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ABSTRACT
PART I. SEARCH FOR UNSTABLE INTERMEDIATES IN THE CARBOXYLATION
REACTION OF PHOTOSYNTHESIS

Carboxydismutase (extracted from chloroplasts of Spinacea oleracea

and fractionated with ammonium sulphate) was carboxylated with
Hl%cO3 in the presence of Mgt ions, and the complex.was isolated
in about 45% yield by passage through a Dowex 1 column, luCO2 Qas
quantitatively transferred from l”’Cozmenzyme to ribulose-l,5-diphosphate
(RuDP) yielding.;uc-labeled phosphoglyceric acid (PGA). |
The carboxylation of carbokydismutase was Mg**-dependent.
The rate of lqCojvenzyme formation was dependent on the concentration
of enzyme, Mg**,_and_bicarbonate. It waé also temperature dependent.
The formation of the complex was not inhibifed by avidin or ATP
and it was nothTP-dependent.
Preincubation studies with the substrates and inactivation
of the enzyme with cold methanol before incubation showed that
Mg++ with bicarbonate stabilized the enzyme agaiﬁst methanol while
RuﬁP did not. When ;he enzyme plus Mg''t is preincubated with
bicarbonate, then treated with methanol followed by incubation
with RuDP, some PGA is’obtainea, but when the enzyme is preincubated
with RuDP, no PGA is formed,
All efforts failed to produce any evidence for the existence
of the postulated diﬁhosphate ester of a beta-keto acid intermediate
in the carboxylation reaction of RuDP. This can be explained
by any of the following: the amount present is very smallj the life
time very short; or the free beta-keto acid doesvnot occur at all,

and the reaction goes through an enzyme~COp~RuDP complex. These



" efforts included treatment of the products with liquid ammonia

2 , .

and then separation by low femperature paper chromatography,

and treatment of the photosynthefic-material or the carboxydismutase -

. system wiih:diazomethane.

The results of this study provided conclusive evidence that

the overall carboxydismutase reaction proceeds in two orvprdbably

in three steps, with the enzyme=-bound CO2 as an intermediate.

. PART II., SOME REACTIONS OF DIAZOMETHANE IN AQUEOUS SOLUTION

Carbon dioxide was allowed to react with diazomethane
prepared by alkaline hydrolysis of N-methyl-N-nitroso-N'-nittoguaﬁidine.
The different products were separafed, and identified as dimethyl
carbonate, methyi carbamafe, N-methyl methyl capbaméte, and |
N-dimethyl methyl carbamate,

The presence of ammonia was necessary for the formation of
methyl carbamate, N-methyl methyl carbamate, and N-dimethyl methyl
capbémate when carbon dioxide was allowed to react with diazomethang
prepared by alkaline hydrolysis of N-methyl-N-nitroso-p-toluenesulfonamide,

Ammonia was found to be present in the ethereal solution of
diazomethane prepared by alkaline hydrolysis of N-methyl-N-nitroso-N'-
nitroguanidine,

The products of the reaction between ammonia, carbon dioxide and'v
diazomethane in aqueous solution are dimethyl carbonate, methyl
carbamate, N-methyl methyl carbamate, and'N-dimethyl methyl carbamate, ;lu.

A mechanism for thelr formation is proposed, - "
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I. INTRODUCTION
It has been well established that ribulose diphosphate is the
carbon dioxide acceptor in the carboxylation reaction of photosyn-
thesis in green plants, and that phosphoglyceric acid is the stable

product of the reactionl~7, This reaction has the following

stoichiometry3°7’8:
H2COPO§-
C=0
co0~
HCOH - carboxydismutase |
+ HCOg 72 HCOH  + HY
HCOH -
' H,COPO
- 2 3
HoCOPO,
ribulose-1,5-diphosphate 3-phosphoglycerate

Calving°lo has suggested that the reaction proceeds via an
intermediate, a six-carbon sugar beta-keto acid diphosphata.
(2-carboxy-3-ketopentitol-l,5~-diphosphate), an unstable compound,

which 1s hydrolyzed easily to form two molecules of PGA, Thév
| ' 11

proposed mechanism of the carboxylation reaction is the following™*:
CH,0(P) CH,y0(P) CH,0(P) , CH,0(P)
C=0 ’ COH : 'OZCCOH ~02CCOH
I | + OH™
HCOH . TOH + CO, _ C=0 + nt H
< N\
HCOH HCOH ‘ HCOH +
Lbow) L@NP) CH,y0(P) - 07
HCOH
éH20(P)

An electrophilic attack of the carbon dioxide on the enolic



form of RuDP occurs, to form the befa-keto acid, which in turn is
hydrolyzed to form two molecules of PGA. ;‘
Many attempts have been made to demonstrate the existence of the
betd~keto acid or of any othér unstable intermediate, which is
probably formed in the‘carboxylation reaction of photosynthesis.

Moses and Calvinl? were able to isolate two radioactive substances

from Chlorella éyrenoidosa after 3 min of photosynthesis with
14%¢.bicarbonate. They characterized these substances as belonging
to a carboxyketopentitol diphosphate typa. They had been
tentatively proposed as the diphosphates of 2~carboxy;u-ketopentitcl
(I) and 2-carboxy-3-ketopentitol (II), a gamma-keto acid and
beta-keto acid reapectively. |

CH,OH ~ CH,OH * COOH

2

0 0

t-c-oH )\)«('3-0}{ C=0
HO |

HO
H-C-0H C=0 HO=C~H
0 H-C-0H H-C~OH
-_luzou cuzoﬁ HO-C-H
» CH,0H
(1) (11) (111)
.Both of them are {somers, and it was‘suggestad fhat fha gamma~-kato
‘acid was formed from the beta-keto acid, the proposed unstable
product of the carboxylation reaction oflRuDP. Recentlyl3, it was
found in this laboratory that the gamma-keto acid was really the
diphosphate of the 2-keto~-aldonic acid (III), and it Qas not an

intermediate in the carbon reduction cycle of photosynthesis,

but was formed from glucose. It is not known if the compound once
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proposed as beta-keto acid is really the compound (II), because its
identification was based on the identification of compound (III) as
gamma-keto acid., Shkolnik and Domanl# used liquid nitrogen to st;p
the photosynthetic reactions in leaves, liquid ammonia to extract

and stabilize some unstable acids in the ground leaves, and low
temperature chromatography (-30°) to separate the different radio-‘
active products, When this technique was used on geranium leaf, after
one second exposure to labeled CO,, radioactivity was observed on
chromatograms at the beginning of the diphosphate zone, If the same
material were treated less carefully this radiocactivity was absent,
They were not able to reproduce these experiments on all plant
specles tested, but only on geranium and, to a lesser e#tent, on beans,
As far as it is known this radioactive compound observed by Doman

has not yet been identifled. Pon7

made many attempts tp demonstrate
the existence of this betaw~keto acid in the isolated ;nzyme system,
He used many methods to slow down the teaction; to stop it or
stabilize and separate the products, Despite theée extenaslve
studles, he falled fo produgélany evidence for the existence of the
beta-keto acid.

| It {s well known that’fhe RuDP carboxylation reaction is an

enzymatic reaction., A cell-free extract of algae capable of

‘yielding phosphoglyceric acid from ribulose diphosphate and

- 4¢0, was obtained in this laboratory in 19542, About the same

time, Welasback et al. obtained a soluble spinach extract capable

of forming phosphoglyceric acid from 1“002 and ribose-5-phosphate

" in the presence of adenosine triphosphate and triphosphopyridine



nucleotide3, Many studies of the riﬁulose diphosphate carboxylase

(or carboxydismutase as it is called) that was derived from diffenént
sourcas followed, and the requirement of a metal fon (Mg*t) as
cofactor was established3’7.

Pon7 studying the carboxydismutase system found that
preincubation of the enzyme with Mg*t lons and bicarbonate increases
its activity, He suggested two possible interpretations of this
phenomenont (1) the enzyme comblnes with the metal ion and
bicarbonate to form a complex (active CO), and then reacts with
ribulose diphosphate; or (2) the metal ion or bicarboﬁate activates
the enzyma byvreéction at some site other than the active site.

A comformation change of the enéyme is' induced accompanying the
activation proCesés°l5. |

VafiouS‘fcrms of (active COy) have been suggested as
intermediates in different enzymically catalyzed carboxylation
reactions, éuch as the carboxylation of (1) propionyl CoA to
form methyl-malonyl CoAlG, (2) beta-metﬁylcrotonyl CoA.to form
beta-methyle-glutaryl CoA17, etc, Lynen g§.§£.17 were able to
prepare a COyvbiotin unstable complex by adding biotin as

-substrate in place of methylcrotonyl CoA in the methylerotonyl CoA
carboxylase system. This complex was atabilized by conversion to
the dimethyl ester with diazomethane, It was also found that only
the d-biotin reacted and formed the complex, the l-enantiomorph
being inactive, Lynen et al, explained thelr resulﬁs”with the
assumption that the methylecrotonyl CoA carboxylase can bind

d-biotin in a dissociable fashion, and that the "CO," combined

P



with biotin covalently bound to the enzyme can be tranferred to

the dissociably bound biotin to form the COp~ biotin complex.
1.18,19

Recently Ochoa et a prepared and separated a COp~ enzyme

complex (propionyl CoA carboxylase), using Dowex 1-Cl (X8,200 to

‘400 mesh) ion exchange column which was eluted with 0,02 M-Trisg-iCl

buffer, pH 8.0, containing 0,001 M-GSH., This complex was relatively
stable near 0° and very unstable at higher temperatures, All the
above enzyme syétems requiré ATP, Lynen's COz~ biotin and Ochoa's
COp~ enzyma complexes are not formed in the absence of ATP,

It is possible that a CO,~ enzyme complex is also formed as

an intermediate in the carboxylation reaction of ribulose diphosphate,

which subsequently reacts with RuDP to form phosphoglyceric acid,
but no evidence 35 hitherto reported.

The purpose of this atudy was:i

1) To search for the proposed beta-keto acid or any other
unstable intermediate formed in the carboxylation reaction of
ribulose diphosphate.,

2) To search for a COQA;enZyme complex of the carboxydismutase
gystem,

3) To prepare, Isolate and study the CO,~ enzyme complex
of the carboxydismutase system,

4) Finally, to study the effects of various additions
(e.g. activators and inhibitors) on the carboxydismutase system

related with the COp~ enzyme complex formation,



Abbreviations, The following abbreviations are henceforth used

IT, EXPERIMENTAL PROCEDURE

densest portion of the spot.

throughout the first part of this text. -
cpm ¢ counts per minute ppt :'precipitate

. v
dpm 1t disintegrations/min, , rpm  t revolutions/min,
G-M 1 Geiger-Mueller soln 1 solution
g t gram, or acceleration due hr t hour

to gravity ~
uC t microcurie(s) : temp 1 temperature
mC t millicurie(s) sec 1 second
1 t liter(s) . EtOH 1 ethanol
ml t milliliter(s) . | MeOH 3 methanol
ul ¢t microliter(s) GSH ¢ glutathione
uM t micromole(s) CoA ¢t coanzyme A
mg ¢ milligram(s) PGA t phosphoglyceric acid
mM t millimole(s) ' PS t photosynthesis
M t molar PEPA 1 phosphoenolpyruvic -
- ‘ - acld
N 1 normal SMP § sugar monophosphates
min s minute(s) SDP 1 sugar diphosphates
EDTA 1 ethylenediaminetetraacetic acid TRP 1 triose phosphate
ATP adénoainefs'-triphosphate suprn ¢ supernatant liquid
PPO 2,5~diphenyioxazole'(primary scintillator "fluor)
POPOP 1 1,4=bis~-(2-(5-phenyloxazole))benzene (secondary scintillator
“fluor")
tris t tris(hydroxymethyl)aminomethane ~
Rf 1 ratio of disfance travelled by spot to distance travelled
by solvent front - distance is measured from the origin to the v



Apparatus
Homogenizer: A Waring blender operated at high speed was used for
the rupture of spinach leaves.,
Centrifuce: For preparative purposes the following centrifuges were
used: 1) International Clinical Centringe (up to 2,500 X 7)3
2) International Portable Refrigerated Centrifuge, Model PR~2
(up to 2,500 X g)3 and 3) Spinco.Ultracentrifuge, Model L (from
3,000 to 145,000 X g). All g-values were maximum values,

Radioactive countersi The radloactivity of samples was measured

either with a flow counter equipped with a thin window. G-M tube

or with a séint;llation.counter. (1) 6=M counters: An automatic
counter, equipped with a G-M tube with a Micromil® window, was used
for precise counting.:The autométic countef consiated of a
Ndcleaf-Chicago scaling unit (model 183), an automatic sample
changer (model C-110A) and a printing timer (model C-111B). The
quegching gas (Q gas) flbwiﬁg through the sysfem was composed

of 99;05% He and 0.95% isobutane. For counting individual samples
or radioactive spots on chromatographic paper a G-M‘scéler

(Nuclear Chicago, model 181A), equipped with a modified G-M tubs
(Scott) covered with a tviylax"""'e end-window?? and flushed continuously
with Q gas was used.

The samples were spread out on thin aluminum planchets. The
planchets wére first cleaned by piﬁsing with alcohol, énd then the
Bamplg,aoidified with acetic acid, was transferred to the planchét on
a rotating tab1a21 with the aid of a micropipette, One or two drops
of detergent (Aquet***nuzﬂ, 1:560 w/v) were added in the sample in
#F Supplied directly by the Nuclear Chicago Corp.

%%  Mylar s DuPont's registered trademark for its polyester film,

“%%%  Fprom the Emil Greiner Co., 22 N, Moore St., New York.



 order to facilitate the spreading of material on the planchet. The
counters were corrected for coinicdence, and an "infinitely thin"
Balucoa platevcovered with a film of ghellac was used as a stable
reference standard,
(2) Scintlllation counter: The 1iquid scintillation counter
used in this study was a coincidence anticoincidence counter,
V"TrifCarb"*,'described earlier??, Two scintillation solutions were
-used, No, 2 for aqueous samples, and No, 6 for nonpolar samples.
The cohpogitioﬁ of Ho, 2 wasi Toluene (2,0 1), ﬁ-dioxane (2.0 1),
aﬂsolutg EtOH (1.2 1), naphthalene (260 g), PPO (26 g), and POPOP
x(o.s g)s The composition of No, 6 was: Toluena (1,0 1), PPO (4,5 g),
', and POPOP (o.;lg). | |
For the determination of the radiocactivity, aliquots of
radioactive material to be counted (not exceading 0,5 ml) were
pipetted acéupately wifh a micropipette into 20 ml glass vials
with aluminum-lined screw tops, which containea 10 ml of the
scintillation solution No. 2 or No, 6, Each sample was.counted
in the scintillation counter a sufficlent number of times‘to
obfain the desired statistical accuracy. The variébility of the
composition of the sample was controlled by the use of an internal
standard, The internal standard used was toluane»l-luc, which had been
distilled and diluted to an appropriate éoncentvation, 0.2 ml of |

toluene=-1%C (1,23 x 10° dpm/mi) was pipetted Into the counted

sample and the vial was recounted, The first count, minus the background,

is termed C;3 the second count minus the background is termed Cj.

¥ Wiri=Carb" 1iquid scintillation spectrometer, model 21u, Packard
Instrument Co., Inc,, LaGrange, I1llinois.

-



, Cp ~ Cy = Cp - Cy

Efficiency of counting = std. activ. added 2.46 x 104
. 2,46 x 10% x Oy Cy

dpm of sample = Cy = Cy = effilciency

The glass vials were used only once, in order that their contamination
mipht be prevented; To prevent also inaccﬁrate measurements due to the
variability of the composition of the sample and the solvent, and
the"colour quenching"* of some coloured samples, iﬁterhal standard
was added to every sample that was counted,

Dialyzeri Dialysis of the enzymlc solution against a very
dilute buffer was necessary in order to remove salts and low.
molecular welght material present in it. The sample to be
dialyzed'was placed within a dialysis bag made of Visking
cellulose acetate tape, and botﬁ ends were knotted. For complete
dlalysis, the'e¥ternal buffer solution was changed 5 to 6 times,
once every two hours,

Rotating evaporators Solutions of relatively larpe volume

were concentrated under reduced pressure using a Rinco rotating
evaporator (Rinco Instrument Co., Greenville, I1l.,) in conjunction
with dry ice and liquid nitrogen traps.

Low temperature chromatopgraphy box: A special chromatography

box~freezer combination made by Labline Inc. (Chicago, Ill.) was
used for low temperature chromatography., The dimensions of the

box(ﬁere 78 x 54 x 70 cm. The instrument was capable of holding

'8-10 papers each time, for one or two-dimension chromatography.

The temperatuva of the box could range from room temperature to

¥ itolour quenching"t Strongly coloured samples tend to absorb some
of the light emitted by the scintillator fluor, and subsequently
lower the sensitivity of the scintillation counter.
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-40° C,vand it could be kept constant (+ 1° C) during the run and
the drying of the chromatograms, A prelimihary drying of the
chromatograms was done under alforcad current of dry cold air at
the temperature of the run, and-then théy were removed to another
box at room temperature for complete'drying;
Analyses.

