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Since the early study on phospholipid biosynthesis in witro, an
observation was made that the ability of tissues to incorporate 2P into
phospholipids depends greatly on the presence of undestroyed tissue
structure. In the study of Fishler et al. [8] the incorporation of 32P-ortho-
phosphate into liver phospholipids took place only in slices. The homo-
genization of the tissue led to the complete loss of the ability to syn-
thesize phospholipids. Homogenization of brain tissue also brought about
a considerable lowering of *’P incorporation into phospholipids [10, 18].

The authors cited above did not mention, however, whether the lowe-
red biosynthesis of phospholipids in ground tissue was due to the in-
hibition of the synthesis of phosphoric precursors, or the second step
was involved, ie. the incorporation of phosphoric esters into lipid ac-
ceptors. In the present paper an attempt was made to answer whether
the homogenization of tissue did affect the synthesis of phospholipids at
the stage of the incorporation of phosphoric esters. The effect of structural
changes brought about by freezing and thawing was also studied. Liver
tissue was used in the experiments; the intense biosynthesis of phospho-
lipids in this organ being well known. Furthermore the incorporation
of phosphoric esters into phospholipids in other undestroyed tissues of
guinea pig and their ability to hydrolyze the esters were studied.

EXPERIMENTAL

Labelled substrates

32P-phosphocholine (*2PChol)!. This was obtained by the method of
Riley [17]. The solution of KH,**PO, (0.03 ml. containing 3.8 mg. P, 1.8 mc)
! Abbreviations used: PChol, phosphocholine; PEt, phosphoethanolamine; PSer,
phosphoserine; «-GP, «-glycerophosphate.
1]

http://rcin.org.pl



112 T. CHOJNACKI AND T. KORZYBSKI (21

was added to 99 mg. of choline hydrochloride and 101 mg. P;O;. The
mixture was heated at 155° for 15 hr. under reduced pressure (glass
filter pump), hydrolyzed with 2-3ml. of water in boiling water bath
for 15min., then pH was adjusted to 10 by addition of several ml. of
saturated hot Ba(OH), solution. The precipitated barium phosphate was
centrifuged and washed twice with 5ml. portions of water. To the
combined (25 ml.) solutions 50 ml. of cold (-20°) absolute ethanol were
slowly dropped in and the mixture left for 24 hr. at -20°. The crystals
of barium *?PChol were washed with some ml. of ethanol (60, 80 and
100 per cent, successively) and dried in a desiccator over KOH. The
yield of the synthesis was about 30 per cent of the used amount of
KH,*PO,. For each experiment a fresh solution of sodium salt of 3?PChol
was prepared by precipitation of Ba?* ions with a small excess of
0.5 M-Na,SO,. The specific activity of the used %’PChol was 5-10% to
4.10° imp./min./umol P.

32P-phosphoethanolamine (*?PEt). This was prepared according to
Artom [1] by heating 0.15 ml. of ethanolamine with 0.1 ml. of NayH*?PO;
solution (0.34 mg. P; 1.9 mc), and with an excess of PyO; (326 mg.). The
mixture was heated for 3 hr. at 185° and pressure 20 mm. Hg. The hydro-
lysis and the precipitation of barium phosphate were performed as
described for 32PChol. The combined solutions (about 100 ml.) were ap-
plied on Dowex-1-formate column (11X1.2 em.). The column was washed
with 100ml. of water, then 3PEt eluted with 0.05M-formic acid. The
eluate containing ?PEt was evaporated to dryness in a desiccator
over KOH. For experiments the dry residue was dissolved in water
and pH adjusted to 7 with 0.1 N-NaOH. The specific activity of *PEt
ranged from 2.4-10* to 3.1-10* imp./min./umol P.

32P-phosphoserine (**PSer). This was prepared according to the method
of Levene & Schormiiller [13] and purified on column chromatography
according to Borkenhagen & Kennedy [3]. The solution of Na,H%?PO;
(0.05ml.; 0.75 mg.P; 1 mc) was added to 100 mg. of DL-serine hydro-
chloride, then 189 mg. of P,O; were added and after mixing left for 72 hr.
at room temperature. The mixture was then dissolved in 2 - 3 ml. of water,
heated on a boiling water bath for 15 min. and saturated hot solution of
Ba(OH), was added to reach pH about 10. The precipitate of barium
phosphate was centrifuged and washed 10 times with 5ml. portions of
water. The supernatant, and subsequent washings were combined (about
70 ml.) and applied on a Dowex-l-formate column (11>X1.2 cm.). The
column was washed with about 150 ml. of water. The total radioactivity
of the solution was adsorbed on the ion exchange resin. The elution of
2PSer was performed by the gradient elution with formic acid. The
mixing camer contained initially 300 ml. of water, and 0.5 M-HCOOH was
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131 INCORPORATION OF 32P-ESTERS INTO PHOSPHOLIPIDS IN VITRO 113

placed in the reservoir. Portions of 10 and 25 ml. were collected under
continuous control of a counter for f-radiation which was placed on
the tube attached to the column. It made thus possible to follow directly
the course of elution of 32P compounds. The fraction containing 3?PSer
(between 265 and 315 ml. from the beginning of the elution) was eva-
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Fig. 1. The column chromatography of 32PSer on the ion exchange resin Dowex-

-1-formate. The scale of radioactivities of different fractions is shown on the left of

the figure, the full line curve corresponds to it. The position of the chromatographic

spots of different fractions is shown on the right. Paper chromatogram was develop-

ed in the following solvent system: isopropanol 75 ml., water 25 ml., trichloracetic
acid 5g. and conc. ammonia 0.3 ml. (cf. the text)

porated to dryness in a desiccator over KOH. The specific activity of
sodium salt of *?PSer used in the experiments amounted to 1.8-10% to
3.9 10* imp./min./umol P.

The results of column chromatography of *?PSer were similar to
those obtained by Borkenhagen & Kennedy [3]. According to these
authors the fraction between 240 and 288 ml. contained phosphoserine.
In our experiment the phosphoserine fraction was similarly eluted
although it contained only 2/3 of the radioactivity applied on the column.
To identify the remaining phosphorus compounds, the paper chromato-
graphy was carried out, and also the elution of free serine was studied.
The column chromatography and the paper chromatogram of all the
eluted fractions are presented in Fig. 1. It can be seen that free serine
is eluted from the column within the first 75 ml., all other fractions do
not contain it. The first radioactive fraction appears between 100 and
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130 ml. of the eluate, and in the paper chromatography it has a low Rf
value and does not react with ninhydrin. In the used solvent system for
the paper chromatography polyphosphates reveal a similar low Ry [7]).
They may arise during addition of P,O; to the reaction mixture when in
spite of continuous cooling with ice local temperature has been likely to be
too high. The second radioactive peak observed in the course of column
chromatography corresponds to phosphoserine. Paper chromatogram of
this fraction shows a radioactive spot giving positive ninhydrin reaction
and a blue colour with molybdate according to Hanes & Isherwood [11].
The remaining amount of 32P cannot be eluted with 0.5 N-HCOOH, it
consists of orthophosphate which can be washed out with 1N-HCI.

a-Glycero -32P-phosphate (a-G*P). This was obtained from glycerol
and Na,H*?PO, by the method of Bailly [2]. Na,H32PO,, 154 mg. (0.7 mc)
was mixed with 0.5 ml. of glycerol, heated at 160° for 6hr. under
reduced pressure. The mixture was dissolved in about 5 - 6 ml. of water
and pH adjusted to 10 by saturated hot solution of Ba(OH)..
The centrifuged precipitate was washed several times with water
and the double volume of absolute ethanol chilled to -20° was
slowly dropped into 25 ml. of combined supernatants. The precipitate of
glycerophosphate was centrifuged after 24 hr., washed with cold 96 per
cent ethanol, dried, then dissolved in 1 ml. of N-H,SO,. The solution
was heated for 1hr. on a boiling water bath, the volume being always
made up to the original one with water. Glycerophosphate thus prepared
contained about 90 per cent of the form « (determined with the Burm-
aster’s method [4]). The solution of sodium glycerophosphate as used in
experiments was prepared by 20-fold dilution of a stock solution with
water, then neutralized with 0.1 N-NaOH. The specific activity of «-G*2P
amounted to 4 - 104 to 3.4 . 10° imp./umol P.

Paper chromatography

The identification of the obtained labelled esters of phosphoric acid
was achieved by paper chromatography on Whatman No. 1 filter paper
by adding the respective unlabelled and chromatographically pure com-
pounds (PChol, PEt and PSer obtained according to Plimmer and Burch
[16], Outhouse [15], and Neuhaus & Korkes [14], respectively and a com-
mercial sample of «-GP, BDH) to the applied solutions. Two-dimensional
chromatography according to Dawson [6] was applied, the first descend-
ing run: phenol saturated with 0.1 per cent ammonia solution; the second
ascending run: ethanol - conc. ammonia - water (61 :29 :10 v/v). Also an
ascending chromatography according to Ebel [7] was applied with two
systems; the acid solvent: isopropanol 75 ml., water 25 ml., trichloracetic
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acid 5 g., conc. ammonia 0.3 ml., and the alkaline solvent: n-propanol
30 ml., ethanol 30 ml., water 39 ml., conc. ammonia 1 ml.

To follow the cleavage of labelled esters during incubation the ascend-
ing paper chromatography on Whatman No. 1 filter paper and the solvent
systems of Ebel [7], or phenol saturated with 0.1 per cent ammonia was
used. In the last case the start line was placed 10 cm. above the border
of the paper, and the time of the development being prolonged to 36 hr.

To localise the radioactive spots the chromatograms were placed in
contact with X-ray film for a suitable period of time. To detect the
phosphoric compounds the spots were developed with molybdate [11].
The chromatograms were sprayed with the solution of ninhydrin (0.2 g.
of ninhydrin, 95 ml. of butanol and 5ml. of glacial acetic acid) in order
to detect the spots of serine and ethanolamine as well as PSer and PEt.

Incubation and assays

The incorporation of 3P labelled esters into phospholipids was stu-
died in (1) tissue fragments 1-1.5mm. thick, cut by means of scis-
sors a few minutes after killing and removing the organ of guinea pig,
(2) similar tissue fragments but frozen by placing them in test tubes sur-
rounded with dry ice for 5 min., then warmed to 37° in a water bath,
(3) homogenates of tissue obtained by grinding it for 2 - 3 min. in a Pot-
ter-Elvehjem homogenizer with a mixture of 0.13 mM-NaCl, 5 mm-KClI,
1.2 mm-MgSO,, 0.8 mm-CaCl, and 10 mwm-phosphate buffer pH 7. This
solution which was used by Freinkel [9] in his study on the incorporation
of **P-orthophosphate into phospholipids of thyroid gland slices, is very
similar to the phosphate Krebs-Ringer solution. Experiments with
32PChol led to the conclusion that the changes in reciprocal ratios
among Na*, K*, and Mg?* in the isotonic solution brought about the
decrease in the rate of incorporation of labelled ester into phospholipids
by tissue fragments and homogenates.

Either 0.5 g. portions of the tissue fragments added to 0.4 ml. portions
of Freinkel's salt solution, or 0.9 ml. of the homogenate were incubated
with 1 wmole of the labelled substrate (0.1 ml.) in test tubes (16 X120 mm.)
on a 37° water bath with constant stirring. At definite intervals the
incubation was stopped by an addition of 2 ml. of ethanol and heating for
1.5 min. on a boiling water bath. Then the tissue fragments were homo-
genized. These as well as the deproteinized homogenates were centrifuged.
the sediments washed twice with 3 ml. of 70 per cent ethanol and the
supernatants combined.

The aqueous and the chloroform extracts were obtained according to
Dawson’s procedure [5]. To obtain an aqueous extract the combined
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supernatants were shaken vigorously for 5 min. with 25 ml. of chloro-
form, then the upper phase was collected and paper chromatography was
made. In order to obtain the total lipids the lower chloroform layer was
added to the washed sediments and the extraction was carried out for
20 min. under reflux with constant boiling. The extract was filtered
through glass wool, then the clear filtrate cooled and washed twice with
double volumes of 0.1 N-HCI. Layers having been separated, the upper
one was completely sucked out by means of a pipette and discarded.
The two fold washings with diluted hydrochloric acid proved to remove
completely the water soluble radioactive impurities out of the chloro-
form phase. The first washing contained about 0.5 per cent of the radio-
activity added as **PChol to the incubation mixture. The second one
contained no radiophosphorus. Samples of chloroform phase containing
lipids were placed on tin planchets 2 cm. in diameter and after evapora-
tion their radioactivity was measured by means of BAT 25 g-counter
with a mica window (4 mg./cm.2). The content of phosphorus in the
chloroform extract was assayed with the King’s method [12] after
digestion with 0.8 ml. of perchloric acid (3-6 hr. at 150-160°).

RESULTS

The incorporation of labelled phosphoric esters into phospholipids of
liver tissue and the effect of destroying its structure upon the process
is presented in Fig. 2. About 10-15 experiments were performed with
#PChol, a-G**P, and *?PEt for each one, but only the results of the
experiments made simultaneously with two or three labelled esters on
the same liver are presented. The same change in phospholipid bio-
synthesis depending on the preparation of the liver sample was observed
in all the experiments.

The maximum amounts of ?*P incorporated into phospholipids of the
undestroyed liver tissue were not the same in various individuals. The
maximum incorporation of ¥2PChol and «-G3P was about 1-2 per cent
of the amount of ester added and 0.5-1 per cent for **PEt. For a better
comparison of parallel experiments on different animals the values of
specific activity are expressed in terms of per cent, the maximum value
for each substrate used being considered as 100. The absolute specific
activity values which correspond to 100 of the figure 2 are presented
in the table 1. In all experiments the freezing and thawing of the tissue
(columns filled with parallel full lines) greatly impaired the ability to
incorporate **P-precursor into phospholipids. The homogenization (columns
filled with points) resulted also in a lowered biosynthesis. The most
remarkable effect of destroying tissue structure was observed with
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32PChol incorporation. In the case of «-G?P and *PEt the incorporation
into phospholipids of liver was lower but still distinct.

Two experiments were made with 3?PSer. As is seen in Fig. 2 (exp.
No. 1) the homogenization of tissue brings about an increase of incorpora-
tion on the contrary to other phosphoric esters.

The **PChol and *?PEt incorporation was still raising for 3 hr. and
even 6 hr. lasting incubation. On the contrary, in the experiments with
a-G*P the radioactivity of phospholipids observed after 1 hr. was some-
what lower and that found after 3 hr. was considerably lowered (the data
are not presented in Fig. 2).
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Fig. 2. Specific activities of phospholipids extracted from guinea pig liver after

various periods of incubation with a-G32P, 32PChol, 32PEt and 32PSer in relation

to different ways of preparation of the tissue: undestroyed fragments (plain columns),

frozen tissue (columns striated), and homogenized tissue (columms covered with

points). Specific activity (imp./min./mg.P) expressed as per cent of the maximum
value for each experiment and a given substrate
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Table 1
Specific activities of phospholipid fractions considered as 100 in the Fig. 2

Itis assumed that the specific activity of all the esters is identical, namely 10* imp./min./pm. P. Calculations are based
on this assumption in view of different specific activities of the substrates

Incubation ! Specific activity (imp./min./mg. lipid P) .
with | Bsp.1 | Exp.2 | Exp, 3| "Exp’4 | Exp.5
a-G32P 5950 1210 2580 — 2450
32PChol 4810 3340 1910 3810 640
32PEt — — 580 2470 —
32PSer 1780 - —_ = 1%

Only a small part, about 0.5 -2 per cent, of the added precursor was
incorporated into phospholipids on the incubation. In order to study the
possible changes which the remaining amount of substrates might undergo
on incubation, the aqueous extracts of incubates were subjected to paper
chromatography. After some periods of time different substrates were
hydrolyzed to an extent depending on the kind of tissue used. The
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Fig. 3. The incubation of 32PSer with liver tissue. (A) Undestroyed fragments,

(B) Previously frozen fragments, (C) Tissue homogenates. In the upper part of the

figure the incorporation of radiophosphorus (imp./min./mg.lipid P) is presented.

The lower one presents autoradiogram of chromatograms of aqueous extracts of
incubates (solvent system as in Fig. 1)

extent of dephosphorylation did not depend on the way of preparing
the tissue sample. The autoradiograms of chromatograms of the aqueous
extracts of different organs incubated with labelled substrates are
presented in the Figs. 3 and 4.
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191 INCORPORATION OF 3P-ESTERS INTO PHOSPHOLIPIDS IN VITRO 119

Phosphocholine is almost not hydrolyzed at all by liver tissue during
3 hr. incubation (Fig. 4), traces of *2P present in orthophosphate spot
probably derived only from the polyphosphates decomposed, representing
the impurities of the **PChol preparation. The liver tissue during 3 hr.
brings about only a low degree of cleavage of **PEt (Fig. 4). The great
part of a-G**P after 1 hr. incubation with liver tissue fragments is
hydrolyzed to orthophosphate (Fig. 4). Thirty minutes after mixing liver
tissue with «-G*°P, i.e. in the time of maximum incorporation of radio-
phosphorus into phospholipids the rate of the cleavage is still a slight one.
In the chromatogram of aqueous extract of the incubate with «-G*P the
presence of third radioactive spot of an unidentified substance may be
observed besides that of orthophosphate. The liver tissue brings about
a conspicuous cleavage of *?PSer to orthophosphate (Fig. 3).

32PChol is hydrolyzed to a greatest extent by kidney tissue (Fig. 4),
less by lung and brain and no cleavage was observed with muscle and
heart. Adipose tissue (omentum) like liver hydrolyzes 32PChol to
a minute extent only.

32PEt is hydrolyzed to the greatest extent by kidney, less by lung and
liver whereas heart muscle and brain hydrolyzes it to a slight degree
only (Fig. 4). There was no cleavage of 3?PEt in incubates of striated
muscle and of adipose tissues.

a-G*P is dephosphorylated at a fairly high degree by lung, liver,
kidney, brain and striated muscle. There is no hydrolysis of a-G3P or
a small one only with heart muscle and adipose tissues. Liver, lung, brain
and adipose tissues with «-G32P bring about the appearance of an
unidentified phosphorus compound giving a spot placed between glycero-
phosphate and orthophosphate besides the usual orthophosphate spot
(Fig. 4).

The incorporation of labelled substrates into phospholipids in different
tissue fragments is presented in the upper parts of Figs. 3 and 4. In the
experiments with ??PChol a continuous (during 3 hr) rise of specific
activity of phospholipids in the following tissues is observed: liver, lung,
kidney, striated and heart muscle. They rise for the first half an hour
only in brain and adipose tissues.

In the experiments with 3PEt a continuous rise of the specific
activity of phospholipids can be observed in liver, lung, brain and adipose
tissues. In the remaining tissues the specific activities measured after
30 min., 1 hr., and 3 hr. do not show any significant difference.

In the experiments with «-G*P it was shown that the lowering of the
specific activity of phospholipids in the tissues investigated, which is
observed since the first incubation hour is parallel to the cleavage of
glycerophosphate.
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120 T. CHOJNACKI AND T. KORZYBSKI [107

Table 2

Specific activities of phospholipids from fractions of liver obtained from fragments incubated with
32PChol for 3 hr.

Details in the text

' imp./min./mg. lipid P : Mean value of the ratio of
| specific activity of phospholi-

i | pids of the fraction to that |
Exp. 1 Exp.2 | Exp.3 l of the whole homogenate

S 0y el i E e ..,,VA__T-.._*.,',,-H,.__ PRI A
Whole homogenate | 4980 1550 i 1240 |
Fraction 1 (500 g) 2520 1000 i 1130 0.69 +0.12

1
Fraction 11 (15,000 g) 4600 1460 | 1320 l 0.98 £0.04
Fraction I (supernatant) | 5900 1720 1280 & 1.11-+0.05

Using 3?PChol and the undestroyed liver tissue an attempt was made
to find which part of cellular structures did exhibit the greatest ability
to incorporate the ester into phospholipids. Fragments of liver that had
previously been incubated with 3*PChol for 3 hr. were homogenized at
0° with 0.25M-saccharose solution. The homogenates were centrifuged
and the following fractions obtained: (I) The sediment obtained at 500 ¢,
(IT) the sediment obtained at 15000 g, and (III) the supernatant of the
sediment II. The specific activities of phospholipids of the whole homo-
genate and of the fractions were estimated by means of methods
described above. It may be seen in table 2, that during the incubation
a greater incorporation into phospolipids occurs to the fractions IT and III.

DISCUSSION

The findings concerning the in vitro incorporation of the examined
esters into phospholipids of the undestroyed liver fragments of guinea
pig lead to the conclusion that PChol and PEt are incorporated into
phospholipids without the previous dephosphorylation. When a-G*P is
the substrate the isotope incorporation into phospholipids depends on
the amount of the ester. The specific activity of phospholipids diminishes
with the progress of the hydrolysis of glycerophosphate. In the experi-
ments with PSer the liver hydrolyzes the greater part of the ester to
orthophosphate. As the cleavage of 3*PSer is progressing the specific
activity does not decrease as it is observed with «G*»P. It is difficult
to evaluate to what extent the incorporation of 3*PSer as a whole mole-
cule does occur, or to what extent the radioactivity of phospholipids is
due to the synthesis from orthophosphate.

http://rcin.org.pl
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In the experiments on the cleavage of *PChol, **PEt and «-G**P by
different tissues in vitro it has been found that they bring about different
degrees of dephosphorylation of the esters. These differences were also
found by Strickland et «ll. [19] in extracts of brain, liver, kidneys, prostate
and intestine mucosa at an optimum pH for alkaline and acid phosphatase
and at high concentrations of the substrates. In our experiments the
amounts of the substrates incubated with the tissues were very small,
resembling thus the amounts of endogenous substrates present in
investigated sample and the pH was close to that of the tissue. Thus
the results may provide a better approach to the dephosphorylation
processes of the esters in various organs.

The lowered phospholipid synthesis resulting from the mechanical
destruction of cell structure leads to the conclusion, that the metabolism
of these compounds is connected with the overall function of the cell.
The effect of homogenization on the intensity of incorporation of 3*PChol,
32PEt and «-G*P is found to be independent on the kind of medium
used to homogenize tissues (isotonic saccharose solution, isotonic solutions
with different ratios of K*, Na* and Mg**). During the incubation of
liver tissue with 32PSer only an increased incorporation of 3P into phos-
pholipids was observed after homogenization.

The changes observed in tissues on freezing and thawing resulted in
a greater inhibition of the incorporation of the esters into phospholipids
than homogenization did. It should be mentioned that it was not due to
the diminished penetration of the labelled esters into previously frozen
tissue fragments. The determination of **P contents in tissue fragments
after incubation with **PChol washed twice with 10 ml. portions of 0.9
per cent NaCl led to the conclusion that the diffusion of the ester into
the tissue was not decreased by freezing. Concentrations of 3?PChol in
the tissue and in the medium were equal after 2 -3 hr. incubation.

It seems that such a great degree of sensibility of the processes of
phospholipid synthesis towards the agents which affect tissue structure
do not find any analogy in other metabolic pathways.

SUMMARY

The incorporation of **P labelled glycerophosphate, phosphocholine
and phosphoethanolamine into phospholipids of guinea pig liver in wvitro
was several times lower when the tissue was either placed for 5 min.
in dry ice and then thawed or homogenized. The homogenization led to
the several times higher incorporation when phosphoserine was substrate.
Maximum yield of **PChol and a-G*?P incorporation into phospholipids
amounted to 1-2 per cent, the values for *?PEt and *?PSer were 1 per
cent and 0.5 per cent, respectively.
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122 T. CHOIJNACKI AND T. KORZYBSKI (12}

It was found that after a three hour incubation of the fragments of
liver tissue with the substrates an intense dephosphorylation of 32PSer
and «-G**P and a small one of **PChol and **PEt took place. Among other
tissues that of kidney brought about a complete hydrolysis of all the

esters.
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WLACZANIE ZNAKOWANYCH 32P ESTROW FOSFOROWYCH GLICEROLU,
CHOLINY, ETANOLOAMINY i SERYNY W FOSFOLIPIDY NARZADOW SWINKI
MORSKIEJ IN VITRO

Streszczenie

Wilaczanie glicerofosforanu, Jfosfocholiny i fosfoetanoloaminy znako-
wanych *2P w fosfolipidy watroby $§winki morskiej in wvitro bylo kilka-
krotnie zmniejszone gdy tkanke umieszczono na 5 min. w temperatu-
rze -70° a nastepnie odtajano, lub gdy ja zhomogenizowano. Natomiast
gdy substratem byla fosfoseryna homogenizacja powodowala kilkakrotny
wzrost wlaczania. Maksymalna wydajno$§¢ wilgczania w fosfolipidy
2PChol i a-G*2P wynosi okolo 1—2%, 32PEt okolo 1%, *>PSer okolo 0.5%s.

Po trzygodzinnej inkubacji fragmentéw tkanki watrobowej z bada-
nymi substratami stwierdzono intensywna defosforylacje 3?PSer i a-G*’P
a nieznaczng 32PChol i 3?PEt. Z innych tkanek nerka powodowata catko-

witg hydrolize wszystkich badanych substratow.
Otrzymano 6.7.1960
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SULPHINIC COMPOUNDS AND THE OUTER SULPHUR ATOM OF THIOSULPHATE

Department of Physiological Chemistry of the Medical Academy in Cracow
Head of the Department: Proj. Dr B. Skarzynski

Almost four years ago B. Sérbo found that alaninethiosulphonic acid
and thiotaurine might be formed under suitable conditions in the homo-
genates of rat liver [10, 11]. Sorbo’s experiments were based on the
reaction occurring in liver homogenates between f-mercaptopyruvic acid
and sulphite.

HS—CH}—-CO—CO0— 480, =~ | €H;—C0—CO0™ - 5105~

The formation of thiosulphate on the above reaction was inhibited to
a large extent when some sulphinates were added to the reaction mixture,
e.g. cysteinesulphinic acid or hypotaurine. This phenomenon could be
explained by assuming that sulphinates as well as the sulphite groups
were acceptors of the thiol group sulphur. Hence, the formation of
thiosulphonic derivatives might be expressed by the following equation.

RSO,H + HS—CH,—CO—COOH —> RSO,SH + CH;—CO—COOH

Cavallini, De Marco and Mondovi [2] have shown that thiotaurine was
present in the urine of rats fed with large doses of cystine. It had to be
concluded, therefore, that the formation of thiosulphonic derivatives was
not dependent on specific experimental conditions, but was a normal
biological stage in the metabolism of sulphur in the living organism.
Nevertheless, the question remains open whether the reaction between
sulphinates and g-mercaptopyruvic acid is the only source of thio-
sulphonic compounds in the organism.

(1231
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124 J. M. ZGLICZYNSKI AND T. STELMASZYNSKA 121

Therefore we decided to investigate some sulphur compounds, other
than p-mercaptopyruvic acid, containing sulphur at the 0 to —2 oxidation
degree and hence capable to behave as donors of the SH group. Thio-
sulphate was the compound investigated, the choice being suggested by
the results obtained by Skarzynski, Szczepkowski and Weber [8] which
had shown that only the outer sulphur atom of thiosulphate is capable
to be incorporated into organic tissue compounds. The degree of oxidation
of this sulphur and the chemical structure of the thiosulphate molecule
suggested that in the organism the reaction might also take place
according to the following scheme:

RSO,~ 478805 "~ RSG5 450,~

In order to clear up this problem we undertook the study of reactions
occurring between thiosulphate on the one hand, and cysteinesulphinic
acid or hypotaurine on the other, both without biological material and in
haemolysates of normal human red blood cells.

METHODS

The biological reactions between sulphinates and thiosulphate were
gtudied in haemolysates of normal human red blood cells. This material
was chosen in view of its easy availability without any contaminations.
Experiments were carried out in phosphate buffers, pH 7.4, the
incubation time being 2 to 3 hours at 38°. In experiments performed
in the presence of haemolysates, 0.001 m solutions of thiosulphate (Merck),
0.01 m-cysteinesulphinic acid prepared as described below, and 0.01 M-
~hypotaurine prepared after Cavallini et al. [3], were used. The substrates
were dissolved in 0.02 Mm-phosphate buffer, pH 7.4. The volume
of the incubated test was usually 5 ml. (2ml. of thiosulphate solution,
0.5ml. of cysteinesulphinic acid or hypotaurine and 2.5 ml. of haemo-
lysate). In control tests the substrate solution was replaced by phosphate
buffer. Standards solutions of alaninethiosulphonic acid and thiotaurine
were prepared according to Cavallini, De Marco and Mondovi [4].

