it favorably with other available methods for
obtaining the higher-carbon ketoses.

2,7-Anhydro-3-p-ido-heptulopyranose has been
synthesized previously? from bp-xylose through
consecutive condensations with nitromethane and
formaldehyde, followed by hydrolysis of the re-
sulting aci-2-deoxy-2-nitroheptitols. However, the

(1) J. C. Sowden, TH1s JournaL, 72, 3325 (1950).
(2) J. K. N. Jones, J. Chem. Soc., 3648 (1954).

present synthesis using 2-nitroethanol provides the
anhydroheptulose with greater ease and in consid-
erably higher yield.

The laboratory preparation of 2-nitroethanol is
accomplished readily by the condensation of
nitromethane with formaldehyde,?® and the product
can be isolated safely by co-distillation with di-
phenyl ether.* Extraction of the separated, crude
2-nitroethanol thus obtained with an equal volume
of hexane or low-boiling petroleum ether, to remove
diphenyl ether, then gives a product (509, yield
based on formaldehyde) of sufficient purity for con-
densation with the sugars.

Experimental
p-gluco-Heptulose and p-manno-Heptulose.—To a sus-
pension of 10 g. of p-arabinose in 24 ml. of 2-nitroethanol

(3) I. M. Gorsky and S. P, Makarow, Ber., 67, 996 (1934); J.
Controulis. M. C. Rebstock and H. M. Crooks, Jr., TH1s JoUurNaL, 71,
2463 (1949).

(4) H. T. Roy, Jr. (to the General Tire and Rubber Co.), U. S.
Patent 2,710.830, June 14, 1955; W. E. Noland, H. I. Freeman and
M. S. Baker, THIs JoUrNaL, 78, 188 (1956).
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