Paper chromatography: Aftér a reaction or a photosynthetic

‘experimgnt was completed, the usual method used to sepabate the
broducts was‘papef chrdmatography. Whétman No.'ﬁ papers were used>
after being waabed'wifh.oxalic acid;éccofding to Banson23¢ Descending
chnomatogramﬁ were made in the-boxes usually used in this |
1aborétory11. The material was spotted on an origin 3 inches
fromvththop and tha'side of the paper., Water saturated pﬁenol and
bﬁtanol-prop#oﬁic acid-waterbﬁere used as developing sqlventsil'23.
The solvenfs.Ware run for éight to fwelve hr in each dimension, and
then the.paparsAwere driea under a forced current of air at
" room temp. Tha‘t;mp.duriqg the development of the chromatogram
was 20 to 25°.C, fhe butanol-propionic hcid«water solvent was
prepared just before it was used, by mixing equal volumes of _
b@tanol-water (1,246:84% v/v) and propionic acld-water (6205790 v/v).
- For, the separation of the phosphorylatéd esters another set
of.solVents was glso used: Butanol~propionic acid-water in the first
dimenzion and isobutyric acid-water-concentrated ammonia?EDTA L
(2520114501100 v/v11,175 g)2% in the second dimension.
Butanol-acetic acid-water (#1115 v/v) and {sobutyric acid-water-
eoncentrated ammonia-EDTA were also used for the separation of the

methylated products, Tha methylation was carried out with diazomethana,

¥

Ty

L’f
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Many solvents were tried for the separation of the products at
low temp and two of them whlch gave the best results were used: methanol-
water-liquid ammonia (803120:20 v/v) and acetone-methanol-water-liquid
ammonia (30:28:12:130 v/v). The temp during the development
of the chromatograms was -30° to =-35° C. |

Radiocactive compounds on the chromatogram‘were located by
exposing the paper to single coated Kodak x~ray film, The ldentity.
of the chromatographically separated compound was established
by its Rf value; and ¢onfirmed by cochromatography of the eluted
radicactive compound with an autﬁentlc marker combound. The
identity of phosphate asteré was further confirmed by treating the
eluates with acid phoasphatase purified from Polidase-S (Schwartz
Laboratories, Inc.). The enzymic hydrélysate was cochromatographed
with authentic harker compounds, In each case, exact coincldence
of.the radioactivity with the marker compound vas taken as
criterion of ldentity.

For the detectién of the authentic marker compounds on the
chromatogram, either the paper was sprayed with an acidifled
ammonium molybdate reagenf and then exposed to sunlight25 (detection
'-of organle phbsphates), or the paper was dipped into an acetonic solutioﬁ
of silver nitrate and then sprayed with ethanolic NaoH2® (detection
of sugars and sugar acids).

Anion exchange columns The separation of the Cozﬁienzyme complex

was accomplished by ﬁassing the reaction mixture through a Dowex 1
column, as described by Ochoa 35__3.18. Dowex 1l-ClL (X8, 200 to 400

mesh) was washed and equilibrated with 0,02 ﬂ_Tris-HCl buffer, pH 8.0,

and then packed into a 0,8 x 4.0 cm coiumn, The column was washed
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withvtris-HCI buffer pi 8.0, 0,02 M, and immediately before use
Cwith 3 ml of 0,02 M tris-HCl buffer, pH 8.0, contalning 0.001 ¥
GSH. The column was loaded with the reactioﬁ mixture (usually 0.5 ml)
ans subsequéntly washed with 0,6 ml 0,02 M tris-HC1-GSH buffer. 0,02 ¥
trisQHC1-GSH‘buffar.(l.8 ﬁl); pH 8.0, was used for the elution of
the column. The eluate contained 45% (w/w) éf the.initial protein,
Aﬁ aliquot sample of the elﬁate (0.2 ml) was placed in a liquid
scintillation counter for determination of e content, Preliminary -
eﬁp&rimanfs showed tﬁat all free bicarbonate lon from a reactidn |
: mlxturé ﬁhich contained all the components except the énzyme
tstayed in'the colﬁmn/after éiutionﬁith 8,0 ml of 0,02 ﬂ_tris-HCl-GSH
B buffer, pH 8,0, In-the prééence of enzyme the 1,8 ml eluate contained
all the énzyme which could be eluted, the effluent,.uasﬁ and
fufther eluate belng free ofreﬁzyme. Ail thé.dperations Were
- carried out iﬁ fha céld room (0 to é” c).
Plant Material
Thé plant material usedlin our experiments wera.(l) unicellulaﬁ

grean algaei’Chlorellé pyrauéidosa; (2) leaves of horse beans, o

Vicia tabay (3) spinach leaves, Spinadea olaracea.

Green algae (Chlorella pyrenoidosa): Chlorella is being continually
e 27 |

culturad in this labobatéry in Myer's ﬁedium and the methods

used were those described éarlier11°28.‘ﬁith these methods of culture
the conditions of growth aée‘the'same from day to day. The |
harvested algal suspension was centrifuged at about 1600 x g, then

susﬁended in a buffer solution, and‘cahtrifuged again, The algae

was then resuspended in the same buffer, to a concentration of
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from 1% to 4%, depending on the nature of the experiment. The buffer
used was 2,5 x 107> M KoHPOy-KioPOy (312). The aléae were washed with
the buffer solution because the initial nutrient solution contained
a quantity of salts which often interferrod with the analysis of
blochemical compounds formed following axposure to the tracer element,
The abofe partlcular buffer was used because the small amount of

added phosphate i{mproves fhe'subseqdent chromatography. The

‘resuspendéd algae were aerated at room temp in weak light until the

time they were used, A small amount of the final suspension of algae

(2 to 6 ml) was used in each photosynthetic expariment,

|

LBaVQS of horse beans (Vicia-taba)l Small loavos Qera taken

about 40 days after germination of the plant, wushed vith cold tap .

water, drainéd and then used 1n the photoaynthatio axperiment.
: Leaves of this particulav plant wera used because they were easily
extractable. they had a high photosynthetic rate, and they veras

more suitable for our qxperimanta.

Spinach leaves (Spinacea oleracea): Fresh spinach leaves obtained

from the market were used for pbeparation of chloraplasts, and for the

isolation of the ribuloae diphoaphata qarboxylaae (carboxydismutaae)

‘from the chloroplaat extract, Tha chloroplasts were first iaolated

and then lysed osmotically to yleld the chloroplast extract, This
extract was fractionated with ammonium sulfate,
| .Preparation of Carboxydismutase
The following methods for preparing spinach chloroplasts and
carboxydismutase werae used’+29, Fresh spinach ieavas with petioles

and some of the wmldribs removed were w&abed_in cold tap water twice,



14
drained dry by tumbling in a wire basket, and placad in a cold room
for several hours to allow the leéves to become turgid, All subsequent
operations were carried out at or near 0° C. All glasaware and
centrifugation apparatus were précooled.to about 0° C,

Ona kilogram of leaves was uéedvfor each experiment. The .
leaves were cut into strips 0.5 to l cﬁ wide and waré diyldod into
eight. equal portiona. Each portion (125 g) wae ground in a blondar
.at full speed for 30 sec, tOgathep with 250 ml of sueroeewaffar
solution, (SUorose-buffar. 0,5 M suorose in 0.1 M po;aanlum
phosphate and 0,01 M EDTA. pii. 7, u ) Tha atepa fop the vreparation are
'v‘given in Flg. 1 ahd Fig, 2.

Preparation of Ribulose Dipbosphate

‘Ribulose diphosphate (RuDP) aoluti@n waa prepav@d from the
barium salt of RuDP" » In a 10 m} centrifuge tubs aontaining 0,80 ml
water and 0,60 wl of 0, 10 M u01 30 mg. of Ba-RuDP warq muapendadﬁ_
The larger particles were crushed with the ald of a small glass
rod, Tha mixtura was coaled in an 100 bath and l 20 ml of 0 lO 1J

‘Ha,S0, plus 0, 60 ml of 0.10 M NaOH vere addad, The mixture wa& :

2
allowed to utand for 10 to 15 min before eantrifuging th@ pvaaipitata»
\The supernatant liquid containing the RuDP was stored in q
frozen atate. - |

RuBP-l“C was preparaed by extraction from algae aftep baing
allowed tovunderpo photoaynthesis in the prgmence-of Néﬂl”C0§ forv :
2 to 3 min*s7 » The radioactive products extractad from the algao

ware separated by papey chmmatogmphy° and the separated RuDPwl“C

was eluted from the paper,

% Kindly supplied by Dr. N.G. Pon,
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1 Kg .Spinacea oleracea leaves3

2 1 sucrose~buffer soln
(0.5 M sucrose in 0.1 M potasasium phosphate
and 0,01 M EDTA, pH 7,%)

blender at full speed for 30 sec

green homogenate

| 8 layers of cheasecloth

residue (discardad)  green filtrate

200 X g3 5 min®

;_']_"
supernatant precipitate (discardaed)

900 X gy 12 min

L | |
precipitate ‘ supernatant (discarded)

500 m) fresh suocrose~buffer
900 X g3 15 min

supernatant : precipitate (chloroplasts)
(diacarded) : ‘

25 ml 0.0} ¥ potassium phosphate
buffer, pi 7.4 (no sucrose or
EDTA) at 09 for about 2 hr
36,000 X g4 10 min®

i . -
preciplitate supernatant

"¢hlorcplast fragments" "ohloroplaat extract"

a) All operations were carried out at, or near, 0° C,
b) International Portable Refrigerated Cantrifuge, modal PR-2,

a) Spinco Ultracentrifuye, modsl L, potop numbep HO.

Fig, 1, The preparation of the chloroplast exiraot,
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25 ml "chloroplast extract"®

6.0 g (NH,),50, plus 6 ﬁ’(NHqOH)
to make a f nai pH of ca, 7,0,

36,000 X g 5 min,P .

[ _
Precipitate (discarded) supernatant
2,58 g (NH,),50,

36,000 X g3 5 min

[ .
precipitata supernatant
’ (discarded)
dissolved in 4 ml
of 0,01 M potasaium
phosphate pH 7.4

gsolution
dialyzed against a 0,001 ¥ tris buffer,

pH 8,0 at 0° for 24 hp, Changed to fresh
buffer 8 times during this interval,

carboxydismitase®

a) Al)l operations were carrled out at, or near, 0° C,

b) Spinco Ultracentrlfuge, model L, rotor number 40} all accelerations
dua to gravity (g) are maximum values,

¢) The enzyme stored at 0° C,

Fig, 2. Ammonium sulfate fractionation of the chloroplast extract,
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Preparation of Diazomethane

Diazomethane was prépéred by alkaline saponificétion of
N-methyl-N-nitros o=N'=nitroguanidine, as is described in the sacond
part of thia thesis, The ethersal solutlon of diazonethana was either
used immediately or was stored for a short time in the deep freaezas
(~16°) before use, |

| }APﬁgiosanﬁesié Experimenta with Algae

‘The harvestad Chidbelia cells were washed and resuspended in the
phosphate buffar to gifa,a,? to 4% ﬂoiution (in_ml.of wot packad
algaa/vol., of suspension), 1 to 10 ml of the cell suspension were
pipetted eithet‘intb‘tha vesmele f{lluatrated in Fig, 3 or into
the vesselas 1llustrated in Flgs. Q and 5. The voaael &n fig 3 1a
a modified "lollipop" designod to’ allow &ufficient light to jlluminate
a small volume of algae, An additional advantage of the modifled
"lollipop“ s that it allows the rapid killing of the algae by means
of cold (~60°) MeOli poured inte the extra volume, Illumination wag
provided by reflector spotlighta, whichygava a light intensity of
about 7,000 foot candlea bn,eitherléide of the VQaael,IBxcéasive
heat was avoided by the use of infrared, wafar-aooied filteré
placed betweén the reflector spotlights and fha photqsynthasia
vesael (Fig. 6). |

The algae were prailluminataed for 30 min in the ligh§, while

a continuous stream of 1.5% €0, in air (v/v) vas bubblad through

_the algae suspension ("pre~adaptatlon" period), then swept with

nitrogen gas for 1 min, Afterwards a aolution of lqc*labaled

bicarbonate waz added and the wmixture was allowed to stand for ) to 5§ smec,
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EXTRA VOLUME FOR
ALGAE SUSPENSION
(CYLINDRICAL)

!

TO DRAIN

ALGAE SUSPENSION
(5 mm THICK)

A

— WATER JACKET
(CYLINDRICAL)

COOLING WATER

MU-13695

Fig. 3. Modified 'lollipop' for short time photosynthesis
experiments with algae.
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ZN-1867

Fig. 4. Illumination vessel for exposing algal suspensions

to H14COS under several conditions.
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i

ZN -1868

Fig. 5. Apparatus for exposing algal suspensions to

H14CO§ under several conditions.
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ZN-952

Fig. 6. Apparatus for exposing leaf to 14COZ.
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The alpae were killed by Injection of a sufficlent amount of cold
MaOH (~60°) to plve a final solution of 80% in MeOH, During the time

of photosynthesis with Hlu

005 the cell suspension was stirred by
bubbling nitrogen gas through it, The killed algae were either

extracted or reacted first with dlazomethane and then extracted.

\

The vessels in Fig, 4 and the apparatus in Fig. § are designedd?

to provide for a simultaneous photosynthesis experiment with a number
of samplea under conditions which are identical save for one systemati~
cally varied factor.,

The vessels were constructed from glass tubing of about
3,5 em internal diameter and 7 cm long, to which a flat glass disc
was rigidly attached to form a bottom. A removable lid was
provided with an outlet and inlet tubej the latter reaches naarly
to the bottom of the vessel,

The apparatus shown in Fig., 5 consisted of a rectangulapr glass
water bath, fitted with inlet and outlet tubes to permit a conatant
stream of cooling water to éass through it, so that the temp could
be kept constant during the time of the experiment. The rectangular
glass water bath was arranged over a bank of elpht 6~watt
fluorescent lights. At the top of the water bath two rails were
fitted, along which ran a small carriage consisting essentially
of four wheels fixed to a plate having six holes punched in it,

Six of the glass incubatlon vessels were suspended from this plate
so that the bottoms of the vessels nearly reached the bottom of the
water bath, The vessels were prevented from falling through the

plate by three glasa "ears" on each veasel arranged near its top.
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The whole carriage was made to run back and forth along 1ts ralls
by means of a connecting rod attached to an seccentric on the drive
shaft of a stirrer motor, The carriage oscillated about 3 cm at
approximately 250 cyc/min, The light intensity at the bottom of the
glass was about 2000 foot candles, Whilae i{llumination to each
vessel was fairly constant, there was some variation between different
positions on the shaker. For thia reason the samples were supplied
with radiocactive bicarbonate one at a time in a serial manner, each
flask being moved to one particular position on the shaker for the
period of incubation with labeled bicarbonate.

During the "prae-adaptation" period before the experiment, in
which the cells were allowed to come to a steady metabolic rate, the
cell suspension (1.5 ml of 4% algal suspension) was shaken in the
light for 30 min, while air containing 1.5% (v/v) CO, was blown
over the surface of the cell suspension., The gas mixture was
pre-wetted by bubbling through water to minimize evaporation from the
cell suspension and to serve as a conirol measure fopr the rate of
aeration, After the "pre-adaptation” period, the algal suspension
was swept with a stream of nitrogen for 1 min, and then a solution

l“c~labeled bicarbonate was added. The algae were allowed to

of
incubate for 1 to 5 sec, baefore belny killed by adding 4 ml cold
(~70°) MeOH, The shaker was kept in motion while both additiona
were made to ensure rapld mixinp. The killed alpae were either
extractad or reacted flrst with diazomethane and then extracted,

In the case when low temp chromatography was used for the separation

of the radioactive compounds formed in the short time of the
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incubatlion of the algae with H1“CO§, the alpae were killed by
pouring the algal suspension into a flask containing liquid nitrogen,

Photosynthesls Experiments with Leaves of Bean Plant

A singla exclsed leaf from a "horse bean" plant, about
750 mg/leaf, was used in aach experiment, The apparatus used ias
shown in Fig. 61, The leaf was placed in the circular flat
Illumination chamber with a detachable face, with the stem of the
leaf immersed In water, The chamber was equipped with two tubes,
the one at the top leading through a two-way stopcock to a loop
containing 1%C0, and to a tank containing 1,5% 0, in air.
Illumination was provided by reflector spotlights, which gave a
light intensity of about 7,000 foot candles on either side of the
leaf, Lxcessive heat was avolded by the use of infrared, water-
cooled filters placed betwaen the roflector spotlights and the
illumination chamber, The leaf was {illuminated for 8 min, while a
continuous stream of 1.5% CO, in air (v/v) was passed through the
illumination chamber. Then the 1uCO2 was gwept into the chamber
by the COg-air mixture., The leaves were exposed to 1“002 for 1 to
5 sec, and then plunged into liquid nitrogen,

Carboxydismutase Assay

There were two staps in the carboxydlsmutase assay)
1) the preliminary incubation (preincubation) step and 2) the
incubation step7. The constituents of the incubation mixture werei
Enzyme solutionj MgCl, (0,2 M); lYC-labeled biecarbonate, and RuDP,

In some cases 1 M tris-buffepr, pH 8.3 was added, In the preincubation



25
step all but one or two of the components of the assay system were
mixed and allowed to stand either at 0° or 25° C for a predetermined
time, At the end of this period the rast of the component(s) was
added (the incubation step) and tha complete system was incubated
for a fixed time at 25% C. (In some cases where two components were
preincubated with the enzyme, the flrst component was allowed to be
In contact with the enzyme for a time "a", followed by preliminary
{ncubation with.the second component for a time "b", The first
component would then be preincubatdd with the enzyme for a total
time (a + b),) The reaction was stoppad elther by adding cold
(-60° C) MaOH to give a final volume of 80% in MeOfi, or by adding
acetic acid, or liquid ammonia,

Carboxylation of Enzyme

sach reaation mixture contained trias-buffer (pH 8.3),enzyme
solution, Mg012 and l%C-blcarbonate, Thpre were two steps in
the reaction of carboxylation of the enzyme, In the first step
all the components but bilcarbonate were wmixed and allowed to
stand at 0° C for a predetermined time, At the end of thls
period the Hl“C0§ was added and the complets system stayed for
a fixed time at 0° C (or at another fixed temp), Afterwards, the
COyp~ enzyme complex was separated by anlon exchange column
chromatography,

Reaction of Alpae, Leaves or Products of Enzyme Assay with CHgN,

a) Treatment of Killed alpae with diazomethanei The cold,

80% MeOH suspension of the killed algae waa divided into two equal

portions, The one of them was evaporated under raduced pressure
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almost to dryness at a bath temp of -10°'C. To the residue a cold
ethereal solution of diazomethane was added until the yellow color
persisted, and the reaction was allowed to proceed for 2u hr at
0° C, and 2 hr at room temp (23° C)., The ethereal solution was
separated from the residue and it was concentrated at room temp
to a small volume, An aliquot was put on chromatograms for
chromatographic analysis of the radioactive compounds., The residue
was extracted first with pure MeOH, then with a solution of
80% MeOH, again with a solution of 20% MeOH and finally with water at
60 to 70° C, for 30 min each time. The extracts were pooled and the,
residue discarded, The extracts were concentr&ted to a small volume
in vacuo below 30° C, and the radioactive compounds were.separated
by paper chromatography.