Erythrocytes obtained from 10 - 15 ml. normal human venous blood
sampled into 2ml. of 3.8% sodium citrate were centrifuged for 3 -4
minutes at 1000 r.p.m., then plasma, containing blood platelets and leuco-
cytes, was discarded. The erythrocytes were washed twice with 0.9%
NaCl solution. The cell suspension finally contained an average of
8 to 9 million erythrocytes per cmm. The erythrocytes were haemo-
lysed with twice that volume of water and incubated in the
presence of substrates, then the protein was precipitated with 2 volumes
of acetone at —5°. The acetone was separated from water with the excess
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3] SULPHINIC COMPOUNDS AS ACCEPTORS OF BIVALENT SULPHUR 125

of chloroform, the sample being thus defatted, too. The error in determina-
tions of the substrates due to this of removing protein did not exceed 4 per
cent.

Reactions without haemolysates were carried out with solutions
diluted as in the experiments with erythrocytes, as well as with con-
centrated solutions at molar ratios of thiosulphate to sulphinates of 2 :1,
1:1and 1 : 2. The pH applied was 7.4, and the incubation time ranging
from 10 minutes to 2 hours, at 20°, 37° and 60°.

Table 1

Chromatographic identification of sulphur-containing aminoacids

! Isatin (7]| .4, | Nitro- Chioro- | gy, [KI+ | Alkaline
Compound colour | 3 prusside [AgNO;| platinate 5] -+HCl|cyanolysis
| reaction | +KCN[6] | 4l (51 | at 100°
Cysteine violet-
pink ++ - —_ Bs — — —
L i s EGATH ROTL R
Cystine brownish-
violet + + + — + —_ — —_
Cysteamine brown B + — + — - —
Cysteic acid brownish-| (trace
red decol- - — — — e —
our.)
Taurine (v. weak) — — — -— — — -
Cysteine sul- v. weak |
phinic acid | blue decol- VS 1 L
our.
v. weak
Hypotaurine blue decol- - — + + + —
our.
Alanine thiosul- | blue- | (weak) ?
phonic acid violet =k sy il + — a5 250w
Thiotaurine blue- (weak)
violet ++ + + + = -+ +4
Cystine disul- brownish- - + — + - ++ —
phoxide (de- red l after
composes) | NaOH

The determinations of the reaction products and substrates were
performed after deproteinisation with the method of Sorbo [12]. In
addition, each experiment was verified chromatographically. The samples
were placed marginally on circles of Whatman No.1 filter paper and

partitioned for 14 to 16 hours in two systems: butanol-acetone-water
2 ‘e

http://rcin.org.pl



126 J. M. ZGLICZYRSKI AND T. STELMASZYNSKA 43

(40 : 40 : 20) and tertiary isobutanol-water (70 : 30). The spots were deve-
loped with ninhydrin or isatin; sulphur compounds were identified with
the tests shown in Table 1 and compared to corresponding standards.

Synthesis of cysteinesulphinic acid

The applied method was based on that described by Cavallini [3] in
his report on the synthesis of hypotaurine. Cystine was the originating
compound for the synthesis, as it had been in the author’s procedure.
Cystine disulphoxide was an intermediate product in the synthesis of
cysteinesulphinic acid, the former being formed of cystine under the
influence of hydrogen peroxide in the presence of iodine as catalyst. The
disulphoxide was dismuted in a solution of ammonia, and the cysteine-
sulphinic acid formed was purified on the cationite Dowex 50 hydrogen
form.
Procedure. 2.4 g. cystine dissolved in 10 ml. of HCI solution (2.2 ml.
33% HCI + 8.8 ml. H,O) was added with 50 mg. KI and 2.3 ml. 30°% Hy0,.
The hydrogen peroxide was added drop by drop while the solution was
shaken vigorously. The brown-coloured solution resulting from the
liberation of iodine was left at room temperature for about 12 hours, then
200 ml. acetone in 10 ml. portions was added, and vigorously mixed again.
The white precipitate of cystine disulphoxide was filtered on a Biichner
funnel and washed with 90 per cent acetone, then with acetone and
ether. The disulphoxide was recrystallized twice from water-aceton
solution (1:10). The substance showed a melting point at 195°, but
undervent decomposition in this temperature. No contaminations other
than traces of cystine were present.

Cystine disulphoxide (1.36 g.) was dissolved in 10 ml. of 1 Mm-ammonia
and left for about 1.5 hours at 30°. The solution was then passed through
a Dowex 50 H* column (1.5X8 cm., 300 - 500 mesh). After washing the
column with water, two fractions were collected. The first one contained
hydrochloric acid and traces of cysteic acid and it was discarded.
Cysteinesulphinic acid was obtained within the second 100 ml. fraction,
slightly acid, containing no chloride ions. This solution was concentrated
in vacuo over H,SO, conc. The cysteinesulphinic acid obtained on this
procedure did not contain any mineral contamination and appeared to
be homogeneous on chromatography. Its melting point was 153°.

RESULTS

Reactions of sulphinic compounds with thiosulphate without erythrocytes

The reaction of 0.01 m-sulphinates (hypotaurine or cysteinesulphinic
acid) with 0.001m -thiosulphate was studied in five experiments and the
results indicated that at these substrate concentrations no perceptible
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reaction occurred. As the concentration of the reacting solutions
increased up to 0.1 M, and at 38°, a slight decrease in thiosulphate was
noted, as well as the appearance of thiosulphonates. However, without
tissue, the reaction occurred only at 1 M-concentrations and at temperatures
above 60°. Under these conditions the reaction was immediate, the
corresponding thiosulphonates being formed.

Nine determinations were performed with 0.5M-solutions of hypo-
taurine and cysteinesulphinic acid at 60°. It was found that the reaction
between sulphinates and thiosulphate at the ratio of 2 : 1 consumed 80
per cent of the thiosulphate, 76 per cent of the theoretically calculated
amount of thiosulphonates being formed. Chromatographically, two spots
were found corresponding to the non-utilized sulphinates and the formed
thiosulphonic compound. Quantitative analysis of the reaction between
equivalent amounts of sulphinate and thiosulphate showed the rate of
60 per cent of thiosulphate utilization and that of thiosulphonates pro-
duction 58 per cent. The chromatographic pattern did not differ from
that described above. When thiosulphate was employed in twofold
excess it was utilized by 50 per cent, and the production of thiotaurine
and alaninethiosulphonic acid was 40 per cent of the theoretically
calculated. Chromatographically, three bands were obtained, correspond-
ing to thiosulphonate and sulphinate, some chemical properties of which
are listed in Table 1. The third band was due to an unidentified sulphur
compound.

Reactions of sulphinic compounds with thiosulphate in haemolysates
of erythrocytes

These experiments were carried out under conditions in which, in the
absence of a biocatalyst, the reaction did not take place, i.e. 0.01 M-sul-
phinate and 0.001M-thiosulphate solutions at 37°. The addition of
erythrocyte haemolysates led to the production of thiosulphonic com-
pounds proportional to the amount of the added haemolysate.

A total of 24 experiments was made using haemolysates. The results
of this series of experiments are shown in Table 2 and indicate that the
thiosulphate with hypotaurine reaction rate is higher than that with
cysteinesulphinic acid. Hypotaurine, in the presence of haemolysate,
proved to be a better acceptor for the thiosulphate sulphur than the
cysteinesulphinic acid. After the incubation of haemolysates with thio-
sulphate only, the formation of traces of thiosulphonic compounds was
always observed, probably as the result of the reaction of thiosulphate
with the sulphinic compounds present in the haemolysates. Similarly,
the addition of sulphinates without thiosulphate to haemolysates also led
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Table 2
Formation of thiosulphonic compounds as the result of incubation of haemolysates of red blood cells
with thiosulphate and sulphinate compounds

Thiosulphate 2 gmol Iphonic compounds 5 umoles and 2.5 ml. of haemolysate (final volume 5 ml.) were incubated
2 hrs., 37°, pH 7.4

| Thiosulphate !Thiosulphonic compounds formed

' > after ; (umole)
Incubation mixture incibation ' | T
: Thiotaurine Alaninethio- |
| (umole) | sulphonic acid
! Haemolysate, thiosulphate | 1.6 trace trace
| Haemolysate, hypotaurine 0 0.2 0

Haemolysate, cysteinesul -
phinic acid 0 0 | 0.14

Denatured haemolysate,
thiosulphate, sulphinates 2 0 0

Haemolysate, thiosulphate
hypotaurine 1 0.85 0

Haemolysate, thiosulphate '
cysteinesulphinic acid | 1.2 0 0.5 |

to the formation of traces of thiosulphonic compounds, probably due to
the reaction with thiosulphate present in the haemolysates.
Chromatographic analysis confirmed the quantitative findings. Thio-
taurine and some taurine were chromatographically identified after
incubation of haemolysates with hypotaurine and thiosulphate. Chromato-
grams of samples containing thiosulphate and cysteinesulphinic acid
showed the presence of alaninethiosulphonic acid, cysteic acid, and traces
of taurine and thiotaurine. Samples incubated with thiosulphate only did
not contain any thiosulphonic compounds, some traces only of an un-
identified sulphur compound similar to that observed during the reaction
between an excess of thiosulphate and sulphinates without haemolysate.
In chromatograms of samples containing only sulphinic compounds, only
their oxidation products were found, such as taurine and cysteic acid.

DISCUSSION

The obtained results indicate that normal human red blood cells
possess an enzyme system catalysing the reaction between thiosulphate
and sulphinic compounds to give thiosulphonic compounds.

The experiments demonstrate such reactions in the erythrocyte
haemolysates to which the substrates, i. e. thiosulphate and sulphinic
compounds, have been added. However, we are not able to claim with
certainty that the reactions of this type do occur also under physiological
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conditions. Nevertheless, it may be assumed with a high degree of
probability that the substrates' of these reactions are biological
metabolites in erythrocytes. Hence, the possibility that thiosulphonic
compounds are formed in biological reaction also exists [9].

It is sure that red blood cells are able to oxidize cysteine to
cysteinesulphinic acid, from which hypotaurine is formed by decarbo-
xylation [1]. Cysteine is also the originating compound for the biological
formation of thiosulphate [10]. Moreover, Sérbo claims that the intensity
of thiosulphate formation in the red blood cells is nearly the highest
after that in the liver and kidneys. Since both thiosulphate and sulphinic
compounds are normally formed in erythrocytes, the conditions also
exist for the enzymatic production of thiosulphonic compounds.

As described in the experimental part, some trace amounts of
thiosulphonic compounds are formed in erythrocyte haemolysates also
after the addition of one only of the essential substrates. It is rather
impossible to ascertain, as yet, whether the traces of thiotaurine and
alaninethiosulphonic acid found were not due to experimental error.
The colorimetric method of Sérbo employed might give rise to an error
in the presence of protein, and the complete deproteinization of the
haemolysates was not always possible. Still another eventuality must
be considered. Under the applied .experimental conditions alaninethio-
sulphonic acid and thiotaurin may be produced in much larger amounts,
but it may immediately undergo further transformation. It is highly
probable that thiosulphonic compounds are formed as intermediate

(lIH,—SH ('IH,SH CH,
, |

(':H—NH, lransamm.(lj-() + SO, Na, §'Z=0
COOH L g COOH

ER

<z +
CH,—- SO,SH CH,—~ SO,H
| | S'Na

C=0 + (IJH—NH, R (IIH—NH? <— CH-NH, + |
|

COOH COOH COOH COOH SO;Na
l—co, j— CO,

CH,SH :

l CH,—S0;H CHz SO,SH CH,- SO, H N

e HR i - A

COOH CH7—NH2 CHg— NH, CH,— NH; SOJNB

Scheme of reactions of sulphur-containing aminoacids
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metabolites. Therefore we propose to include these compounds into the
scheme of the general metabolism of bivalent sulphur.

The authors express cordial thanks to Professor Dr. Bolestaw Skar-
zynski for his help and valuable advice while this work was in progress.

SUMMARY

The reactions between cysteinesulphinic acid or hypotaurine and
thiosulphate were investigated in the presence of haemolysate of human
erythrocytes. It was found that the erythrocytes catalysed these reactions.
Products of reactions were identified chromatographically and determined
colorimetrically. Alaninethiosulphonic acid was formed from cysteine-
sulphinic acid and thiosulphate, thiotaurine from hypotaurine and
thiosulphate.
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ZWIAZKI SULFINOWE JAKO BIOLOGICZNE AKCEPTORY SIARKI
DWUWARTOSCIOWEJ

Streszczenie

Badano reakcje kwasu cysteinosulfinowego lub hipotauryny z tio-
siarczanem w obecnosci hemolizatu erytrocytow ludzkich. Stwierdzono,
ze krwinki czerwone posiadaja zespél enzymatyczny katalizujacy te
reakcje. Oznaczono jako$ciowo i iloSciowo produkty reakeji, stwierdza-
jat ze z kwasu cysteinosulfinowego i tiosiarczanu powstal kwas ala-
ninotiosulfonowy, za$§ z hipotauryny i tiosiarczanu — tiotauryna.

Otrzymano 2.9/1960

: http://rcin.org.pl



A G T A B I 0-C/H"IT M0 A P O O NIXOA
Vol. VIII 1961 No. 2

J. PAWELKIEWICZ, B. BARTOSINSKI and W. WALERYCH

ENZYMIC SYNTHESIS OF LIGHT-SENSITIVE
COBALTO (II)-CORRINS*

Department of Biochemistry, College of Agriculture, Poznan
Head of the Department: Prof. Dr J. Pawelkiewicz

Prace te dedykujemy Panu Profesorowi Dr Wl. Mozolowskiemu w 65 rocz-
nice Jego urodzin.

In the course of investigations on enzymic synthesis of vitamin B,
from cobinamide and 5,6-dimethylbenziminazole [11] it has been found
that the initial red colour of the reaction mixture changes to yellow. As
in the described experiment about 5 to 20 per cent only of the added
cobinamide was transformed into vitamin By, while the rest remained
unchanged, one might suppose that during the synthesis the initial com-
pound was undergoing a preliminary and reversible change, giving the
yellow derivative, which was transformed again into red cobinamide in
the isolation process. Since later investigations [12] have shown that
corrin compounds occur as light-sensitive derivatives in the cells of
propionic bacteria, discovered by Barker et al. [3, 20, 1, 2], and since it
was found that the light-sensitive derivative of cobinamide is charac-
terised by yellow colour, it became evident that it was the light-sensitive
derivative of cobinamide that might have been the intermediate in the
enzymic synthesis.

The experiments have confirmed that assumption. In the enzymic
system from Propionibacterium shermanii, similar to that described by

* In the present paper cobalto (II)-corrins are also called S-(sensitive to light)-
corrinoids. The prefix S added to the commonly used name of parent substance
designates its light-sensitive derivative. Thus SB;, stands for vitamin B¢s, and
S¥B,, and SB,,, for the derivatives of pseudovitamin B, and vitamin By, (cobi-
namide), respectively. See [19] on the subject of cobalti (III)-corrin nomenclature.

This work has been done partly thanks to the financial support of Biochemical
Committee of the Section of Biological Sciences of the Polish Academy of Sciences.

[131]
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Pawelkiewicz & Bartosinski [11] cobinamide is transformed into its
light-sensitive form. So a number of other S-corrinoids have been
obtained. It has also been shown that an analogue synthesis may also
be performed using an enzymic system from Nocardia lutea. Also Bern-
hauer et al. [5] have recently shown the enzymic formation of light-
-sensitive cobinamide and vitamin B, derivatives (“Corrinoidkonjugaten”)
in a system from P. shermanii.

The details of the method used, anid the properties of a number of
S-corrinoids have been discussed in the present paper. A preliminary
note has already been published [12].

EXPERIMENTAL
Organisms and medit

Propionibacterium shermanii. Propionic acid bacteria were grown on
a semi-synthetic medium of Pawelkiewicz & Zodrow [17], without,
however, the addition of cobaltous salts, and with the following modifica-
tions: (1) Acid casein hydrolyzate, prepared according to [18], 120 ml;
(2) Enzymic casein hydrolyzate, prepared according to [18], 150 ml.;
(3) KH POy, 3g.; (4) MgCl, - 6H0, 0.4 g.; (5) Tap water, ad 850 ml. The pH
of the medium has been adjusted with 1 N-NaON to 6.5, then it was
distributed into flasks and sterilized in the autoclave for 20 to 45 minutes
(depending on the volume) at 115°.

Then the following sterilized solutions were added to the medium:
(6) Biotin (150 mg./500 ml.), 10ml.; (7) Calcium pantothenate (100
mg./250 ml.), 10 ml.; (8) Ferrous sulphate (100 mg. FeSO;-7H,0/100 ml.
acidified with a few drops of concentrated H,SO; before sterilization in
the autoclave), 10 ml.; (9) 50 per cent (w/v) crystalline glucose (produced
by the Potato Industry Union, Poznan), 20 ml.

The propionic bacteria strains were kept in the medium described
above, with the addition of 0.001 per cent cobaltous sulphate, in sealed
glass vials at 4°. 0.1 - 10 ml. samples of bacterial suspension were trans-
ferred with Pasteur pipette into test tubes, containing 10 ml. of fresh
medium and incubated at 30° for three days. Then 100 ml. portions of
the medium were inoculated with heavy growth culture. They were
incubated for nine days, the pH_value was adjusted to pH 6.5 - 6.8 with
sterile saturated solution of sodium carbonate every three days. At the
same time fresh 50 per cent glucose solution was added, in amounts
equalling 0.5 per cent of the volume of the medium. Then 600 ml. portion
of the medium was inoculated with the culture, and after 9 days’ in-
cubation, similarly as above, it was used as inoculum for 7000 ml. of
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(3] SYNTHESIS OF COBALTO (II)-CORRINS 133

fresh medium in a 10 000 ml. flask. The resulting culture was incubated
for 12 - 15 days, acids being neutralized and glucose added in the above
described way.

Nocardia lutea. Stock culture of actinomyces strain Nocerdia lutea'’
(Centralbureau voor Schimmelcultures, Holland) was maintained on agar
slant medium of the following composition: (1) Beef extract, 2 g.; (2) Acid
casein hydrolyzate, prepared according to [18], 5 ml.; (3) KHyPOy, 0.5 g.;
(4) Agar, 1.5 g.; (5) Tap water, ad 100 ml. The pH was adjusted with
1 N-NaOH to 7.2 and sterilized in the autoclave at 115° for 10 min. After
cooling to about 50°; (6) 50 per cent glucose solution, 2ml. was added,
and, after stirring, the medium was distributed into sterilized test tubes.

Nocardia lutea strain was incubated for 48 hrs. at 37°, then was stored
at 4° for two months.

For the experiments Nocardia lutea was grown in a liquid medium,
in a reciprocating shaker at 33°. The shaker performed 80 full oscillations
of 10 em. amplitude per minute. The composition of the liquid medium was
as follows: (1) Acid casein hydrolyzate [18], 40 ml.; (2) Enzymic casein
hydrolyzate [18], 20 ml.; (3) Yeast extract, prepared according to [18], 8 g.;
(4) KH,PO,, 5 g.; (5) DL-cysteine hydrochloride, 10 mg.; (6) Nicotinic acid
amide, 2 mg.; (7) Thiamine (10 mg. thiamine hydrochloride /100 ml.) 2 ml.:
(8) Biotin (15 mg./500 ml.), 1 ml.; (9) Calcium pantothenate (100 mg./250
ml.), 1.5 ml.; (10) Cobaltous sulphate (100 mg. CoSO, - TH.0/250 ml.), 2.5 ml.;
(11) Tap water, ad 1000 ml. pH was adjusted with 1N-NaOH to 7.2 and
the medium in 150 ml. portions distributed into 1000 ml. flasks, then
3 ml. of 50 per cent sterile glucose solution per flask was added. The flasks
were inoculated by means of platinum loop from the slant and incubated
in a shaker for 24 hrs.

The P. shermanii cells from 10 000 ml. culture, or the N. lutea cells
from 1000 ml. cultures were then centrifuged. at 25 000 or 4 000 r.p.min.,
respectively, washed with water and dried with acetone according to the
method described by Bartosinski [4]. The obtained bacterial powders were
stored at -10° for several months, without loss of their enzymic properties.

Enzymic incubation

Acetone dried P.shermanii cells (0.5-1g.), or Nocardia lutea cells
(2 g.) were ground in a mortar at 4° with 15 ml. 0.05M -phosphate buffer,
pH 7.0, and then 0.2ml. of 50 per cent glucose solution, 0.25ml.
0.2M-MgSO,, about 1 mg. adenine, and 3 - 10 mg. corrin compound were
added. After thorough mixing, several drops of toluene were added, the

1 According to the unpublished data, supplied by B. Bartosinski, this strain
produces about 60 pg of vitamin By» per 1000 ml. of medium.
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thick suspension was stirred again and then transferred into a test tube
(18 X 150 mm). A toluene layer about 2cm. high was placed on its
surface; the test tube was stopped with cotton wool and incubated at
30° for 24 hrs.

Isolation and purification of S-corrinoids

All steps involving the isolation, separation and purifying of
S-corrinoids were performed in dark rooms or in dispersed red light.

After incubation the mixture was transferred into an Erlenmayer
flasks, diluted to 80 - 100 ml., then acetic acids was added, in order to adjust
the pH to 4.5. The flask was placed in boiling water bath and vigorously
stirred till the liquid reached the temp. of 75°. After cooling, the solution
was filtered through Whatman No. 4 paper and the corrin compounds
were repeatedly extracted from the clear filtrate with a mixture of phenol
and chloroform (1 : 3, v/v). Combined phenol extracts were washed with
equal volume of water. Small quantities of coloured compounds which
had passed into water were extracted again with a small amount of
extraction mixture. One volume of chloroform and one volume of
n-butanol were added to the washed phenol extract. Corrinoids were
reextracted from this mixture with small portions of water, till a complete
decolorization of the organic phase was obtained. The resultant solution:
was shaken vigorously three times with chloroform, in order to remove
traces of phenol, then it was concentrated under reduced pressure in
a water bath at about 50°. The concentrated solution was applied to
Whatman No. 3 paper in the form of a narrow band, and separated by
electrophoresis in 0.5M-acetic acid at 5-8 Volt/ecm. gradient during
6 - 12 hrs. The separated band of cobalto (II)-corrin was eluted from the
paper with water acidified with acetic acid (0.5 ml. acetic acid in 100 ml.
water) according to Pawelkiewicz & Walerych [14]. The eluate was applied
in the form of a narrow band on Whatman No. 2 paper and the chroma-
tography was run by the descending technique using the following
solvent system: n-butanol - propane-2-ol - acetic acid - water (100 : 70 :
: 1 : 100, v/v). Eluates of the samples purified by chromatography were
used for physico-chemical investigations.

Chemicals

Calcium pantothenate, biotin, thiamine hydrochloride (Nutritional
Biochemical Co.) nicotinic amide (General Biochem. Inc) and
DL-cysteine hydrochloride (K. K. Laboratories, Inc., Long Island City)
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were a gift from the Rockefeller Foundation. All inorganic salts were
purchased from Fabryka Odczynnikow Chemicznych, Gliwice, Poland.

The cobalti (III)-corrins: cobinamide (vitamin Byy,) [7] and cobinamide
guanosinediphosphate (cobalamin yl) [15] have been isolated from the
cultures of Propionibacterium shermanii. Adenyl-cobamide cyanide
(pseudovit. B;;) has been isolated from P.arabinosum. 5,6-dimethyl-
benziminazolyl-cobamide cyanide (vitamin Byy) [10], 5-hydroxybenzimina-
zolyl-cobamide cyanide (vitamin Bgy ;) [8], 5-ethoxybenziminazolyl-
-cobamide cyanide [13], and 5-methylbenziminazolyl-cobamide cyanide
[10] have been obtained biosynthetically, using P.shermanii and the
appropriate nucleotide bases as precursors. 2-methyladenyl-cobamide
cyanide (factor A) was obtained from Prof. Dr. K. Bernhauer.

Hydroxyl corrinoid derivatives: 5.6-dimethylbenziminazolyl-cobamide
hydroxide (vitamin By,,), 5-ethoxybenziminazolyl-cobamide hydroxide
and 5-methylbenziminazolyl-cobamide hydroxide were obtained using the
following method:

About 20 mg. of cyano-derivative were dissolved in 200 ml. of water
acidified with acetic acid to pH 3, and irradiated with 250 watt tungsten
lamp from a distance of 20 cm. During irradiation the solution was being
cooled with cold water, streaming around the walls of the vessel, and
at the same time a strong current of air, passing through the solution
was removing cyanic acid which was being formed there. The progress
of the reaction was followed by measuring the absorption of the solution
at 355 and 361 mu. After the photolysis was completed (i.e. the absorption
maximum was shifted from 361 to 355 mu), the sample was evapovated
under reduced pressure, dissolved in about 10 ml. of water and applied
on the Carboxymethyl-cellulose column (H*t-form) which adsorbed the
hydroxy-derivative. Traces of unchanged cyanoform were washed out
from the column with water [16]. The hydroxycompound was then eluted
with 0.1 m-acetic acid, the solution was evaporated under reduced pres-
sure to dryness, and used for enzymic experiments without further
purification.

RESULTS

The method of isolation and purification of S-corrinoids

As there exists a considerable similarity in physico-chemical properties
between cobalto (II)-corrins and the known common cobalti (IIT)-corrins,
one might apply methods of isolation and purifying the former from
biological material which are very similar or identical with those used
for the latter. In these methods addition of cyanides should be eliminated
and the samples should be protected against light. S-corrinoids are more
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basic compounds in comparison to their oxidized forms, as a result of
the presence of an additional adenine molecule. That feature :acilitates
separation of these compounds. Until now the column chromatography
methods using ion exchangers like Dowex-50 [1, 2], carboxymethyl-cellu-
lose [12] was applied for separation of complex mixture. In simpler cases,
such as mixtures from enzymic systems, electrophoresis or paper chroma-
tography proved sufficient. The absorption spectra of crystalline
Byy-coenzyme (SBy;) and that of the compound obtained by enzymic
process and purified as described in the experimental part, were practi-
cally identical.

Enzymic preparation of S-corrinoids and their physico-chemical properties

Table 1 shows which ones of the investigated cobalti (III)-corrins
were transformed into light-sensitive analogues by enzymic system from
P. shermanii and the absorption maxima of the reaction products. Fig 1-8
show the absorption spectra of the S-corrinoids, obtained in the course
of the experiments.

Fig.2
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Fig. 1—8. The absorption spectra of () the enzymatically obtained S-corrinoids
and of (----- ) the products of their photolytic decomposition in water:

1) SBi2, ¢ 1.88 - 10—5 2) SBy2p. ¢ 1.53 - 10—5 3) Syl 4) S¥Byj2, ¢ 1.87 - 10—5 5) SFA,
¢ 2.51-10—3 6) SBi2111, ¢ 2.3:10—5 7) SMB-By2, ¢ 1.64:10—5 8) SEthoxyB-Bi2, ¢ 2.35:10—
The measurements were made every 5-10 myu, and in the maxima region every 1 mu.

The experimental data show that vitamin B, is enzymically trans-
formed into SByy at the most in trace amounts in the system from
P. shermanii, and on the other hand about 20 per cent is transformed in
the system from Nocardia lutea. It is worth mentioning that attemps to
conduct that reaction in vivo, with growing or resting P. shermanii cells,
have also given negative results.

S-corrinoids spectra obtained during the described experiments are
characterized by a strong maximum in the 260-264 mu region. Such
a maximum is typical of the cobalto (II)-corrin system, as well of
cobinamide derivative which does not contain additional adenine group,
characteristic for “natural” S-corrinoids. The derivative was obtained by
chemical reduction of cobinamide (unpublished data).
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Table 1

Enzymic synthesis of S-corrinoids in the system from P. shermanii and their absorption spectra

Sub Symbol { Absorption maxima
MDREALS of product | (mpy)
o e — .
5,6-Dimethylbenziminazolyl-cobamide cyanide | 5 1
(vit. Bya) { SBy>* | J
|
5,6-Dimethylbenziminazolyl-cobamide hydroxi- 1 ’
de (vit. Byap) SB;» | 262, 375—17, 525
Cobinamide (vit. Byzp) SByp** 264, 304, 375, 462
Cobinamide guanosinediphosphate (cobalamin ' |
yh Syl | 262—3,376—7, 458—60
Adenylcobamide cyanide (pseudovit. Bjs) S¥B;» 264, 305, 375, 462
2-Methyladenyl-cobamide cyanide (factor A) SFA I 264, 305,375,460—2
|
5-Hydroxybenziminazolyl-cobamide hydroxide | i
(hydroxy form of vit. Byayy) _| SBran { 260—I,293—S5, 375, 520
5-Methylbenziminazolyl-cobamide hydroxide | SMB-B» | 262, 375, 520
| [
5-Ethoxybenziminazolyl-cobamide hvdroxide : SEthoxyB-B;> | 260, 375, 520
|

* SBy; is formed in large quantities from vitamin By, in the enzymic system from Nocardia lutea.
** SBjpp is formed too in the enzymic system from Nocardia lutea.