To the second portion of the killed alpae suspension which
served as a control, 1 ml of 10% acetic acid solution was added and
the mixture was evaporated almost to dryness 32.32222 at bath
temp of 402, The rest of the procedure was the same as above,

b) Treatment of leaves with diazomethane: The leaves that were

killed by liquid N, after having bean exposed to labeled CO, for

1 to 5 sec, were carefully ground in a ceramic mortar under liquid
nitrogen and the powder thus obtained was divided into two equal
portions, To one of them was added 2 ml of cold (-40°) MeOH,

followed by 15 ml of an ethereal solution of diazomethane. To the other,
which served as a control, 4 ml of 10% acetic acid in MeOH were

added, and the mixture was left at 50° C for 10 min. Afterwards, the
mixture was evaporated to dryness 12_22352 at a bath temp of 40° C,

To the residue was added 2 ml of MeOH, followed by 15 ml of an
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ethereal solution of diazomethane., Both samples were left at 0°
for 24 hr and at room temp for 2 hr. The samples were centrifuged
and the ethereal solutions were separated from the residues, The
residues were extracted first with pure MeOH, then with a soln
of 80% MeOH, again with a soln of 20% MeOH and finally with water,
at 60 to 70° C for 30 min each time, The sthereal soln and the
extracts of each sample were pooled and concentrat&d to a small
volume 12_32523 at room temp. The radiocactive compounds of each
sample were saeparated by paper chromatography.

c) Treatment of the enzyme assay system with diazomethanej

The enzyme syspension, after incubation-with 14c.1abeled bicarbonate
in the presence of MgCl, and Rqu for 1 to 10 min, and inactivation
with cold (~60°) MaOH,.was divided intojtwo equal portions. To one
of them 15 ml of an ethereal soln of diazomethane was added and the
mixture left at 0° C for 24 hr and at room temp for 2 hr. The
residue was separated from the ethereal soln and extracted first
with a soln of B0% MeOH, then with a soln of QO% MeOH and

finally with water at 60° to 70° for 30 min each time, The

extracts and the ethereal soln were pooled and concentrated to

a small volume in vacuo at room temp. The other portion, which
seprved as a control, was centrifuged and the residue extracted

with a soln of 80% MeOH, then with a soln of 20% MeOH and finally
with water at 60 to 70° for 30 min each time, The extracts and

the supernatant were pooled and the residue discarded. To the
extracts 1 ml of a 10% acetic acid soln was added and the mixture was
concentrated to a small volume in vacuo at 40°, To the concentrated
extracts 15 ml of an ethereal soln of diazomethane was added.

The mixture was left at 0° C for 24 hr and at room temp for 2 hr,



28

and then it was concentrated to a small volume at room temp. The
radioactive  components of both samples were separated by paper
chromatography.

Separation of the Radioactive Products by Loy Temp Paper Chromatography

In the case when low temp paper chromatography was used for the
separation of the radiocactive compounds which were formed after a
short time photosyntheais in the presence of l“C-ca.ufbor'l dioxide,
the algae or leaves were first killed by liquid nitrogen, and then
they were carefully ground in a ceramic mortar under liquid nitrogen.
The powder thus obtained was divided into two portions. To one
of them was added 8 ml of liquid ammonia and after 10 min the
residue was separated from the supernatant liquid. A part of the
residue was evenly applied on the origin of a chromatographie
paper, and the chromatogram was run in the low temp box, using
non-freezing solvents. The supernatant liquid was concentrated to
approximately 1 ml, and the radiocactive components were separated
by low temp paper chromatography. During this procedurs the temp
did not rise above -30° C, ‘The chromatographic paper wéu kept in
the cold chromatographic box for 2 hr before it wag used, The
temp during the development of the chiomatogram was -35 to -30° C,
The solvents were run for fourteen to sixteen hr. This procedure
is approximately the same with the one deécribed by Domanl*,

The same procedure was also followed for the other portion,
which served as control, except that the powderad algae or leaves
were heated to 759 C for 1 hr and then cooled to ~30° C

before the addition of liquid ammonia,
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Low temp chromatography was slsc used for the separation of
the radioactive products of the carboxydismutase assay system.,
Enzyme soln, MgCl, and 1%c.bicarbonate were mdded into twe
centrifuge tubes, and after 5 min pmim.;.ub&tion at 09 C RuDP
was addeds The concentration of enzyme, MgCl,, bicarbonats
: andVRuDP was the same in both tubes., After $ min incubation, the
reaction mixture of one of the tubes was immersed into liquid
ammonia (4 ml), and the radioactive components were separated by
low Yemp (~30%) paper chromatography. To the mixture of the othep
tube, which served as a control, twe drops of acetlc scld were
added, and the mixture wae uliOWad to stand at 60% { fopr
30 min, Afterw&rds, the mixture was cooled te 0° C and then 4% ml
liquid ammonia were added. The radioactive components were glso

separated by low temp (-~30°) paper chromatography.
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III. RESULTS AND DISCUSSION
- Search for the Unstable Beta-keto Acid,

As stated in the introduction section of the first part of
this thesis, one of the objectives of this research was to search for
the unatable beta-keto acid, postulated by Calvin as an intermediate
in the carboxyiatibn reaction of RuDP. Beta~keto acids are generally
unstable compounds, and the bata-keto acid formed from RuDP
and COo, with two phosphopic.groupa present, is expected to be
even more unstable, Therefora, special methods are needed fop its
detection,

Many attempts were made to demonstrate the existence of this

unstable compound in algae (Chlorelila pyrenoidosa), in leaves of

"horse bean" plant, and in the isolated eﬁsymo systen (carhoxy~
dismutase), Algae had the disadvantage that it was accompanied by
a large amount of free 1“c-b1carbonato'which.intavfarred with the
separation of the small amount of.radioactiva products formed aftepr
a short time photosynthasis., The use of the lsolated enzyme system
had the advantage that even with a crude extract of the spinach
chloroplasts the only stable radioactive product fornmed after 3
short time of incubation (1 to 15 ﬁin) was PGA, This made it
easier to look for and distinguish any other radioactivity present.
In each experiment the killed material was divided into two equal
portions, the one serving as a control was treated less carefully,
Conditiona for the photosynthetlc experiment and incubation varied,
For example, in one case a high concentration of %c.picarbonate
in the algae suspension and a very short time of exposure were

applied. In another case use of high concentration of enzyme
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(2 to 3 mg) was made., In the last case the enzyme was preincubated
with nl%co3 at 0° C for a long time (2 to 3 hr) and then incubated
with RuDP at 25° C for a short time (1 to 2 min). It was hoped
that in each case the amount of the keto acid intermediate would
increase., Two analytical methods were used in this searchs
1) Treatment of the material at low temp, and separation of the
radioactive products present by low temp paper chromatography.
The material was also treated with liquid ammonia beforae the run
of the chromatogram, so that the more stable salts of unstable
aclds should be.formed‘ It was hoped that under thesa conditiona
the rate of dissociation of any unstable compound present would
be very slow and would make its detection easier, 2) Treatment of
the material killed with cold (~60°) MeOH with an ethereal solution
of diazomethane, so that the stable methyl esters of unstable acids
should be formed, and separation of the radiocactive products by
paper chromatography,

Despite a great number of experiments and the mild ‘conditions
used, no evidence was produced for the existence of the poatulated
beta-keto acid intermediate, Either the amount of this acid is too
small to ba detected even with tracer techniques, or the acid is
not present as a free acld but as a complex combined with the
enzyme, the complex being hydrolyzed to glve PGA and free enzyme,
Another possibility is that the beta~keto acid does not exist at
all, i.e. the formation of.PGA from RuDP, CO, and Hy0 proceeds
through another mechanism,

It was mentioned earlier that Doman and Shkolnik!* obsepved

a small amount of radiocactivity at the baginning of the diphosphate
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area on a chromatogram of geranium leaves which was run at low
temp. The leaves were previously treated with liquid ammonia under
mild conditions, Tbis radiocactivity was not present if the material
was treated less carefully. They were not able to reproduce this
experiment with other plants, except with geranium and to a lesser
extent with beans. As far as Is known this compound has not yet been
identified. We were not able te reproduce the above experiment
with algae, "horse bean" leaves or the isolated enzyme from spinach
chloroplasts, ﬁefore making any speculations on the above experiment,
the radioactive compound has to be identified, or at least some of
its properties and its relation with the carbon reduction gycle
of photosynthesls be studied,

It 18 interesting to note that when algae or leaves were
treated at low temp, and low temp paper chromatography was used for
the separation of the radioactive compounds, a difference in the
relative radioactivity of the stable éompounds was observed,
compared to radloactive compounds of the control system., That was
probably due to the difference in the equilibrium of the reactions at
different temps.

In the experliments with dlazomethane, algae was used Initially
as the photosynthetic material, and later the 1solated enzyme system
was chosen as being more convenient, Some experiments with leaves of
"horse bean" were also conducted, In the first experiments with diazo-
methane and algae it was observea that a preat number of radiocactive

14a

compounds were formed when algas was exposed to -bicarbonate

for 1 to 5 sec and then treated wlith diazomethane, The total stable
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radioactivity was many times higher than in the control sample. This
is shown in 'Figs.7 and 8. The amount of radioactivity which was
stabilized with diazomethane depended on the concentration of
bicaronbate present in the algae suspension, as is shown by comparing
Figs, 9 and 10 with Fig, 7. Fig. 11 is a radioaufograph 6f the
chromatogram of the céntrol sample of the experiment described in
the legend to Fig. 9.

In order to show if the unstable complexes formed from bicarbonate
and algae were related to the carbeon peduction cyecle of photosynthesis,
a number of exper;ments wera done with dead algae, In these experiments
an algal suspension was prellluminated for 30 min with,1,5% COg,
swept 1 min with N, gas and then killed with hot or cold MeOH. After
30 min l¥C-bicarbonate was added and the mixture wag concentrated
at low temp before the addition of diazomethane, as described
in the experimental section, Figs. 12 and 13 are radlogusographs
of two chromatograms (extract of the residue, and ethereal supsrnatant)
showing the results of one of these eﬁperiments. A great numbepr of
radiocactive compounds are present on both chromdtograms, Needless
to say, no radioactivity was found on the chromatogram of the control
of the above experiment with dead algae., This showed that unstable radio-
active compounds stabllized with diazomethane were not related to
the carbon reduction cycle of photosynthesis, but were carbon dioxide
addition products. These are usually present in a solution of
the precursors of the above products and bicarbeonate,

Anines, amino acids, peptones, proteins etc, are typlcal compounds

which form addition products with carbon dioxide of the carbamate
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Fig. 7. Radioautograph of the chromatogram of the
extracts of algae which had been treated with
diazomethane. Experimental conditions: 2 ml
of 4% algal suspension were preilluminated 30 min
with CO,, swept 1 min with N,, 3.5 sec PS with
0.4 ml HI4CO:z solution (2 mciml, 0.20 M), killed
with 8 ml cold {-60°) MeOH, conc. at -100. Addition
of CHZNZ' Extraction of residue with a soln of 80%
MeOH, again with a soln of 20% MeOH and finally with
H,O at 65°C. Conc. of extracts and supernatant to a
small volume.
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Fig. 8. Radioautograph of a chromatogram of algae extract
after 3.5 sec PS. Control of experiment in Fig. 7.
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ZN-3179

Radioautograph of the chromatogram of the extracts
of algae which had been treated with diazomethane.
Experimental conditions: 2 ml of 4% algal suspension
were preilluminated 30 min with CO,, swept 1 min
with N,, 5 sec PS with 0.25 ml H'4 TO3 soln (2 mc/ml,
0.06 M), killed with 8 ml cold (-60°) MeOH, conc. at
-109, Addition of CHZN , separation of supernatant.
Extraction of residue mgh 80% MeOH, 20% MeOH, water,
at 659, Conc. of extracts to a small volume.

R



v -37-

ZN-3178

Fig. 10. Radioautograph of the chromatogram of the supernatant
of experiment in Fig. 9.
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Fig. 11. Radioautograph of a chromatogram of algae extract
after 5 sec PS. Control of experiment in Fig. 9.
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Fig. 12. Radioautograph of a chromatogram of extracts
of dead algae, after being treated with Hl4co;
and CH,N,. Experimental conditions: 2 ml o
4% algal suspension were preilluminated 30 min
with CO,, swept 1 min with N,, killed with 8 ml
MeOH. After 30 min conc. to initial volume and
0.5 ml H!4CO3 soln (2 mc/ml, 0.06 M) were added,
conc. at -10°.” Addition of CH,N,, separation of
supernatant. Extraction of residue with 80% MeOH,
20% MeOH and water at 65°C., Conc. of extracts
to a small volume.
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Fig. 13. Radioautograph of the chromatogram of the
supernatant of experiment in Fig. 12,
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31'32. Experiments with a soln of crystaY¥line bovine albumin or

form
with solns of sevem different amino acidsi confirmed the formation
of carbon dioxide addition products. These products were stabilized
with diazomethane and separated by paper chromatography., The

amino acids used were: D,L-aspartic acid, L-asparagine, Leglutamic
acid, pglycine, L-cystine, Dyli-leusine and D,L-proline, In the
amino acids or protein solns luc—bicarbonate was added and the
mixture was treated with an ethereal soln of diazomethane, After
concaentration the radicactive products were separated by paper
chromatography, Two radloactive spots were observed on many of

the chromatograms of the amino acids, probably due to the mecno-
and dimethyl esters of the carbamates, Radloactive spots were also
observed on the chromatogram of the protein which was partlally
hydrolyzed with HCl.