The absorption spectra of enzymically produced SBy,, S¥B;,, and
SBjyy, are identical with those already published by Barker et al. [3, 20, 1, 2]
and by Pawelkiewicz et al. [12]. In the spectra of SBj, and SMB;, we
can observe a distinct inflection in the 280-290 m# region, which may be
caused by the presence of the respective benziminazole bases in their
molecules. A similar infection of the absorption curve may be seen in
the spectra of SEthoxyB-B;, in the 290-310 mu region, caused by the
presence of 5-ethoxybenziminazole [13]. The presence of 5-hydroxybenzi-
minazole in SBy; ;7 molecule (Fig. 6) is still more clearly pronounced.
A slight maximum is visible here at 293-295 mu. It is known that
5-hydroxybenziminazolyl-cobamide cyanide also absorbs at 295 muw [6].
On the other hand, the fact that absorption maxima appear at 305 mu in
the SByy,, S¥B;, and SFA spectra may be rather ascribed to the existence
of a different chromophore group, which is absent in benziminazole
derivatives. A very pronounced absorption band in Syl at 262 mu
is probably caused by the presence of additional guanine moiety in its

molecule [15]. The absorption ratio d(262 mp,)

—_ "?equals 6.66 for this compound
d@60mp) £

in comparison to 5.10 for S¥B;,.
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Table 2

Ry values of S-corrinoids

Descending paper chromatography on Whatman No. 2 paper, sol : n-butanol - propan-2-ol - acetic acid - watet
(100:70: 1 : 100, v/v). 20 hrs.
‘ Symbol of the compound 1 Rp
|
|

Vitamin B, k 0.40
Cobinamide [ 0.48
SBi> | 0.28
SBi2p ) 0.34
Syl ! 0.09
S¥B;, 0.13
SFA 0.15
SBi2111 ’ 0.21
SMB-B,, ‘ 0.24

| SEthoxyB-B;» ' 0.26 |

The Ry values for the obtained corrinoids and their electrophoretic
properties are shown in Tables 2 and 3 respectively. It has been found
that the order of spots of S-corrinoids on the chromatograms is the same
as the order of the respective common corrinoids. This fact proves the
analogy in structural change occurring in the transformation: corrin =
< S-corrin. As might have been foreseen, SBy;, and SByy, are more
hydrophylic than vitamin By, and cobinamide respectively, and their R,
values are also lower. All light-sensitive S-corrinoids are more basic than
their cyanide cobalti (III)-corrin derivatives (Table 3). The basicity is

Table 3

Electrophoretic properties of S-corrinoids in 0.5 M-acetic acid

The relative rate of migration is expressed in terms of Rp, the distance moved by the compound divided by the distance
d by cobi ide. While vi in B12is el al at pH 3 (0.5 M-acetic acid), its position on electrophorograms
defined the starting point and permitted elimination of the movements of pounds by electr

Symbol of the compound Rp
Vitamin Bj; 0.00
Cobinamide 1.00
SB;2 0.92
SBi2p 1.29
Syl 0.24
S¥B;, 1.23
SFA 1.10
SBi2p11 1.24
SMB-B;> 1.16
SEthoxyB-Bi» 1.10
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increased by the additional adenine moiety present in their structures.
This property allows the easy separation of the two classes of compounds.
The differences in basicity between S-corrinoids themselves are also of
interest. And so, e.g. SBy,, is more basic than SBy;, which property was
used for separation those derivatives on carboxymethyl-cellulose [12].

DISCUSSION

The experiments performed in our laboratory [12] have shown that
the corrinoids appear in the cells of propionic bacteria as light-sensitive
derivatives. And thus cobalti (III)-corrins, hitherto isolated from these
bacteria should be considered as artifacts which are formed during the
isolation of cobalto (II)-corrins. The data obtained in the present paper
support the conclusions. The majority of the investigated cobalti
(III)-corrins are transformed into cobalto (II)-corrin derivatives in the
enzymic system from P.shermanii. Only, unexpectedly, vitamin B, did
not change, or changed in trace amounts only into SBy;. On the other
hand, hydroxyl derivative of vitamin B, (vit. B,) readily enters into
that reaction. As similar results have been obtained in the in wvivo
experiments with growing or resting P.shermanii cells, one may suppose
that vitamin By, is for this microorganism rather passive metabolite. It
is, however, possible that such behaviour is the result of physiological
state of cells used in experiments, such as their growth phase, age, the
medium used, etc. Also data of Bernhauer et al. [5] stating that they
succeeded in transforming vitamin B, into light-sensitive “Cobalamin-
konjugat”, further support such an opinion. The present work has also
shown that the enzymic preparation from Nocardia lutea transforms
vitamin B, into SBy,. This problem requires further study.

The reaction of transformation of cobalti (III)-corrins into light-
sensitive S-corrinoids is connected with their reduction to the complex of
bivalent cobalt [5, 9, 12]. The preliminary experiments have shown that
enzymic reduction takes place in the presence of insoluble fragment of
acetone powder of P. shermanii cells.

In the experiments glucose was added to the incubation mixture, in
order to increase the reductivity of the medium, although it had been
shown that even without that addition the reaction took place, but sat
a considerably lower rate. The ten-fold increase of the used glucose
concentration reduced the reaction time from 24 to several hours. In the
dialyzed enzymic preparations, the addition of FMN, DPN and of some
salts, as Mo, accelerated the formation of S-corrinoids. Further experi-
ments have shown that the addition of adenine, which is one of the
components of light-sensitive analogues is not necessary. Oxygen
distinctly inhibits the enzymic reduction of cobinamide. The red colour
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of cobinamide on the surface of the reaction mixture does not change,
while the sample becomes yellow in the deeper layers. For that reason
the incubations were performed in test tubes, and toluene was placed
on the surface of the liquid: it served as an antiseptic at the same time.

SUMMARY

1. It has been shown that the suspensions of acetone dried Propioni-
bacterium shermanii and Nocardia lutea cells transformed cobalti
(III)-corrins into light-sensitive cobalto (II)-corrins. Thus the following
compounds were converted into their light-sensitive analogues: 5,6-dime-
thylbenziminazolyl-cobamide cvanide (vitamin B,,), cobinamide (vitamin
Byyp), cobinamide guanocsinediphosphate (cobalamin yl), adenylcobamide
cyanide (pseudovitamin B;,), 2-methyladenyl-cobamide cyanide (factor A),
5-hydroxybenziminazolyl-cobamide hydroxide (hydroxy-form of vitamin
Bya 111), 9-methylbenziminazolyl--cobamide hydroxide and 5-ethoxyben-
ziminazolyl-cobamide hydroxide.

2. A method of isolation and purifying of the cobalto (II)-corrins
from the enzymic systems has been described.

3. The absorption spectra and the chromatographic and electro-
phoretic properties of the obtained cobalto (II)-corrins have been given.
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ENZYMATYCZNA SYNTEZA SWIATLOCZULYCH KOBALTO(II)-KORYN
Streszczenie

1. Wykazano, ze zawiesiny wysuszonych acetonem komérek Propio-
nibacterium shermanii i Nocardia lutea przeksztalcaja szereg kobalti
(IIT)-koryn w $wiatloczule kobalto (II)-koryny. Otrzymano w ten sposob
Swiatloczule analogi: 5,6-dwumethylobenzimidazolylocyjano-kobamidu
(wit. By,), kobinoamidu (wt. Byy,), dwufosfoguanozyno-kobinoamidu (koba-
laminy yl), adenylocyjano-kobamidu (pseudowit. Bjj), 2-metyloadenylo-
cyjano-kobanidu (czynnik A), 5-hydroksybenzimidazolylohydroksy-koba-
midu (hydroksy forma wit. By 1), 5-metylobenzimidazolylohydroksy-
-kobamidu oraz 5-etoksybenzimidazolylohydroksy-kobamidu.

2. Opisano preparatywng metode izolowania i oczyszczania ko-
balto (II)-koryn z ukladéw enzymatveznych.

3. Podano widma absorpcyjne otrzymanych kobalto (II)-koryn oraz
ich wlasnosci chromatograficzne i elektroforetyczne.

Otrzymano 1.10.1960
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A NEW PROCEDURE OF ULTRAFILTRATION AND ITS
ADAPTABILITY IN STUDIES ON BINDING OF NUCLEOTIDES
BY PROTEINS. PASSAGE OF ATP THROUGH CELOPHANE
MEMBRANES IN PRESENCE AND ABSENCE OF PROTEIN

Department of Biochemistry, Nencki Institute of Experimental Biology, Warsaw
Head of the Department: Prof. Dr. W. Niemierko

In the course of our studies on binding 'of ATP by proteins [7, 8] it
appeared useful to replace the time consuming equilibrium dialysis by
a more rapid method of ultrafiltration. A modified ultrafiltration vessel
was constructed which enabled to use the centrifugal force to move
solutions through the membrane. Preliminary experiments with solutions
of nucleotides alone showed a “retention” of nucleotides by the celophane
membrane which resulted in a decrease in the concentration of nucleo-
tides in initial portions of the filtrate and, in the presence of proteins,
might imitate the effect of binding of nucleotides by proteins. This effect
of ,retention” could be, however, excluded by forcing the whole volume
of the solution to pass through the membrane. This was possible by
covering the water solution by a layer of liquid paraffin. The present
paper describes this new procedure and demonstrates its adaptability in
studies on binding of nucleotides (and other substances of low molecular
weight) by proteins.

METHODS

Ultrafiltration was carried out in a vessel made entirely of plexiglass
which is shown in Fig. 1. It is composed of three parts (Fig. 1, A, B and C)
which can be joined together by means of screw threads. A filtration
membrane is put on the perforated plate D, covered with a rubber ring
gasket, and fixed between parts A and B. The lower part (C) serves as
a container for the filtrate. It can be easily separated from other parts
thus facilitating the removal of portions of the filtrate. Filtration mem-

[143]
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(2]

Fig. 1. Ultrafiltration vessel in mounted and dismounted states (explana-
tion in the text)

branes were cut off of dialyzing tubings (Fisher Scientific Co, U.S.A)
washed according to Hughes & Klotz [15].

Solutions (usually 2 -3 ml.) were placed in the upper part (A) of the
vessel and covered by a layer of 5ml. liquid paraffin. The vessels were
put into the cups and were centrifuged at 6000 r.p.m. (about 3500 g) at 2°.
After 3-4 hours all the water phase was found in the lower part (C)
but the paraffin layer always remained unfiltered in the upper part (A).

Equilibrium dialysis was carried out at 2° in celophane dialyzing
tubings (Kalle & Co, Wiesbaden - Biebrich, Germany) with small amounts
of thymol added to the solutions in order to prevent becterial growth.
The details of the procedure of dialysis are described in Tables.

Adenine and its derivatives were determined spectrophotometrically
(S. P. 500 Unicam Spectrophotometer) at pH 7.0. Molar extinction at
259 mn was taken as 15400 according to Bock et al. [3]. In cases where
thymol was present, ATP was determined by the ribose moiety according
to Mejbaum [21]. Phosphate was determined according to Fiske & Sub-
barow [11]; sucrose by the anthrone method [2]: and albumin by the
biuret method [12].

ATP disodium salt and ADP sodium salt were obtained from Pabst:
AMP was a product of Nutritional Biochemicals Co., and adenosine of
Fluka. Human serum albumin (fifth fraction of Cohn) was kindly offered
by the Institute of Hematology in Warsaw.



[31 NEW ULTRAFILTRATION PROCEDURE 145

RESULTS

Filtration of solutions of ATP through celophane membranes

Preliminary experiments showed that the concentration of ATP in
the initial portion of the filtrate (approximately /> to /3 of the total
volume) was much lower than in the original solution, whereas the

Table |

Passage of ATP through celophane membrane in the course of filtration

2-5 ml. of solution of ATP in 0.04 M-acetate buffer, pH 3.6, was filtered during 3 hours

Concentration of ATP (mm)

Expt. | In the first portion of
No. | In the original solution | the filtrate (1/2-2/3 of In the residue
the original volume)
1 0.73 0.52 0.81
0.73 0.55 0.81
1.61 1.15 1.75
1.61 1.18 L2
2 0.24 0.18 0.29
0.50 0.35 1.01
0.88 0.69 1.02
Table 2
Changes in the concentration of ATP in the filtrate in the course of filtration through celophane
membrane

Experiment A: 5 ml. of ATP solution in 0.04 M-acetate buffer, pH 3.6. Experiment B: S ml. of ATP solution in 0.04
M-acetate buffer, pH 3.6, under a layer of liquid paraffin (3 ml.). In this case, all the solution passed the membrane
after 3 hours.

The concentration of ATP was determined in successive portions of the filtrate, collected within time limits (min.)

as indicated
Concentration of ATP (mm)
Boot In the In successive portions of the filtrate
original | 0-30 |30-60 | 60-120 | 120-150 | 150-180 | 180-210 | 210-270
solution min. | min. min. min. min. min. min.
0.96 0.72 0.86 0.88 1.18*
& 0.96 0.68 0.85 0.88 1.19%
35 |
B 0.96 0.82 ‘, 0.91 0.99 1.05
0.96 0.82 ' 0.88 0.97 1.04 I

*This portion remained above the membrane after 210 min. of filtration and passed the membrane only when
a layer of paraffin was subsequently put on its surface.
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Table 3

Recovery of ATP in the filtrate in the case when the whole solution passed the membrane

1.5 ml. of ATP solution in 0.04 M-acetate buffer, pH 3.6, was centrifuged in the filtration vessel under a layer of liquid

paraffin (5 ml.) until all the water phase p d the b ( lly in about 3 hours)
l Concentration of ATP (mm) T —— 1
Expt. r_ | Ty
No. | o the, oxiginal In the filtrate ‘ i (thrate
L solution ‘ %o 9
! I
1 l 0.055 0.056 101
| 0.108 | 0.111 | 102
0.165 | 0.173 104
2 0.220 ’ 0.214 4 97
0.276 l 0.267 { 97
0.317 0.318 100
3 ‘ 0.378 ‘ 0.363 96 |
| 0.440 0.434 98 |

filtration residue became more concentrated (Table 1). Further analyses
(Table 2, exp. A) revealed that the concentration of ATP increased in
successive portions of the filtrate. It was, however, impossible to recover
in the filtrate the whole amount of ATP as a certain volume of the
solution always remained in the upper part of the vessel. In order to
move the whole volume through the membrane, a layer of liquid paraffin,
as mentioned earlier, was put above the water solution. In this way the
rate of filtration was increased but the general character of the process
remained unchanged, i.e. the concentration of ATP increased in the

Table 4

Changes in the concentration of ortho- and pyrophosphates and of adenine nucleotides in the filtrate
in the course of filtration through the celophane membrane

3 ml. samples of solutions neutralized to pH 7.0 by means of NaOH were filtered under a layer of 5 ml. liquid paraffin.

Three portions were collected in the course of filtration within time limits as indicated, and the concentration of the solutes

was determined. Each time when a portion of the filtrate was removed 1 ml. of paraffin was added on the surface of the
residue. The filtration was complete after 3 hours

Concentration (mM)
Substance In the original  In successive portions of the filtrate
solution 0-50min. | 50 - 100 min. |100 - 180 min.
AMP 1.01 0.72 0.92 1.44
Orthophosphate 1.04 0.75 0.93 1.36
ADP 1.01 0.63 0.83 1.53
Pyrophosphate ! 1.03 « 0.69 0.87 1.43
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course of filtration and in final portions exceeded the concentration in
the original solution (Table 2, exp. B). If the entire volume of the
solution passed the membrane, the whole amount of ATP present in the
original solution could be recovered in the filtrate (Table 3).

A “retention® of certain small ions by semipermeable membranes has
been observed long ago by Ershler [10] and by McBain & Stuewer [18]
and explained as an effect of the electric charge of the ions and of
a small permeability of the mebranes. In order to examine the effect of
these two factors the filtration of various adenosine phosphates, of adenine,

%0

140 |-

100

60 -

40

Conc i the Filtrale (% of the orginal solution)

& 8 8 8 8§ 8 8 § 8 8 § 8 8 8§ 8
O e R LR ok o & &
e 8 § 8 8§ 8 8§ 8 §
Time of ultrafiltralion (min.)
A ADP AMP  Adenosine Adenine
Series A Series B

Fig. 2. Changes in the concentration of ATP, ADP, AMP, adenosine and adenine in
the filtrate in the course of filtration through the celophane membrane.

3 ml. samples of 1.0 mM-solutions of ATP, ADP and AMP neutralyzed by NaOH to
PH 7.0 (series A), or 3 ml. samples of 1.2mwm -solutions of adenosine and adenine in
0.04m- acetate buffer, pH 3.6 (series B) were filtered under a layer of liquid paraffin
(5ml. in series A, and 2ml. in series B). The filtrates were collected within time
limits as indicated on the abscissa and the concentration of the solutes was deter-
mined. Each time, when a portion of the filtrate was removed an additional portion
of liquid paraffin (1 ml. in series A, and 3 ml. in series B) was added on the
surface of the residue. The filtration was complete in about 3 hours
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148

of adenosine, and of ortho-and pyrophosphates has been investigated and
the influence of pH thereupon has been studied.

It is shown in Fig. 2 that an increased number of phosphate residues
in the molecule results in an increase in the “retention” effect. The
“retention” is also observed with ortho- and pyrophosphate (Table 4)
but not with adenosine and adenine (Fig. 2). The degree of the “reten-

160

Ko

pH 33 pH 70

120 120

100

100

80

60

60

40 40

Conc n the Filtrate (% of the orginal solution)
Conc in the Filtrate (% of the original solution)

20 20

288 288 288 3T B E
S . ' : ] () ! 1
>4 g 2 S 8 § 2 §
Time of ultrafiltration (min.) Time of ultrafiltration (min )
A 8 A B
Fig. 3 Fig. 4

Fig. 3. Effect of pH on the “retention” of ATP by the celophane membrane in
the course of filtration. 3 ml. samples of 1.03mm ATP, free acid obtained from
sodium salt by means of Amberlite IR-120, pH 3.0 (expt. A), or sodium salt, pH 7.0
(expt. B), were filtered under a layer of 5 ml liquid paraffin.
Successive portions of the filtrates were collected within time limits as indicated
on the abscissa and the concentration of ATP was determined. Each time when the
filtrate was removed a new portion of 1 ml. liquid paraffin was added on the
surface of the residue. All the solution was completely filtered after 3 hours
Fig. 4. Bffect of pH on the "retention” of orthophosphate by the celophane membrane
in the course of filtration. 3 ml. samples of 1.05mMm orthophosphoric acid, pH
3.3, (expt. A), or of 1.05mm sodium orthophosphate, pH 7.0, (expt. B) were filtered
under a layer of 5 ml. liquid paraffin. All other conditions as in Fig. 3

http://rcin.org.pl



[7] NEW ULTRAFILTRATION PROCEDURE 149

tion” of ortho- and pyrophosphates is only slightly smaller than of
the adenine nucleotides with one or two phosphate groups, respectively .
“Retention” of ATP and orthophosphate increases with increasing pH
of the medium (Fig. 3 and 4).

These results indicate that the “retention” of nucleotides by celophane
membranes is caused mainly by the electric charge of ions, whereas
the size of molecules may have a slight effect only. This is also proved by
experiments with an acid dye, Orange II, and with sucrose. A high degree
of ‘“retention” was observed with Orange II, whereas sucrose was
“retained” only slightly (the first portion of sucrose solution collected
from 0 min. till 50 min. contained 95%b0; the second portion, from 50 min.
till 100 min., 102%; and the third portion, from 100 min. till 180 min.,
108%0 of the initial concentration). It is suggested that this small “reten-
tion” of sucrose may be caused by its slightly acidic character.

Ultrafiltration of mixed solutions of ATP and proteins

Solutions of ATP and serum albumin were placed in the upper part
of the filtration vessel, covered with a layer of liquid paraffin, and
centrifuged until the whole water phase passed through the membrane.
The results obtained in this way concerning the binding of ATP by
the protein were compared with those obtained from equilibrium dialysis
experiments.

Celophane membranes obtained from Fisher Scientific Co. appeared
not to be suitable for dialysis of nucleotides as the equilibrium, in spite
of a frequent stirring or shaking, was attained only after 8 days (Table 5).
This slow penetration of ATP through celophane membranes is probably
caused by the negative charge of the molecules as is the case in the
filtration. This is evident from experiments with adenosine where the
equilibrium is obtained in two days already. Among different kinds of
celophane membranes those produced by Kalle & Co. appeared most
suitable, because the equilibrium in the case of ATP was attained with
these membranes in 4 days 2 Hydrolysis of ATP during that time was

! The degree of ‘retention” varies from experiment to experiment (cf. AMP
in Fig. 2 and in Table 4), presumably owing to slightly different experimental
conditions, but parallel results from the same experiment are always fairly similar
(e. g. Table 2). In spite of these variations the general character of the process
and its dependence on the number of phosphate groups are similar.

? With the membranes from Kalle & Co. the “retention” of nucleotides in the
filtration was quite similar as with membranes from Fisher Scientific Co. but
the rate of filtration was slightly smaller.
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Table 5
Equilibrium dialysis of adenosine and of ATP
10 ml. H20 was placed in dialyzing tubings (Fisher Scientific Co.) and equilibrated against 10 ml. of water solution of

adenosine (0.454 mM) or ATP sodium salt (0.546 mM.). In one series the outer solution was stirred by bubling air, in
the other, the solution was not stirred

Time Concentration inside the tubing (mm)
Substance of dialysis | Calculated for | Found
(days) the equilibrium | Stirred t Not stirred
Adenosine 0.242
2 0.244 0.174
4 — 0.240
ATP | 0.273
2 0.119 0.076
4 0.170 0.140
6 \ 0.212 | 0.194
i g* M 0.277 ; 0.244

negligible (about 5% of ATP hydrolysed) and did not affect the final
results, notwithstanding the fact that ADP and AMP are bound by proteins
to a smaller extent than ATP [7].

Table 6

Binding of ATP by serum albumin as determined by equilibrium dialysis and by the present
ultrafiltration procedure

A. Dialysis. 10 ml. of a solution of serum albumin (5.6 mg./ml.) in 0.1 M-acetate buffer, pH 3.6, in the dialyzing tubing
(Kalle & Co.) was dialysed against 10 ml. of 0.818 mM-ATP in acetate buffer, pH 3.6. In the control, acetate buffer
alone was placed inside the tubing.

B. Ultrafiltration. 2 ml. of solution containing serum albumin (2.8 mg./ml.) and ATP (0.409 xymoles/ml.) in 0.1 M-acetate
buffer, pH 3.6, was filtered under a layer of 5 ml. liquid paraffin during 3 hours until a complete passage of the water
phase through the membrane (the filter membranes were cut off of celophane dialyzing tubings, Fisher Scientific Co.).
In control test a solution of ATP alone (0.409 umoles/ml.) in 0.1 M-acetate buffer, pH 3.6, was filtered.

Each value, in both experiments, A and B, gives the mean of duplicate determinations

| Concentration of ATP outside the | Calculated amount of ATP bound
| tubing at equilibrium (mm) by albumin
A. Dialysis | Control | ATP+albumin | pmoles/ml.  |umoles/g.
. (ATP alone) ; albumin
g (a) , (b) (a-b)
i 0.409 ! 0.145 0.264 105.1
| Concentration of ATP in the | Calculated amount of ATP bound
filtrate by albumin
i (mm)
B. Ultrafiltration Control | ATP+albumin | wpmoles/ml. pmoles/g.
(ATP alone) albumin
(a) (b) (a-b)
039 | 0.134 0.265 | 105.3
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Table 6 presents the results of one of the experiments in which the
data for the amount of protein bound ATP obtained by the present
ultrafiltration procedure and by equilibrium dialysis are compared. As
can be seen the results obtained by both methods are practically identical.

Unespectedly enough it appeared that serum albumin diminished
the “retention” of ATP during ultrafiltration. The difference between
the concentration of ATP in the initial portions and in the whole
filtrate was much lower in the presence than in the absence of albumin.
In dialysis experiments serum albumin also increased the rate of
penetration of ATP through celophane membranes and shortened the
time in which the equilibrium was attained.

DISCUSSION

Various procedures of ultrafiltration by means of centrifugal force
have been described by several authors. Coolidge [6] has used centrifuge
tubes with plates of sintered glass sealed in the middle of the tubes.
Other authors used large centrifuge tubes in which dialyzing bags with
the solution were supported either by small containers of sintered glass
[25] or by nickel nets [5].

It may be supposed that the modification of the ultrafiltration vessel
described in the present paper has some advantages as compared with
the apparatus mentioned above although the filtration surface is smaller
than in procedures where filtration bags are used. The vessel is especially
suitable for filtration of small volumes of solutions. The design of the
vessel enables, if necessary, a removal of portions of the filtrate without
the necessity of dismounting.

A “retention” of various substances of low molecular weight by
semipermeable membranes has been already described by Ershler [10]
and by McBain & Stuewer [18] who have also found that in the case
of electrolytes the greater is the dilution the more pronounced is the
“retention”. According to McBain & Stuewer [18] the “retention” depends
upon the size of pores of the membrane and, in the case of electrolytes.
furthermore upon the electric charge of the membrane and the Donnan
effect. In the case of celophane membranes used in the present investiga-
tion the size of pores seemed to have no considerable effect on the degree
of “retention”; in spite of the differences in the size of molecules, ortho-
phosphate was “retained” to the same extent as AMP, and pyrophosphate
as ADP; the “retention” of the two last substances was more pronounced
than that of the two former. It seems that the “retention” effect is
caused mainly by the negative charge of ions of the solute to be filtered.
An increase in the number of phosphate residues in the nucleotide
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molecule, i. e. an increasing acidity of the compound, increased the
“retention” effect.- Adenine and adenosine which do not form negatively
charged ions are not “retained” whereas sucrose, probably owing to its
slightly acidic character, is ‘“retained” to a small extent. The assump-
tion of the principal role of the electric charges in the “retention” phe-
nomenon is also in agreement with the observed effect of pH. ATP is
less “retained” at pH 3.6, where it forms tertiary anions, than at pH
7.0, where the dissociation of the fourth proton is considerably advanced
(pK 6.5) and where the dissociation of the amino group in the adenine
ring is regressed [1,19].

A very slow dialysis of nucleotides through celophane membranes as
observed in the present investigation can also be explained by the
negative charge of the molecules. This is indicated by a comparison of
dialysis of ATP, adenine and adenosine. Our experiments with dialysis
of adenosine and the experiments of Leventhal [17] with dialysis of
adenine showed a rather quick equilibration whereas the equilibration
of ATP in our experiments was rather slow. There are only few data
concerning ultrafiltration and dialysis of nucleotides. Mommaerts [22]
noted a very slow penetration of nucleotides through dialyzing mem-
branes and a ‘retention” of nucleotides during ultrafiltration. This slow
penetration might have caused a misinterpretation of some results on the
binding of adenine nucleotides by actin [23, 24] as was recently pointed
out by Martonosi et al. [20]. They have also found that ATP penetrates
faster through celophane membranes in the presence of G-actin. This is
in agreement with our finding concerning a considerable increase in the
penetration of nucleotides through celophane membranes in the presence
of serum albumin.

The “retention” of nucleotides as observed by other authors and by
ourselves may be explained as an electrostatic repulsion of the nucleotide
anions by the celophane membrane as both are negatively charged.
Wilbrandt [26] has shown that an electrostatic field exists in the pores
of celophane membranes which is caused by the dipole moment of
hydroxyl groups. It has been pointed out [cf. 9] that ultrafiltration is
thermodynamically equivalent to equilibrium dialysis. It has been also
shown [13,14] that ultrafiltration is accompanied by Donnan effect.
However, in our experiments the Donnan effect is probably negligible
because of a rather high concentration of the buffer solution.

In most studies, in which ultrafiltration has been used for measuring
the binding of small molecules by proteins, only first portions of the
filtrate have been analysed [4,9,16]. In this way the effect of “retention”
has not been taken into account which may cause an erroneous inter-
pretation of results. In the present investigation it has been shown that
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the effect of ‘“retention” can be overcome if the whole volume of the
solution passes through the membrane. This has been possible by means of
a layer of liquid paraffin put on the surface of the water pbhase. In this
case ultrafiltration gives results which are comparable with those obtained
by equilibrium dialysis. It seems that this procedure may be used in
various investigations concerning the interaction of micro- and macro-
molecular compounds. It has been already used in this Laboratory in
studying the binding of ATP by serum albumin [8] and the binding of
nucleotides by actin (Drabikowski & Strzelecka-Golaszewska, unpublished).

SUMMARY

A modified procedure of ultrafiltration is described in which the
centrifugal force is used to move solutions through the membrane.
A special vessel made of plexiglass is applied and a layer of liquid
paraffin is put above the solution to be filtered. This increases the rate
of filtration and enables the whole volume of the solution to pass through
the membrane. It has been shown that this procedure can be used for
studying the binding of nucleotides (and other substances of low mole-
cular weight) by proteins. The results obtained in this way appeared
to be identical with those obtained by equilibrium dialysis.