Thia carbamination reaction is of particular importance for
the transport of carbon dioxide by the blood33s3% byt it is not
known whether it is of great iwportance in photosyntheszis as
suggested by Siegfriedas. Probably the formation of carbon dioxide
addition products In algae or other plants helps la the Increase of
carbon dioxide concentration and consequently in an increase
in the rate of photosynthesis,

It is of interest to note that one of the radioactive spots
on the chromatogram of the ethércal supernatant of the algae
treated with diazomethane (Figs, 10 and 13) was green, and a
colncidence of the radioactivity and color was observed, which
may be due to a carbon dioxide addition to chlorophyll compound,

It is known that an affinity of chlorophyll for carbon dioxide
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existsal, but the question of the observed green radiocactive
compound being a COy-chlorophyll complex requires further
experimentation,

The isolated enzyme system was used more extensively in the
search for the unstable keto acid, using diazomethane as a
sfabilizing reagent. These experiments also failed to produce
any evidence for the existence of the keto acid intermediate.
There were many radicactive spots on the chromatogram of the
extracts of the enzyme system which had been tpreated with
diazomethane, as is shown in Fig. 14, E*actly the same radio-
active compoundé waere obtained with the enzyme system which was
inactivated with cold (-60°) or hot (65° C) MeOH and treated with
diazomethane, or with PGA eluted from paper and treated with
diazomethane, This means that the different radioactive compounds
are derivatives of PGA, formed by the action of diazomethane on it,
Fig, 15 is a radloautograph of a chromatogram of the control of
the experiments with the isolated enzyme system,

Search for a COya~enzyme Complex

The carboxydismutase system is a complicated one
because of the fact that thers are present two substrates
(CO, and RuDP) and one cofactor (Mg**). An analysis of the
carboxylation reaction of RuDP presents many difficulties, In any
enzymically catalyzed reaction two steps have to be taken into
account, the activation and the reaction step, The activation
of the enzyme involves, in its simplest form, the formation of
the enzyme-substrate complex, whereas in the more complicated
systems, the sequence of combination of the various constituents

of the enzyme system is involved,
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Fig. 14. Radioautograph of the chromatogram of the

extracts of the isolated enzyme system after

being treated with diazomethane. Experimental

conditions: enzyme (carboxydismutase), 2 mg;

MgCl,, 4 uM; NaH14CO3, 10 uM (2 mc/ml, 0.06M);

RuDPZ, 0.8 uM; final volume, 400 ul. Preincubation
of the enzyme with Mgtt and H14CO3z at 00 for 1 hr;
the H14CO; was added 5 min after the addition of Mg++.
Incubation with RuDP at 25° for 22 sec. Addition of cold
MeOH (1.6 ml, -60°),then 5 ml of an ethereal soln of
CH,N,. Extraction of the residue (protein ppt) with 80%
MeZ)HZ, 20% MeOH and water at 65°, Conc. of extracts
and supernatant to a small volume.
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ZN-3173

Fig. 15. Radioautograph of the chromatogré.m of the extracts of
: the enzyme system after 5 min incubation at 25°. Experi-
mental conditions: enzyme, 2 mg; MgCl,, 4 uM;

NaH!#CO,, 10 uM (2 mc/ml, 0.06 M); RuDP, 0.8 uM;
final volume, 400 ul. Preincubation at 0° for 1 hr.
Incubation at 25° for 5 min. Addition of 1.6 ml MeOH.
Extraction of the residue (protein ppt) with 80% MeOH,
20% MeOH, and water at 65°. Conc. of extracts to a
small volume.
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A tertiary enzyme system containing a metal ion tofactor, M,
a substrate, S, and an enzyme, E, may have at least two different

sequences of combination’s

Mechanism I | Mechanism II
DE+ M =M 1) M4 See—=————— NS
2) FM + S s=————x> EMS ' 2) MS 4 E —————> EMS
3) EMS > EM + P ©3) ENS ——E+P4+H

where P, EM and EMS are product; enzyme-metal fon complex and
enzyma-metal ion-substrate complex, raespectively. The mathematical

treatment of these two sequences gives the same resultss namelys”+36,37,38

v oE K (Bl (1 # K /(S) ¢ K/l (M) () )
where v 13 the velocity of the reactiong k 1s the specific rate
constant of the decomposition of EMS into EM or E and Py Kn 1s the
Michaelis constant; Kye,m is the association constant for the formation
of either IM or M5y (E),, (M) and (S).are the concentrations of
enzyme, métal ion, and substrate, respectively,
| There is also a third mechanism for the formation of the

enzyme-substrate~metal ion complex. This can be written as followsi

E + S&=—= ES} ES + M === EMG; EMS o———3E + P + M
Qhere TS is the énzyme~substrate complex and the rest are the same
as above,

Analysis of the kinetle data or the measurement of the rate of
the reaction in both the forward.aud reverse directions so that
the value of Kx’m would be obtained kinetically, have baen applied
for the étudy of many enzyme systems,

Pon7, in his study of fhe carboxydismutase system, used another

approach for the study of the mechanism of the activation of the enzyma.
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He observed a time effect in the activatiﬁn of the enzyme
(preincubation effect); and the time required fﬁr-thq activation
‘could be exteqded'ovev a measureable time 1nterval‘5y lowgring
the preincubation temperatﬁre. HeApevforméd a series of ogperimentsA
in which carboxydiamutaﬂe.was'preinéubated with Mg*t, RuDP, and

Hlu

C03, in various sequences and combinationé at 0° C and‘fdr-dlffirent'
intervals of time, and then incubated for S'miﬁ ét 25° C, Thé results
are shown in Table I and'Fig. 18, If'cén be seen dléarly thdt'the
enzyme is more active when 1£_1s praiﬁeubatad_wifh either matal ion
or bicarbonate first than ﬁhen it is ﬁreiﬁcubated wltﬁ RuDP:first
(fabie 1), Moredvef; in the presence of metal iongﬂthe gdtiVity of
the enzyme {ncreasea with increasing time of'preincubatioh with |
biéafbonate, whereas‘thé activity decreases with inéreﬁs;ng time
of preincubatig§h$ity'RuDP (see Fig, 16), | |

As was mentioned in the introduction section of this thesis,
Pon’ suggested two interpretations of this phanomanon; one of
whiéh is that the anzyme combines first with tﬁe metal aﬁd bicarbdnaté
and then reacts witﬁ RuDP., A proof of tﬁa above interpretation
would be the 1solation of a "c02ﬁoanzyme"_ccﬁp;ex which would
s;bsequently react with RuDP, Two approaches were used for the
 study of this problem: first, inactivation of the enzyme with
MeOH after being preincubated with Mgt and Hlucog,fol;owad by
addition of RuDP to the mixturej and second, the isointion of a
luco2«aeniyme complex using anion exchange column, gimilar to thaf
used by Ochoa 25.52,19 for the separation of the C02a.enzyme_éomplex

of the propionyl CoA carboxylase, and subsequently reaction wiﬁh

RuDP £o form PGA,



[

E+M—>EM

"E+Sp;—>E
2 SZ\ESZM 31, poa

15' 2nd

~ >

Preincubation

-47-

Table I..

Total Total
counts/min counts/min
S, S,
EMS, —2> PGA 24,000 /E. MSE —2» PGA 23,000
S, M+S) —> M51 \Q‘ .

32, EMS, —L>PGA 13,000 MS182—> PGA . 11,000
M, ESM —2> PGA 24,000 MSZE —=s PGA - 10,000
S2 M+ 32 — MS; Sy 3

TSeess, M pea 13,000 — MSpSy—>PGA . 12,000

Mo o
E£S,S, —4+ PGA 9,400 E » 556~ pGa . 11,000
/‘—v 251 ) S1+Sz——->31$zi: £ .
10,000 $SpM—=—> PGA . 11,000
gst < ond
Incubation Preincubation Incubation
{each 10 min, 0°C) (5 min, 25°C) (each 10 min, 0°C) (S min, 25°C)
E: Carboxydismutase Sy: NoHC'4O3 ' 525 Ribﬁlose;l,S‘Ldikphosphote
M: Mgt PGA: 3-Phosphoglyceric Acid-1-C'4
MU - 16949
The Preincubation of Carboxydismutase with
Substractes (S Pon

(7), p. 159)

1‘!

SZ-) and cofactor (M). (From N. G.



Toral Counts /Min (Thousands)
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®—® Enzyme plus Mgtt (0.01 M)
- preincubated with HC'403" (0.0067 M)

©—O0O Enzyme plus Mg*? preincubated with
RuDP

© Enzyme preincubated with HC'405

® Enzyme  preincubated with RuDP

All incubations at 25°C, S min.
. . - -

) q 1 L —
205 10 20 30

Preincubation Time (Min)
MU-16943

Fig. 16. The preincubation of carboxydismutase with
“substrates at 0°, (From N.G. Pon (7), p. 160).
Preincubation conditions: temp, 0° C. Enzyme
plus Mgtt case: enzyme preincubated 1 min at
room temp with MgCl, and tris, then preincubated
with one of the substrates; reaction started by
addition of the second substrate. Enzyme case:
enzyme preincubated with one substrate shown
above; reaction started by addition of the other
substrate plus MgClz. Incubation conditions:
5 min. at 25°C,
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The results of the first method}used,arq,shownvin T&bl@ 127 It can
. be seen élearly that . some‘PéA is formed whan the egiﬁménis bbeincubated
with Mgtt and H1“c03 firat, then inactivated Qith MeOH, and afterwards
incubated with RuDP;, No PGA 15 present when the enzyme is preincubated
with Mgttt or with Mg"’+ and RuDP first and the Hl“CO 15 added aftev the
inactivatlon of the enzyme (Table,II)a - |

| One intebﬁgatation‘of'tﬁis phenomeﬁoniialfhat thelenzyme comblnea
with bicarbonate and‘Mg** to férm a comﬁlex which is‘siaSie at low
temps even in the presence of 80% MeOH, and which can react with RuDP"
to form PGA. Once the CO, has been transferrad from the complax to the
RuDP, the free enzyme molecule is not- capable of combining with another
vmolecule of COQ and the reaction stops, '

Another interpretation is that the presence ‘of bicarbonate
increases the resistance of the anzyme againgt MeOH gnd thalreaction
goes on for a short time until all th; molecules of the eﬁzyméfpvba@ht
in the solution are inactivated. | - . .

© . The reéult of the BQé experiment does npt favor the second
interpretation. (See Table II.) After the preincubation of‘tha enzyme
with MgH and biecarbonate, anq addit;on of MeOH, fha'mixtufa was
-centrifuged aﬁd the supernétant'wa% discardedr The residue ﬁas "
resuspended in tris buffer and then 1“C~bicarbonate and RuDP were
added. There is an increasec in the amount. of radioactivity fixed compared
with the results of the other experiments’ (B~a and B—b). However,
this cannot be explained by assuming that some of the enzyme moleculéa
vere still active after separation from the MaOH soln, because in that

case one should expect even higher radicactivity than was observed.



Table II, Preincubation of Carboxydismutase with Substrates and

Cofactor and Inactivation of the Enzyme'with MeOH

Before Incubation,

50

total

dpm/mg protein

20,000

35,500

36,000

wRnme
© 28,000
600

52,000

MeOH S
Av (a) E + M + 5, > EMS, > EM5; + MeOH > PGA
(-40°) : |
MeOH S2
(b) E + ¥ + 54 »EMS, > EMS; + MeOH > PGA
. (-40°) ' ,
L _ © MeOH R Sy _ -
(c) E + M +5;- »EMS, - . —;EMSl + MeOH » PGA
g T (en00) o
L o MeOH : 8, -
(d) E + M+ 5, —>EMSy — ~>EMS, + MeOH —> PGA
. ' (=40°) : o
_ MaOH L By ¢85,
(e) E+ M »EM »>EM 4 MeOH" ——» PGA
. (,uoo) . S -
- _ .. MeOH S 8, A
Bt (a) E +M + 8- »EMSy »yEMS, + MeOH -» PGA
N -
. MeOH ‘ 8y -
(b) E+ M +5, -——-—9EM82-———;—>BM_52 + MeOH : > PGA
: (-400° ~ : :
o - MeOH _ t(tris + 8; ¢ 5,).
(c) E+M 45y >EMS » ENS; + MeOH - > PGA
(~u00°) - guprn
1st 1. 2nd .. 3rd .
Preincubation “1 "Inactivation “1" Incubation -
E: Carboxydismutase, S.: NaHl“CO Sot Ribuloge~1,5~-diphogphate,

My ngtt,

1

3

PGA? 3~Phosphoglyceric acid-1-1%c

Experimental Conditions: At Each reaction mixture contained (umoles)i’

Enzyme, 3.4 mg (dry welght)y Mgtt, s; u

RuDP, 0,83 MeOH, to make a final conc., 80% in MeOH, Final:volume of the

preincubation mixture, 0.2 ml, Preincubation (1st) 2 min at room temp,

Inactivation with cold MeOH (-40°) stayed 30 min at -10° (2nd). Incubation at room temp

aﬂlucoa, 4 (specific activity 31 uC/uM)j

for 1 hr (a), or 2 hr (b, 4 and e) or 16 hr (e), Extraction of the residue

L 4

-
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* Bi Tach reaction mixture contained (umoles)t Mg'¥, 5§ NaH
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Table II (cont.). L .
(protein ppts with 80% MeOH, 20% MeOH, watap at_60°, for 30 min
each time, Separation of the‘PGA_forméd by paper chmomatography,
Yooy, 9
(21 uC/uM)y RubdP, 0,83 enzyme, 3.6 mg (dry walght); MeOH, to make
a final conc. of 80% in MeOH, Final volume of‘thé preincubation
mixture 0,25 ml, Preiﬁcgbation ét 6° c fob.lo min (b) and fér 2 hr
(a and c¢).. Inactivation 10 min at 0°, Incubatibn 15 hr at room tempi
The acld stable radioactivity was counted on plancheta with a
G-¥ counter tube. In the experiment B—c the inactivatad mixture vag
centrifuged, supernatant discarded and in the raaidue 200 uM of tris

buffer, pH 8.1, S; (3 uM) and S, were added, Final voluma 1 ml,

Incubation 18 hr at room temp.



52

Using a Dowex 1-C1 (X 8, 200 to 400 mesh) anion exchange column
we were able to éeparéte a 1“C02A:enzYma complak from a reaction
mixture céntaining enzyme; Mgtt, nl“cog and triﬁshﬁffar (pH 8.3),
. which subsequently reacted with RubP and fopmad l“cePGA._P;eliminéry
éxberimenta showed that the above'coluﬁn retained hilvthe radipadtivity
frém.a reaction mixture containing all tha cbmbonents'of:thd-
cafbo#ylation éysteﬁ ekéept the.enzyme. and in fhevaama concentraflon
as the complété system, The.carboxyiation Qf'the'enzyme”was cﬁrried
out és described in the exéeriﬁénfai section énd 1n the legends.
to the tables and figures (Tables III, IV aﬁd Vi Figs, 18, 19,
21, 22), The isélatiop of the 1“002«feﬁzyma complex from the
reaction mixture by passage through a Dowex. 1 anion exchange column ,
- {g described in the experimental section., Tris buffer'(bﬂ 8,3)
was used in the carboxylation system because, as was obaer#éd by
Pon’ (see Fig. 17), the activity of carboxydismutase depnnds on
the pH, and there is a maximum of its activlity around pH 8,

N The 1“C02noanzyme complex in relatively stable at 0° C,
and upon incubation of the complex with kQDP at room temp forl
10 or more min, approximatelyoall radioaﬁttﬁ&tyﬁwas found in the.
PGA formed, In some experiments the luC0é~aenzyme complex was 
incubated with RQDP and a large amount of non-labeled bicarbonate
~at room femp for 5 to 10 min. In this éésé approximately 35%
of the radioactivity was found as acid-stable, i,s, in PGA,
The acld-stable radioactivity vas dfopped in the latter case because
two competing reactions were taking place in the incubation mixture,
the carboxylation of RuDP, and the exchange of 1“c02 in the

complex with 12002 from the soln,
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Table III. Carboxylation of Carboxydismutase (Carboxylation by Mg*® ¢

14pn=
H Coa).

Enzyme + Mgtt ¢ nlicow — (Enzyme-Mg**)--l"CO2

System 1 Radioactivity of System 2" Radioactivity of
enzyme, dpm/mg : enzyme, dpm/mg

Complate 352,000 » Complets 460,000

No Mgt? 19,600 | No Mgtt 37,400 -

Experimental conditionss System 1: Each reactipﬁ mixture contained
(umoles)s Mg**, 54 fris.buffar (pH 8,3) 1503 NaHl“003 (specific
activity 21 uC/uM), 12} enzyme, 2 mg (dry weight), Fiﬁal volume

0.5 ml..Prgincubation (wifhout bicarbonate) 5 min at 0°, Incubation

2 hr at 0°, Separatlon of the lucoén:enzyme complex by anion e#change
column at 0°,

Syatem 2 Each reaction mixture contained (umoles): tris buffer

(pH 8,3), 2003 Mg*t, 10; Naul“coa (specific activity 21 uC/uM), 93
enzyme, 2.4 mg (dry welght), Final volume 0.5 ml, Preincubation
(without bicarbonate) 5 min at 0°, Incubation 3 hr at 09, Separation

of the l“co2n'enzyme complex by anfon exchange column at 0°,

A i o e By Nt

¥  The enzyme of syatem 2 is from a different preparation.
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Table IV, Dependence of the Amount of l'4(302»‘ enzyme Formed on Mg**

Concentration.
Concentration of Mg*t Rad{oactivity of
' 14c0,~ enzyma (dpm/mg)

No Mgtt | ‘ } 19,600
1x107% M 32,500
1x 03¢ | 104,000
2% 107§ 148,500
1x10-2 M 352,000
5x 1072 1 425,000
1x107ty 480,000

Expefimenfal conditions: Each reaction.mixture contained (Qmolea)s
tris buffer (pH 8.3), 1503 Mg*?, see table; NaHl“Cas (Bpecific
activity 21 uC/uM), 12; enzyme, 2 mg (dry weight). Final volume

0.5 ml, Preincubatiom {without bicarbonate) % min at 0°, Incubation 2
hr at 0°, Separation of the 1%C0;. enzyme complex by anion exchange

column at 0°,
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Table V, Carboxylation of Carboxydismutase in the Presence of Avidin or ATP.

System 1 ' System 2

Complete systemy enzyme, Avidin, Complete system: enzyma, ATP, Mg”

Mg'*, NaHl%CO,, tris buffer (pH 8.1) | NaHl%cOj, tris buffer (pH 8,1)

Radioactivity of ' :Radioactivity of
14¢0, ~ enzyma, dpm/mg . o I“C02aoénzyms, dpm/mg’
Complete 360,000 . Completa . 430,000
No Avidin 1 130,000 No ATP | 430,000
ﬁo Enzyme - 70,000
Complete + Biotin] 420,000

Experimental conditions: System 11 Each reaction mixtura contained
(umoles)s tris buffer (ph 8.1), 1503 Mg'*, 103 Nail¥co, (specific
activity 21 uC/uM), 12y enzyme (when present), 2 mg} Avidin (when
present) 6 units; biotin (when present), 6 ug. Final volume 0.5 ml,
Defora praincubation the mixture of enzyme, Avidin, tris buffer and
biotin'(or without biotin) stayed 30 min at O“._Préincubdtion 5 min

at 09, Incubation 2 hr 30 min,at'6°. Separation of the l“ccgn—enzyma
complex by anion e#changa column at 0°,

System 2: Each reaction mixture contained (umoles): tris buffer (pH 8.1),
1503 Mg*t, 10; NaHlL’CO3 (specific activity 21 uC/uM), 124 eniyme, 2 ng
(dry weight)j ATP (when present), 0.25 mg. Final volume 0,5 ml,

Preéincubation 5 min at 0°, Incubation 2 hr 30 min at 0%, Separation of

the l“CO2A,enzyme conplex by anion exchange column at 09,
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Fig. 17. The effect of pH on the activity of
carboxydismutase. (From N.G. Pon (7) p. 139.)
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MU-26579

Fig. 18. The dependence of the amount of COZN enzyme
formed on enzyme concentration. Carboxylation of
enzyme: Each reaction mixture contained (umoles):
tris buffer (pH 8.3), 125; MgCl,, 5; NaH!%*CO3
(specific activity 21 uC/uM), 7.5; enzyme, see curve.
Final volume 0.4 ml. Preincubation (without bicarbonate)
1 min at 259, Incubation 10 min at 09, Separation of

the CO,™ enzyme complex by anion exchange column.
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Fig. 19. The dependence of the amount of 14COZ"’ enzyme |

formed on bicarbonate concentration. Carboxylation

of enzyme: Each reaction mixture contained (umoles):

tris buffer (pH 8.3), 125; MgCl,, 5; NaHI4COj3, see

curve (specific activity 21 uC/uM); enzyme (extracted

from chloroplasts of Spinaces oleracea and fractionated
with ammonium sulphate), 2 mg (dry weight). Final volume,
0.5 ml. Preincubation (without bicarbonate) 5 min at 0°.
Incubation 10 min at 0°. The 14CO,~ enzyme complex

was isolated by anion exchange column,
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Fig. 20. The dependence of enzyme activity on
bicarbonate concentration. (From N.G. Pon
(7), p. 135.)
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Fig. 21. Rate of CO,~ enzyme formation. Carboxylation

of enzyme: Each reaction mixture contained (umoles):
tris buffer (pH 8.3), 125; MgCl,, 5; NaH!4co,, 18
(specific activity 21 uC/uM), final concentration of bi-
barbonate 36X10-3 M; enzyme (extracted from chloro-
plasts of Spinacea oleracea and then fractionated with
ammonium sulphate), 2 mg (dry weight). Final volume,
0.5 ml. Preincubation (without bicarbonate), 5 min at 0°,
Incubation time and temp, see curve. The 14CO?_'venzyrne
complex was isolated by anion exchange column.
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of Y*co enzyme formation at 0°. Carboxylation

of enzyme: Each reaction mixture contained (umoles): tris

buffer (
activity

pH 8.0), 36; MgCl,, 7; NaH14CO§, 1.8 (specific 3
bi

21 uC/uM), final ¢concentration o carbonate 3.6X10°

M; enzyme (extracted from chloroplasts of Spinacea oleracea
and fractionated with ammonium sulphate), 2 mg (dry weight).
Final volume, 0.5 ml. Preincubation (without bicarbonate)

5 min at 0°. Incubation time, see curve. Incubation temp 0°.

The
column.

COZ'\/ enzyme complex was isolated by anion exchange
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' Dependence of 1“C02aaenzyme Formed on Mg*t Concentration

It is known’ that Mg*t iona are necéssary for the activation of carboxy-
dismutase, and\furthermore that the activation depends on the concentration
of.Mg** fons. In order to find out whether these Mgtt ions are necessary for
the carboxylation of the enzyme..or for the transcarboxyiation from the-

CO0, ~ enzyme to the RuDP, expeflménté ware parformed in‘fhe presence and

absence of Mg*t, Thé results- are shown in Table III, Thus carboxylation of_

the énzyma is_dependent,onvthe présence of Mgt iéns. The smail‘radioactivity of
the'enzyﬁa incubatéd in thé absence of Wg*? fons may be due to the pbqaencc of

a small amount of metal 19hs {n the enzymae preparation, which were not posaible
to aeﬁarate even after 2u hf of dialysig, and to the formation of carbamino
compounds .

Table IV,show; the dependence of the complex formed on the concentration
of Mg*t ions, There i{s an 1ncre§se in the complex formed as the concentration
of Mg*t iona incfeasém.

Many other metal ions besides Mg** were tested in’the carboxylation of
the enzyme, These are the following: Nitt, untY, Hatt, Pe**, Fettt, cutt, zntt,
Crtt* and Cott, All of these lons were tested at a final concentration of
0,01 M, The carboxylétion systém was preincubated (without bicapbonate) at Q¢
for 5§ min and incﬁbated 2 hr at 0° C, With each metal fon a control experiment
was runj a reaction mixture containing all the components of the carboxylation
system except the enzyme and in the same concentration as in the completer
sysfem, was paassed through the column and the eluate tested for radioactivity.
Hg**, Cu*? and Zu** gave no 1ncbeaag in the radioactivity of the enzyme
compared to the radiocactivity present when the enzyme waa {ncubated in the
absence of any metal lon. All of the other cations except nitt gave a great

increase in the radiocactivity present in the eluate., However, the same amount of
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radloactivity was present in the eluate whether the enzyme
was there or not, Ni**gave the following resulta: complete syaten,
275 000 dpm/mg protein} no enzyme, a total of,75~000pom. I“C-labeled
PGA was formed when the eluate of the experiment with" enzyma‘ Nitt
and ul“coa was 1ncubated with RuDP,

| The hiph radioactivity present in the eluate in the exparimenta
,with MnN Fe***, Fett, Cv * and co*t 10 the prasence or” absence of
enzyme is probably due to the formation of different chelate
COmpounds. The results of the experiments with Nitt are'in agraemeﬁt

7, who found a substantial fixation of

with the results of Pon
'radioactivity when carboxydismutase was incubated with Nt

Hi%co>, RuDP and tris buffer., .

3.
Dependence of l“COQAaenzyﬁa Formed'on Enzyme and Bicarhonats
| Concentrations |
The rate of 1“co2~ anzyme formation follows a l%near dependance
with respect to the enzyme concentration, Fig. 18, which is in agreement
with the results fohnd by Pon7. fon studied the.iate of €0, £ixation
by the carboxydismutase system vs enzyme concentration, |
The effect of blcarbonate concentration ofi the rate_of';"édzm enzyme
formation is shown in Fig, 19, The reaction was carried out at ,
0° C for 10 min, and as the rate of the reaction at that temp was
slow, it may be’considered the initial rate, The rate increased
as the‘cohcentration of bicarbonéte was increased up to 34 x 10-3 M.
At gréatar'concentrations the rate was approximataly'constant. The
value of Michaelis constant for bicarbonate (tha blcarbonate concen-
tration at which the carboxylation of the carboxydlsmutase rate is
one half the maximum raté) is 0.009‘: 0.001.g3 This value compares well
with those quoted by other investigators, viz., 0,01 to 0.02&?'5,

. or greater than 0,000 M7.
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A similar curve was obtained by Pon7'for tﬁe débendencoybf
“the ehzvme activity on bicarbonat§ cohééﬁfréfisn (sece fiﬁ. éo).?Pon
measured the l“002 fixation by the carboxydismutaae system vs .
bicarbonate concentration, |

By using a high concentration of bicarbonate and leaving t£o A
mixture to react for a long time (see Pig. 21). we would oxpact
that all the active sites of tha enzyme would be vlrtually saturated
with carbon dioxide. It was found that 1 mg of enzyme protein |

-3

had bound approximately 11,5 x 107" uyM of bicarbonate. Assuming

that the molecular keight of the enzyme 19 400,000, 1 mg of protein

_confaina about‘2 5 x 10"3

uM which corresponds to 5 moleculaa of 002
‘par molecule of protein. The number la probhbly higher because of
- the fmpurity of the enzyme preparation and the fact that the amount
of complex formed dapenda also omtherconcantnation of Mg“‘ ions.

| Rate of 1%0 a'enzyma Formation | |

Flig. 21 shows the rate of Coztwenzyme formation at 09 C,
4o ¢ and 8° C, The reaction 1s complete ‘after two to three hp
at 0° C and goes‘mﬁch fasteb'aa the‘tamperaturé increases.

Fig. 22'ahows again the rate of the féacfion at 0° c but at
- smaller bicarbonate concentration. |

A time effect on the activity of carboxydismutase was
obgerved by. Pon7, as was mentioned earlier. Pon observad an increase
in the activity of the enzyme when it was preincubated with bicarbonata.
i{in the presence of Me*t at 6° C, The activity of the enzyme.ihcreased
as the time of preincubation increased (Fig. 16). This is {n accord

with our observations on the rate of -complex formation at 0° C,
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Carboxylation of Cavboiydiamutase in the Presence of Avidin or ATP
Expérimenta were performed (carhoxylation of carboxydismutase)'
in the presence of Avidin, or Avidin plus biotin, or ATP, Blotin
iq a cofactor for many carboxylasesl7 39. Avidin 18 an inhibitor for

17,40

biotin dependent enzyme systema « ATP is a-cofactor for ATP~dependent

biotin containing enzymes auch as (1) proplonyl uarboxylase“l'“z,

(2) beta-methylerotonyl carboxylasel?s43, acetyl carboxylases%5s48,
and ATP—depeQdent pyruvic carbéxylase“7¢ With bet#-methylbrdtonyl
carboxylase Lynen et al., prepared a COp~ biotin complex, and Ochoa
complex

at al, isolated a cognoenzyme/of proplonyl CoA carboxylase,
| The results of our experimanta are shown in Table V. There 15-
no decvéése or increase in the amount of complex formed 1n‘the‘
presence of or ahgance of ATP, This is in accord with the
observation that the cavboxydismutasg is ﬁot an ATP-dependent enzyma,
Furthermére, pon’ obéerved an'iﬁhibition 1ntba.enzyme activity
of cavboxydismutése_aystem by ATP, A aimilar inhibition in the
enzyme activity was also oﬁservedlwithvofher phoéphorylated»eatersp
such as thiamine pyrophosphate, 3-phosphoglyceric acid,'threoae-Z,u-
diphosphate, eté. The inhibition of the above ﬁhosphorylated esters
may be due to a phosphate effect, and probably they tnhibit'the
transcarboxylation of RuDP from the COthenzyme complex and not
the carboxylation of the enzyme,

There is a decrease in the amouﬁt of CO,~ enzyme formed in
the presence of Avidin, but tha decrease is not as high as ona
should expect it to ba if carboxydismutase was a biotin*dependant
enzyme, The small decrease is probably due to the decrease in the
concentration of Mg*t ions.becauae of the presence of avidin, This is

in agreement with the results obtained by Pon7, who found that avidin

had no effect on the carboxydismutase actiwitys
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it {s worthwhile to mention hera that chrboxydiémutase may have
~§H funcfional groups because, as was obsarved bi'M&yaudon g}_g&:u,
qarboxydismutase was inhibited by p-chlérOmércuribenzoate, and
the reaction was reversed by addition of cystelne. An,lnhiblflon by
p-chlorbmercuribenzoate was also observed By Fager“a 6n enzynic
-extrécts of Chlorella,
Machanism of the Carboxydismutasze Reaction
Indirect evidence 6btained by Pon’ in accord with evidence
\
from the présent Qork indicates that the carboxydismutase reaction
ipvolves two or perhaﬁs more separate steps., The first step is the
forﬁétion of the Coza!enzyme éomplexd The rate of thia reaction |
depends on the concentration of enzyme, bicarbonate, Mg*t 1ons ahd
the temp., The second step is the transcarboxylation from fha 002~ enzyme
complex to the RuDP, The mechanism is the following:

"oy Mgttt ee———— (enzyme—Mgf+)-002

H.,0
(enzyme-Mg**)=CO, + RuDP —————> enzyme + Mg*t 4:2 PGA

enzyme + "CO2

: » Mg++
sum} "CO2",* enzyme + RuDP + Hyp0 —————— enzyme + 2 PGA

whether the metal ion (Mg++) forms a complex with the enzyme
before bicarbonate, or vice versa, is uncertain,

The proposed mechanism for the carboxylation reaction of RuDP,
via an unstable bata-keto acid, is deseribed in the experimental
section, Thafe is no evidence so far for the existence of this
postulated keto acid intermediate., Either the amount present 1s very

small or the life time very short and so very difficult to detect,

o

W "C02" denotes the reacting species of bicarbonate 1n the

carboxydismutase system,
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or it does not exist at all, Therg is also an§ther ﬁossibillty.
as was mentioned earlier, fhatrthe befauketo‘écid is not forme& as
a freé;intermadiate but as a complex'cémbiﬂed with the enzyme, which
is hydiolyzéd to yieid PGA, enzyme and Mé**‘ions.
Accdrding to the above bypotheaié the meéhaniém of the carboxys

dismutase reaction can be inaicated as followsy

enzyme % Mg** + "C02"., ‘(enzymé.mg+i).co2

" (enzyme-Mg**)-C0, + RuDP‘————4-—“-’((enéyme~Mg**)-COé)~RuDP ,
Hn0
‘ . 2 .
((enzyme-Mg**)-C0,)«RUDP ———— enzyme ¢ Mg** + 2 PaA

Experiments with enzyme, Mg** and *¥C-labeled RuDP in the
~ absence of bicarbonate showed either that a RuDP-enzyme complex
ié'not formed, or if it is formed, the bond between RuDP and enzyme
is not stronger than the bond between RuDP andlthe ion exchange
resin, prerimentaiwith anzymé, Mg+*. l“c~labaled RuDP and
unlabeled bicarbonate also showed no evidence for an enzyme-C0,~RuDbP
complex, either 5ecausa.the bond between RuDP and the enzyme-COy ‘
is not stronger than the bond Between RubDP and the lon Exchange'
column or the rate of hydrolysis of the complexiis faster than the
rata of elution.of the column, | | |
It is worthwhile to mention here that in the expariments with
the carboxydismutase system and diazomethane it was observed that
when the enzyme was inactivated with cold MeOH, then t;eatad with
diazomethane and the residue (protein) extracted first with a
soln of 80% MeOH, then with a soln of 20% MeOH and finally with
water at 65° C, some radloactivity remained in the residue, which
was not susceptible to extraction., When the residue was hydrolyzed

with HCI and the hydrolysate chromatographed, somg PGA was observed
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on the papev in addition to other radioactive compounds, probably
carbamino compounds. The amount of PGA was muoh less when the
carboxydismutase was 1nact1vated uith ‘hot MeOH and then treated |
with diazomethane.

Onebintevpratation of thia\phehomenqn is that PGA forms a
compleﬁ with the enzyme which 18vstabilizedvby diazOmethuhaq_The
other interpretation‘is that an anzyme~C0é-RuDP cOmpiéx is_formed_
which 1s.s£abi;ized by diazomethane and whiqh after hydtqusis

with HCl gives PGA.»
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SUMMARY

A1l efforts falled to ﬁioducé any evideﬂéeAfof thé'existence
‘of the postulated diphOSphéte eatér_of a beta;kétq acid intermediate
dn Fhe'carboxylation'reaction of RuDP, Tﬂlﬂ can-be explained by any
A of the following: the amount present'is vefy smally the lifé time
is Qery short} the bgtanéto acid doés.not.oécur at ally or the reaction
gbes through an enzyﬁe—coanuDP coﬁpler'These'effbrts 1n§1udedi |
treatment of the products with'liquid ammonié aﬁﬁ then éeparation
by Low temp papep,chromdtqgraphy. and treatment of the photosYhthefic_

material or the carboxydismutase system with diazomethane,

Carboxydismutase (extracted fbom chloréplasts of Splnacea oleracea
and fractionated with ammonium sulphate) was carboxylated with’
lheo1abeled Bicarbonate_in thé presence of Mg*t ions, hﬂd tha complex
was i{solated iIn about 45% yield by passage through a Dowex 1 anlon
exchdnge column, Approximately S.moleé of ;qCOQ Werae takén up
per mole of enzyme._luco2 was quantitatively transferred from
co,~ enzyme to RubP yieiding 14c.1sbeled PGA,

The carboxylation of carboxydismutase was Mg**&dependent
and the amount of complex fotmed increased as the concantration.
of Mgtt ions inéreased. The rate of 1“C026nzyma formation was
linearly dependent on enzyme concentration, Bicarbonate also
exhibited a similar behavior at low substrate congentration, but
at high concentrations, a typical saturation curve was obtalned,

The rate of the complex formation was also température dependent,

A value of 0;009 M bicarbonate was calculated for the

Michaelis constant, in accord with the values obtalned by other

investigators with the complete carboxydismutase system,
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The formation of the 1“CO2~ enzyme comf»lex §s not inhibited
by avidin or ATP'and it is not ATP-depéndont.. -

Preincubation studies with the suBstréﬁés qurinacflvatlon of
the enzyne with cold MeOH before incubation éﬁpﬁed\th&t Hgf*_wlth
bicarbonate stabilized the enzyme againat MeOH, while RuDP did not,
Hhen the enzyme plus Mgt s preincubated with l“C-bicagﬁoﬁate, then
treated with MeOH followed by incuybation with RuDP..aomé;}“C-laboled ‘
PGA ia»obfaiﬁed, but when the anzyﬁe is preincubated w@th RuDP,
no PGA 1s:formed.‘ | . |

The results of this study provided coﬁclu&lva evidence that the
overall carboxydismutase reaction pﬁocéedé 1n two,ér‘pfohqbly

three steps, with the enzyme-bound 002 as an intarmediate,
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I, INTRODUCTION

Diazomethane is a well known reagent, which ié very often
employed for the preparation of different organic compounds or their
derivatives, It methylates compounds containing acidia hydrogen in
~ & neutral medium and at room temperaturej ;t veaéts with unsaturated
compounds as well as with aldehydes énd ketones to form a variety of
pioducts; it'éan be Qsed for the preparationvof the derivativea of
different naturally occﬁrring organic compounas present: In very
small amountsj it can also be used for the stabilization of some
unstable compounds, @.g., beta-keto acids, by forming their stable
derivatives. Diazomethare reacts under very mild conditiohs, and
the by-products of its reacfion.are generallydilatile compouﬁds.