When the described procedure was applied to filtration of solutions
of adenine nucleotides alone, it was observed that the concentration of
the substances in initial portions of the filtrate was smaller than in the
original solution and it increased in the course of filtration. This ‘‘reten-
tion” of nucleotides was shown to be dependent on the negative charge
of nucleotide molecules. If the whole volume of the solution was filtered
the nucleotide could be quantitatively recovered.
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NOWA PROCEDURA ULTRAFILTRACJI W ZASTOSOWANIU DO BADANIA
WIAZANIA NUKLEOTYDOW PRZEZ BIALKA. PRZECHODZENIE ATP PRZEZ
BLONY CELOFANOWE W OBECNOSCI I NIEOBECNOSCI BIALKA

Streszczenie

Opisano zmodyfikowana procedure ultrafiltracji, w ktorej sila od-
srodkowa wykorzystywana jest dla wytworzenia ci$nienia powodujacego
przechodzenie roztworu przez blone filtracyjna. Ultrafiltracje przepro-
wadzano w specjalnie do tego celu skonstruowanym naczyniu z plexi-
glasu. Na powierzchnie roztworu poddawanego ultrafiltracji nakladano
warstwe plynnej parafiny, co zwiekszalo szybkos$¢ saczenia i umozliwialo
przesaczenie calej objetosci badanego roztworu do konca. Wykazano, ze
powyzsza procedura ultrafiltracji moze mie¢ zastosowanie do badania wia-
zania nukleotydow (i innych niskoczastkowych substancji) przez bialka,
poniewaz uzyskane wyniki okazaly sie identyczne z wynikami dializy wy-
réwnawcze;j.

Poddajac filtracji czyste roztwory nukleotydow adeninowych zaobser-
wowano, ze stezenie substancji w pierwszych porcjach przesaczu bylo
nizsze niz w roztworze wyjsciowym, a dopiero w dalszych porcjach prze-
sgczu stopniowo wzrastalo. Wykazano, ze to ,zatrzymywanie nukleo-
tydow zalezy gléwnie od ladunku jonéw nukleotydowych. Jezeli roztwor
badany zostaje przesaczony w calo$ci, w przesaczu odnajduje sie calg
wprowadzona ilo§é nukleotydu.

Otrzymano 3.10. 1960
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Note added in proof. When our manuscript had already been finished
and presented to the Editor, an abstract in the Review Journal of USSR
(Section Biol. Chem., 1960, No. 22) of a paper on Centrifugal Filtration
Method by Koishiro Saito & Nariko Hasumura came to our attention
(Japanese J. Med. Progress, 46, 698, 1959). Prof. Saito has kindly sent
us afterwards reprints of this and of three other papers on related
subjects (Kashii-Yukinori, J. Physiol. Soc. Japan, 20, 318 and 325, 1958;
Makoto Minoguchi, J. Juzen. Med. Soc., 65, 49, 1960). So far as we can
understand from the short English summaries (all the papers are printed
in Japanese) the method described by the Japanese authors appears to
be very similar to our procedure. The authors used it for determination
of protein bound Ca, P, and Cl, and for determination of Hb-bound
COs. As can be read in one of the summaries, “the inconvenience of
retaining of some of the ions could be completely avoided by using collo-
dion membrane prepared on a plane glass surface, though in this case the
yield of the filtrate suffered a slight decrease”. It seems, however, that
the passage of the whole quantity of water solution through the mem-
brane, as used in our method, may be a safer procedure.
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T. CHOJNACKI i MARIA J. PIECHOWSKA

BIOSYNTEZA FOSFOLIPIDOW U OWADOW

I. WEACZANIE 3?P-FOSFOCHOLINY W FOSFOLIPIDY
U CELERIO EUPHORBIAE

Zaklad Biochemii Ewolucyjnej, Instytut Biochemii i Biofizyki PAN, Warszawa

Poznanie schematu biosyntezy fosfolipidow zawdziecza¢ nalezy glow-
nie badaniom ostatnich lat pracowni Kornberga [17, 18] i Kennedy’ego
[14]. Prace Dawsona natomiast pozwolily ustali¢ przypuszczalne prekur-
sory fosfolipidéw oraz produkty ich rozpadu w warunkach in vivo [7, 8].
Na podstawie tych prac wiadomo, ze pochodzenie fosforu fosfolipidow
moze by¢ co najmniej dwojakie: albo jest to reszta fosforanowa wbudowana
w czgsteczke fosfolipidu w postaci a-glicerofosforanu, jak to ma miejsce
w opisanej przez Kornberga i Pricera syntezie kwasu fosfatydowego
[18] i inozytofosfatydu przez Paulusa i Kennedy'ego [20], albo estry
fosforowe choliny i etanoloaminy lacza sie z czasteczka bp-a, f-dwugli-
cerydu, tworzac fosfatydylocholine lub fosfatydyloetanoloamine [15].
Przy uzyciu podwoéjnie znakowanej radioaktywnymi weglem i fosforem
fosfocholiny Kornberg i Pricer [17] wykazali, ze w przebiegu syntezy
lecytyny w preparatach bezkomérkowych watroby szczura, fosfocholina
jest zuzytkowana bez uprzedniego rozlozenia. Jak wykazali Ken-
redy i Weiss [15], posrednim etapem tej reakcji jest powstawanie
cytydynodwufosfocholiny, za$ drugi etap stanowi reakcja miedzy cyty-
dynodwufosfocholing i p-a, f-dwuglicerydem. W analogiczny sposéb od-
bywa sie synteza kefaliny. Zrédlem lecytyny moze byé réwniez reakcja
metylowania kefaliny, jak wskazuja wyniki badan Bremera i Greenber-
ga [3]. Jesli chodzi o biosynteze fosfatydyloseryny, z badan Hiibschera
i wsp. [13] wydaje si¢, ze w powstawaniu tego zwiazku bierze udzial
wolna, nieufosforylowana seryna, i ze proces ten nie ma analogii z bio-
synteza fosfatydylocholiny i fosfatydyloetanoloaminy. Istnieja jedmak
réwniez dane wskazujace na powstawanie fosfatydyloseryny z ufosfo-
rylowanej seryny [16]. Poza tym mozliwa jest réwniez droga powstawa-
nia kwasu fosfatydowego przez fosforylacje dwuglicerydu, jak to ma
miejsce w opisanej przez Hokinéw [12] reakcji ATP z p-a, f-dwuglicery-
dem.
4
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Celem tej pracy bylo zbadanie, czy u Celerio euphorbiae synteza fos-
fatydylocholiny zachodzi z ufosforylowanej choliny. Na podstawie
otrzymanych wynikéw stwierdzili§my, ze zaréwno in vitro jak i in vivo
fosfocholina zostaje wbudowana bez uprzedniego odlaczenia ortofosfo-
ranu. Pozwala to przypuszczaé, ze biosynteza fosfatydylocholiny u ga-
tunku Celerio euphorbiae przebiega w podobny sposéb jak u zwierzat
wyzszych.

CZESC DOSWIADCZALNA i

Odczynniki: Potrzebne do badan odczynniki otrzymywano wedlug
nastepujacych metod:
(1) S6l barowa fosfocholiny metoda Plimmera i Burcha [21].
(2) Znakowanga *?P-fosfocholine (s61 Ba) metoda Riley’a [22] przez ogrza-
nie H3%2PO; z chlorowodorkiem choliny w ciagu 10 godzin w 155°
pod zmniejszonym ci$nieniem.
(3) S61 barows fosfoetanoloaminy metoda Outhouse’a [19] przy uzyciu
POCl;.
(4) Znakowang 3°P-fosfoetanoloamine (s61 Ba) metoda Artoma [2]
z H3%2PO;.
Blizsze dane dotyczace syntezy znakowanych %?P-fosfocholiny
i 32P-fosfoetanoloaminy podane zostaly w poprzedniej pracy [5].
Stosowane do doswiadczenn sole sodowe estrow otrzymywano przez
wytracenie jonéw Ba?t niewielkim nadmiarem 0,5M-roztworu Na,SO,
(5) ATP uzyskano z mieéni krolika metoda Szent-Gyorgyi'ego [24].
Material: Doswiadczenia in vitro przeprowadzono na ciele tluszczo-
wym Celerio euphorbiae w nastepujacych stadiach rozwojowych: gasie-
nice w czasie ostatniej linki, gasienice w 1-2 dni oraz w 4-5 dni po
ostatniej lince, wrzeciona, poczwarki w 10-14 dni po zapoczwarzeniu
oraz dojrzale motyle (samce) w okolo 6 godzin po wylegu. Doswiadczenia
in vivo przeprowadzano na ggsienicach w 4-5 dni po ostatniej lince
oraz na samcach motyla w okolo 6 godzin po wylegu.

Wlgczanie 32P-fosfocholiny w fosfolipidy in vitro

Cialo tluszczowe owadéw wypreparowywano w mnarkozie eterowej
i rozcierano w homogenizatorze Pottera-Elvehjema z 0,1 m-buforem fo-
sforanowym, pH 7,5 w ilosci 1 ml buforu na 150 mg tkanki.

Mieszanina inkubowana (1 ml) zawierala: 0,5 ml homogenatu ciala
tluszezowego (okolo 100 mg ciala tluszczowego zawierajace 2 - 3,55 mg
N catkowitego w zaleznosci od réznic indywidualnych pomiedzy osobni-
kami tego samego stadium i réznic spowodowanych réznym okresem
rozwoju), 75 wmoli buforu fosforanowego o pH 7,5, 25 umoli MgCl, oraz
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2,5 pmola **P-fosfocholiny lub 4 wmole **P-fosfoetanoloaminy. Aktywnosé
wlasciwa 3?P-fosfocholiny wynosita od 5-10% do 1,5-10% imp./min./umol P;
aktywnos¢ wlasciwa 3?P-fosfoetanoloaminy wynosila 3-10% imp./min./
wmol P.

Probki inkubowano w probéwkach okraglodennych, @ 1,6 cm, wyso-
kosci 12 cm, w lazni wodnej o temperaturze 37° w ciggu trzech godzin
ze stalym wstrzasaniem.

Inkubacje przerywano dodaniem 2 ml etanolu i ogrzaniem w 100°
w ciaggu poltorej minuty, po czym sporzadzono z badanej probki wyciag
wodny i wycigg chloroformowy jak w poprzedniej pracy [5] metoda
Dawsona [7]. Wyciag chloroformowy zawierajacy fosfolipidy przemy-
wano dwukrotnie podwojng objetoscia 0,1 N-HCl dla usuniecia domie-
szek 3?P-fosfocholiny. Ilo$é **P wlgczong w trakcie inkubacji w fosfoli-
pidy oznaczano mierzac na miseczkach metalowych radioaktywno$é od-
parowanej probki przemytego wyciagu chloroformowego pod licznikiem
BAT 25. Fosfor fosfolipidéw oznaczano metoda Fiskego i Subbarowa [10]
po spaleniu probki wyciagu z H,SO;. Identyfikacje powstalego 32P-fos-
folipidu prowadzono badajac chromatograficznie radioaktywnos$é pro-
duktéw lagodnej hydrolizy alkalicznej fosfolipidéw ekstraktu chlorofor-
mowego metoda Dawsona [6]. W wyciagu wodnym zawarte byly rozpu-
szczalne zwiazki fosforowe ciala ttuszczowego oraz niezuzyty do syntezy
duzy nadmiar 3*P-fosfocholiny. Ewentualne przemiany dodanego znako-
wanego estru kontrolowano badajac chromatograficznie probke wyciggu
wodnego w ukladzie kwasnym rozpuszczalnikéw wedlug Ebela [9] i lo-
kalizujac radioaktywne plamy metoda autoradiografii. Azot w homoge-
natach oznaczano metoda Kjeldahla.

Wlgczanie 32P-fosfocholiny w fosfolipidy in vivo

Gasienicom wstrzykiwano okolo 2 wmole 32P-fosfocholiny (9-10*
imp./min./umol P) w objetosci 0,1 ml. Po zalozeniu luzno nicianej pod-
wigzki na odndze gasienicy, igle strzykawki wprowadzano poprzez jego
szczyt ukoénie pod powierzchnia skory na gleboko§é 1-1,5 em. W trakcie
wyjmowania igly z ciala podwigzke zaciskano celem uniemozliwienia
wycieku hemolimfy. Motylom wstrzykiwano do odwloku okolo 1 wmol
32P-fosfocholiny (5,9-10* imp./min./wmol P) w objetosci 0,1 ml. Po 24
godzinach motyle oraz gasienice, po usunieciu zawartosci przewodu po-
karmowego, homogenizowano w 10°% kwasie tréjchlorooctowym (TCA)
i oznaczano zawarto$¢ °P mierzac pod licznikiem radioaktywmos$é préb-
ki homogenatu. Nastepnie izolowano frakcje kwasorozpuszezalng i lipi-
dowa metoda Schneidera [23]. Metode te zastosowano w badaniach in vivo
ze wzgledu na obecno$é pyrofosforanu u motyli samcéw. Pyrofosforan
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wystepuje w formie nie dajgcej sie ekstrahowaé¢ w oddzialywaniu obojet-
nym [11] stosowanym w metodzie Dawsona, przechodzi za$§ do TCA uzy-
wanego przez Schneidera. Zawarto$é¢ 2P we frakceji lipidowej i kwasoroz-
puszczalnej oznaczano po odparowaniu prébek na miseczkach metalo-
wych; fosfor calkowity metoda Fiskego i Subbarowa [10] po spaleniu
probki z H,SO,. Ekstrakty lipidowe uzyskane metoda Schneidera zawie-
raja radioaktywne zanieczyszczenia nielipidowe, wobec jednak duzej ra-
dioaktywnosci fosfolipidéw obecno§¢ ich mozna bylo pominaé.

WYNIKI

Wyniki badan in wvitro wlaczania **P-fosfocholiny w fosfolipidy ho-
mogenatu ciala tluszczowego u roznych stadiow rozwojowych Celerio
euphorbiae przedstawiono na Rys. 1. Warto§¢ wlaczania wyrazono jako
wzgledng aktywnos$é wlasciwa frakeji fosfolipidowej.
aktywno$¢ wlasciwa P lipidowego
aktywnos¢ wlasciwa P fosfocholiny 100.

Z 8 doswiadczen obejmujacych gasienice w czasie ostatniej linki oraz
zerujace do 5 dni od ostatniej linki znaleziono $rednig wzgledna aktywnosc
wlasciwg réwng 3,6. W poréwnaniu do gasienic wlaczanie u wrzecion,
poczwarek i motyli bylo kilkakrotnie mniejsze.

W 9 doswiadczeniach obejmujacych wrzeciona, poczwarki i motyle
wzgledna aktywnos$¢ wlasciwa frakcji fosfolipidowej wahala si¢ w gra-
nicach od 0,28 do 0,94. Po lagodnej hydrolizie alkalicznej [6] frakcji fos-
folipidowej ciala tluszczowego gasienic inkubowanego z ’P-fosfocholing
radioaktywno$é¢ stwierdzano chromatograficznie tylko w plamie odpo-
wiadajacej glicerofosfocholinie, co $wiadczy, ze wlaczanie **P bylo wy-
razem syntezy radioaktywnej lecytyny.

W trakcie 3 godz. inkubacji ciala ttuszczowego z *?P-fosfocholing nie
stwierdzono rozkladu dodanego estru ani wytwarzania 32P-ortofosforanu.
W badaniu chromatograficznym plama ortofosforanu zawierala pod ko-
niec inkubacji jedynie $lady izotopu. Wobec tego mozemy przyjaé, ze
radioaktywna lecytyna powstawala w reakcji wlaczania w material lipi-
dowy nieroztozonej fosfocholiny.

Wzgledna aktywnosé¢ wlasciwa =

Badane w jednym doswiadczeniu wlgczanie 32P-fosfoetanoloaminy
w fosfolipidy ciala tluszczowego réznych stadiow rozwojowych Celerio
euphorbiae jest podobne do wlaczania fosfocholiny. I tu réwniez inten-
sywne wbudowywanie znakowanego estru obserwowano u gasienic, na-~
tomiast starsze stadia rozwojowe dawaly bardzo niskie wartoSci.

W dalszych doswiadczeniach badano wplyw ATP i czynnikéw hamu-
jacych na wielko$¢ wiaczania 3*P-fosfocholiny w fosfolipidy. W do$wiad-
czeniach uzyto homogenatu ciala thuszczowego wypreparowanego z kilku
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gasienic Zerujacych po ostatniej lince. Wlaczanie wyrazono w procentach
dodanego estru. Na Rys. 2 przedstawiono wplyw ATP. Jak widaé¢, w probie
kontrolnej wlaczanie fosfocholiny zachodzi z prawie niezmienna szyb-
koscia w ciggu kilku pierwszych godzin, i po 6 godz. inkubacji 1,35
dodanej radioaktywnosci jest wbudowane w fosfolipidy. Dodanie 7 wmoli
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Rys. 1. Wlaczanie *P-fosfocholiny in vitro Czas inkubaci (goaz)
w fosfolipidy ciala tluszczowego w réznych Rys. 2. Wplyw ATP na prze-
stadiach rozwojowych Celerio euphorbiae. bieg wlgczania 32P-fosfocho-
(A) gasienice w czasie ostatniej linki; (B) ga- liny w fosfolipidy homogena-
sienice zerujgce w 1-2 dni po ostatniej lin- tu ciala tluszczowego ggsienic
ce; (C) gasienice Zerujace w 4 - 5 dni po zerujacych. (0O) kontrola, (@) z
ostatniej lince; (D) wrzeciona; (E) poczwarki; ATP (7 pmoli). Skilad miesza-
(F) motyle samce w okolo 6 godzin po wy- niny inkubowanej i warunki
legu. Punkty oznaczaja wynik jednego do- inkubacji podano w czesci

§wiadczenia. Szczegdly w tekscie dos§wiadczalnej

ATP obniza znacznie wlaczanie znakowanego estru. Po 6 godz. inkubacji
w wyciggu chloroformowym znaleziono tylko 0,13%/¢ dodanej radioaktyw-
nosci. Obnizenie wlgczania powodowaly réwniez jony wapnia, cysteina
oraz fluorek potasu (Tabl. 1).

Tablica 1

Czynniki hamujgce synteze in vitro 32P-fosfolipidow z 32P-fosfocholiny
w homogenacie ciala Huszczowego gasienic Zerujqcych

Sklad mieszaniny inkubowanej i warunki inkubacji w tekscie. Wyniki podano w procentach **P-fosfocholiny wbudowanej

w fosfolipidy

Dodatek 2

(umole) Dosw. 1 Dosw. 2
Kontrola 0,194 0,700
CaCl; (12,5) 0,176 .-
CaCl; (50) 0,052 -
Cysteina (10) —_ 0,286
KF (40) — 0,042
Cysteina (10)+KF (40) — 0,586
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Tablica 2

Rozmieszczenie 32P w frakcjach fosforowych gasienic i motyli Celerio euphorbiae po 24 godz.
od wstrzyknigcia 32P-fosfocholiny

Dane dotyczace przebiegu frakcjonowania oraz wstrzykiwanych ilosci **P-fosfocholiny podano w czgsci dos§wiadczalnej.
‘Wyniki pod W pr h og6lne;j ilosci P zawartej w ciele owada oraz jako aktywnosci wiasciwe (imp./min./umol

fosforu). Podano réwniez stosunek aktywnosci wlasciwej frakcji lipidowej (A) do aktywnosci wlasciwej frakcji kwaso-
rozpuszczalnej (B)

Frakcja kwaso- Frakcja lipidowa
rozpuszczalna
Doswiadczenie % o0golnej aktywnost % ogblnej aktywnodt A/B
iloei 32P | rogciwa | A0S P cciwa
zawartej (B) zawartej (A)
w ciele w ciele
Gasienice
1 42,0 9,9 52,5 35,3 3,6
11 42,6 11,8 55.3 29,4 2.5
I 442 20,5 40,3 23,8 1.2
Motyle
1 83,5 19,2 14,1 16,9 0,9
11 69,4 14,3 11,4 14,3 1,0
111 70,5 16,4 14,7 23,6 | 1,4

Badania nad wlaczaniem in vivo *2P-fosfocholiny w fosfolipidy u ga-
sienic i u motyli daly wyniki potwierdzajace wyniki do$wiadczen in vitro.
Po wstrzyknieciu znakowanego estru znaleziono po 24 godz. znaczne wla-
czenie izotopu w fosfolipidy u gasienic, natomiast u motyli ilos¢ 3*P
w fosfolipidach stanowila maly procent calkowitej radioaktywnosci ozna-
czonej w ciele motyla. U gasienic aktywno§¢ wlasciwa frakceji fosfolipi-
dowej byla do trzech razy wyzsza od aktywnosci wlasciwej frakeji kwa-
sorozpuszczalnej, podczas gdy u motyli obie wartosci byly zblizone do
siebie (Tabl. 2).

DYSKUSJA

Rola fosfocholiny w biosyntezie fosfolipidow oraz mechanizm jej wia-
czania w fosfolipidy zostaly zbadane przez Kornberga i Pricera [17] oraz
Kennedy’ego i Weissa [15] u zwierzat wyzszych (watroba szczura, watro-
ba kurczecia). Przedstawione w tej pracy badania in vitro nad wlacza-
niem **P-fosfocholiny w fosfolipidy ciala ttuszczowego Celerio euphorbiae
wskazuja, ze réwniez u tego owada w syntezie lecytyny bierze udzial
czasteczka fosfocholiny jako calo§é. Dzieki zastosowaniu do do$swiadczen
buforu fosforanowego w ilosci 30 wmoli P na 1 umol dodawanej do homo-
genatu **P-fosfocholiny mozna bylo wykluczy¢ mozliwos¢ wlaczania
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w fosfolipidy 32P-ortofosforanu, ktéry moglby powsta¢ z rozpadu radio-
aktywnej fosfocholiny. Obecno$é w inkubacie nieznakowanego ortofosfo-
ranu w stezeniu wielokrotnie przewyzszajacym stezenie 3*P-fosfocholiny
stwarzala blok rozcienczeniowy uniemozliwiajacy przejscie izotopu w fos-
folipidy wia ortofosforan. Badaniem chromatograficznym stwierdzono
zreszta, ze rozpad znakowanej fosfocholiny i powstawanie 3*P-ortofosfo-
ranu nie zachodzi prawie wcale w ciagu kilkugodzinnej inkubacji. Chro-
matogramy wyciagéw wodnych inkubatéw 3- i réwniez 6-godzinnych wy-
kazywaly radioaktywno$é w plamie fosfocholiny, a tylko Slady **P w pla-
mie ortofosforanu. Mozna wobec tego przyjaé, ze mierozlozona czasteczka
fosfocholiny whudowywana byla w fosfolipidy. Po fagodnej hydrolizie alka-
licznej frakeji fosfolipidowej okolo 70%0 zawartego w mniej **P przecho-
dzilo do fazy wodnej. W badaniu chromatograficznym radioaktywnos¢ ta
odpowiadala plamie glicerofosfocholiny. Swiadczy to o syntezie w ciele
tluszezowym radioaktywnej lecytyny z 32P-fosfocholiny. W stosowanych
warunkach lagodnej hydrolizy alkalicznej metoda Dawsona [6] czysta
lecytyna ulega hydrolizie w 84%. Trzeba przyja¢ zatem, ze w ciele
ttuszczowym obok lecytyny w mniejszym stopniu powstawaly z dodanej
fosfocholiny fosfolipidy niezmydlajace sie, do ktérych zalicza sie sfingo-
mieline. y

Synteza znakowanej lecytyny =zachodzila z réznym mnatezeniem
w homogenatach ciala tluszczowego roznych stadiéw rozwojowych
Celerio euphorbiae. W stadium gasienicy zachodzila ona wyrazZnie,
u wrzecion, poczwarek i motyli prawie wcale nie zaobserwowano wla-
czania 3?P-fosfocholiny we frakcje fosfolipidowa. Nalezy zaznaczy¢, ze
réznice te nie sg spowodowane niejednakowym stopniem rozcienczenia
radioaktywnego estru przez wlasny nieznakowany substrat prébek cial
ttuszczowych z réznych stadiéw rozwojowych owada. Probki fosfocholiny
izolowane chromatograficznie z wyciagow wodnych réznych inkubatéw
nie wykazywaly znacznych réznic w aktywnosci wlasciwej pomiedzy soba
(oznaczenia te wykonano postugujac sie metoda stosowana w innej
pracy [4]).

W do$wiadczeniu z 3?P-fosfoetanoloaming u gasienic zachodzilo wy-
razne wlaczanie sw fosfolipidy dodanego estru, podczas gdy u starszych
stadiéw rozwojowych wlaczanie bylo bardzo niskie. Analogia miedzy
wlgczaniem fosfocholiny i fosfoetanoloaminy moze byé tlumaczona tym
samym mechanizmem biosyntezy lecytyny i kefaliny [15].

O ile niskie warto$ci wlgczania u wrzecion i poczwarek pozostaja
w zgodnosci z ogblnie znanym spadkiem proceséw metabolicznych'u tych
stadiéow w poréwnaniu do gasienic, o tyle nie stwierdzenie wlaczania
w ciele tluszczowym motyli stanowi niespodzianke wymagajacq dalszego
zbadania. W tym celu sprawdzono in vivo zdolnosé¢ wlaczania znakowanej
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fosfocholiny w fosfolipidy u gasienic i u motyli. Rowniez i w tych do-
$wiadczeniach stwierdzono nizsze wlaczanie 3*P w fosfolipidy u motyli
W poréwnaniu z gasienicami.

Zauwazone w homogenatach ciala tluszczowego gasienic obnizenie syn-
tezy radioaktywnej lecytyny z 3*P-fosfocholiny pod wplywem ATP mozna
wytlumaczy¢ mozliwym w tych warunkach zmniejszeniem ilosci dwu-
glicerydu, ktéry jest akceptorem fosfocholiny. W podobnie przeprowadzo-
nych do$wiadczeniach ze znakowang fosfocholing ma tkance watrobowej
$winki morskiej (T. Chojnacki i T. Korzybski, dane niepublikowane) za-
uwazono réwniez obnizenie wlaczania fosfocholiny w obecnosci ATP,
podczas gdy ADP nie powodowal tego efektu. W przeciwienstwie do wla-
czania fosfocholiny ATP nie powodowal obnizenia wlaczania w fosfo-
lipidy watroby **P-q-glicerofosforanu lecz wzrost o okolo 50%, co moze
by¢ tlumaczone innym mechanizmem wilgczania tego estru. Hokin i Hokin
[12] wykazali, Ze p-a, f-dwugliceryd moze by¢ fosforylowany kosztem
ATP. Powstaje w tej reakcji kwas fosfatydowy, ktory z kolei moze braé
udzial w syntezie inozytofosfatydu [20]. Powyzsza hipoteza o odciaganiu
D-a, f~dwuglicerydu z toru lecytynowego do proceséw powstawania in-
nych fosfolipidow bedzie potwierdzona woweczas, jesli uda sie wykazaé
reakcje Hokinéw u Celerio euphorbiae.

Hamujacy wplyw fluorku i cysteiny trudno powigzaé¢ z hamowaniem
okreslonych etapéw biosyntezy lecytyny z fosfocholiny. Obnizenie syn-
tezy w obecnosci jonéw wapnia wedlug Kennedy’ego i Weissa [15] polega
na hamowaniu dzialania transferazy gliceryd - fosfocholina.

Autorzy wyrazaja serdeczne podziekowanie Prof. Dr I. Mochnackiej
za cenne wskazéwki i pomoc w przygotowaniu pracy do druku.

STRESZCZENIE

W biosyntezie lecytyny u Celerio euphorbiae bierze udzial czasteczka
fosfocholiny. Natezenie wlaczania 3*P-fosfocholiny badane w homogena-
tach ciala tluszczowego jest niejednakowe w réznych stadiach rozwojo-
wych owada. Jest ono najsilniejsze u gasienic, podczas -gdy u wrzecion,
poczwarek i motyli jest nieznaczne. Réwniez in vivo wlaczanie wstrzyk-
nietej znakowanej fosfocholiny w fosfolipidy calych organizmoéw jest
u motyli blisko trzy razy nizsze niz u gasienic zerujacych.
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BIOSYNTHESIS OF PHOSPHOLIPIDS IN INSECTS

I. INCORPORATION OF 3:P-PHOSPHOCHOLINE INTO PHOSPHOLIPIDS
OF CELERIO EUPHORBIAE

Summary

A molecule of phosphocholine takes part in biosynthesis of lecithin in
Celerio euphorbiae. The rate of incorporation of *2P-phosphocholine when
followed in homogenates of fat-body is not equal in various stages of the
insect growth. It is the highest in caterpillars, while it is a slight one
only in spindle, pupa and moth. The incorporation of injected labelled
phosphocholine into phospholipids, when observed in vivo, is also in moth
1/3 of that in feeding caterpillars.