Diazomethane. has been used in the search foruunstable.intér~
mediates in the carboxylation reaction of photosyntheaia. i,e., the
carboxylation of ribulose -1,5~-diphosphate to give'phoaphoglyceric
acid, the first stable product in the carbén reduction cycle of
photosynthesis, 1In all the experiments with diazomethané, cit.
1bicarbonate was praéent in the reaction mixture. It 1s known that
dimethyl carbonate is the product of the reaction of bicarbonate
and dlazomethang. However, by the use of paper and gaévchromato—
graphy for the separation of the products of the above feaction,

three other compounds were found in addition to dimethyl carbonate.

76
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- The pufpoSe‘of_thiéistudylwaSI_’

| i) To sepéfage and.identify thebprdducta’of thq.reactién of
diazomethanev(prepared‘by alkaline hydrolysis of N-methyl-N-nitroso-
N'-nitroguanidine) with bicarbonate or carbon dioXide.

2) To study the mechanisms of the reaction,
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II. CHEMISTRY OF DIAZOMETHAME
Constitution of Diazomethane

Diazomethane like all the aliphatic diazo compainds is orie
of the few organic compounds for which no one formula can be written,
According to classical theory two formulas were suggested for it, the

ring (I) by Curtiusz, and the linear. one (II) by Angeli and Thielea.

P
e ﬂ  H,CEN=N H CaNaN H,C &~ N=N

(1) (11) (111) (Iv)

Langmuiru’s proposed the structure (III), as the Angell-Thiele formue- -

la containing a pentacévalent nitrogen atom could not bse correct,

and later the structure (IV) Qaa considered. In the (III) the

middle nitrogen donates two electrona to the other nitrogen atom,

and In the (IV) the two electrons are donated to the carbon atom.
Electron diffractionﬁ, and infrared spectrophotometry atudies

have aestablighed conclusively a 1ipear relationghip for the carbon

and nitrogep atom in diazomethane with the CN and the NN bond length

of 1,34 ::0.05 and 1,13 + 0,04 X, respectively. These values raquire

that the CN bond has about 42% double-bond character, and the molecule
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of diazomethane must be represented as a resonance hybrid of several
chargesseparateds”ll forms (V, VI, VII), none of which can be regarded

as a satisfactory approximation.

*CHp-N2N"  @——s  CHpeNtsN™ &3 . TCH,-NY=N

) - (Vi) | (VII)

Forms (V,VI,VII) come from the initial proposed formulas (I;III,IVD
after the shifting of an électron pair. The fact that‘diaiomethane |
is represented as a mesomeric system ﬁith the extreme formulas (V, VI,
VII) can explain its reaction with different groups of organic com

pounds, and its reactivity.
-Preparation of Diazomethane

V. Pechmann® prepared diazomethane first by treating differ-
ent nitrosoderivatives of methylamine, such as N~methyl~N;nitroso~-v
benzamide, methylnitrosourethan, etec., with alkali. $ince then many
methods have been developed for the preparation of gaseous or solu-
tions of diazomethane. BPiazomethanae solutiéns are normally ether~
eal.

The following methods are common ones for the preparation of-
diazomethane, and they can be arranged Into two groupst

diazo 12
Preparation of gaseous/methane: . from chloroform and hydrazine™®

according to the reactioni
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CHCly + HolNNH; + 3 KOH e CHpN, + 3 KC1 + 3 Hy0,

Preparation of diazomethane solution: By the alkaline saponifi-

cation of compounds having the general formulalo R=N(CH3)NO, where
R represents groups such as CONHjp CO,CoHg COCBHS’ C(NH)NHN02,
802C7H7 [ etC e

a) From nitrosomethylurethanla according to the reaction:

CHaN(NO)COpCoHg + KOH e CHplg  + KpCO5 + CoHgOH ¢ H,0

b) From nitrosomethylurea13 according to the reactiont .

CHaN(NO)CONH2 +  KOH e CH2N2 + KOCN + 2 HQO

. s 14,15
¢) From N-methyl-N-nitroso-N'-nitroguanidine !

CHaN(NO)C(NH)UHNO) 4 KOH _eom CHolNp + K(NCNNO) + Hp0

d) From N—methyl~N-nitroso-p-toluenesulfonamidelex

- CHBN(NO)SO2C7H7 + CQHSO“ e CH2N2 + C7H780202H5 + H2O;
Reactions of Diazomethane

Aé was mantioned earlier, diazomethane is a very reactive com-
pound. It reacfs with asvarlety of organic and inorganic compounds
forming different products. Because of its reactivity énd the fact
that it reacts under very mild conditions, it is used very often
in synthetic and analytical organic chemistfy. The use of diazomethane
increased recently, becausa.new reactions have been studled which are

usaful in obtaining important compounds easily and inexpensively.
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Of all the reactions of diazomethane the most common thrae
gserles will be veryvb%iefly considered here,

Reaction with acldic'hydrbqenx kcidic hydrogen is‘thé“hydfOQén whlgh

is able to leave a compound as a boslti?ely'Charged proton, tha rest
of ‘the molecule becoming a nepdtively charped ion. Diazomethana reacts -
with compouhdsﬁwhich have an acidic hydrogen and)forms thelyr methyl -

LA

derivatives, The freneral reactlon is

X = H o+ CliyHy >’ XCH3 + Ny

Xil, =+ CHylly = : > X(Clg)y + Ny

2;
The reaction is irravurgible and uses up all the dinzométﬂane.'Thai‘*
rate of the’reaction.dopunds on the acldlty of tha compound. ListerlO
suggestéd:tﬁé following mechanism for the above reaction: Tﬁe moblle
proton of:tha acldic compound (XN) attaches to -the lone palr of electrons
on the carbon atom in the extreme formula (VII) of diazoMefhane
{nucleophilic state) and forms a hydropen boﬁd. If the compouﬁd is .
acidic éﬁough; the hydroﬁmn miprates to the carbon atom of diazomethane,
and a methyidiézonium'catibn'and fha anlon X7 are formed, fhe
methyldiazonium cation loses nitrogen and the remaining CHS* pgroup -

(carbenium cation) combines with the anfon X~ to form the methylester

derivative of the acid X~Clig,

(X-H o+ :_"cnz-fmzl-x : > X-H-CHotfaNi~—> X~ + CHy-tuzt:

CHg=Hells ——————Clig* + W, and Cily" + XT————ex-Cily
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. Kuhn and Reuliusl® accept this theory for thé reécfion of diazomethane
with water or with aqueods solutions of acidic compounds, Arnatt’
finds thé above theory unsatisfacfory for the reactions.df diazo=-
methane with solutions of acidicVCOmpounds in nonpoiar solvents, i,e.,
solvents in which the acidic compound (XH) reacté“as it'ié; because
(1) the diazonium cation wiil give azo compounds with enols and
phéhols and not methyl derivativeé, and (2) the methyl cation (CHS*)
‘which is= fovmed asian iﬁtermediatevin‘the reactiqn would be "frec

to choose” a site of the anion with which to react,

Arndtl7 proposed the contimmous adiabatic process mechanismi

In this thebry5 too,‘the first step is the formation.of a hydrogen
bridge‘betwegn'ﬁhe acid molecule (XH) and the carbon atom of diazo-
methane (extreme formula (VII) of diazomethane), the more acidic XH
is the ﬁore the‘bridge proton is attracted to the carbon atom of
dizomethéne! and greater is the electronic shift within the diazo
group toward the:distribution N . This is not stable and splits
off as nitrogen. The remaining group X-il~CH,, after the loss of
nitrogen, is rearrénged in a "continuous adiabatic process" due to

hyperconjugation effects into X-Cig,

X<H 4 §7CHp=THZi cmemem  X-H=CHy=tNZH1 iy + X-H-Cll,
and DR 0 L R e ——— X-CH;;j
This theory 1s now accepted by Eistertlg for the case of the reaction
of diazomethane with acidic compounds in nonpolar solvents, but it
is not possible to decide which mechanism applies in the case of

aqueous solutions,



~ Reaction with carbonyl compounds: Diazomethane reacts with alde-.

hydes and ketpnes and forms a variety of prbducts, depending on
the nature of thé carbonyl-compound. The reaction followé’scheme
A, B, or Ce; but for the most of thé aldehydes and ketones, écheme
A is follbWed¥

‘Scheme A
R SR —_

Ry n R o. H
' 1l N
1N 4 VO e >N CEc7 +
R/ e R / | \H
2 Ra .
O R2 0. Rl
bl Il
R, =C-C-H + Ry=C~C=H
4 |
H H
Scheme B
——— H
wcag” H e N
\ \ i |
C=0 4+  Clp s
J/ -/ | /c-——c\ )
Ro H /C~O
Ry
Scheme C
0 co
- H l l H
\\ AN : |
S C=0 4 6P c .0
/ / NN
Ro 1 0
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The extreme formula (VII) of diazoﬁethane {s the effective
' one for the reaction according to scheme A.‘.igathis case nucléo-
philic attack of the diazomethane (extreme formulé.VII) occurs on
the cérbopyl group to'yield an addition compouhd, curvéntly expreﬁsed
as the diazoﬁium betaine (VIII). The befaine (VIIi) is deéémposed
and forms any or all of the three products (k,XI,XII) possibly
through a labile intermediate (IX) which is stabilized by aﬁy or

all of the three paths to yield, X, XI and/or x11,2902148

R

Ry | Hoo L 0 }I{ R, 0 x|1
o+ >c-"NE:—N —_— >"(LC-+N—’ﬁJ | \J-c* + Ny
Rop”” i Ry | Ry |
H B H
(VIII) | (1x) l
o u l’ 0 H ]’
. R o _H
Rl-ﬁ-l-n Rz-h—l«u S c-—/—————c<
1L | | / |
(X) (X1) - _ (XII)

Reaction ywith unsatirated carbon bonds: Diazomethane reacts with un-

saturated carbon bonds and forms pyrazolines, pyrazoles and various

other productsloﬁ%

Although tﬁese reactions have pecsived little systematic in-
vestigation, it appears that the reaction of the diazomethane with
the carbon-carbon double bond is similar to that with carbonyl group.

A nucleophilic attack of the diazomethane (extreme formula VII) on

the double bond forms a diazonium betaine (XIII), This ihtermediuste
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can be stabilized elther by migration of a proton from the methylene

group of diazomethane with the formation of a pyrazoline ring (XIV),

or by splitting of nitrogen, and the remaining fragment forming com=-

- pounds XV, dVI, and/or XVIIlO.

R«CH

oW
f

R=C €— L*NEN

ﬂ_ + 1TCHy=tn=M1
R'~CH

and

(XIV)

) 4

|

RraCy”

l

H

i

oain

H  (XVIED)



86

Evidence for the existence of the addition product intermediate (XIII)

has been established by von Pechmann and 390122.
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II, EXPERIMENTAL PROCEDURE

Abbreviations: Thelfolleing abbreviétinﬂé are henceforth used

throughout'the second part of this téxt.-

cm xcentimeter ' o B R temp . ttemperature
epm  jcounts/mh . mMc 1 :Diﬁethyl c&rbonatg..
dpm tdisintegrations/min - ‘- - MCR - . . tMethyl carbamate
eq(s) iequation(s) S NMMCR :Neméthyl~methyl~
‘ : : : ' : : _carbamate -
-IR infrared T
: . NDMMCR tN~dimethyl~
wmC tmillicurie(s) _ - methylcarbamate
uC tmicrocurie(s) - = v MeOH tMethanol
. ug xmicrbgram o - ErOH ~tEthanol
ml ¢milliliter = . EDTA  iEthylenediamine-
, ' ' ' . -+ - tetraacetie acid
ul tmicroliter L o . .
_ ' : : : VPC "~ tVapor Phase Chroma=-
‘ma tmilliamperes v o ’ .~ tpgraphy '
mM :millimole(s)"' - o EGS o tEthyleneglycol‘poly-
S ’ : S ester of succinic acid
min - minute - o
S : MNNG tN-methyl-N-nitroso~
Mol.W, imoleas lar weight o N'e-nitroguanidine
M tmolar T Rf- ~© 'Ratlo of distance tra-
- o L - to - velled by solvent front.
N snormal T o " ‘Distance ls measured from
- o ’ . v N ~ thae origin to the densest
sc.c. tscintillation counter . ' o position of the &pot

sac.,  1second(s)
soln  isolution -
hr thour

Ve svolt(s)
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I1I. GENERAL METHODS
Paper Chromatography

For the separation of the products of the reaction of diazo«
methané with bicarbonate and the hydroxamate derivatives of th;m,
Whatman No., % oxalic acild washed papers were used, with 95% EtOH-
p-dioxanenwateﬁ-acetic acld (60:26:935'vyv)23 and butaﬁo;~acetic aclde
water (43135 v/v)24>as_developing solvenfs.‘ isobutyric acid-water«
concentrafed ammonia-EDTA (2520:1450{100 v/v:l.l?SAgp)Q5 and -
butanol~acetic acidwwafer vere also used as developing so;vente.

The temperatgre during the déVQlopment of the chromatogram was‘20°C
to 25°C. The papers were dried under a fofced current éf alr at

room temperafure. Radioactive écmpounds on the chromatogram were
located by expésing the paper to single coatéd Kodak x-ray film. For
the defectionof the nonradioactive hydroxamates, the chromatogram was
sprayed after its davelopment with a solution of 1% (w/v) ferric
chloride in 95% LtOM, contalning 0.,1% HC1?®, Hydroxamates form
an.intense red purple complex with ferric chloride on a yellow back-
ground,

The ldentities of the chPOmétographically gaparated hydroxa~
mates were established Dy their Re values. The radiqacfive compound
was then elyted and coohromatographed with authentic marker'compound
(ca, 100 ug of marker) for confirmation. FExact coincidencé of the

radioactivity with the marker compound was taken as criterion of

identity,

x

o
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Vapor Phase Chromatography

As the products of the bicavbonate-diazOmeth&ne reaction
were relafivqiy volatile, Wilkens standard gas chromatograph Mo-
del A90, connécted with a Brown recorder (Brown Potentiqmete:,v
Brown Intrument Division, Philadelphia, Pénnsylvania) and a 10
foot“Eb° column were used for the sepavation and identification
of them, The collector ahown in Fig, 23 was used in conjunctlon
with hhe chromatography unit to collect the different compounds
separately. The collector was cooled ‘by a dry ice~acetone bath
or by liquid nitrogen, The analytical conditiona were the. follow-
ing: Injection port and holumh temperature, lSOOC; detector
voltage, 12 v3 filament eurrenf in ma, 140§ helium flow rate,

58 ml/miny chart speed, 1 cm/minj sample size, 0,001 to 0,050 ml,

Vapor Phase Chromatography in Conjunction with

Proportional Counter

For the separation and detection of the radioactive products
of the Clufbicarbonate;diaZQmethana reaction,.a gas,thqmatograph
in conjunctlon w1t$vhfoportional counter was used. Wolfgang and
‘Rowland‘7 and WQlfoan? and Mackay have descrlbnd proportional
counters‘foé use in conjunction with pas chromatography to detect
radioactive

, c . ‘ )
/effluent materials, Whi‘ttemor‘ezJ has described the one which is

used in our laboratory, and which is similar to that described in
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MU-26031

Fig. 23. Collector used in gas chromatography
- A, Input from gas chromatography column
B. Outlet to facilitate removal of trapping compounds
C. Reservoir for the collection of separated compounds.



Refs. 27 and 28 with certain modificétions. Pig. 24 1s a dia-
gram of.the proﬁortiohai cohntingAtube, and Fig. 25:13 a‘bloék
diagram of the apparatus, | '

The'proportiénal counter enables one to determine tétél écti-l
vities in various components‘of radiocactive mi#turesvthat can
be sgparated by gas chrohAtography. It can detect the varibus
radioactive components of a mixfufe even if they are presént in
very small amounté which are.notjaé#ectable by thé mass detector
Combination of the mass and radioactiQity'méasurqmehtsfenableé
one to calculate épecific,activifies of components without the
necessity of trapping them. The 6hromat0graph§ unit ia a Wilkens
Model A90 or Wilkens liﬁear programmed Model A350 (Wilkens In-
Strument and Keseavoh, Inc., Walnut Créek, California), The
proportional counting tube is home-made and.it is described in
the legend to Fig., 24, The printing regisfer is a Hewlett-
Packard Model 560A digital recorder (Hewlett~Packard Combany,
Pélo Alfo, California), The printer is set to‘print out the nume~
ber of register pulses recorded on the scaler in certain inter-~
vals (e.g., each 20 sec.). Thus every 20 sec a record‘of_ihe count=
ing rate of the tubg»is printed in a qﬁantitative fgshion. This
.aliminates tha necessity of integrating tﬁe area under thé acti-
vity peaks, and, in addition, enables-one to datect small peaks
with greater'reliability than can be achieved through sole depen~-

dence on the tracae derived from the rate weter output,

91
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MU-21334-A
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Fig. 24. Proportional counting tube used in gas chromatography

A. Connection to chromat ography unit. F. Teflon sleeve

B. Inlet for auxiliary counting gas " G. Brass counter tube

C. 2 mil stainless steel wire solder- H. Grooved teflon
ed to receptable at one end and I. Nylon l

. to washer at the other J. Weak spring

D. Teflon gasket K. Pin

E. Same connection as outlet of L. UG-496/U receptacle -~
chromatography unit (modified)

* . 20
From Whittemore
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" DUAL PEN
RECORDER
ME THANE , f
)
_ .. SAMPLE
. INJECT
(= D 1 .

CHROMATOGRAPH 7_' GOUNT il EER |

MASS
DETECTOR

RATEMETER

HIGH VOLTAGE
SUPPLY AND
SCALER

PRINTING
REGISTER

MU-21335

Fig. 25. Apparatus used for detection of radioactive components

- in gas chromatography.*

ok ) 20
From Whittemore
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¥With the Wilkens Model A90 ;hroﬁatography:unit the analytie
cal conditioﬁs were thé samé as with tﬁe VPC Qlthout pfoportional
coﬁntei,.gxcept that mathane_yaé used as a carfiér and couating
TGN Wiéh tﬁe Wilkens Model A3BO linear progpamméd chromatograbhy
unit, the analytical cond;tiOns were the followingt Indector port
temp, 195°C; detector temp, 215°C; column temp, 150°C; collector
temp, l?SOC; detectoerDltage. 12 v; filasent current in ﬁa.
1403 methane flow rate, 60 ml/minj chart speed; 1 cm/miny sample
_»size, 0.001 to 0,008'ml;vhigh voltage of scaler, 28OOQV5“ 7

The ldentities of fhe chrbﬁatogféphically separated opmpégndé
were establishéd by cbchromatogfaphy with autﬂentic marker coméounds
(ca, 100 ug of marker), Exact'coincidence-of thae Pgdioactivity

peak with the mass peak of the marker compound was taken.as cri--

terion of idéntity.

Infrared Spectroscopy

Infrared.spect}pm analyses of the diffgrent ecompounds, from
2,5 td 15 microns, were carried out using an InffaaRed Beckman
Spectrophotometer Model IR?I(éeckman Instruments, Inc,, Fullerton,.
Célifprni;), equipped with NaCl liquid célls>0;lAcm path., The ab-
sorption cells were exactly matched for transmissivity} Carbon
tetrachloride was used as solvent and reference. Exaét cuinci~
dence of the infrared sﬁectrum'of an unknown compound with that

of an authentlc marker was taken as crlterion of identity,
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Mass Spedtrometry’

.‘Mass”sbecfrometfic andlyses of the unknown compounds wére
carried out'using a Consolidated Electrodynamics Corporéfion 21-
130 mass spectrometer., The highest mass valué bf the spéctrum was
taken as the molecular weight of the compounds., It was then come

pared with thev mlue found from osmotic pressure differences,

Mélting Point ‘

The melt#ng point detérminationof one of thexuﬁkﬁown'coﬁpoundsl
which wag sclid at room temperature was carried out using a Fiszher _
micro melting point apparatus (Fisher Scientiflic Co., Eimer and
Amend, New York), No significant change of the melting point of
an unknown cpmpound,in_a mixture of an authentic ﬁarker wasrtaken

as a criterion of identity,

Chemical Analysis for C, H, N and Determination

of Molecular Weight

The detgvmination of the mélecular weight uzing osmotic pressure
differenqes, and the analyses for carbqn,‘nitrogan and hydpégan warae
carried out at the Analytical Chemigtry Labogatory of the‘Chamisth'
Department_of the University of California; Tﬁe o#ygeﬁ cénteﬁt was
datermined by sztracting the sum of C, Hjand N ¢ontent frém one

hundrad,



Preparation of Diazomethana

Diazomethane was prepared by alkaline saponification of
N-methyl—Henitroso-N'—nitroguanidihe, or N-methyl-N~nitroso=-p-
toluenesulfonamide (Aldrich Chemical Company, Inc.).

14,15

From N-methyl-N-nitroso-N'+nitroguanidine t Crystals of Ne

methy1~N»nifr080ﬁN'-nitroguanidine wére added slowly to a 50% o
_ aolution.of zodium hyﬁfoxide covered with ether in a 250 ml dis=
tilling flaask fittaed with an efficilent c¢ondenser, sot downward
for distlllation., The condenser was connected to a reéeiving'
flaék which contained 70«100 ml ether, The inlet-tube ofvthe.vé-
ceiver dipﬁad beidw the sﬁrface of the ether.. Both flasks'wefe
cooled to 890; When the reaction was'tarminated, the ethereal
solution“of‘diazdmethdne'was eifhef used immediately or iflwaa

stored for a short time in the deep freeze (-16°C) before use,

v

From N-methyl-N-nitroso-p~toluenasulfonamide (DIAZALD)lGx 100 ml

of 95% EtOH was added to 40 ml of 60% potassium hydroxide solution
in a QSO ml dietilling_flask fitted with dropping funnal and an
efficient condenser set downward for distillation, The condenser
Qas connected to two recelving flaské in series, the second of
which contained 70-100 mi ether, The 1nlét tube of the_second
recéiver dipped below the surface of the ether, and both receivers
were cooled fo 0°c. The flask coﬁtaiéing the alkaline solution
was heated in a water bath to 65°C, and a solitien of 86 gr.

' the
"piazald" Iin 400 ml of ether was added through/droppiug funnel,

96

slowly, The rate of addiiion was equal to the rate of distillation,



whén the dropping funnei was ;mpty, another 50‘mi ofnégher was
added and the distillation was continued until the dlstilllng'
ethér was colorless, The ethereal solutions of diazomathana were
combinedvénd used immediately, Thevsolution of &iazomethane pre=

pared this way always contained some EtOH,

Reaction of Diazomethane'with Carbon Dioxide

In the reaction of diazomethane with earbon dioxide, either
i

PUPe L . " we
a solution of bicarbonate-cl” ar gaseous carbon leXide-Clz-Wbre

usaed,

Reaction of ncl“oa- with Diazomethane

1

0,50 ml of HC uO sclution (1.98 mC/mly 0.06 M) were mixed

3
with an ethereal solution of dlazomethane until the yellow color

persisted., The reactior wixture was left for a few hours at room

temp, and overnight inkhe deep freeze (~16°C)., In some experiments

a snall amount of MeOH, HCl, or ammonia was added. The solution
N . - () . "4 : .

was concentrated uwhder a current of air at §57°C andkha diffarent

radioactive components of the mixture were separated by gas

chromatography in conjunction with a proportional counter.

91



‘Reaction of Carbon biOxida with Diazomefhane

Gaseous carbon dioxide (100%) was bubbled tﬁrough_an inlet
tube into tﬁé éthereal golution of diazomethana, iﬁ%he receiving
flask of the diazomethane preparation apparatus, at 5°C until
the solution became color;ess. The flask contained aléo a small
amount of water (2,5 ml), The inlet tube was dipped below the
surface of the water layév. Invsome experiments, small amounts
of MeOH,-ammonia,.methylamine, or dimethylamine were present.
The solution was concentrated at 59¢ undér d cufrent of‘air
and the different'comﬁoﬁents of the reaction mixture wvere separ-

dted by Vapor phase chbomatography and collected separately.
Preparation of Methyl Carbamate (MCR)

‘Netﬁyl carbamaté (methyl urethan) vas prepabed from methyl
chlorocarbonate and methylamine as described by Hartman and Brethef?o
with the exception of using smaller amounts of reagents. Into a
250’ml flaék fitted with a mechanical sfirrer, a thermometer, two
" dropping funnels, and cooled by an ice-salt mixture,b30 ml of
ether and 18.6 gr of a 33% aque6us methylamine solution was
placed¢>vWﬁen thé stirred mixture had cooled to 5°C, 18.9 gr of
methyl chlérécarbonate was added slowly, keeping the temperat@re
to belowvsoc. When almost half of the methyl chlorocarbonate had
been added, a cold solution of 8 ér of pure sodium hydroxide in |

12 ml of water, was added gradually together with the rest of

the methylvchlorocarbonate while stirring continuously at such a



raté that.the lést 6f the two solutions-wefe'added simultaneously.
After standing fpr_is min,,fhe ether_layer was separated and the
aquééus splution Qas exfractéd ﬁith ls_ﬁl'of ether, The combined
ether solutions were rapidly dried by shaking fof a short time with
about 1,0 gr of potassium garbonate which was added in fwo portions,
The ether was removed and the residue was distilled under reduced
pressufee A small porfion of fhe methyi carbamate was fuffher

purified by gas chromatography.

The methyl chlorocarbonate (carbomethoxychloride) vas prepared s

by the procedure described by Bergmann and Zervas for the prepara-

31,32

tion of carbobenzoxychloride « The phosgene, necessary for

the preparation of the methyl chlorocarbonate, was prepabed by the

- procedure déscribed by Voge133.v'
Anaysis s bi o %0 (Calcd)
Caled for CoHgOLN 32,00 6.66 18.66 42,66
Found for HCR 31,79 6.5 17.95  43.50

v Preparatien of N-Methyl?methyl Carbamate (<NHMCR)

MMMCR was prepared from dimethyi carbonate and methylamine,
as described by Delepine and Scﬁvingau. "A mixture of 3.1 gr of
dethylaminevin 100 ml benzene and 3 gr of dimethjl carbonate were
kept injthe cold for four to five hoﬁrs, The NHMMCR was prééipitated
with 20vml water and the aqueous'solutioﬁ was extracted with_30 ml

of ether. The ether was removed and the residue was distilled

9
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‘under reduced pressure. The N-methyl-methyl carbamata was further

. purified by gas chromatography.

Analysis ' %C %H &N | %0 (Calcd)

Calcd for CgHy0oN 4O 45 7.86 15,73 35,95

Found for NMMCR 40.57 o T.94 15,60 35.89

Preparation of N-Dimethyl-methyl Carbamate (NDMMCR)

Thg.NBMMéR Was.pfépared from'dimethyl carbonate and dimethyl-
aminé‘as.deséribed Sy Délepiné'and Schvingaq, ‘Dimethylamine (4;5 gr)
in 100 ml of benzene and g gr of diﬁéthyl carbonate were refluxed
for fwelve hours. The prodicts were precipitated with 15 ml of
water and the agﬁeausvﬁolution extracted with 30 ml of ether. The
ether was then removed and the residuebwas distilled., The NDMMCR

was further purified by gas chromatography.

Analysis o %C o %H %N %0 (Caled)
Caled for Cuugozw- 6,60 . 8,74 13,59 31,07
Found for NDMMCR 46,86 8,52 013.17 - 31,46

23 .

. Preparation of Hydrcxamates

Two ml of a freshly mixed alkaline solution of hydroxylamine
wepe added to: (1) an alcoholic solution of the radioacties products
of the reaction of diazomethane with cl¥_picarbonatej or (2) 1 mg of

the methyl ester of an acid in MéOH. Sodium hydroxide (2,25 N in
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-absclute MeOH) and hydroxylamine hydrdchloride (1.67 N in abso-

lute MeOH) = 111 v/v was cooled to 0°C and_thé NaCl formed was
removed by centrifugation. The salt was washed once with methanol;
and the.Washing Qas added to the supepnatant to restore the-originél
vclume of the hydroxylamiﬁe solétion. The»mixﬁure of the methyl
esters and the alkaline solution of hydroxylamine was maintained

‘at room temperature‘for one hour. The solution:: of the hydroxa-
mates waé concentrated over steam and'separated by paper chromato-

graphy.



102
Iv, RESULTS

Separation of the Products of the €Oy, CHyN, Reaction

’Paper chromatography was initially used for the separation
of the products of the reaction betwaen Cl“-bicarbonate and diazo-
methane, The fact that after ;adioaﬁtography of the develoﬁéd
chroma?pgram,.seQéral radiocactive spots were found instead of
only orne or none (as the dimethyl carbonate is a volatile dompound)
was the reason for this study. | |

Figs, 26 and 27 are radiocautographs of paper chromatograms
of the products of the abéve reaction which have been developed
with two different sets of solvents,

By counting the radioactivity on the chromatogram before and
after its development, it became evident that some or all of the
Products were relatively volatile. The total activity that re-
mained on the paper after the,develéément‘of the chromatogram was
only a small fraction of Ehe initial radiocactivity that was
applied on thé origin. This bécame more evident when the products
were treated'with an alkaline solution of hydroxylamine, such
that the nonvelatile hydroxamates of the different écids would be
formed and then chrématographed.l Fig. 29 is a radioaufograph of
the chromatogram of the products after trea{ment with hydroxyl-
amine. Approximately 75% of the inftial radloactivity remained

on the chromatogram after its development,
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ZN-3174

Fig. 26. Products of the action of diazomethane which
it was prepared by alkaline hydrolysis of
N-methyl-N-nitrose-N'-nitroguanidine, on
aqueous solution of radioactive bicarbonate.



ZN-3175

Fig. 27. Products of the action of diazomethane, which
it was prepared by alkaline hydrolysis of N-
methyl-N-nitroseo-N'nitroguanidine, on
aqueous solution of radioactive bicarbonate.

=01~



-105-

ZN-3180

Fig. 28. Products of the action of diazomethane, which
it was prepared by alkaline hydrolysis of N-
methyl-N-nitroso-N' nitroguanidine, on aqueous
solution of radioactive bicarbonate, after
they have been treated with an alkaline solution
of hydroxylamine.
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The use of vapor phase chromatography in conjunction with a
proportional counter was found to be a more suitable method for the
separation of the different components of the radioactive mixture, It was
found that the mixture consisted of five radioactive compounds, all of them
using 14¢_bicarbonate as precursor, as shown in Fig. 29 where five
radiocactive peaks are present. Compounds I, II, III, IV and V were named
depending on their emersence time from the VPC, The same products were
always formed (compounds I, IT, ITI, IV and V) by the action of diazomethane,
prepared from MNNCO, on aqueous solution of 4o bicarbonate.,

Gas and paper chromatopraphy of the untreated aqueous solutionlof
I4copicarbonate showed that there were no radioactive impurities present,
and that the bicarbonate was the precursor of all five compounds which
were formed by tue action of diazomethane on NaHl“COB.

Cochromatography (VPC) of the radioactive mixture with different
authentic marker compounds, such as dimethyl carbonate, carbon dioxide,
methyl acetate, methyl olyoxylate, methyl plycolate, methyl pyruvate, etc.,
assisted the preliminary identification of two out of the total of five |
compounds, Compoun.! I was identified as carbon dioxide and compound II
as dimethyl carbonate., DMC is the product that one should expect té be formed
from the reaction of bicarbonate with Jdiazomethane, and CO, is one of the
reazents, liowever, it was impossible to identify any of the other
unknown compounds (LIT,TV, V),

Treatment of each compound, after separation and collection, with
an ethereal solution of diazomethane showed that compounds II, ITII, IV
and V remained unchanged, but compound I yielded a mixture of

all five. That experiment showed that none of the compounds
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Fig. 29. Gas chromatogram of the radioactive mixture
" of the products of the reaction of NaHCl140
with diazomethane prepared from MNNG. ~Unknown
compound III was identified as N-dimethylmethyl
carbamate.
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iI, III, IV or V were precursors of any of the.others, and that
compound I yielded a mixture of all of them with diazomethane,
because it was carbon dioxide., They were hydroiyzed rgiatively
easily Qith sod ium hydroxid§ or hydroéhloric acid, and they
yielded CO, aé the only radioactive product. |

For the ldentification ofAthe other three unknown compoundé,
relatively higﬁer amounts of them (nonradicactive) were prepared
from gasoue carbon aipxide (100%) and diazomethane, as described
in the experimental sgctibn.’ The components of the reaction"
mixture wépe separated by gas chromatography, and collected
separately in the collector shown in Fig, 23. Fig. 30 is a gas
chromatégram of the products of the CQQ-CH2N2 reactiqn (CH2N2 was
prepared from MHNG), and the peaks shown are the mass peaks of
each component of the mixture, Fig. 31 is a gas cochromatogram of
the radicactive mixture, prepared from NaHCl“O3 and CHyN, and the
nbnradioactive products prepared from 01202 and ‘CH,N, . Coincidence
of the radiocactive and mass peaks shows that in either case |
the products of the reaction are the same. Compounds II, III and
iV are liquid at room temperature‘and compound V is solid.