Otrzymano 5.11.1960
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T. CHOJNACKI

BIOSYNTEZA FOSFOLIPIDOW U OWADOW

II. BADANIA NAD WEACZANIEM 2P-ORTOFOSFORANU U MOTYLA
CELERIO EUPHORBIAE

Zaklad Biochemii Ewolucyjnej, Instytut Biochemii i Biofizyki PAN, Warszawa

Wyniki badan nad biosyntezg lecytyny w roéznych stadiach rozwojo-
wych Celerio euphorbiae przeprowadzone in vitro na homogenatach ciala
tluszczowego przy uzyciu znakowanej 3*P-fosfocholiny wykazaly, ze na-
tezenie biosyntezy w czasie rozwoju stadialnego gasienicy do motyla
spada [5]. Podczas gdy u gasienic w fosfolipidach znajdowano zwykle
1-1,5% 3P dodawanego w postaci znakowanego estru, u starszych sta-
diéw rozwojowych wlaczanie wynosilo mniej niz 0,1%. Tak niska war-
to$¢ lezala juz w granicach bledu doswiadczenia. Z tego powodu nie
mozna bylo wnioskowaé o mechanizmie biosyntezy fosfolipidow w ciele
ttuszczowym starszych stadiéw rozwojowych. Réwniez w badaniach in
vivo stwierdzono, ze po injekcji znakowanej fosfocholiny wbudowywanie
tego estru w fosfolipidy bylo blisko 3 razy nizsze u motyli niz u gasienic
zerujacych [5]. Wynik taki mogl byé¢ jednak uwarunkowany slabg pene-
tracja wstrzyknietego estru do wnetrza komoérek. U zwierzat wyzszych
po wstrzyknieciu 32P-fosfocholiny nie dochodzi réwniez do oczekiwanego
masywnego wbudowania izotopu w fosfolipidy tkanek. Ttlumaczy sie to
nieprzepuszczalno$cia blon komoérkowych dla estrow kwasu fosforowe-
go [14]. W zwiazku z tym, interesujace bylo zbadanie u motyli natezenia
biosyntezy lecytyny ze znakowanego fosforanu nieorganicznego.

W tej pracy po wstrzyknieciu motylom 32P-ortofosforanu zbadano prze-
bieg wlaczania izotopu w fosfolipidy. Sledzono réwniez wlaczanie *2P
w czasteczke fosfocholiny, co pozwolilo wnioskowaé o roli tego estru
w biosyntezie lecytyny.

Uzyskanie danych o natezeniu biosyntezy lecytyny w calym organiz-
mie owada pozwala poréwnaé ten proces z przebiegiem lokalnego depo-
nowania w meskim narzadzie rodnym motyla duzych ilosci pyrofosforanu.
Pyrofosforan, ktérego powstawanie zwiazane jest prawdopodobnie z two-
rzeniem lecytyny z fosfocholiny, powstaje pod koniec okresu poczwarko-

[167]
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168 T. CHOJNACKI 121

wego i juz po kilkunastu godzinach od momentu wylegu ilos¢ jego
sie nie zwieksza [10, 12].

METODY

Motyle samce brane do eksperymentéw pochodzily z wlasnej hodowli.
W kilka godzin po wylegu wstrzykiwano do ciala tluszezowego 0,1 ml
roztworu Na,H*PO, (5 uC 32P; 10 ug P). Ilo§é izotopu zawartego w ciele
motyla oznaczano kazdorazowo po sporzadzeniu homogenatu. Po uply-
wie odpowiedniego czasu od momentu zastrzyku motyle zabijano eterem
i cale homogenizowano z 3 ml wody. Homogenat ogrzewano we wrzacej
lazni wodnej péltorej minuty i uzupemiano do 10 ml 96% etanolem. Dla
uzyskania frakeji fosfolipidowej i frakcji rozpuszczalnej w wodzie po-
stepowano jak poprzednio [4] wedlug procedury stosowanej przez Daw-
sona [7], ktéra zapewnia uzyskanie frakcji fosfolipidowej wolnej od do-
mieszek zwigzkow fosforowych rozpuszczalnych w wodzie. Zastosowanie
tej procedury bylo wazne szczegdélnie u motyli zabijanych po krétkim
czasie od zastrzyku, gdy wlaczanie P w fosfolipidy moglo by¢ jeszcze
nieznaczne, a niewielkie skazenie frakeji fosfolipidowej zwiazkami roz-
puszezalnymi w wodzie moglo spowodowaé bledne wyniki. Zwiazki fosfo-
rowe frakeji rozpuszczalnej w wodzie po przepuszczeniu przez kolumne
Amberlit IRC 50 (forma H*) chromatografowano w ukladzie dwukierun-
kowym wedlug Dawsona [8] na bibule Whatman No 1 przemytej 2 N-kwa-
sem octowym.

Material zawarty w ekstrakcie chloroformowym poddawano lagodnej
hydrolizie alkalicznej wedlug Dawsona [6] i produkty hydrolitycznej de-
gradacji fosfolipidow badano chromatograficznie w ukladzie dwukierun-
kowym na bibule Whatman No 1 przemytej 2 N-kwasem octowym. Aktyw-
nosci wlasciwe lecytyny i kefaliny oznaczono na podstawie badania ich
produktéw degradacji. W tym celu wycinano z chromatograméw radio-
aktywne plamy glicerofosfocholiny (GPChol)! i glicerofosfoetanoloaminy
(GPEY) i oznaczano w nich zawarto$é **P i fosforu calkowitego. W bada-
niu chromatograficznym zwiazki te nie réznily sie od produktu fosforo-
wego lagodnej hydrolizy alkalicznej lecytyny (f-my Merck) i kefaliny
uzyskanej z mézgu metoda Folcha [3] (frakcja V). Wycinek bibuly spalano
w 0,2 ml 60% kwasu nadchlorowego w suszarce w 155° w ciggu 12 go-
dzin, nastepnie hydrolizowano z 1 ml wody w ciggu 20 minut, zobojet-
niano stezonym amoniakiem i uzupemiano do 2 ml woda. Zawartosé¢ 32P
w spalonej prébce oznaczano przy pomocy licznika do cieczy BAS 7. Za-

1 Stosowane skréty: ATP, adenozynotréjfosforan; CDPChol, cytydynodwufosfo-
cholina; CMP, cytydynojednofosforan; CTP, cytydynotréjfosforan; GPChol, glicero-
fosfocholina; GPEt, glicerofosfoetanoloamina; PChol, fosfocholina; PP, pyrofosforan.
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warto§é fosforu w tej probce oznaczano metoda Berenbluma i Chaina
[1] stosujac zamiast izobutanolu n-butanol [2].

W podobny sposob oznaczano aktywnos¢ wlasciwa fosfocholiny po
wycieciu radioaktywnej plamy tego zwiazku z chromatogramu frakcji
zwigzkéw rozpuszczalnych w wodzie. Radioaktywne zwiazki fosforowe
lokalizowano na chromatogramach metoda autoradiografii, czas zetknig-
cia z klisza wynosil 3 do 10 dni. Niektore z tych zwiazkow zidentyfiko-
wano przy uzyciu odpowiednich nieznakowanych substancji, a-glicero-
fosforanu (f-my BDH) oraz fosfocholiny i fosfoetanoloaminy otrzymanych
syntetycznie wedlug metod podanych w poprzedniej pracy [4].

Przy poréwnywaniu zawartosci 3*P w poszczegolnych frakcjach fosfo-
rowych w zalezno$ci od czasu uplywajacego od momentu zastrzyku izo-
topu, calkowita zawartos¢ 2P w ciele motyla sprowadzono do wartosci
teoretycznej 10° imp./min. (5 »C odpowiadalo tej wartosci w stosowanych
warunkach pomiaru). W poszczegolnych doswiadcezeniach aktywnoscé
wprowadzana w dawce teoretycznej 10° imp./min. wykazywala odchyle-
nia w granicach * 30%,. Odchylenia wzwyz nalezalo odnies¢ do wigkszej
niz 0,1 ml ilosci wprowadzonego roztworu Na,H?’PO;, odchylenia w dol
mogly pochodzi¢ zaréwno od bledu in minus przy injekcji, jak tez mogly
by¢ spowodowane wydalaniem z moczem.

Przy poréwnywaniu aktywnosci wlasciwych u réznych motyli frakeji
fosforowych i zwiazkéw fosforowych uwzgledniono réwniez réznice w za-
warto$ci fosforu zalezne od wielkosci motyla. Po wprowadzeniu bowiem
pewnej iloéci izotopu do organizmu zawierajacego malo fosforu uzyskuje
sie wysoki stosunek 2P : 3P, Je$li natomiast zawartos¢ fosforu jest wigk-
sza, uzyskamy nizszy stosunek *2P: 3P po dodaniu tej samej co poprzed-
nio ilosci izotopu. Dlatego u kazdego motyla oznaczano zaré6wno zawar-
to§é 3P, jak i fosfor calkowity. Oznaczone aktywnosci wlaéciwe poszcze-
gbélnych zwigzkow fosforowych lub frakeji fosforowych réznych motyli
poréwnywano miedzy soba po pomnozeniu przez charakterystyczny dla
kazdego motyla wspélczynnik k:

umowna aktywno$é wlasciwa fosforu calego motyla
znaleziona aktywno$é wlasciwa fosforu calego motyla
Jako umowng aktywno$é¢ wlasciwa przyjeto warto§é¢ 2-10* imp./min.
wmol P, co odpowiadaloby 10° imp./min. w ciele motyla zawierajacego
50 uwmoli fosforu calkowitego. Uwzgledniono rowniez poprawke na poél-
okres trwania izotopu. Oznaczenia dla kazdego badanego czasu wykonano
na pojedynczych osobnikach.

WYNIKI I DYSKUSJA

Wlaczanie wstrzyknietego motylowi 32P-ortofosforanu we frakcje
fosfolipidowa zachodzi bardzo powoli, osiggajgc maksimum po okolo 18
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godzinach od momentu podania izotopu (Rys. 1). W tym czasie zawartos¢
2P w tej frakeji stanowi okolo 25%p calej ilosci izotopu w ciele motyla.
Po osiggnieciu wspomnianego maksimum radioaktywnos$é frakeji fosfolipi-
dowej maleje i po 72 godzinach stanowi juz tylko 5%, calosci.
Aktywnos¢ wlasciwa frakeji fosfolipidowej osiaga maksimum okolo 12
godziny po zastrzyku izotopu (Rys. 2). Przebieg narastania aktywmnosci
wlasciwych poszczegélnych fosfolipidow zawartych w tej frakeji daje
jednak obrazy rézne. Kefalina wykazuje wieksza ruchliwo$¢ metaboliczna

_Calkowilo zowarfost *P w cele molylc

o
e bd
K

Cmp feny 10°
o

(Tmp v Jumol B 107
~

Czas o0 asirzyku (godz )

Rys. 1. Zawarto§é¢ P we frakcjach Rys. 2. Aktywnod$ci wlasciwe
fosforowych samca motyla C. eu- (imp./min./umol P) fosfolipidéow
phorbiae w réznych momentach motyli wilczomleczkéw w  roz-
po zastrzyku 3*P-ortofosforanu. (@) nych momentach po wstrzyknieciu
wycigg wodny; (O) wycigg chloro- “P-ortofosforanu. () ekstrakt
formowy chloroformowy; () lecytyna;

() kefalina

niz lecytyna. Znaczny wzrost radioaktywnosci kefaliny notowano w cig-
gu pierwszych 12 godzin od podania izotopu. Przebieg krzywej aktyw-
nosci wlasciwej lecytyny jest zupelnie odmienny. Wlgczanie 3P w lecy-
tyne narasta nieznacznie w ciagu pierwszych 18 godzin. Maksimum aktyw-
nosci wlasciwej tego zwigzku zanotowano po uplywie 36 godzin od po-
dania izotopu. Po uplywie dalszych 36 godzin aktywnos$é wilasciwa lecy-
tyny spadla tylko nieznacznie. Poréwnujgc charakter krzywych aktyw-
nosci wlasciwych tych dwu fosfolipidéw z przebiegiem krzywej aktyw-
nosci wlasciwej frakcji fosfolipidowej badanej jako cato$é¢, widaé, ze ca-
lo§¢ fosfolipidow wykazuje typ obrotu podobny do obrotu kefalin. Po-
niewaz aktywno$¢ wlasciwa frakcji fosfolipidowej jest wypadkowsa ak-
tywnosci wlasciwych poszczegélnych fosfolipidéw w niej zawartych,
mozna przewidzie¢ z analizy krzywych rysunku 2, ze frakcja fosfolipi-
dowa zawiera polaczenia o jeszcze szybszym metabolizmie niz obserwo-
wany w przypadku kefaliny. Na fotografiach rysunku 3, ktére przedsta-
wiaja autoradiogramy chromatograméw hydrolizatéw alkalicznych fosfo-
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Rys. 3. Autoradiogram dwukierunkowego chromatogramu alkalicznego hydrolizatu

fosfolipid6w motyla C. euphorbiae, (a) po 3 godz., (b) po 72 godz. od wstrzyknigcia

2p_ortofosforanu. (1) glicerofosfocholina, (2) glicerofosfoetanoloamina. Kierunek I:

fenol nasycony roztworem 0,1% NH, (technika zstepujgca). Kierunek II: metylo-

propan-2-ol - woda (62:38 v/v)-kwas tréjchlorooctowy (10% w/v) (technika wstepu-
jaca) [6]

lipidéw motyla ekstrahowanych po uplywie 3 i 72 godzin od podania
izotopu, oprécz radioaktywnych plam glicerofosfocholiny i glicerofosfo-
etanoloaminy, powstalych w trakcie lagodnej hydrolizy alkalicznej odpo-
wiednio z lecytyny i kefaliny, widaé¢ kilka innych radioaktywnych plam.
Te ostatnie moga odpowiada¢ produktom degradacji kwasu fosfatydowego,
inozytofosfatydu czy serynofosfatydu. Przemianie tych wlasnie po-
laczen i kefaliny nalezy przypisa¢ wlaczanie w ciggu kilku pierwszych
godzin wiekszej iloéci izotopu do frakcji fosfolipidowej. Synteza lecytyny
bowiem jest w tym czasie jeszcze nieznaczna.

Obserwowane u motyla wilczomleczka réznice miedzy szybkoscig
obrotu lecytyny i kefaliny pozostaja w dobrej zgodnosci z wynikami po-
dobnych badan u zwierzat wyzszych in vitro [6] i in vivo [8, 15], u kté-
rych fosfolipidy mozna wedlug malejacej szybkosci obrotu mierzonego
przy pomocy 2P, uszeregowa¢ w mastepujacej kolejnoséci: kwas fosfaty-
dowy, dwufosfoinozytyd, kefalina i fosfatydyloseryna, lecytyna.

Badanie zawartosci 32P w frakeji zwiazkéw rozpuszezalnych w wodzie
" wykazalo bardzo szybki odplyw z tej frakeji wstrzyknigtego 32P-orto-
fosforanu (Rys. 1). Najprawdopodobniej spowodowane to jest deponowa-
niem 3P w bialym odcinku przewodu wytryskowego w postaci pyro-
fosforanu, ktéry jak wykazano [10], nie przechodzi przy oddzialywaniu
obojetnym do frakeji zwiazkéw rozpuszczalnych w wodzie. Proces syn-
tezy pyrofosforanu w ciele samca przebiega rzeczywiscie bardzo inten-
sywnie w ciggu kilku pierwszych godzin zycia motyla [12]. Na fotogra-
fiach rysunku 4 przedstawiono autoradiogramy chromatogramoéw zwigz-
kow fosforowych wyciagu wodnego motyla po zastrzyku 32P-ortofosfo-
ranu. Widoczne sg na nich miedzy innymi radioaktywne plamy glicero-
fosforanu, fosfocholiny i fosfoetanoloaminy. Na podstawie prac wielu auto-
row wiadomo, ze powyzsze estry stanowia u zwierzat wyzszych prekur-
sory fosfolipidéw. W poprzedniej pracy [5] stwierdzono, ze taka sama
role spelniajg u gasienic C. euphorbiae. Powstanie tych estréw z ortofo-
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sforanu u motyli wskazuje na mozliwosé podobnej drogi syntezy fosfo-
lipidéw réwniez w stadium motyla.

a) - P;

>

Rys. 4. Autoradiogram dwukierunkowego chromatogramu wyciggu wodnego motyla

wilezomleczka, (a) po 1 godz., (b) po 72 godz. od wstrzykniecia *:P-ortofosforanu.

(1) fosfocholina, (2) fosfoetanoloamina, (3) glicerofosforan, (4) glicerofosfocholina.

(5) glicerofosfoetanoloamina. Kierunek I: fenol mnasycony roztworem 0,1% NHjs

(technika zstepujgca). Kierunek 1I: etanol - NH, stez. (c. wl. 0,880) - woda; (61 : 29 : 10)
(technika wstepujaca) [8]

Na chromatogramie frakcji zwiazkéw rozpuszczalnych w wodzie uzy-
skanych z motyla po uplywie 72 godzin od podania izotopu widoczne sa
radioaktywne plamy odpowiadajace glicerofosfocholinie i glicerofosfo-
etanoloaminie. Jak wykazal Dawson w badaniach prowadzonych na
watrobie (7, 9], dwuestry te sa produktami katabolizmu fosfolipidow.
Obecnos¢ GPChol i GPEt w frakeji rozpuszczalnej w wodzie uzyskanej
z motyla, u ktérego zaznaczy! sie juz spadek aktywmnosci wlasciwych lecy-
tyny i kefaliny Swiadczy, ze u C. euphorbiae rozpad fosfolipidow prze-
biega podobng drogg.

W celu wyjasnienia roli fosfocholiny w procesie syntezy lecytyny
u motyla C. euphorbiae wykonano pomiary aktywnoéci wlasciwych tych
zwigzkéw w kilku réznych momentach na przestrzeni trzech dni od po-
dania izotopu. Wyniki tych pomiaréw przedstawiono na rysunku 5.
Maksimum aktywnosci wlasciwej fosfocholiny wystepuje po uptywie 6 - 12
godzin od zastrzyku 3*2P-ortofosforanu. Po 18 godzinach zanotowano
znaczny spadek tej wartosci i podobnie niskie wartosci po 36 i 72 godzi-
nach. Aktywnos¢ wlasciwa lecytyny narasta wolniej i osigga maksimum
po okolo 36 godzinach. Z poréwnania przebiegu krzywych aktywnodci
wlasciwych tych dwu zwiazkéw wynika, ze fosfocholina moze byé u mo-
tyla C. euphorbiae prekursorem lecytyny, bowiem jej maksimum aktyw-
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7 BIOSYNTEZA FOSFOLIPIDOW U OWADOW. II. 173

nosci wlasciwej poprzedza maksimum obserwowane dla lecytyny, a czes¢
opadajaca krzywej fosfocholiny przecina krzywa lecytyny w okolicy
szezytu.

caly motyl ”

S

3

Rys. 5. Aktywnosci wlasciwe (imp./min./pmol
P) fosfocholiny i lecytyny motyli C. euphorbiae
w réznych momentach po wstrzyknieciu 3*P-
ortofosforanu. (O) fosfocholina, (@) lecytyna

{Imp/min Jumal A- 10°
1)

o
T

0

3|

i . A
36 % #B 36
(zas o0 zasirzyku (godz )

Opisane przez Kennedy'ego i Weissa [13], wlaczanie fosfocholiny
w czasteczke lecytyny zachodzi w dwu etapach. W pierwszej reakcji z CTP
i fosfocholiny powstaje cytydynodwufosfocholina i pyrofosforan nieorga-
niczny. W drugiej z cytydynodwufosfocholiny i p-a, f-dwuglicerydu
powstaje CMP i lecytyna. Przypuszcza sie, ze duze ilosci PP nagroma-
dzone w przewodzie wytryskowym samca motyla C. euphorbice stanowia
produkt pierwszego etapu biosyntezy lecytyny. Z ilosci PP znajdowanego
w ductus ejaculatorius i zawartosci fosforu lipidowego motyla [11] wy-
nika, ze ilo§¢ powstajacej CDPChol moze przewyzszaé jej zapotrzebowa-
nie dla syntezy lecytyny w calym ciele motyla. Proces lokalnego nagro-
madzenia PP nie wykazuje zgodnosci w czasie z zachodzacg w calym
organizmie biosynteza lecytyny. Po kilkunastu godzinach od wylegu mo-
tyla nie obserwuje sie¢ juz zwigkszania ilosci PP w narzadzie rodnym [12],
podczas gdy biosynteza lecytyny w calym organizmie zachodzi bardzo
wyraznie jeszcze po tym czasie. Z drugiej strony intensywnej lokalnej
syntezie PP w pierwszych godzinach zycia motyla nie towarzyszy w tym
czasie zwiekszenie natezenia biosyntezy lecytyny w calym organizmic
owada. Swiadczy to o niezuzytkowaniu CDPChol powstajacej z CTP
i PChol w drugim etapie, tj. w reakcji z p-a, f~-dwuglicerydem. Prawdo-
podobnie jest to spowodowane szybkim rozkladem -cytydynodwufosfo-
choliny przez enzym analogiczny do pyrofosfatazy nukleotydu [16]. Dzie-
ki temu jedynym nagromadzonym produktem reakcji fosfocholiny z CTT
jest pyrofosforan; cytydynodwufosfocholina mnie wchodzi w reakcje
z D-a, f-dwuglicerydem, lecz ulega rozpadowi. Produkty tego rozpadu,
fosfocholina i CMP, po uprzedniej fosforylacji do CTP moga reagowaé po-
nownie z wytworzeniem nastepnej czasteczki PP. Opisana wyzej sytuacje
obrazuje nastepujacy schemat:
5
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PGholg i 892 X lenii o
N
\
\
cTP :
1
ATP |
|
PP D PChole=—g-C MP=% P Chol
CMP
lecytyna D-aB - dwugliceryd

W nagromadzeniu pyrofosforanu u motyla C. euphorbiae moze odgry-
waé role rowniez reakcja CTP z fosfoetanoloaming, stanowiaca pierwszy
etap biosyntezy kefaliny [13]. Wykazanie w niniejszej pracy zaréwno
fosfoetanoloaminy, jak i syntezy radioaktywnej kefaliny w ciele motyla
wskazuje na taka mozliwosé.

Autor pragnie wyrazi¢ podzigkowanie Prof. Dr I. Mochnackiej i Prof.
Dr J. Hellerowi za cenne wskazowki dotyczace badanego w tej pracy za-
gadnienia oraz za pomoc w przygotowaniu pracy do druku.

STRESZCZENIE

Zbadano in vivo przebieg wlaczania **P w fosfolipidy samca motyla
Celerio euphorbiae. Maksimum aktywnosci wlasciwej frakeji fosfolipido-
wej po zastrzyku znakowanego ortofosforanu wystepuje po okolo 12 go-
dzinach. Kefaliny wykazuja wigksza szybko$¢ odnowy niz lecytyny.
Maksimum aktywnos$ci wlasciwej kefalin osiagane jest po ok. 12 godzi-
nach, a lecytyn po 36 godzinach od podania izotopu. Por6wnanie przebie-
gu wlgczania 3?P w fosfocholine i lecytyne wskazuje, ze fosfocholina
moze by¢ prekursorem lecytyny.

Przedyskutowano biosynteze lecytyny u samca motyla Celerio
euphorbiae w zwiagzku z deponowaniem pyrofosforanu w jego ductus
ejaculatorius, wskazujac, ze nie ma réwnoleglo$ci miedzy procesem lokal-
nego nagromadzenia PP, a natezeniem biosyntezy w calym ciele.
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BIOSYNTHESIS OF PHOSPHOLIPIDS IN INSECTS

II. STUDIES ON INCORPORATION OF #P-ORTHOPHOSPHATE
IN CELERIO EUPHORBIAE MOTH

Summary

The course of incorporation of *P into phospholipids of the Celerio
euphorbiae male moth was investigated. Maximal specific activity of
phospholipid fraction was found about 12 hours after injection of labelled
orthophosphate. Cephalins showed higher rate of regeneration than
lecithins did. Cephalins reached up their maximzl specific activity within
12 hours after isotope had been administered while lecithins after 36 hours
only. The course of incorporation of 3P into phosphocholine indicated
that phosphocholine might be a precursor of lecithin.

The biosynthesis of lecithin in Celerio euphorbiae male moth has been
discussed in relation to the storage of pyrophosphate in his ductus
ejaculatorius and it has been concluded that the process of local accu-
mulation of pyrophosphate did not run in parallel with the rate of bio-
synthesis of lecithin in whole body.

Otrzymano 5.11.1960
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S. ANGIELSKI, J. ROGULSKI i JADWIGA BASCIAK

AMINOACYDURIA WYWOEANA KWASEM MALEINOWYM

VIII. WPLYW PROGESTERONU NA OBRAZ ZATRUCIA KWASEM MALEINOWYM
SZCZUROW KARMIONYCH DIETA GALAKTOZOWA

Pracownia Biochemii Patologicznej Instytutu Biochemii i Biofizyki PAN
i Zaklad Chemii Fizjologiczney AM, Gdansk
Kierownik: Prof. Dr WLl Mozolowski

W poprzednich doniesieniach [1, 2, 31 wykazano, ze kwas maleinowy
podany szczurom parenteralnie wywoluje zespél objawow wielokierunko-
wego uszkodzenia kanalikow nerkowych. Warunkiem wystapienia pel-
nego obrazu zatrucia jest obecnos$é¢ laktozy lub galaktozy w diecie. Skad-
inagd wiadomo, ze mlode szczury karmione dietg zawierajaca duze iloSci
galaktozy ging po kilkunastu dniach [9]. Dorosle szczury wolniej przybie-
raja na wadze. Stwierdza si¢ tez wyrazne zaburzenia funkcji nerki przy-
pominajace zespél wielokierunkowego uszkodzenia kanalikéw nerko-
wych. Kilkakrotnie wzrasta wydalanie moczu a takze cukru (przede
wszystkim galaktozy), amoniaku, wapnia i fosforu [9,6,5] oraz azotu
aminowego i ketokwasow [6, 5, 3]. Stwierdzono ponadto badaniem histo-
logicznym [5] zmiany degeneracyjne w komorkach kanalikéw nerkowych
oraz wykazano wystgpowanie za¢my w soczewce oka [11].

Z drugiej strony wiadomo, ze w galaktozemii dochodzi réwniez do
znacznych zaburzen funkeji nerki [13]. W kilka dni po podaniu galaktozy
dzieciom chorym na galaktozemie wystepuje wyrazna aminoacyduria be-
daca pochodzenia nerkowego [16]. Dochodzi tez do zaburzen w stanie
grup SH, co ma bezposredni zwigzek z tworzeniem sie¢ zaémy [10, 15].

W ostatnich latach ukazalo sie szereg prac dotyczacych wplywu réz-
nych czynnikéw na przemiane galaktozy. W doswiadczeniach in wvitro
wykazano [20], ze reakcja kontrolujaca szybko$é przemiany 1-14C-galak-
tozy w 14CO, jest reakcja epimeryzacji UDPGal w UDPG !. Reakcja ta wy-
maga obecnodci katalityeznych ilosci DPN*, jest natomiast hamowana

1 Stosowane skréty: UDPG, urydynodwufosfo-glikoza; UDPGal, urydynodwufosfo-
galaktoza; DPN, nukleotyd dwufosfopirydynowy; TPN, nukleotyd tréjfosfopirydy-

nowy.
[177]
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w znacznym stopniu przez zredukowang posta¢ nukleotydu. Dlatego te
czynniki, ktére zwigkszaja poziom DPNH zmniejszaja szybkosé spalania
galaktozy, natomiast czynniki obnizajace poziom DPNH znacznie te szyb-
kos$¢ zwiekszaja. Do pierwszych nalezg alkohol etylowy i réznego rodza-
ju substraty aldehydowe, sposréd drugich wymieni¢ nalezy przede
wszystkim progesteron [22, 25,12, 26]. Tak, np. utlenianie galaktozy przez
homogenat nerki zostaje zahamowane po dodaniu aldehydu glikolowego.
Progesteron odwraca te inhibicje prawie calkowicie, prawdopodobnie
przez zahamowanie wytwarzania DPNH w reakcji dehydrogenazy alde-
hydowej [8]. Stwierdzono ponadto, Zze podanlie progesteronu dzieciom
chorym na galaktozemie i otrzymujacym galaktoze znakowana na pierw-
szym weglu zwieksza znacznie (z wartosci bliskich zeru do okolo 10%o)
wydalanie izotopu w wydechowym CO, [7, 24, 23]. W do$wiadczeniach na
szczurach wykazano, ze progesteron opdéznia wystapienie zaémy u szczu-
réw karmionych dieta zawierajaca galaktoze [23, 24].