Using chemical and physicél methods, such as molecular
weight determination, carbon-nitrogen-hydrogen-oxygen analysis,
infrargd spectrophotometry and mass spectrometry, melting point

determination and gochromatography with authentic marker compounds,

it was possible to identify all of them. Compound I is carbon
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dioxidej compound II is dimethyl carbonate (DMC); compound III is
N—dimethyl-ﬁethyl carbamate (NDMMCR); compound IV is N-mefhy1~

methyl carbamate (NMMCR); and compound V is methyl carbamate (MCR),

Identification of Compounds II,III,IV and V

The identification of the unknown compounds II,IIX,IV and V
was based on: (1) the analysis for C,H,N,Q and the determination
of molecular weightj (2) the study of the mass and infrared |
spectra, and their comparison with the mass and infrared spectra
of authentic marker compounds; and (3) the cochromatography of
the unknown compounds, or their hydroxamate derivatives, with
authentic marker compounds.

Gas cochromatopraphy of the separately collected radiocactive
compounds II,III,IV and V with authentic dimethyl carbonate,
NDMHMCR, NMMCR and MCR, respectively, showed in each case an ex-
act coincidence of the radiocactivity with the mass peaks. There
was also an exact coincidence of the radioactivity with the marker
compound, in the case of paper éochromafographyvof the (1) hydrox-
amate of CY*-IT with the hydroxamate of carbonic aéid; (2) hydrox-~
amate of clto111 with the hydroxama&a of N=dimethyl carbamic
acidy (3) hydroxamate of Cl“-IV'with the hydroxamate of H-methyl
carbamic acidy and (4) hydroxamate of ety with the hydroxamate

of carbamic acid,



Analysis of compounds II,III,IV andV for C,H,N,0 and molecular

weight determination' showed the following results,

Analysis for ' %C S %N %0 Mol.vt,
(Caled) '
Found for comp., II 39,81  6.72 ===  53.47 88,0
Caled for Cglig0, (DMC) 40,00  6.66 ---=  53.34 90,0
Found for comp, III ., 46,48 8,86 13,25 31,41 109.0
éa;cd for C“HQNOQ(NDHMCR) 46,60 8,74 13,59 31,07 103.0
Found for comp; Iv 40,63 7;82 15,49 36,06 84,0
Caled for C3H7N62(NMMCR) 40,45 7,86  15.73 35.35 89,0
Found for comp. V .31,61 6,71 17,75 #3.93 74,0
Calcd for cgﬁsuog(MCR) 32,00 6.66 18,66 42.66 75.0

The mass spectra of compounds I1I, III, IV and V had a highest
mass value of 90, 1b3, 89 and 75, respectively, (Calecd mol. wt. &
DMC,.90; of NDMMCR, 1033 of NMMCR, 693 and of NCR, 75) The compar-
~ison of the mass spectra of cowmpounds II, III, IV and V with the
;mass spectra of DMC, NDMMCR, NMMCR and MCR, respectively, showed
an exact coincidence in the place and number of peaks, and in
the rélétivé abundance of each peak, -

Figs., 32, 33, 34 and 35 show the infrared. spectra of compounds
Ii, III, IV and Ybnd DMC, NDMMCR, NMMCR and MCR, respectively, The
study of these séectra clearly confirms thafnmpound II is dimethyl
carbonate, compound III is N-dimethyl-methyl carbamate, compound

IV is N-methyl-methyl carbamate, and compound V is methyl carbamate,
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As was mentioned earlier, cbmpound v ig.soiid at room temper-
ature.‘ The melﬁing point was_fqund to be si.SOC. The melting
point of methyi carbamate is SSdC. A mixed méiting ééint deter~
minatiocn of compound V and methyl carbamate showéd-no change in

Al

its value.

All the above results show cénclusively that the products of

the reaction of carbon dioxide and diazomethané (prepared from Ne

methyléN-nitroso—N'~nitrbguanidine), in the_preSence of small
amounts of water, are dimethyl carbonate, Methyl carbaﬁate, Ne=-
methyl-methYl carbamate, and N-dimefhylomethyl carbamate;_ The
yield of each product is approximately 40% DMC, 35% MCR, 20% NMMCR

and 5% NDMMCR,

e

i1
Lol
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V.  DISCUSSION

Formation of Products

As far as it is known, in all reactions of diazomethane,
either the products contain both nitrogens of the‘diazomethang
molecule or noné, in which case nitrogen gas is evolved. 1In the
case of the reaction under study, three of'the prcducts'(MCk,
NMMCR éhd NDMMCR) contain one nitrogen atom4in their molecules
and one (DMC), none. If the nitrogen.atomrériginated from the
diazomethane molecule, then a splitting of tﬁe twovnitrOgens_
had to occur and a new kind of diazomethane reaction had to take
place. On the contrary, if the nitrogen afdm did notroriginate
from diazomethane, then a by=-product of the diazomethane forma-
tion reaction had to be present in the-ethereal solution of
diazomethane, which could react with carbon dioxidg and diazo-
methahé/;grm the nitropenous products.

In order to elucidate the above problem, diazomethane was

prepared by alkaline hydrolysis of an alcoholic solution of N-

methyl4N-nitr030-p~toluénesulfonamide, as described in the experi-

mental section, and its ethereal solution reacted with gaseous
carbon dioxide, After evaporation of the solvent, the products
were separated by.gas chromatogr%phy. Figure 36.is a'gas chro-
matogram of the products of the above reaction, As it can be
‘seen, the only.common product éf the two reactions is dimethyl

carbonate. Compounds, labeled unknown I and II, are different

118
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Fig. 36. Gas chromatogram of the nonradioactive
mixture of the products of the reaction of carbon
dioxide with diazomethane. Diazomethane was
prepared by alkaline hydrolysis of N-methyl-N-
nitroso-p-toluene-sulfonamide.
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from NDMMCR, NMMCR or MCR, as their emergence time in the VPC

is different from tha emergence time of any of tha other com=-
pounds, This was confirmed by comparing the IR spectra of thi
uﬁknown compounds I and II (Fig. 37) with tha‘IR'specfiA of the
other compounds (Figs. 33, 34, 35). Using Naﬂcluba insfead of
c1202 In the above reaction, it was established that carbon
dioxide was not'fhe precurscr of the uhkﬁown compounds I and

II. The gas chromatogram of the radioactive mixfﬁre showed capr=-
bon dioxide and &imefhyl carbonate as the ohiy fadioactiva com-.
ponents present} ‘Unknbwn.compounds I and II were not radioactive
and they wefe only by—préducts of the diazomethane formation re-
action, '

It can be concluded from the above experiments that the three
nitrogenous compounds (MCR, wi4CR and NDMMCR) are not~formed by
the action of diézométhane on carbon dioxide alone, but alsov
another compound ‘is hecesaapy. This compound is formed by the
alkaline hydrolysis of Nemethyl-N-nitroso-N'-nitroguanidine, as
a by-product of the &iézomethane formation reaction., The only
product that is aiways formed Sy the.action of pure diazomethane
on pure carbdn dioiide.is dimethyl carbonate. ‘

It is known that salte of carbanic acld or N-derivatives
of carbamic acid are formed by the action of Wiz or amines on

carbon dioxideab’ae; according to the reactions
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2 NHy + €O, — - HoNCOONH,,
2 RNHy + CO, - RNHCOONHgR

—
ZRNH 4 €O, = R NCOONH,R,

37,38 that diazo-

where R is any organic group. It is alsé known
methane reacts with amomonium, amine. or other salts of organic

or inorganic acids”to form the:corresponding methyl esters.
Ammonia br the corresponding amine or base is evolved. Thus,
ammonium qarbamate and amine salts of N-derivatives of carbamic
acid react with diazomethane to pive methyl carbamaté and N-
derivatives of methyl carbamate, respectively,

Addition of a small amount of dimethylamine in fﬁo ethereal
solution of diazomethane, before rhé addition of carbon dloxide,
resulted in an increcse in tite amount of NLHMMCP formed, comparad
witﬁ the orther products. An increase in the amount of NMMCR
was noticed when methylamine was added in the ethereal solution,
In the case of ammonia, a large increasé in the amount of MCR
formed was obvious, hut there was also a large increase in the
aﬁOunt of NMMCR, and a smaller increasae in the amount of NDUMCK,
compared wifh the amount of DMC formed.

It was mentioned earlier that *the only radioactive product
formed by‘the.action of diazonzthane (prepared from He-methyl-N-
nitroso-p-toluenesulforamide) on HaHClu03 was dimethyl carhonate,

When a small amount of concentratad ammonia solution was added

122



in the ethereal solution of diazomethane, before the additfon of -
bicarbonate, then MCR, NMMCR and NDMMCR were formed in addition

to DMC.' The- gas ¢hromatogram showed-five'radioactivé‘péaﬁa._ in

123

other words, the products.of a reaction iixtue, containing ammonia,

‘carbon dioxide and diazomethane, all of them'containing3cafbbn'"

atom originated from COy, are: (1) Dimethyl‘carbonate, (2)’méthyf“

carbamate, (3) N-methyl-methyl carbamate, and '(4) H-dimethyl- ="

methyl carbamate, The above experiments sugpestéd the possibility” -

of ammonia being the by-product present in the ethereal solution
of diazomethane, and formed by the alkaline hydrolysls of MHNG,

Search for ammonia in the ethereal solution of diazomethane,

prepared from MANG, gave positive results., Ammonid can be ex- =

plained as being formed by the alkaline hydmdysis of the imide’

group of N-methyl-N-nitroso-k'~nitropuanidine. The hydrolysis R

can take place before or after the formation of diazomethane, -
In the first case, M-methyl-ti-nitroso<H'snitrourca 418 formed - - -

according to the reaction

Cﬁsu(uojc(ﬂu)ﬂnuaz + HQO eei CH3H(NO?COHHNOQ # NH3_‘4;

which is further hydrolyzed to yield -diazcmethane. [n the gecond
case, diazomethane is formed (irst,-and the regidue {s. Fupther ¢

hydrolyzed to give ammonlia.



Mechanism of the Reaction

~The reaction of carbon dioxide w1th‘diazomethana in the
presence of ammonia yielded MCR, NMMCR and NDMMCR in.addition to
DMC, DMC was formed by the action of diazomethane on carbonic .
acid (reaction of diazomethane with acidic hydrogen) according
‘to Arndt or Eister mechanisms as described in the introductoty
section, Methyl carbamate was formed by the éction of diazomethane
on carbamic écid or ammonium carbamate, which are present in a mix=
ture of carbon dioxide and ammonia.vThreevhypotheses were consider-~
ed for the explanation of HM#CR and NDMMCR.formation from ammonia,
carbon dioxide and diazomethane: |

(a) Methyl carbamate was. formed fiqst, which" then reacted
with diazomethane to give its N-methyl derivatives.

(b) Diazomethane reacted with ammonia to give methylamine
and dimethylamine, which, formed K-metnyl carbamic acid and N~
.dimethyl cérbamic>acid.inthe présence of carbon dioxide, The acids
wgie further methylated by the action of diazomethane, to yield
NMMCR and HDMMCR. |

(¢) The carbamic acid, present in & mixture of ammonia and
carbon dioxide, reacted with diazomethane to form its Nemethyl
derivatives (N-methyl carbamic acid and N~dimethyl carbamic acld),
and the products were further methylated to yield the corresponding
methyl esters,

The first (a) hypothesis was not correct, because: (1) exten~

sive action of diazomethane on the reaction mixture did not show
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an increase in the amount of NMMCR and NDMMCR, as would b§ the case
if they were formed by methylation of methyl carbamatej (2) action

of diazomethane on Cl“-MCR, or unlabeled MCR, showed no formation .

of any N~ﬁethyl derivative of methyl carbamate, “

The second (b) hypothesis also was not correct because: - (1) The
same relative amount of each product was formed when either a
new or an‘old preparatidn of diazomethane was usedj (2) ali
attempts to prepare methyl derivatiwves of ammonia by the action
of diazomethane on gaseous ammonia, or ammoniacal solution, or
‘solutions of ammonium salts, were unsuccessful,

The third hypothesis was the only one which remainéd to be
used for the explanation ofvthe NHMMCR and'NDMMCR formation from
ammonia, carbon dio#ide and diazométhane. |

8iltz and Paetzole38 have observed that betalne was formed
by the action of diazomethane on an aqueous solution of glyclne,
In the absence of water'no reaction took place. KXohn and
Reuliusla studied more systematically the reaction of diazomethane
with amino acids in the presence of water or alcohol. They faund.
that an extensive action of diazomethane on the aqueous solution
of amino acid produced as final product the corresponding betaine.
Some intermediates were present in the case wheﬁ the reaction
was allowed to proceed for a short time ouly. They followed only
the rate of rormation of the methyl ester of the amino acid, and
they observed that there was an increase in the conéentration of

the methyl ester up to a maximum and then, as the reaction con-



tinued, it decreased slowly to zero, The time for reaching the
maXimum was 30 min for glycine and about 45 min for alanine,

After approximately 90 min for glycine and 120 min for alﬁnine from
the beginning of the reaction, no ester was present,

When the meth&l ester of an amino acid and diazomethane
wére used, no reaction ocpurred in the absence Qf water, but the
additioﬁ,of a small amo@nt of water caused the slow conversion of
all the methyl ester to the corfesponding bataine, The reaction
did nét sta;t inmediately after the addition.of wateﬁ, but a
short time lafef.

For tﬁe explanation of the above reactioné, they proposed
that diazomethane reacted with the zwitterion jon of fha amino
acid to form first the H-methyl derivatives and finally the _
betaine, The action of diagomethzne on the carboxylic group
caused the forﬁation of the ester, and at the beginning’fhere
was a competitionbetween these two reactions, In the presauce
of water, because of the basicity of the amino group, a self=-
hydrolyai§ of the methyl ester occurred, forming apgain the free
acid, and causing the quantitacive transformation of tha amino
acid toletaine. ¥When the metﬁyl ester was usad in thé presence .
of water, a self-hydrolyéis first occurred to form the free
amino acid, which cénsequently reacted with the diazomethane to
yield the betaine. |

Table VI shows the probable reactions that take place be=
tween diazomethane and glycine in the presence of wateé, which

lead to the formation of betaine as the final product.



129

Table VII. Mechanism of the Reaction of Diazomethane ﬁith an

;:;;igAqueougi§plu£19n“pf,aJngthpgiqf Carbgp,ni§u1do .
’and'Aﬁﬁonia

Yisld
cor M0 L oo - CHalg
2 2> K0y —22s (CHg0),C0
(xy -

4o

CEN, :
————>  H,NCOO0Cli - 35%

S o
HaNCOO™ &—— M, NCOOH
vy (11)

lcuzui , 1 R
. o QHQ”Q

CHgiiC00™ &= ' eHglmcooH —————=  CHyNHCOOCH; = 20%

(1v)-

(VI1I) (VIfI)

(V1)

CH2N2
e Loh .CHoll, .
- > Pk VL SRR . -
(CH3)2 HCOO™ &—= (CHé)zNCOOH # (CH3)2NC000H3 5%
: : _:u‘f,t_ Cte e L Rl i el Wt - R N .
S R s B €'

: n,‘ :#o‘ Tt

22 i , o : %

S S T s P S
[: (cna)sﬁcoo - > (Chylgh ¢ Coé:} .

(XI1I)

(X11)

; It is not known if trimethylamine is really formed because

no attempts were made for detecting it,
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H B

-k - % -
A oochHy + . sCHy«N=N1 ——» “oocnit-c,-f=n,
H, + - H,
TOOCN*H-CHp=N==-N  ————> TOOCN=H-CH, + N,
H | o |
and
oocNtii-C, ————> cH,NH,c00”
H 2. . 372
Be  HJNCOOH + iCHy=NSN ———3F  HoNCOO-H-CHp-N N1
- . | _
- HgNCOO-H-CHo=N=1; ~ ——— HNCOO-H-CHy + Ny
i o o o
HyNCOO-H-Cliy —>  H,NcooCH;

The methyl éstep of carbaﬁic écid,vand the methyl ésters_
of thé N-methyi derivatives of carbamic acid (compounds IV, VIII
- and XI) once forﬁed they cénnbt be self-hydrolyzed, even in the
Presenceiofvwatér, because the amide g?oupvis not as sfrong a
basic gréué-as the amino_group of amino acids; and 50 the mix-
ture of thése comhduﬁdé is tﬂe'final product of the above

reaction,
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VI. SUMMARY

Carbon dioxide was allowed t§3react with diazpm;thaéeg
prepared by alkaline hydrolysis of N-methyl—N-nitroso;Nf~
nitroguanidine., The different products were sepapate9 by
gas chromatography, collected separgtely,andAidentifiéd as
dimethyl carbonate, methyl carﬁamate, N-methyl-methyl qgrgékate;.
and N-dimethyl-methyl carbamate; The presence of ammonia“was.
necessary for thg fofmation of MCB, NMHCR and NDMMCR_Wheq
carbon dioxide reacted wi;ﬁ diazomethane which wés prepared
by alkaline hydrolysis of Nwmethyl-ﬂ~nitroso—p~tolu@nesdlf9na@idae
Ammonia was found in the ethereal solption of digzomethane? form=
ed -as a by-product of the alkaline hydrolysis of N-methyl-N-
nitnoso—N“~nitroguanidine,,Dimethyi carbonate, m;thyllcévbé-_
mate, N-methyl-methyl carbamate and N-dimethyl-methyi Qéfbéﬁate
were found toibe the products of the reaction between ammon@éa
carbon dioxide and diazoﬁethane, in aqueous solution, A mechan-
ism for the formation of N—methylfmethyl‘carbamate, aﬁd N;diﬁetgyl»
methyl carbamate from ammonia, carbon’dioxide and diazoﬁe%ﬁane

in the presence of water is proposed.
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