Opierajac si¢ na tych spostrzezeniach zbadano wplyw progesteronu
na wydalanie cukru i azotu aminowego przez szczury karmione dieta ga-
laktozowa oraz wplyw progesteronu na obraz zatrucia kwasem malei-

nowym.
METODY

Do doswiadczen uzywano biale szczury (samice), wagi 210 - 280 g.
Zwierzeta karmiono dietg zawierajacg 16%0 galaktozy. Do czasu rozpo-
czecia doswiadczenia szczury przebywaly na diecie przez okres 3 ty-
godni. Pozywienie udostepniano zwierzetom 3 razy po 30 min. w ciagu
doby. W tych warunkach mozna bylo dos¢ dokladnie okresli¢ ilosé spo-
zytej przez szczury galaktozy. Po okolo 14 dniach przyzwyczajania do
tego rodzaju karmienia, iloSci pozywienia spozywane przez te szczury
byly réwne spozyciu szczuréw, ktérym pokarm udostepniony byl do woli.
Zwierzeta przybieraly normalnie na wadze. Poza tym warunki do$§wiad-
czenia, sposéb zbierania i konserwacji moczu, przygotowanie roztworu
maleinianu do wstrzyknie¢ byly takie, jak opisano w doniesieniu V [2].
Azot aminowy oznaczano metoda Yemma i Cockinga [27]. Zawartosé
cukru redukujagcego w moczu oznaczano metoda Somogyi’ego w mody-
fikacji Nelsona [21]. Ilo§¢ wydalonej galaktozy okre§lano na podstawie
redukcji po fermentacji, w tym celu mocz inkubowano przez 1 godzine
w 37°, z zawiesing drozdzy piekarskich przemytych kilkakrotnie woda.
Zawartos¢ glikozy w moczu obliczano przez odjecie od catkowitej ilosci
cukru wartosci odpowiadajacych galaktozie.

Odczynniki. Kwas maleinowy cz.d.a (import radziecki). Progesteron
(,,Syntolutan®, Jeleniogérskie Zaklady Farmaceutyczne) ampulkowany
roztwor olejowy zawierajacy 10 mg krystalicznego progesteronu w 1 ml.
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WYNIKI

Poprzednio wykazano [3], Ze szczury karmione dietg nie zawierajaca
ani laktozy ani galaktozy wydalaja cukier w bardzo niewielkich ilo$ciach,
rzedu kilkudziesieciu wmoli na dobe. Na diecie mlecznej, zawierajgcej
laktoze wydalanie wynosi okolo 0,6 mmola. Natomiast ilo$ci cukru wyda-
lane na dobe przez szczury karmione dieta zawierajacq galaktoze (16%»

Tablica 1

Wplyw kwasu mal einowego na wydalanie cukru przez szczury karmione dietq galaktozowaq

Kwas maleinowy podano dootrzewnowo w dawce 40 mg/100 g wagi. Szczury (samice) wagi 210 - 280 g, do czasu wstrzyk-
ni¢cia maleinianu karmione byly przez 10 dni dieta galaktozowa. Liczby wyrazaja srednie dobowego wydalania 5 szczuréw.
W nawiasach warto$ci graniczne

Cukier (mmole/24 godziny)
Przed zatruciem | kolejny dziefi zatrucia
(Srednio z 3 dni) l R N T R e
i 3,9 | o065 2,95 1,95 33 2,15
; (2,0-6.2) | 02-1,00 | (265-345) | (1L,1-3.1) | 20-435 | 02-29

masy, co jest rownowazne ilosci laktozy zawartej w diecie mlecznej) sa
znacznie wigksze. Srednie dobowe wydalanie u tych szczuréw wynosi
okolo 3,9 mmola, a wiec ponad 6 razy wiecej niz u szczuréw karmionych
dietg mleczna. 7

pider S SO Yl 1 = 7

Rysunek 1. Wydalanie cukru w zatru-
ciu kwasem maleinowym przez szczu-
ry na réznych dietach. Kwas maleino-
‘wy wstrzyknieto dootrzewnowo w daw-
<ce 40 mg/100 g wagi. Wartosci doty-
czgce wydalania cukru na dietach bez-
laktozowej i mlecznej wzieto z po-
przedniego doniesienia [3]. Liczby wy-
razaja $rednia dobowego wydalania 4
Tub 5 szczuréw, na diecie (@) bezlak-
tozowej, (0) mlecznej, i (A) galakto-
zowej

Cuikier (mmole/24g0dz )

Koleinu dzier: zalrucia

Po podaniu kwasu maleinowego (40 mg na 100 g wagi, dootrzewnowo)
wydalanie cukru przez szczury karmione dieta bezlaktozowa, badZz mleczna
osiaga w 1 lub 2 dniu wartosci ponad 3-krotnie wieksze. W nastepnych
dniach stopniowo powraca do normy [3]. Calkiem odmiennie przedstawia
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si¢ wydalanie cukru przez szczury karmione dieta galaktozowa. Jak wi-
da¢ z danych tablicy 1 w pierwszym dniu po podaniu maleinianu (w tej
samej dawce) szczury wydalaja ponad 6 razy mniejsze ilosci cukru niz
przed zatruciem. W drugim i dalszych dniach wydalanie jest juz wyraz-
nie wigksze i wykazuje wartosci bliskie normalnym. Poréwnanie wyda-
lania cukru w zatruciu kwasem maleinowym przez szczury na réznych
dietach przedstawia rysunek 1.

Wplyw progesteronu na wydalanie cukru i azotu aminowego przez
szczury karmione dietq galaktozowa

Jak wida¢ z danych tablicy 2 progesteron podawany domiesniowo
w dawece 3 mg na 100 g wagi zwieksza prawie dwukrotnie wydalanie cu-
kru. Wzrasta mieco ilo§¢ wydalonego moczu. Wydalanie azotu aminowe-
go nie ulega widocznym zmianom (pewna tendencja znizkowa). Progeste-
ron wstrzykiwano szczurom codziennie przez okres 7 dni. Zaréwno diu-
reza jak i zwiekszone wydalanie cukru utrzymywaly sie przez caly ten
okres ma mniej wiecej jednakowym poziomie (Rys. 2). Nie stwierdzono

Tablica 2

Wplyw progesteronu na diureze oraz na wydalanie azotu aminowego i cukru przez szczury karmione
dietq galaktozowaq
Szczury (samice) wagi 250 - 340 g. Czas stosowania diety do chwili wstrzyknigcia progesteronu 14 dni. Progesteron

wstrzykiwano codziennie w dawce 3 mg/100 g wagi, domigéniowo. Liczby wyrazaja srednie dobowego wydalania 4 szczuréw
W nawiasach wartosci graniczne.

Diureza Azot aminowy Cukier !
(ml) (pmole) (mmole) |
—
Przed podaniem progesteronu ($rednio 12 136 3,32 '
z 3 dni) (7-17) (85-193) (2,36 -4,34)
W czasie podawania progesteronu ($red- 17 106 6,75
nio z 7 dni) (10 -23) (59,5 - 162,5) (4,3-10,2)
Po odstawieniu progesteronu, kolejny
dzien
1 16 — 6,9
(11-20) 4,9 -8,1)
2 17 121 5,1
(14 - 20) (75,5 - 163) (4,4 -6,0)
3 16 — 4,6
(14-21) 3.4-71)
4 14 164 4.0
(13-16) (111 - 283) (2,7-5,3)
5 12 163 32
(8-16) (107 - 195) (1,6 -5,6)
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kumulowania sie¢ dzialania hormonu. Po zaprzestaniu wstrzykiwania pro-

gesteronu wydalanie cukru w przeciagu 5 dni stopniowo powraca do
normy.

Wplyw progesteronu na obraz zatrucia kwasem maleinowym szczurd
karmionych dieta galaktozowq

W doswiadczeniu tym, podobnie jak poprzednio, wstrzykiwano szczu-
rom progesteron codziennie w dawce 3 mg na 100 g wagi, domiesniowo.
Po odstawieniu progesteronu, nastepnego dnia wstrzyknieto maleinian
w jednorazowej dawce 40 mg na 100 g wagi, dootrzewnowo. Wyniki
podaje tablica 3 i czeSciowo rysunek 2. Jak widaé¢, wyraznie wzrasta

Cukier (mmole/ 24 godz.)

PN Rl Iy VSl el R LD S e Ty VO T
Eier  3NRHBILS SIS TR R e g G
Kolejny dzien doswiadczenia

Rysunek 2. Wplyw progesteronu i kwasu maleinowego na wydalanie cukru przez

szczury karmione dietg galaktozows. Progesteron wstrzykiwano codziennie w daw-

ce 3 mg/100 g wagi. Po tygodniu jednej grupie zwierzat (@) odstawiono progesteron

drugiej grupie (O) odstawiono progesteron i mnastepnego dnia wstrzyknieto kwas

maleinowy w dawce 40 mg/100 g wagi. Podano érednie dobowego wydalania 4 szczu-

row. Strzalkami oznaczono rozpoczecie i zakonczenie podawania progesteronu oraz
wstrzykniecie kwasu maleinowego

diureza i wydalanie azotu aminowego. Ilosci azotu aminowego wydalone
w pierwszym dniu zatrucia sa ponad 3 razy, a w trzecim dniu ponad
8 razy wieksze niz warto$ci przed zatruciem. Na piaty dzien po podaniu
maleinianu diureza i wydalanie azotu aminowego spadaja do$¢ raptow-
nie, osiagajac wartosci, jakie szczury wydalaly w okresie przed poda-
niem progesteronu. Wydalanie cukru ulega wyraznemu zmniejszeniu;
w pierwszym dniu zatrucia ponad trzykrotnie, w drugim dniu blisko
siedmiokrotnie. Na piaty dzien szczury wydalaja ilosci cukru takie jak
przed podawaniem progesteronu. Z poréwnania tablic 1 i 3 widaé, Ze
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Tablica 3

Wplyw progesteronu na obraz zatrucia kwasem maleinowym szczuréw karmionych dietq galaktozowa

‘W nastepnym dniu po ostatnim wstrzyknigciu progesteronu podano szczurom kwas maleinowy w dawce 40 mg/100 g
wagi, dootrzewnowo. Pozostale dane jak w tablicy 2. Liczby wyrazaja §rednie dobowego wydalania 4 szczuréw. W na-
wiasach wartosci graniczne

Diureza Azot aminowy Cukier
(ml) (umole) (mmole)
Przed podaniem progesteronu ($rednio 13 160 3,53
z 3 dni) (7-19) (102 - 228) (2,06 - 4,95)
W czasie podawania progesteronu ($red- 16 124 7,50
nio z 7 dni) (10 -23) (70 - 220) (5,5-10,5)
Po odstawieniu progesteronu wstrzyk-
nigto kwas maleinowy, kolejny dzien
zatrucia
1 26 468 2,23
(23-30) (261 - 770) (1,6 - 3,0)
2 18 8 = 1,15
(16 - 23) 0,4-2,3)
3 24 1107 3200 .
(16 - 32) (806 - 1320) (2,2-4,3)
4 19 916 4,16
(17 - 20) (794 - 1020) (2,25-5,3)
5 ] | 13 190 3,10
| 8-17) (119 - 283) (0,7 - 4,8)

u szezuréow traktowanych progesteronem spadek wydalania cukru po po-
daniu maleinianu jest mniej raptowny.

Z poréwnania danych tablic 2 i 3 wida¢, ze po odstawieniu proge-
steronu tak diureza jak wydalanie cukru i azotu aminowego wracajg do
wartosci z okresu przed podawaniem progesteronu, i ze dotyczy to w row-
nym stopniu szczuréw zatrutych maleinianem jak i nie zatruwanych.

Wydalanie glikozy i galaktozy w zatruciu kwasem maleinowym przez
szczury traktowane uprzednio progesteronem

Szczury karmione dieta galaktozowa wydalaja z moczem okolo 3,5
mmola cukru redukujacego w ciagu doby. Z tego prawie 99°0 stanowi
galaktoza. Ilosci glikozy wydalane nma dobe sa niewielkie, rzedu ponizej
100 vmoli. Sa to wartosci rowne wydalaniu cukru przez szczury karmio-
ne dietg bezlaktozowa [3]. Prawie dwukrotnie zwiekszone wydalanie
cukru redukujacego w czasie podawania progesteronu odbywa sie wy-
Iacznie kosztem galaktozy. Progesteron jest wiec bez wplywu na wy-
dalanie glikozy. Jak widaé¢ z danych tablicy 4 w pierwszym dniu po po-
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Tablica 4

Wydalanie glikozy i galaktozy po zatruciu kwasem maleinowym przez szczury traktowane uprzednio
progesteronem

Zawartos¢ galaktozy w moczu okreslano na podstawie redukcji po fermentacji. Zawartosé glikozy obliczano przez odjecie
od calkowitej zawartodci cukru wartosci odpowiadajacych galaktozie. Pozostale dane jak w tablicy 2 i 3

Cukier reduk. | Galaktoza |  Glikoza
| : (mmole) : (mmole) (mmole)
I e | Xk
| Przed podaniem progesteronu ($rednio | 3,53 } 3,45 \ 0,08
' z 3 dni) . (2,06-4,95) | (20-487) | (0,06-0,1)
| e ER s e
| W czasie podawania progesteronu (§red- | 7,50 l 7,43 : 0,07
f nio z 7 dni) (5,5-10,5) i (54-1041) @ (0,06-0,11)
| Po odstawieniu progesteronu wstrzyk- !
nigto kwas maleinowy, kolejny dzien za- ; | |
| trucia i: |
{ I 5 2,23 ‘ 0,92 ‘ 1,31
| (,6-30 | (063-13) |  (0,7-2,16)
2 1,15 ' 0,75 0,40
| 0,4-23) ' 0,4-1,5) 0,0-0,8)
l 3 3,20 ‘ 2,14 1,06
2,2-4,3) (1,7 - 2,65) (0,2-1,65)
4 4,16 3,18 0,98
| (2,25-5,3) (1,07 - 4,55) (0,6 - 1,4_) “y
5 3,10 2,95 0,15
0,7-48) | (04-4,5 0,0-0,3)

daniu kwasu maleinowego (i odstawieniu progesteronu), gdy calkowita
ilos¢ wydalanego cukru redukujacego spada przeszio trzykrotnie (z 7,5 do
2,23 mmola), spadek wydalania galaktozy jest wiecej niz siedmiokrotny
(7,43 do 0,92 mmola), natomiast wydalanie glikozy wzrasta blisko dwu-
dziestokrotnie (z 0,07 do 1,31 mmola). W drugim dniu ulega zmniejsze-
niu wydalanie zaré6wno galaktozy jak i glikozy. Na 5 dzienn po podaniu
maleinianu ilosci wydalanej galaktozy sa juz tylko nieznacznie nizsze
niz w okresie przed podawaniem progesteronu. Wydalanie glikozy osig-
ga wartosci bliskie normalnym.

Wplyw kwasu maleinowego na przyswajanie i wydalanie spozytej
galaktozy przez szczury traktowane uprzednio progesteronem

Jak wida¢ z danych tablicy 5 szczury karmione dieta zawierajgca
16°0 galaktozy wydalajg okolo jedna trzecia spozytej galaktozy. Galak-
toza przyswojona, ulegajaca przemianie, stanowi okolo dwie trzecie.
W czasie podawania progesteronu szczury spozywaja wyraznie wieksze
ilosci pokarmu, a tym samym wiecej galaktozy. O taka samg wartosé
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wzrasta jednak i wydalanie galaktozy, stanowiace obecnie okolo polowe
spozycia. Polowa spozytej galaktozy ulega przemianie, ale bezwzgledna
ilo§¢ galaktozy przyswojonej nie zmienia sie. Jest to zgodne z danymi
Barki 1 wsp. [4], ktorzy stwierdzili, ze wydalanie galaktozy jest propor-
cjonalne do jej spozycia. W ciagu 5 dni po odstawieniu progesteronu spo-
zycie galaktozy nie ulega zmniejszeniu. Natomiast wyraznie zmniejsza
sie wydalanie galaktozy, spadajac do wartosci z okresu przed podawa-
niem progesteronu (co stanowi obecnie okolo jedna piatg spozycia). W na-
stepstwie tego wzrasta znacznie bezwzgledna ilos¢ galaktozy ulegajacej
przemianie. Stanowi ona obecnie okolo cztery piate spozycia.

Szczury, ktéorym po odstawieniu progesteronu wstrzyknieto kwas ma-
leinowy, spozywaja znacznie mniejsze, w poréwnaniu z kontrola, ilosci
galaktozy. W pierwszym dniu zatrucia bezwzgledna ilo§¢ galaktozy przy-
swojonej nie ulega zmianie i stanowi okolo 90° spozycia. Bardzo znacz-
nie spada wydalanie. W drugim dniu zatrucia szczury spozyly tylko nie-
wielkie ilosci galaktozy, wskutek czego, mimo niklego wydalania, ilosé¢
galaktozy przyswojonej ulegla znacznemu obnizeniu. W nastepnych
dniach warto$ci galaktozy spozytej, wydalonej i przyswojonej, wykazujg
tendencje powrotu do wartosci z okresu przed podawaniem progesteronu.

DYSKUSJA

W doswiadczeniach na skrawkach watrobowych wykazano, Ze u szczu-
row karmionych dieta z duzg zawartoScig galaktozy wzrasta aktywnosc
glikozo-6-fosfatazy [17]. W zwigzku z tym zamiana glikozy w glikogen
i kwasy tluszczowe ulega wyraznemu zmniejszeniu. Natomiast spalanie
do CO, nie ulega zmianom. Stwierdzono tez, ze w soczewkach szczuréw
karmionych dieta galaktozowa spada znacznie spalanie glikozy na drodze
cyklu pentozowego [18, 19]. Wiaze sie to z inhibicjg przez galaktozo-1-
fosforan dehydrogenazy glikozo-6-fosforanowej. Kosztem cyklu pentozo-
wego mialaby wzrastaé aktywnosé cyklu glikolitycznego. Wykazano ponad-
to, ze spozycie alkoholu zmniejsza tolerancje na galaktoze. Nie stwierdzono
jednak, by etanol hamowal aktywnos¢ jakiegokolwiek enzymu bioracego
udzial w spalaniu galaktozy [14]. Wplyw jego ma charakter posredni i po-
lega na zwiekszaniu poziomu DPNH, ktéry jest inhibitorem epimerazy
UDP-galaktozy [20]. Powoduje to zmniejszone utlenianie galaktozy. Sty-
mulujacy spalanie galaktozy wplyw progesteronu tlumacza Topper i wsp.
[26] jego hamujgcym dzialaniem na aktywno$é dehydrogenaz redukuja-
cych DPN*. Isselbacher i McCarthy [12], ktérzy stwierdzili, ze podobnie
jak DPN* réwniez i TPN* stymuluje spalanie galaktozy, przypuszczaja,
ze zwigzane to jest z aktywacja dehydrogenazy glikozo-6-fosforanowej
i zwiekszonym utlenianiem galaktozy poprzez cykl pentozowy. Wplyw
progesteronu mialtby polega¢ na dostarczaniu TPN+ w wyniku redukcji
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przez TPNH, nienasyconego wiazania w pierscieniu A steroidu. Stymu-
lacje utleniania galaktozy przez progesteron stwierdzono takze in wivo
[7, 24, 23]. Podanie bowiem progesteronu dzieciom chorym na galakto-
zemie i otrzymujacym galaktoze znakowang na pierwszym weglu zwiek-
szalo znacznie wydalanie izotopu w wydechowym CO..

Wobec tego mozna sie bylo spodziewaé, ze po podaniu progesteronu
szczurom karmionym dietg galaktozowa, wskutek zwiekszonego spalania
galaktozy zmniejszy sie jej wydalanie. Podobnie mozna bylo przypu-
szczaé¢, ze zmniejszeniu ulegna zaburzenia funkcji nerki u szezuréw obar-
czonych galaktoza. Pewnym potwierdzeniem takiege przypuszczenia sa
dane [23, 24] stwierdzajace, ze u szczurow karmionych galaktoza proge-
steron opdznia wystapienie za¢my. Zwiekszone spalanie galaktozy mo-
globy réwniez byé przyczyna zmniejszenia objawoéw zatrucia kwasem
maleinowym. Uzyskane wyniki nie potwierdzaja w pelni tych przypu-
szczen. Wydalanie azotu aminowego w czasie podawania progesteronu
nie ulega bowiem wyraznym zmianom, wykazujac wprawdzie pewna ten-
dencje znizkowa. Natomiast diureza, a zwlaszcza wydalanie galaktozy,
znacznie wzrastaja. O ile przed podawaniem progesteronu szczury wyda-
laly okolo jedna trzecia spozytej galaktozy, to w czasie podawania pro-
gesteronu wydalaja okolo polowe. Bezwzgledna ilo$é¢ galaktozy przyswo-
jonej nie ulega zadnym zmianom. Dopiero po odstawieniu progesteronu
uwidacznia sie stopniowo przewidywany wplyw hormonu. Ilosé galak-
tozy ulegajaca przyswojeniu wyraznie wzrasta. Na pigty dzien po od-
stawieniu progesteronu stanowi ona blisko 80° spozycia wobec 70%%
w okresie przed podawaniem progesteronu i 50°% w czasie wstrzykiwania
hormonu. W wartosciach bezwzglednych wzrost ten jest jeszcze wyraz-
niejszy. Rownoczesnie ilo§¢ galaktozy wydalonej spada do okolo 20%b,
wobec 30°% w okresie przed podawaniem progesteronu i 50% w czasie
wstrzykiwania hormonu. Nie ma to jednak wiekszego wplywu na obraz
zatrucia kwasem maleinowym. W kazdym razie nie zmniejsza jego
objawow.

Ilosci azotu aminowego wydalane przez szczury po podaniu kwasu
maleinowego sa nawet prawie dwa razy wieksze niz u szczuréw nie trak-
towanych uprzednio progesteronem. Mozna jednak moéwié¢ o pewnego
rodzaju przesunieciu maksimum nasilenia aminoacydurii i diurezy na
trzeci i czwarty dzien zatrucia. Rowniez spadek wydalania cukru jest
mniej raptowny i wykazuje maksimum dopiero na drugi dzien po za-
truciu. Spostrzezenia te sa zgodne z danymi Pescha i wsp. [24], ktorzy
stwierdzili, Zze podanie progesteronu szczurom karmionym dieta galakto-
zowa opbznia wystapienie zaémy, ale jej nie zapobiega.
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STRESZCZENIE

Szczury karmione dieta galaktozowa wydalajg kilka razy wiecej cuk-
ru niz szczury karmione dieta bezlaktozowa lub mleczng. Po podaniu
kwasu maleinowego szczurom na diecie galaktozowej wydalanie cukru
gwaltownie spada, przeciwnie niz u szczuré6w na diecie bezlaktozowej
lub mlecznej. W czasie podawania progesteronu ilos¢ przyswajanej przez
szczury galaktozy nie ulega zadnym zmianom. Zwieksza sie tylko w na-
stepstwie wiekszego spozycia wydalanie galaktozy. Dopiero po odstawie-
niu progesteronu znacznie wzrasta przyswajanie spozywanej galaktozy.
Podanie kwasu maleinowego szczurom traktowanym progesteronem wy-
woluje typowy zespdl objawow. Stwierdza si¢ jednak przesuniecie glow-
nego nasilenia objawow uszkodzenia funkecji nerki na dalsze dni zatrucia.
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AMINOACIDURIA INDUCED WITH MALEIC ACID

VIII. THE EFFECT OF PROGESTERONE UPON THE PICTURE OF INTOXICATION
WITH MALEIC ACID IN RATS FED WITH GALACTOSE DIET

Summary

Rats fed with galactose diet excrete several times more sugar than
those kept on galactose-free or milk diet. After maleic acid had been given
to rats fed with galactose diet the excretion of sugar falls down rapidly
in the contrary to rats kept on galactose-free or milk diet. During the
administration of progesterone the amount of assimilated galactose does
not undergo any change in rats. The excretion of galactose is then
increased only as result of its increased consumption. The assimilation
of uptaken galactose increases considerably only after withdrawal of
progesterone. The administration of maleic acid to rats treated with
progesterone gives rise to a typical syndrom. However, the main intensity
of the symptoms of renal lesion is shifted towards later days of intoxi-

cation.
Otrzymano 10.11.1960
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M. ORELOWSKI and A. SZEWCZUK

COLORIMETRIC DETERMINATION OF y-GLUTAMYL
TRANSPEPTIDASE ACTIVITY IN HUMAN SERUM AND TISSUES
WITH SYNTHETIC SUBSTRATES

The Third Medical Clinic, School of Medicine, and Department of Biochemistry,
Institute of Immunology and Experimental Therapy of the Polish Academy of
Sciences, Wroclaw

It was demonstrated by Hanes et al. [7] using paper chromatogra-
phic procedures that kidney extracts are able to catalyze transpeptida-
tion reactions from glutathione or other y-glutamyl peptides. Kinoshita
and Ball [11] described a procedure for measurement of the transpeptida-
dation product, in which arginine was used as acceptor of the y-glutamyl
moiety, while any y-glutamyl peptide could be employed as the donor. Fo-
dor et al. [3] applied a modification of the Sullivan and Hess reaction [22]
for the determination of cysteinylglycine liberated during the enzymatic
cleavage of glutathione activated by various amino acids. Ball et al. [1]
described two methods for the determination of y-glutamyl transpepti-
dase activity. One method is manometric, based on the measurement of
CO uptake caused by cysteinylglycine which readily forms an iron-
-carbon monoxide chelate. The second method is based upon measurem-
ent of the enzyme-dependent disappearance of glutathione by the
alloxan procedure of Patterson and Lazarow [15].

The use of glutathione as the donor of the y-glutamyl moiety at pH
about 9, near the optimum for the y-glutamyl transpeptidase bears some
difficulties. The autooxidation of glutathione may be at this pH a serious
source of error. Not all authors reported to have good results with the
Sullivan and Hess method for the determination of cysteinylglycine as
the product of enzymatic reaction [1].

The specifity of y-glutamyl transpeptidase seems to be limited to
the y-glutamyl moiety, while the remaining part of the y-glutamyl
peptide is apparently of secondary importance. This view is supported
by the following findings. Not only glutathione may serve as substrate
for y-glutamyl transpeptidase but also other y-glutamyl peptides as well

6 [189]
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[8, 11]. The enzymatic cleavage of glutathione is competitively inhibited
by other y-glutamyl peptides [4]. It was demonstrated that y-glutamyl
transpeptidase catalyzes the reaction between glutathione and a wide
variety of amino acids and related compounds [18]. This type of specifity
makes possible to devise rapid and precise methods for the determina-
tion of y-glutamyl {ranspeptidase activity on synthetic substrates
obtained by combining the y-glutamyl residue with chromogenic groups.
Substrates with a chromogenic group linked to other amino acids has
been described and used for the determination of leucine aminopeptidase
[5, 6], trypsin [19], chymotrypsin [17] and carboxypeptidase [16].

In the previous paper [23] the use of some y-glutamyl aminonitriles
for the colorimetric determination of a specific peptidase in serum was
described. Our further studies (Clin. Chim. Acta, in press) revealed that
this activity is exhibited by a y-glutamyl transpeptidase present in serum.
Using these substrates it was demonstrated [24] that the activity of this
enzyme changes in different pathological conditions, and may be useful
in clinical diagnosis.

In the present paper the synthesis of y-glutamylnaphthylamides is
described. These new substrates allow a rapid and precise determination
of y-glutamyl transpeptidase activity in serum and tissues. y-L-glutamyl-
-a-naphthylamide was also successfully employed for the histochemical
demonstration of y-glutamyl transpeptidase in kidney sections. (Albert Z.,
Ortowski M. and Szewczuk A., Nature, in press).

MATERIALS AND METHODS

Synthesis of substrates

y-L-glutamyl-a-naphthylamide. 12.95 g. (0.05 mole) of phthaloyl-L-
-glutamic anhydride, obtained by the method of Sheehan and Bolthofer
[20], were dissolved with heating in 30 ml. of dry dioxane and after cooling
7.15 g. (0.05 mole) of-a-naphthylamine were added. The obtained solution
was heated to 45° for 30 minutes with occasional stirring, and then eva-
porated at reduced pressure. The remaining oily product was dissolved in
50 ml. of 1 M-sodium carbonate, filtered, diluted to 300 ml. with water and
then acidified with 70 ml. of 2 N-hydrochloric acid. The precipitate was
filtered, washed with distilled water and dried in a vacuum desiccator over
CaCl,. Afterwards it was dissolved in 250 ml. of ethyl alcohol and 7.45 g.
(0.05 mole) triethanolamine, and 8.1 g. (0.075 mole) of pure phenylhydra-
zine were added. The mixture was boiled for two hours with refluxing,
cooled, and 3 g. (0.05 mole) of glacial acetic acid were added. The material
was left over night at 4°, then filtered on a Buchner funnel, washed three
times with alcohol, once with ether, and dried on air. The crude product
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was then dissolved in 400 ml. of water with heating to 90 - 95°, 0.5 g. of
charcoal were added, stirred, and filtered while hot. After 12 hours the
crystalline product was collected on a Buchner funnel, washed with
alcohol and dried in a vacuum desiccator over CaCly,. The yield was 6 g.
(44%0 theoretical) of pure vy-L-glutamyl-a-naphthylamide. The melting
point was 185°, [a]Z’ = 28° (3% in 1 N-HCI).

Analysis gave: C, 66.33; H, 5.78; N, 9.95. Calculated for C;;H,;s03N, : C,
66.16; H, 5.93; N, 10.29. The «-amino nitrogen determined by the
method of Van Slyke [21] was 4.97%, in good agreement with
theory (5.15%o).

v-D, L-glutamyl-a-naphthylamide. This compound was obtained by the
same procedure as the optical active L-isomer, starting from phthaloyl-D,
L-glutamic anhydride prepared by the method of King and Kidd [10].
The melting point and analytical results were similar as for the L-isomer.

v-L-glutamyl-p-naphthylamide. This compound was obtained in the
same way as Y-L-glutamyl-o-naphthylamide. The crude product was
dissolved in 150 ml. of 0.5N-NaOH, quickly filtered, diluted to 400 ml.
with water, and precipitated by the addition of 100 ml. 1N-acetic acid.
The precipitate was filtered on a Buchner funnel and washed with water
and alcohol and then dried in vacuo over CaCl,. Melting point 205°.
The specific optical rotation could not be estimated, since the compound
was almost insoluble in water and hydrochloric acid.

v-L-glutamyl-y-L-glutamyl-a-naphthylamide. 780 mg. of phthaloyl-L-
-glutamic anhydride was dissolved in a hot solution of 816 mg. y-L-gluta-
myl-a-naphthylamide in 3 ml. of glacial acetic acid. The solution was
heated for 30 minutes at 60°. Acetic acid was removed in vacuo, and the
remaining powder was dissolved in 15 ml. of dry dioxane. After 3 hours
the solution was filtered, condensed at reduced pressure and dissolved in
60 ml. 0.1 m-Na,CO3;. The material was precipitated by the addition of
30 ml. 0.5 N-HCI, filtered, washed with water and dried in a desiccator
over CaCl,. 1.06 g. of this material was dissolved in 9 ml. of 0.5 M-Na,COs,
and 1 ml. 2 Mm-hydrazine was added. After 2 days the mixture was acidified
to pH 3 with fresh distilled hydroiodic acid, filtered and concentrated
under reduced pressure. 50 ml. of 99% ethanol was then added and the
crystalline product was dried after recrystallization from 999 ethanol
with traces of water. Melting point 183 - 184° with decomposition.

Analysis gave: C, 59.74; H, 5.61. Calculated for C,;Hs3O4N3 : C, 59.85;
H, 5.73. The c-amino nitrogen determined by the method of Van Slyke
was 3.21%, in good agreement with theory (3.49%).

Y-D,L-glutamyl-glycylglycine. This was obtained by the method of
Kermack and Matheson [9].
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Method for measurement of y-glutamyl transpeptidase activity in serum
and urine with y-L-glutamyl-a-naphthylemide as substrate

The method is based on the determination of ea-naphthylamine liberated
during the enzymatic incubation after diazotization and conversion to an
azo dye by a modification of the Bratton and Marshall procedure [2].

Reagents. A substrate solution was prepared by dissolving with
heating 20 wmoles of y-glutamyl-a-naphthylamide (5.42 mg.) per 1 ml.
of 0.1mtris buffer, pH 9.0. This solution was prepared fresh daily.
25%0 trichloroacetic acid. 0.1% sodium nitrite solution. 0.5%¢ ammonium
sulfamate. 0.05°% solution of N -(I-naphthyl)ethylenediamine dihydro-
chloride in 95% ethanol.

Procedure. 0.5 ml. of the buffer-substrate mixture and 0.25 ml. of
water were mixed in a centrifuge tube and placed in water bath at 37°.
After temperature equilibration the reaction was started by the addition
of 0.25 ml. of serum. The incubation was carried out for 120 minutes and
stopped by the addition of 1 ml. of 25% trichloroacetic acid. A blank was
prepared simultaneously with serum added after trichloroacetic acid.
The tubes were centrifuged, and 1ml. of the clear supernatant was
transferred into a test tube. Diazotization of a-naphthylamine was ac-
complished by the addition of 1ml. of sodium nitrite solution. After 3
minutes 1 ml. of ammonium sulfamate solution was added in order to
decompose excess sodium nitrite and left for two minutes. Afterwards
2ml. of N-(1-naphthyl)ethylenediamine dihydrochloride was added to
each tube and allowed to stand in a water bath at 37° for 2 hours. The
optical density of the azo dye was measured in a Coleman Universal
Spectrophotometer at 560 mu against the blank. The amount of «-na-
phthylamine liberated during the incubation was calculated from
a standard curve prepared with 0.02 to 0.2 umoles of a-naphthylamine in
-1 ml. 12.5% trichloroacetic acid. In the described conditions no binding
of a-naphthylamine by serum proteins could be observed and the same
optical density was obtained with equal amounts of a-naphthylamine
determined directly or after incubation with serum for two hours.

The enzyme activity in serum was expressed in units (serum units) as
the amount of micromoles of a-naphthylamine liberated per 100 ml. of
serum in the described conditions.

The determination of enzyme activity in human urine was performed
with 0.25ml. of undiluted urine, using the same procedure as described
for the serum.
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Assay of enzyme activity in human tissues

The tissues were obtained from normal humans who died in accidents.
The enzyme activity was determined during the first 24 hours post mortem
in crude homogenates prepared in 0.85% sodium chloride solution with
an all glass Potter homogenizer. The procedure applied was the same as for
serum. For the activity measurement in kidney preparations a 1°/o homo-
genate and an incubation time of 3 to 10 minutes was used. For all other
tissues a 10%o homogenate was used and incubation times from 5 to 30
minutes. For some experiments with the kidney and liver the homogenates
were centrifuged for 10 minutes at 2000 r.p.m. and dialyzed over night
against isotonic NaCl. The protein was determined by the method of
Mejbaum [13]. The enzyme activity in tissues was expressed in units
(tissue units) as the amount of a-naphthylamine liberated per g. of tissue
protein and 10 minutes in the conditions of the assay method.

RESULTS

The identification of products of the enzymatic reaction

For the identification of the products of enzyme action on y-L-glu-
tamyl-a-naphthylamide this substrate was incubated with dialyzed serum
of high activity and the reaction was stopped by the addition of two
volumes of hot ethanol. The proteins were removed by centrifugation
and the clear supernatant was evaporated to dryness. The remainder was
dissolved in a small amount of 10°%o isopropanol. freed from insoluble
contaminations by centrifugation and used for chromatography on
Whatman No. 1 paper in two solvent mixtures: (a) Butanol - pyridine -
-water (1:1 :1) and (b) butanol - acetic acid - water (4 :1 :5).

The Ry value for y-L-glutamyl-a-naphthylamide was in solvent (a) 0.69
and in solvent (b) 0.71. After enzymatic incubation only minute amounts
of glutamic acid could be detected besides a-naphthylamine. The main
product of the enzymatic reaction migrated with a Ry value of 0.51 in
solvent (a) and 0.59 in solvent (b). This product was eluted from chroma-
tograms and the amount of material giving a positive ninhydrin reaction
was estimated by the method of Moore and Stein [14] before and after
complete hydrolysis in 6 N-HC1 at 110°. The result of this analysis was
the establishment that the amount of ninhydrin positive material
increased twice after hydrolysis. The hydrolysis products were then
identified as glutamic acid and a-naphthylamine. These results suggested,
that the analysed product is composed of two molecules of glutamic acid
and one molecule of a-naphthylamine. Apparently the substrate serves
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both as donor and acceptor of the y-glutamyl moiety in the enzymatic
y-glutamyl transfer reaction according to the following:

S>—<
- CO—NH— >
S T,
: CH,
COLDH=—L T | )
TR NH;
2 du wE e 1 |
2
l ___emzyme¢ 0o NH—CH—COOH NN\
i du |
2 |
NH;—CH—COOH | A\
yl-shamyl: CH; e-naphthylamine

a-naphthylamide |

NH;—CH—COOH

y-L-glutamyl-y-L-

glutamyl-a-naph-

thylamide

This concept was proved by the comparison of the product of the
enzymatic reaction with a synthetic sample of y-L-glutamyl-y-L-gluta-
myl-a-naphthylamide. Both compounds migrated with same Ry values in

Fig. 1. Diagramatic presentation of

7 2 3 4 5 5 the chromatographic analysis of the
Start e products of enzymatic reaction. Nin-
hydrin positive spots. (1) — pure

y -L-glutamyl-a-naphthylamide (2) — a

® L ) blank sample of y-L-glutamyl-a-

-naphthylamide after mixing with
dialysed serum  without incuba-

o O tion, (3) — the same as in (2) but after
incubation, (4) — synthetic y-L-glu-
il 0O o tamyl- y-L-glutamyl- « =naphthylamide,

(5) — the main reaction product after
hydrolysis in 6 N-HCl, (6) — standard

e Ll of glutamic acid

both used chromatographic solvent systems (Fig. 1). A mixed sample of
both compounds migrated as a single spot. An additional proof was
obtained by the analysis of the maximal amount of a-naphthylamine
liberated during the enzymatic reaction in dialyzed serum. In accordance
with equation (1) this maximal amount was shown to be almost exactly
50% (Fig. 2). The transpeptidation product y-L-glutamyl-y-L-glutamyl-
-a-naphthylamide undergoes further hydrolysis to glutamic acid and
a-naphthylamine during prolonged incubation with crude homogenates
from human liver and kidney.

Of interest is the course of enzymatic reaction in the presence of
glycylglycine. This peptide has an activating effect of about 90% if
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present in an equimolar amount with y-L-glutamyl-a-naphthylamide. In
the presence of an excess of glycylglycine the amount of liberated
a-naphthylamine amounted to 100%. This result may be interpreted that
glycylglycine served as acceptor for the whole y-glutamyl moiety of the
substrate according to equation:
y-L-glutamyl-o-naphthylamide -+ glycylglycine — y-L-glutamyl-gly-
cylglycine + a-naphthylamine (2)
In fact chromatographic analysis revealed that in the presence of
glycylglycine the main reaction product is identical with the synthetic
obtained v-D,L-glutamyl-glycylglycine. These results confirm the sugges-
tion that the investigated enzyme is y-glutamyl transpeptidase.

W

804

a-naphthylamine liberaled (%)
3
1

[ l 1 1 J
1 2 i 4 5
Incubation ime (hrs)

Fig. 2. a-Naphthylamine liberated during the incubation of dialyzed serum with
v-L-glutamyl-a-naphthylamide

pH. The optimum pH was examined in tris buffer over the pH range
7.2 to 9.2 (Fig. 3). A sharp optimum was found at pH 8.8 to 9.0. The same
optimum was found for the liver and kidney enzyme.

Substrate concentration. The rate of enzymatic reaction was measured
with substrate concentrations from 2.5 to 20 wmoles per 1 ml. of incuba-
tion mixture (Fig. 4). Maximal activity could not be obtained with sub-
strate concentrations as high as 20 wmoles per 1 ml.

Time of incubation, and amount of enzyme. In the described condi-
tions the enzyme activity is proportional to the incubation time and
amount of serum or liver and kidney homogenates. If the activity of a
sample was too great to give correct readings in the spectrophotometer,
the assay was repeated using an appropriate dilution of serum or homo-
genate.

Assay of different substrates. The liberation of naphthylamine by the
serum enzyme was investigated with the following substrates: y-L-gluta-
myl-a-naphthylamide, y-D,L-glutamyl-a-naphthylamide, and y-L-gluta-
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myl-p-naphthylamide. The last substrate was at pH 9.0 almost insoluble
and therefore all substrates were dissolved in 0.2 M-Nay,CO; and assayed
at pH 10 in a final concentration of 5 umoles per 1 ml. The rate of
enzymatic reaction with y-L-glutamyl-a-naphthylamide was taken as
100. A higher rate (380°%) was observed with y-L-glutamyl-g-naphthyl-
amide, whereas the rate with +y-D,L-glutamyl-a-naphthylamide was
slower (70%).

The influence of glutathione (GSH). — Since GSH was frequently used
as substrate for y-glutamyl transpeptidase its influence on the liberation
of a-naphthylamine was investigated. GSH was shown to be inhibitory
in the described reaction. The degree of inhibition was dependent on

10 10
o8- 8k
-~ =
£ 06 S a6f
: ?
= e
2 &
3 2} :3. 2k
g E
QQ 1 L = ! ' ! 1 siif
70 80 90 q 8 7 h 20
pH Substrate concentralion | ymale /mi.!
Fig. 3. Effect of pH on enzyme acti- Fig. 4. Rate of enzymatic reaction as
vity (expressed as optical density) a function of concentration of sub-

strate

the relative concentrations of GSH and vy-L-glutamyl-a-naphthylamide.
The graphical analysis of the type of inhibition according to Lineweaver
and Burk [12] revealed its competitive character.

Inhibitors and activators. In a final concentration of 10—3m, Cu?t
inhibited 20%, Zn2t, Co?*, Al*t inhibited about 10%, Fe’*, Ca2*, Mg2*+
were without effect. At a final concentration of 10—2M, glycylglycine
activated 90°%, L-glutamine 32%,, L-arginine 35%°, DL-methionine 129,
D,L-alanine and D,L-serine were without influence. N-ethylmaleimide and
iodoacetic acid inhibited 60°% and 17% respectively.

Stability of enzyme. Heating the serum for 60 minutes at 45° before
the determination did not change the activity. 70% activity is lost after
heating the sample for 1 hour at 55°. Heating the serum for 5 minutes at
65° destroyed the activity.

Enzyme activity in human serum and tissues. The enzyme activity
was determined in sera of 34 healthy subjects between the ages of 8 to 55
years. The mean activity was 27.2 “serum units” (standard error of the
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Table 1
The distribution of y-glutamyl transpeptidase activity in human tissues
The activity is expressed in “tissue units”. 1 unit = 1 gmole of a-naphthylamine liberated per g. of tissue protein
and 10 min. incubation. Details see text
| s Time from \ 2 —_ 2
Z accident death | & o B g g |3 28] w 2
2 g % [to activity meas-| 3 g ’ B 2 ‘s g 2 £ Z = g
O| < || urement (hrs) [ ¥ s [ @ & |ZB| A8 3 =
1,27 M 6 2000 | 94 173 20 11 2 1 I 5 24
2 (21| M 7 oot e 12 [ = | ad | <=M | Sl
3|150|M | 19 3210 | 78 267 31 14 2 + 13 32
4|38\ M| 13 1790 | 86 86 29 9 0 0 4 12
Mean 2225 | 86.5 ' 184.5| 34 11 1 1.5 21

mean * 2.1). In some pathological conditions particularly in obstructive
jaundice and carcinoma of the liver the enzyme activity increased occa-
sionally 100 times over that found in normal subjects [23]. No activity
was found in red blood cells. Considerable activity was found in human
urine. The mean activity of 10 specimens of 24 hrs. urine from healthy
human subjects was 128 “serum units” (standard error of the mean
+ 14,5).

The results of y-glutamyl transpeptidase measurements in the tissues
of 4 human subjects are summarized in Table 1. As may be seen the
highest activity was found in kidney tissue. Much lower activities were
observed in pancreas and liver, while in other tissues only traces of
activity could be found. If the activity in kidney was taken as 100, the
relative activities for other tissues may be expressed as 8.3 for pancreas,
3.9 for liver, 1.5 for spleen, 0.95 for intestine, 0.50 for brain, 0.31 for
lung, 0.045 for heart muscle, and 0.067 for skeletal muscle.

The activity of sera in healthy subjects calculated per g. of protein
and a 10 minutes incubation time is 0.3 “tissue units”, assuming that the
normal value for serum proteins is 7.5%. It may be seen from this calcula-
tion, that the enzyme activity in normal serum is about 7000 times lower
than in kidney and about 290 times lower than in liver.

DISCUSSION

The use of y-L-glutamyl-a-naphthylamide as substrate makes possible
to determine vy-glutamyl transpeptidase activity in serum, urine and
tissues. The activity determination is based on the measurement of
a-naphthylamine liberated during the enzymatic incubation. This is very
easy to perform. The new substrate y-L-glutamyl-a-naphthylamide
introduced for this purpose does not change in contrast to GSH in the
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conditions of the described method and during storage. The transpepti-
dation reaction was established by the identification of y-L-glutamyl-y-
-L-glutamyl-a-naphthylamide as the main product of the enzymatic reac-
tion. This compound was identified both by chemical and chromatographic
analysis and by comparison with a sample of synthetic y-L-glutamyl-y-
-L-glutamyl-c-naphthylamide. The transpeptidation reaction proceeds
without the addition of amino acids or peptides since the substrate serves
simultaneuosly as donor and acceptor of the y-glutamyl moiety. The enzy-
me assay is possible even in crude tissue homogenates in the presence of
high activities of other enzymes. A further confirmation for the concept
that y-L-glutamyl-a-naphthylamide is a substrate for y-glutamyl trans-
peptidase is the formation of y-glutamyl-glycylglycine in the presence of
glycylglycine. In the same way may be interpreted the competitive
inhibition of GSH since this peptide was known as substrate for y-gluta-
myl transpeptidase [7, 11, 18]. The properties of the enzyme (pH optimum,
stability, activators and inhibitors, absence in red blood cells) are suggest-
ing that the enzyme is different from the known peptidases present in
serum. The enzyme is identical with the previously described by us
“specific peptidase in blood serum” [23]. The enzyme is probably a SH
enzyme since an inhibition was demonstrated with N-ethylmaleimide and
iodoacetic acid.

Of interest is the distribution of the enzyme. The highest activity
was found in kidney homogenates. The activity in liver homogenates is
over 20 times lower. The origin of the serum enzyme is not known,
however the changes observed in liver diseases [23, 24] may indicate that
the serum enzyme originates from the liver. The physiological function of
the kidney enzyme is not known, however the possibility must be con-
sidered, that the enzyme may be important in the reabsorption of amino
acids from the kidney tubulus. Further work to test this possibility is
in progress.

We wish to express our thanks to Prof. Dr T. Baranowski and Prof.
Dr E. Szczeklik for helpful criticism of this paper. We are much indepted
to Miss K. Augustyniak for her technical assistance.

SUMMARY

A new method was described for the assay of y-glutamyl transpepti-
dase activity. The method is based on the colorimetric determination of
a-naphthylamine liberated enzymatically from y-L-glutamyl-a-naphthy-
lamide. The synthesis of this substrate and other related compounds is
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given. y-L-glutamyl-y-L-glutamyl-a-naphthylamide was identified as the
transpeptidation product. In the presence of glycylglycine and y-L-gluta-
myl-a-naphthylamide the main reaction product was identified as y-glu-
tamyl-glycylglycine.

The transpeptidase activity in-sera of normal human subjects was
27.2 units (lunit = 1 wmole of a-naphthylamine liberated per 100 ml.
serum, after a 2 hrs. incubation). The mean activity in urine was 128 units.
Some properties of the enzyme and its distribution in men were investigat-
ed. The highest activity was found in kidney. In pancreas, liver and spleen
the activities amounted to 8.3, 3.9, and 1.5 per cent respectively of that
found in kidney. Only traces of activity were found in intestine, lung,
brain, heart and skeletal muscles. The origin of the serum enzyme and
the significance of the kidney enzyme was discussed.
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KOLORYMETRYCZNE OZNACZANIE AKTYWNOSCI vy-GLUTAMYLO-TRANS-
PEPTYDAZY W SUROWICY I TKANKACH CZLOWIEKA PRZY UZYCIU
SYNTETYCZNYCH SUBSTRATOW

Streszczenie

Opisano nowa metode oznaczania aktywnosci y-glutamylo-transpepty-
dazy, oparta na kolorymetrycznym oznaczeniu a-naftyloaminy uwolnio-
nej w czasie inkubacji enzymatycznej z y-L-glutamylo-a-naftyloamidu.
Podano metode syntezy tego zwiazku, jak réwniez innych pokrewnych
zwigzkoéw. Jako produkt transpeptydacji zidentyfikowano y-L-glutamylo-
-y-L-glutamylo-a-naftyloamid. W obecnosci glicylo-glicyny i y-L-gluta-
mylo-a-naftyloamidu gléwnym produktem jest y-glutamylo-glicylo-
-glicyna.

Srednia aktywno$é enzymu w surowicy zdrowych osoéb wynosila 27.2
jednostki (1 jednostka = 1 wmola a-naftyloaminy uwolnionej przez 100 ml
surowicy w ciggu 2 godz.). Srednia aktywno§¢ w moczu wynosila 128
jednostek. .

Opisano niektére wlasnosci enzymu i badano jego rozmieszczenie
w tkankach u czlowieka. Najwieksza aktywno$¢ stwierdzono w homoge-
natach z nerki. Aktywno$¢é enzymu w trzustce, watrobie i $ledzionie wy-
nosila odpowiednio 8,3, 3,9 i 1,5% aktywno$ci stwierdzonej w nerce. Tylko
slady aktywnosci stwierdzono w jelitach, plucach, mézgu oraz miesniu
sercowym i szkieletowym.

Dyskutowano pochodzenie enzymu surowiczego oraz znaczenie fizjo-

logiczne enzymu nerkowego.
Otrzymano 19.11.1960
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NOWA METODA
OTRZYMYWANIA D-GLICERALDEHYDO-3-FOSFORANU

Zaklad Biochemii Instytutu I'mmunologii i Terapii Doswiadczalnej im. L. Hirszfelda,
PAN, Wroclaw
Kierownik Zakladu: Prof. Dr T. Baranowski

Praca poswiecona uczczeniu 65 rocznicy urodzin
Profesora Dra W1. Mozolowskiego

Pierwotna metoda otrzymywania D-gliceraldehydo-3-fosforanu pole-
gala na rozszczepieniu D-fruktozo-1,6-dwufosforanu przez aldolaze, w wy-
niku czego produkt byl zawsze zmieszany z fosfodwuhydroksyacetonem
[17]. W roku 1955 Ballou i Fischer [2] opisali dziewieciostopniowa synteze
z mannitolu. Niedawno Klybas 1 wspolpr. [12] otrzymali D-gliceraldehydo-
-3-fosforan, zanieczyszczony innymi fosforanami cukréow, w reakeji utle-
nienia D-rybozo-5-fosforanu przez czterooctan olowiu.

W obecnej pracy zajeliSmy sie utlenianiem niektérych latwo dostep-
nych estrow fosforanowych cukréw (fruktozy i glikozy) przy pomocy
kwasu nadjodowego. Tego typu reakcje byly prowadzone w obojetnym
lub alkalicznym $rodowisku, przy czym otrzymano fosfobioze [6, 7, 14].
lub tez w kwasnym $rodowisku, nie wydzielajac ostatecznych produktéw
reakcji [18, 16]. WykazaliSmy, ze przy utlenianiu kwasem nadjodowym
D-fruktozo-1,6-dwufosforanu w silnie kwasnym $rodowisku powstaje
D-gliceraldehydo-3-fosforan obok kwasu fosfoglikolowego. Substancje te
rozdzielono przez frakcjonowanie etanolem ich soli magnezowych. Otrzy-
mano rowniez D-gliceraldehydo-3-fosforan przez utlenienie D-fruktozo-
-6-fosforanu.

MATERIALY I METODY

D-glikozo-6-fosforan w formie krystalicznej soli barowej oraz surowy
D-fruktozo-1,6-dwufosforan otrzymano przez fermentacje sacharozy wg
Orlowskiego [19]. Ten ostatni preparat oczyszczono w nastepujacy spo-
so6b (Ortowski, doniesienie prywatne): ok. 250 g trudno rozpuszczalnych
fosforanéw baru wyekstrahowano 5-krotna ilocia wody, rozpuszczono

[201]
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w 1 N-HCI i odbarowano siarczanem sodu. Przesgcz zobojetniono i usunie-
to ortofosforan mieszankg magnezowa. Po zakwaszeniu do pH 4 dodano
480 ml 25% octanu baru i przesgczono. Otrzymany roztwoér doprowadzono
do pH 8,4 i dodano 0,1 obj. etanolu. Osad odsaczono, przemyto 10% eta-
nolem a nastepnie acetonem i wysuszono. Uzyskano ok. 120 g D-fruktozo-
1,6-dwufosforanu o czystosci ok. 70%o.

DL-Gliceraldehydo-3-fosforan otrzymano syntetycznie metods Baera
i Fischera [1].

D-fruktozo-6-fosforan otrzymano przez czesciowa kwasng hydrolize
D-fruktozo-1,6-dwufosforanu wg. Mandla i Neuberga [15].

Kwas fosfoglikolowy w formie krystalicznej soli barowej uzyskano
z a-fosfoglicerolu metoda Fleury i Courtoisa [9].

Grupy aldehydowe oznaczano jodometrycznie metoda McLeoda i Ro-
binsona [13].

D-gliceraldehydo-3-fosforan oznaczano wg Coopera i wspolpr. [5]:
przy pomocy dehydrogenazy D-gliceraldehydo-3-fosforanu, oraz przy po-
mocy dehydrogenazy «-fosfoglicerolu (enzymu Baranowskiego) z dodat-
kiem izomerazy fosfotriozowej.

Chromatografie przeprowadzono na bibule Whatman Nr. 1. Przygoto-
wanie bibuly i wywolanie przy pomocy fosfatazy alkalicznej wykonano
wg. Baranowskiego i wspoélpr. [3]. Do rozwijania chromatogramu uzywano
mieszaniny: eter izopropylowy - 90% kwas mréwkowy (90 : 60). Przy
uzyciu rozpuszezalnika: III-rz. butanol - woda - kwas pikrynowy (80 : 20 :
: 2, v/v/w), chromatogram wywolano wg Hanesa i Isherwooda [11].

WYNIRI

W pierwszym etapie pracy badano reakcje utleniania D-glikozo-6-fosfo-
ranu, D-fruktozo-6-fosforanu i D-fruktozo-1,6-dwufosforanu przez kwas
nadjodowy w $rodowisku kwasnym. Wszystkie badane estry uzyto w for-
mie 0,1 Mm-roztworéw w 0,5N-HCl odbarowanych na Dowex 50 (H*). Utle-
nienie prowadzono w 0° przez 10 min. przy pomocy 1Mm-kwasu nadjodo-
wego, po czym rozkladano pozostaly kwas nadjodowy nadmiarem glikolu
etylenowego. Miarag powstalego D-gliceraldehydo-3-fosforanu bylo ozna-
czenie fosforu alkalicznie labilnego (P, = ilo$¢ fosforu odszczepionego
w 1N-NaOH w ciggu 20 minut w temp. pokojowej). Jak przedstawiono
na rys. 1. przy uzyciu trzech lub wiecej moli kwasu nadjodowego na jeden
mol estru, w warunkach do$§wiadczenia, prawie calkowita ilo$¢ fosforu
D-fruktozo-6-fosforanu i 50° fosforu D-fruktozo-1,6-dwufosforanu prze-
chodzila w fosfor labilny, z réwnoczesnym zniknieciem fruktozy. Prze-
dluzenie czasu reakcji nie mialo wplywu na charakter krzywych. Uzy-
skane wyniki dowodza, ze 1 mol kazdego z wymienionych estrow fruktozy
zostaje utleniony na 1 mol D-gliceraldehydo-3-fosforanu.
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Prawdopodobnie w wyniku utlenienia D-fruktozo-1,6-dwufosforanu
obok kwasu mrowkowego powstaje trwaly w srodowisku silnie kwasnym
zwigzek estrowy pomigdzy D-gliceraldehydo-3-fosforanem a kwasem
fosfoglikolowym (lub kwasem glikolowym w przypadku utleniania
D-fruktozo-6-fosforanu). Zwiazek ten hydrolizuje po zobojetnieniu,
dajac odpowiedni kwas i triozofosforan. Powstanie tego typu zwigzku
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Rys. 1. Wplyw ilodci kwasu nadjodo-

wego na powstawanie fosforu alkalicz-

nie labilnego (Palk). Uzyto nastepujg-

cych substratow: (@), D-fruktozo-1,6- &

dwufosforan; (0), D-fruktozo-6-fosfo- s N S RIS
ran; () D-glikozo-6-fosforan Jasé mol HI0, na 1mol subsralu

powslateqo

5

estrowego w czasie utleniania D-rybozo-5-fosforanu przez kwas nadjo-
dowy w Srodowisku silnie kwasnym postulowal Morrison i wspoélpr. [18].

Zgodnie z powyzszym przebieg utleniania D-fruktozo-1,6-dwufosfo-
ranu mozna przedstawi¢ nastepujacym schematem reakcji:

CH,0POH, ('IH,OPO,H,
H,0,POCH, Yoe co COOH
o @~ HCOOH 8! TR HOOOH
OH ?HO : ('IHO
H-C . H-C-OH
CH,OPO:H, é‘H,om;H,

Natomiast zwiazek estrowy przypuszczalnie powstaly przy utlenieniu
D-glikozo-6-fosforanu hydrolizuje juz w $rodowisku kwasnym i uwalnia-
ny D-gliceraldehydo-3-fosforan, jak wynika z rys. 1, jest dalej utleniany
przez nadmiar kwasu nadjodowego.

Otrzymywanie D-gliceraldehydo-3-fosforanu z D-fruktozo-1,6-dwu-
fosforanu

3 milimole (2,6 g 70%0 preparatu) D-fruktozo-1,6-dwufosforanu w for-
mie soli barowej rozpuszczono w 9 ml 1 N-HCI i odbarowano przy pomocy
Dowex 50 (H*). Otrzymany eluat (30 ml) po ochlodzeniu do 0° zadano
zimnym 1m-kwasem nadjodowym (12ml) i pozostawiono na 15 minut.
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Nadmiar kwasu nadjodowego rozlozono w temp. pokojowej przez dodanie
2 ml glikolu etylenowego i po 30 minutach doprowadzono do pH 7,2 przy
pomocy 2N-NaOH. Po zadaniu réwna objetoscig 96% etanolu (ok. 70 ml)
zostawiono w 0° ma 2 godziny, po czym odsaczono wykrystalizowany
jodan sodu. Klarowny przesacz zadano 9 ml. 1M-octanu magnezu i réwng
objetoscia etanolu (ok. 130 ml). Po 1 godz. utworzony w 0° osad odwiro-
wano, przemyto etanolem i wysuszono w prézni. Otrzymano 1,3 g suro-
wej soli magnezowej kwasu fosfoglikolowego. Uzyskany klarowny roztwor
zadano 6 ml 1 Mm-octanu wapnia i odstawiono na 3 godziny w 0°, miesza-

Rys. 2. Chromatogram zwigzkow fosforowych:
(1), ortofosforan; (2) i (3), DL-gliceralde-

| | | hydod-fostoran, odpowiednio 17 pg i 0,85
2 | 2 ; 3 % R i ‘ ng; (4), (5) i (6), preparat wlasny, odpowied-
_@ a1 0 nio 1,35 ug, 0,75 ug i 1,5 ug; (7), D-fruktozo-

e 3 l g ' | -1,6-dwufosforan i ortofosforan. Widoczne
' ! { ; | zanieczyszczenia ortofosforanem w pozycjach
2-6 pochodzg z rozkladu D-gliceraldehydo-
i -3-fosforanu w czasie chromatografii. Po-
| | zycje 4 wycieto i poddano oddzielnemu wy-

ol | &1 wolaniu
e
e
B
o |
jac od czasu do czasu i pocierajac Scianki bagietka. Utworzony krystalicz-
ny osad odwirowano, przemyto 3 razy 50% etanolem (po 8 ml), a nastep-
nie 96%, etanolem i wysuszono w prézni nad chlorkiem wapnia. Otrzy-
mano 320 mg preparatu o zawartosci 1,09 milimola dwuwodnej soli wap-
niowe]j D-gliceraldehydo-3-fosforanu (wydajnosé¢ 36% teoret.).
Chromatograficznie stwierdzono, ze uzyskany preparat jest identyczny
z syntetycznie otrzymanym DL-gliceraldehydo-3-fosforanem i posiada je-
dynie drobne zanieczyszczenia rozpoznane jako kwas fosfoglikolowy
(Rys. 2).
Krzywa hydrolizy kwasnej (Rys. 3) jest identyczna z analogiczng krzy-
wa otrzymang przez Ballou i Fischera [2] dla syntetycznie uzyskanego
D-gliceraldehydo-3-fosforanu.
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Na podstawie wynikéw analiz przedstawionych w tabl. 1. czysto$¢ pre-
paratu w przeliczeniu na dwuwodna s6l wapniowa D-gliceraldehydo-3-
~fosforanu wynosi ok. 83%. Poniewaz preparat ze zwiazkéw fosforanowych
jest zanieczyszczony tylko fosfoglikolanem, ilo§¢ soli wapniowej tego
zwigzku obliczona z réznicy miedzy fosforem organicznie zwiazanym
a fosforem alkalicznie labilnym wynosi 11,2%. Oprocz tego w preparacie
oznaczono 3,0% jodanu wapnia. Pomimo wymienionych zanieczyszczen
nie stwierdzono réznic podczas oznaczania aktywnosci enzymatycznej obu
dehydrogenaz fosfotrioz pomiedzy otrzymanym preparatem a syntetycz-
nym DL-gliceraldehydo-3-fosforanem (w przeliczeniu na réwnowazna

W}
s
Rys. 3. Hydroliza D-gliceraldehydo- o
3-fosforanu w 1 N-HCl w 100°. T sl
(0O), preparat wlasny (% hydrolizy E
przeliczano na P, ) %’25, 3
(@), wyniki uzyskane przez Ballou i o
Fischera [2] ] | 1

0 20 k)
Czas hydrolizy (min.)

ilos¢ D-formy). Proby wykazania biozy wg Borenfreunda i Dischego [4],
tetrozy wg Dischego [8] i fruktozy metoda Roe [20] daly wynik nega-
tywny.

Z preparatu uzyskano 2,4-dwunitrofenyloosazon metyloglioksalu me-
toda Baera i Fischera [1]. Analiza dla Cy3H{3NgOxs: obliczono — C : 41,67%o,
H : 2,80%; znaleziono — C :41,86%, H : 3,09%.

Tablica 1

Analiza otrzymanego preparatu soli wapniowej D-gliceraldehydo-3-fosforanu

Rodzaj oznaczenia Mikromole/mg l % substancji

Fosforan nieorganiczny 0,05 0,75*
Fosfor alkal. labilny 3,40 83,3+
Fosfor catkowity 4,00
Grupy aldehydowe 3,24 79,5%
Dehydrogenaza D-gliceraldehydo-3-fos-

foranu 3,32 81,5+
Dehydrogenaza a-fosfoglicerolu 3,36 82,5

(*) przeliczono na fosforan wapnia.
(+) przeliczono na C3HsO4PCa.2H,0.

Preparat by! substratem dla otrzymania D-fruktozo-1,6-dwufosforanu
wobec aldolazy i izomerazy fosfotrioz. Utlenienie jodem wg Meyerhofa
7
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206 A. SZEWCZUK, ELZBIETA WOLNY, M. WOLNY i T. BARANOWSKI [61

[17] dato kwas D-3-fosfoglicerynowy. Obie reakcje przesledzono chromato-
graficznie.

Powyzsza metoda otrzymano krystaliczna s61 wapniowg D-gliceralde-
hydo-3-fosforanu (czystosé¢ ok. 80°%) roéwniez z handlowego preparatu
D-fruktozo-1,6-dwufosforanu firmy BDH.

Oczyszczanie kwasu fosfoglikolowego

1,3 g surowej soli magnezowej kwasu fosfoglikolowego rozpuszczono
w 10 ml wody i usunieto magnez przy pomocy Dowex 50 (Na*). 20 ml
eluatu zadano 6 ml 5N-NaOH i pozostawiono na 1 godz. w celu rozlozenia
obecnego D-gliceraldehydo-3-fosforanu. Roztwoér zobojetniono stezonym
kwasem solnym i fosforan usunieto mieszanka magnezows. Przesacz
zadano 10 ml 1m-octanu baru i réwna objetoscia etanolu. Zebrany osad
rozpuszcezono w 20 ml 1N -HCI, przesaczono, dodano 5 ml 1M-octanu baru
i zobojetniono 5N-NaOH. Po doprowadzeniu do wrzenia roztwoér szybko
przesaczono, osad zadano 10 ml 1 N-HNO; i zobojetniono. Po 30 min. utwo-
rzony krystaliczny osad odwirowano, przemyto 3 razy woda, a nastepnie
etanolem i wysuszono w prozni nad chlorkiem wapnia. Otrzymano ok.
750 mg (wydajnos¢ ok. 65%0 w przeliczeniu na uzyty D-fruktozo-1,6-dwu-
fosforan) krystalicznej soli barowej kwasu fosfoglikolowego.

Analiza dla C;H,0,,P,Baz-4H,0: obliczono — 7,84% P, znaleziono —
7,69% P. Preparat byl chromatograficznie jednorodny i identyczny
z kwasem fosfoglikolowym otrzymanym z a-fosfoglicerolu. Krzywe hydro-
lizy w 1 N-HySO; i 1 N-CH3COOH nie wykazaly odchylen od analogicz-
nych krzywych podanych przez Fleury i Courtois [10].

Otrzymywanie D-gliceraldehydo-3-fosforanu
z D-fruktozo-6-fosforanu

Do 50 ml 0,1m-D-fruktozo-6-fosforanu odbarowanego na Dowex 50
(H*) i ochlodzonego lodem dodano 17,5 ml zimnego 1 m-kwasu nadjodo-
wego i po 15 min. wkroplono 1,5 ml glikolu etylenowego. Po 30 min.
roztwor zobojetniono do pH 7,0 przy pomocy 2N-NaOH, zadano réwnag
objetoscia etanolu i odstawiono na 3 godz. w 0°. Wykrystalizowany jodan
sodu odsgczono, do klarownego przesgczu dodano 14 ml 1 M-octanu wapnia
i 14ml etanolu i po 3 godz. stania w 4° odwirowano. Osad przemyto
trzykrotnie 50% a nastepnie 96% etanolem i wysuszono w prézni nad
chlorkiem wapnia. Uzyskano 1,35 g dwuwodnej soli wapniowej D-gliceral-
dehydo-3-fosforanu o czystosci 65°0 (wydajnosé 68% teoret.). Identyfika-
cje i oznaczanie czysto$ci wykonano w ten sam spos6b jak dla preparatu
otrzymanego z D-fruktozo-1,6-dwufosforanu. Nasze obserwacje uzasad-
niajg przypuszczenie, ze czysto§¢ otrzymanego produktu jest uzalezniona
od czystosci uzytego wyjsciowego preparatu D-fruktozo-6-fosforanu.
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M OTRZYMYWANIE GLICERALDEHYDO-3-P 207

STRESZCZENIE

Opracowano prosta jednostopniowa metode otrzymywania krystalicz-
nej soli wapniowej D-gliceraldehydo-3-fosforanu o czystosci ok. 83%,
polegajaca na utlenieniu kwasem nadjodowym D-fruktozo-1,6-dwufosfo-
ranu. Jako produkt uboczny otrzymano z dobra wydajnoscig czysty kwas
fosfoglikolowy w formie soli barowej. Opisano réwniez sposéb otrzymy-
wania D-gliceraldehydo-3-fosforanu z D-fruktozo-6-fosforanu.
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A NEW METHOD OF PREPARATION OF D-GLYCERALDEHYDE-3-PHOSPHATE
Summary

A method of preparation of crystalline calcium D-glyceraldehyde-3-
phosphate (of 83 per cent purity) has been described. The method is
based on the oxidation of D-fructose-1,6-diphosphate by periodic acid.

As the by-product the pure barium salt of phosphoglycolate was
obtained.

D-glyceraldehyde-3-phosphate was also obtained by oxidation of
D-fructose-6-phosphate by the similar method.

Otrzymano 22.11.1960
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R. KRAUZE, | K. NAIMSKI| and K. ZAKRZEWSKI

ISOLATION OF y-GLOBULINS BY MEANS OF ZINC
AND ALUMINIUM SALTS

The Research Laboratory, Serum and Vaccine Production Board, and
The Department of Biochemistry, Institute of Haematology, Warsaw

The methods employed for isolation of y-globulin on both laboratory
and industrial scale are commonly based on the ethanol fractionation
elaborated by Cohn [5] and modified by several authors [cf. 8]. The
application of organic solvents for protein fractionations has several
drawbacks, and a number of attempts have been made to fractionate
serum by making use of specific interaction of metal ions with proteins
[7]. Cohn [6 and cf. 13] using zinc salt separated plasma proteins into
two fractions, one of which contained y-globulins, fibrinogen and part of
p-globulins; further purification of individual proteins from this fraction
has not been described. Rejnek & Skvaril [11, 12] isolated y-globulins
with zinc and aluminium after preliminary fractionation of serum by
means of Cohn’s Method 6, with a satisfactory yield. Lewin [10] purified
human y-globulins by removal of other proteins with aluminium;
v-globulins could have been precipitated with ethanol eventually.

The studies presented below had in view designing a simple method
for isolation of human serum vy-globulin by use of zinc and aluminium
salts, without employing organic solvents.

MATERIALS AND METHODS

Serum frozen at —20° was used for the experiments; the serum was
obtained from pooled human placental blood.

All fractionations and centrifugations were performed in the cold
room at 0° to 4°; all reagents were pre-cooled to about 4° before use. For
equilibration, 18 - 24 hours were allowed after mixing the reagents with
protein solution and prior to centrifugation.

Serum was adjusted to the required protein concentration with
0.15M-sodium chloride brought to pH 7.4 with NaOH.

[209]
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210 R. KRAUZE, K. NAIMSKI AND K. ZAKRZEWSKI [2]

Zinc acetate was added as 0.5 M-solution adjusted to pH 6.5 with NaOH.
Ammonium aluminium sulfate dissolved in water was added to protein
solution in proportion 1 :1; the concentration of aluminium was adjusted
prior to mixing with protein. pH of final mixture of protein and preci-
pitating agent was adjusted with 1M-NaOH or 1 M-HCI. Ionic strength
of final mixture of protein and precipitating agent was adjusted with
appropriate NaCl solution unless otherwise indicated. Metal ions were
removed from solutions and suspensions by means of Escarbo, sulfonated-
-coal cation exchanger.

Nitrogen was determined by micro-Kjeldahl method; non-protein
nitrogen was determined after precipitation of proteins by trichloracetic
acid 10%. In several experiments, proteins were determined spectro-
photometrically at 560 mu by biuret method, essentially after Kingsley
[9]. pH was determined with a glass electrode at room temperature.

Moving boundary electrophoresis was carried out in Fokal F apparatus,
using white light, at 2°. Prior to electrophoresis, all solutions were
exhaustively dialyzed in cold against veronal buffer, pH 8.6, ionic
strength 0.1.

For the experiments in which the distribution of zinc was studied, to
the zinc solution was added a small amount of Zn-65 (as zinc chloride).
The radioactivity of solutions was determined after drying a small sample
on a planchette; an end window Geiger-Muller counter and a decade
scaler were employed for counting.

RESULTS

Fractionation with zinc

1 st variable: zinc concentration (protein concentration, pH and ionic
strength constant). When ionic strength was kept constant at 0.15, pH at
7.2, protein at 2.3% (w/v), and zinc concentration varied from 1 mm to
25 mmMm, the amount of precipitated proteins as well as the amount of zinc
found in the precipitate increased throughout the investigated range of
metal concentration (Fig. 1).

The precipitates formed were separated, then dissolved using the
minimum quantity of 0.05 M-sodium citrate, dialyzed against distilled
water for one day and then against veronal buffer pH 8.6, ionic strength
0.1. The solutions were analysed in moving boundary electrophoresis
with the results shown in Fig. 2. The y-globulins are quantitatively preci-
pitated at about 6 m Mm-Zn?t while the precipitation of a- and p-globulins
approaches completion only around 25 mMm -Zn?t. The amount of albumin
precipitated increases linearly with increasing zinc concentration.

When zinc was added to the solution of purified y-globulin (pH 7.2,
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(31 ISOLATION OF y-GLOBULIN 211

ionic strength 0.1, protein 1%), quantitative precipitation occurred beginn-
ing at about 6 mM-Zn2*, as indicated in Fig. 3.

2nd wvariable: protein concentration (zinc concentration, pH and
ionic strength kept constant). When only protein concentration is varied,
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Fig. 1. Precipitation of protein by in- Fig. 2. Electrophoretic composition of
creasing zinc concentration, pH 7.2, the precipitates, formed with various
ionic strength 0.15, protein concentra- zinc concentrations at pH 7.2, ionic
tion 2.3%. Broken line: %o precipitated strength 0.15, protein concentration
protein. Solid line: wmole Zn2+ per g., 2.3%. (-0-), y-globulins; (-¢-), a, f-glo-
protein precipitated bulins; (-o-), albumin
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Fig. 3. Precipitation of isolated y-glo- Fig. 4. Precipitation of serum proteins
bulin by increasing zinc concentration at 10 mu.-Zn2+, pH 7.5, ionic strength
at pH 7.2, ionic strength 0.15, y-globu- 0.15 at various protein concentrations

lin concentration 1%

other parameters of fractionation kept constant, (pH 7.5; ionic strength
0.15 and zinc concentration 10 m M), the amount of proteins precipitated
decreases with increasing protein: zinc ratio, as seen in Fig. 4.

3rd wvariable: hydrogen ion concentration (zinc concentration, ionic
strength, and protein concentration constant). No precipitate is formed
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212 R. KRAUZE, K. NAIMSKI AND K. ZAKRZEWSKI 4

when pH of the solution is below pH 5.5 (10 m M -Zn?*; ionic strength
0.15). The amount of insoluble proteins then increases, reaching a maxi-
mum between pH 7 and 8 (see Figs. 5 and 6). The amount of zinc found

00 - 600
.gdl}- é
s e
a qw S

en | S
Be :
3 g
o ,

4+ -
: o5

*
ee g
adr S
1 ol
(] 7 g ]

pH
Fig. 5. Precipitation of serum proteins
in various pH’s by 10 mm-Zn2+, at
ionic strength 0.15 and protein concen-
tration 2.84%. (-@-), protein precipi-
tated; (-O-), zinc in the precipitate;
(-0-), zinc in the supernatant
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Fig. 7. Precipitation of serum proteins

with 10 mM-Zn2+, at pH 7.6, protein

concentration 3.6%, at various ionic

strengths (-@-), % protein precipitated;

(-O-), zinc in the precipitate; (-0-),
zinc in the supernatant
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Fig. 6.

of the precipitates formed with

10 mM-Zn2+, at ionic strength 0.15,

protein concentration 2.3% at various

pH’s. (-O-), y-globulin; (-¢-), a, -glo-
bulins; (-0-) albumin
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Fig. 8. Electrophoretic composition of
protein precipitates formed with
10 mM-Zn2t, at pH 7.6, protein con-
centration 3.6°% at various ionic
strengths. (-O-), y-globulin; (-0-),
a, f-globulins; (-a-), albumin

in the precipitate increases with increasing pH, but the amount of zinc
in the supernatant drops down sharply beyond pH 7.2 (Fig. 5).

The results of electrophoretic examination of protein precipitates
formed with 10 m y-Zn2T at various pH’s are shown in Fig. 6. A marked
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[5] ISOLATION OF y-GLOBULIN 213

zone of optimum precipitation of albumins and o - + f-globulins has
been found between pH 7 and 8. At pH’s lower than 7, the solubility
of y-globulin decreases also sharply, but on the alkaline side, their
tendency to dissolve is much less marked.

4th wvariable: ionic strength (protein concentration, pH, and zinc
constant). The increase of ionic strength leads to a decrease of the amount
of protein precipitated (cf. Figs. 7 and 8), but it is not correlated with the
amount of zinc present in the precipitate (Fig. 7). When sodium acetate
was used instead of sodium chloride for adjusting the ionic strength,
the results were essentially similar.

The electrophoretic analysis of the precipitates formed is shown
in Fig. 8. The albumin and the a- and p-globulins become solubilized
by increasing ionic strength, but y-globulin less strongly so. In sodium
acetate this difference was somewhat more marked.

Fractionation with aluminium

The conditions for fractionation with aluminium salts were investigat-
ed using a dissolved precipitate of serum proteins obtained at 10 mwm-
Zn?*, 0.1 ionic strength, 2.5% protein, pH 7.2. The precipitates were

70 8J
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Fig. 9. Precipitation of serum proteins Fig. 10. Precipitation of serum proteins
at various pH’s with 20 mM-aluminium by various concentrations of aluminium
salt, at 1.28% protein concentration. salt at pH 7.0 and protein concentra-
(-@-), total protein; (-0-), y-globulin; tion 1.23%. (-@-), total protein; (-O-)
(-0-), a, f-globulins; (-9-), albumin. y -globulin: (-@-), a, §-globulins; (-a-),
Horizontal lines show the percentage albumin. Horizontal lines show the
of appropriate fraction in the initial percentage of appropriate fraction in
protein solution initial protein solution

suspended in 0.16 M-sodium chloride, treated batchwise with cation
exchanger in Na™t cycle, in order to remove zine and to dissolve proteins.
1st variable: hydrogen ion concentration (protein concentration and
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aluminium concentration constant). The mixture of protein and aluminium-
ammonium sulfate was adjusted to pH’s indicated in Fig. 9. The final
concentration of proteins was 1.23%, and that of aluminium salt 20 m M.
A scanty precipitate which formed at pH 4.2 increased sharply with
increasing aluminium concentration and reached the maximum at pH
5.5. No precipitate was formed at pH 9 and above (cf. Fig. 9).

The precipitates formed were dissolved in minimum quantity of 0.5 m-
-sodium citrate, dialyzed overnight against distilled water and then
exhaustively against veronal buffer pH 8.6, strength 0.1. A small amount
of denaturated protein was removed by centrifugation, and the super-
natant analysed in electrophoresis. The results are shown in Fig. 9. It
can be seen that an extensive precipitation of albumin and of a- and
p-globulins occur in the range pH 5 - 6.5, while the protein of a mobility
similar to y-globulin present in the precipitate forms a small proportion
of total y-globulin.

2nd variable: aluminium concentration (protein concentration, pH
constant). The concentration of aluminium was varied between 2 and
30 mwMm, while pH was 7.0, and the protein concentration maintained
at 1.23%. From Fig. 10 it may be seen that the precipitation of albumin
and of albumin and of «-and B-globulins is markedly dependent upon
aluminium concentration. The amount of y-globulin in the precipitate
does not seem to be influenced by aluminium concentration. It may be
that y-globulins present in the precipitate were occluded and/or absorbed
by copious precipitate of other proteins.

Suggested procedure for y-globulin isolation

Serum is diluted to 3% protein with sodium chloride, then precipi-
tated with 10 m m-zinc acetate, and pH adjusted to 7.6. Electrophoretic
composition of this precipitate is: albumin 22 - 30°, «-and B-globulins
41 - 46%0, y-globulin 29 - 36%. After standing overnight, the precipitate
is removed by centrifugation at 0° to 4° and suspended in 0.16 M-sodium
chloride. The cation exchanger in Nat cycle is added and the mixture
stirred for an hour in cold. A slight drop of pH, to about 6.5 occurs,
presumably due to incomplete saturation of the resin with sodium ion,
and it helps in removing zinc completely. The supernatant is collected
by decantation or centrifugation; its protein content is about 3%. The
solution is then treated with equal volume of ammonium-aluminium
sulfate so as to yield the final mixture 1.5% in protein and 0.5% in
aluminium salt; pH is adjusted to 5.5 with NaOH. A copious precipitate
forms, which is removed by centrifugation in cold after a few hours
of standing in cold. The supernatant is then clarified by filtration through
Seitz-filter pads. Zinc acetate is added to final concentration 1 mm in
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Zn** and pH is adjusted to 7.6 with NaOH. The mixture is left overnight,
and then the precipitate of y-globulin removed by centrifugation.

y-globulins are suspended in 0.16 M-NaCl, treated with small quantity
of cation exchanger in Nat cycle for one hour, and then filtered through
Seitz EK-filter pads for sterilization. If needed, the resin may be removed
before filtration, glycine and a preservative (merthiolate, tricresol) added
and the solution sterilized by filtration. The 10 -15% concentration of
v-globulin in the final solution may easily be achieved, even though
losses at these high concentrations become larger.

DISCUSSION

The described procedure for the isolation of y-globulin is composed
of three parts: in the first step a preparation of serum proteins enriched
in y-globulin is obtained by fractionation with zinc, and then, in the
second step, the ballast proteins are removed by aluminium and a pur
solution of y-globulins is obtained. The third step consists of concentra-
tion of y-globulin by zinc precipitation. Attempts at employing aluminium
fractionation alone were unsuccessful; both the total yield of y-globulin,
and their purity were considerably decreased.

Fractionation with zinc becomes efficient only at pH 7 or above. On
the basis of the experiments presented above, it would appear that frac-
tionation at higher pH (above 8) would yield a more purified product,
as a result of an increased difference in the solubility of y-globulins and
other serum proteins. This advantage is, however, offset by the difficulty
in centrifugation of the precipitates formed at higher pH’s.

When the pH of the solution in which fractionation with zinc takes
place is increased, the binding capacity of precipitated proteins for zinc
appears to increase; also the binding capacity for zinc appears to be
increasing with increasing concentration of zinc. The data shown in
Fig. 5 indicate that these phenomena may rather be due to the precipi-
tation of insoluble zinc hydroxide than to a true binding of zinc by
proteins.

The rather abrupt changes in the solubility of serum proteins at pH’s
above 7, and the solubility characteristics of zinc hydroxide strongly
point to the fact that an interaction between proteins and zinc hydroxide,
rather than free Zn2t ion is the main factor in the described process of
fractionation. The fractionation by aluminium is almost certainly a process
of absorption on the proteins on insoluble aluminium hydroxide.

The purity of the final preparation of y-globulin compares favourably
with that of the preparation obtained by the use of organic solvent
fractionation. An electrophoretic pattern of a typical preparation is
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shown in Fig. 11; in some preparations a component of a mobility
corresponding to that of «;-globulins could be observed but never
amounted to more than 1-2% of total proteins. The heterogeneity
constant of several preparations, as calculated by the methods of Alberty

LN

Fig. 11. Electrophoretic pattern of human serum y-globulin purified by zinc and
aluminium salt fractionation. Veronal buffer pH 8.6, ionic strength 0.1: 22.5 mA:
5085 sec.

[1] at pH 7.2, ionic strength 0.1, was 0.991 £ 0.022 S. D. x 10—°. The
heterogeneity constant for ethanol fractionated human v;-globulin at
pH 5.4 was 0.26:10—5 and of its pseudo-globulin component 0.9-107:
for human v,-globulin at pH 7.2 the heterogeneity constant was 0.9-1.2-

10 % [3] and for bovine y-globulin isolated by electrophoresis-convec-
tion method [4] at pH 6.5 it was 0.67-10—° [2].

The vy-globulin preparation obtained contained agglutinins against
pertussis and typhoid, antibodies against influenza, haemagglutinins and
diphtheria antitoxin. The latter determined by the Ramon intracutaneous
rabbit test exhibited 1.6 to 4.0 units per 1 ml. of 10% y-globulin solution,
in several preparations; this indicates that the antitoxin has been concen-
trated 10 - 25 times relative to the native serum employed.

SUMMARY

The method described for isolating human y-globulins is composed
of three steps: 1) obtaining a protein preparation enriched in y-globulins
by zinc fractionation, 2) removal of ballast proteins by aluminium frac-
tionation, 3) final concentration of y-globulins by zinc fractionation.

The four following parameters were varied independently for studying
fractionation by means of zinc: zinc concentration, protein concentration,
pH and ionic strength.

The following two parameters were varied independently for studying
fractionation by means of aluminium: aluminium concentration and pH.
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WYODREBNIANIE y-GLOBULIN PRZY POMOCY FRACJONOWANIA
SOLAMI CYNKU I GLINU

Streszczenie

Opisana metoda wyodrebniania y-globulin z surowicy ludzkiej sklada
si¢ z trzech etapow: 1) otrzymanie preparatu wzbogaconego w y-globu-
liny przy pomocy frakcjonowania solami cynku; 2) usuniecie bialek ba-
lastowych przy pomocy frakcjonowania solami glinu; 3) ostateczne wy-
odrebnienie y-globulin z roztworu przy pomocy frakcjonowania solami
cynku.

Frakcjonowanie solami cynku przebadano w ukladzie czterech nie-
zaleznych zmiennych: stezenie soli cynku, stezenie bialka, pH i sila jo-
nowa.

Frakcjonowanie solami glinu przebadano w ukladzie dwéch niezalez-
nych zmiennych: stezenie soli glinu i pH. .

Otrzymano 6.12.1960
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K. L. WIERZCHOWSKI and D. SHUGAR

PHOTOCHEMISTRY OF CYTOSINE NUCLEOSIDES
AND NUCLEOTIDES. II*

Instytut Biochemii i Biofizyki PAN, Warszawa
(Institute of Biochemistry and Biophysics, Polish Academy of Sciences, Warsaw)

Evidence has previously been presented to show that the initial pho-
toproducts resulting from the ultraviolet (2537 A) irradiation of cytosine
and its N-glycosides are the 5-hydro-6-hydroxy derivatives [17, 25, 21,
20, 18], resulting from the uptake of a water molecule at the 5,6 double
bond as in the case of uracil and its N-alkylated derivatives and N-glyco-
sides [15, 23, 16, 14, 20].

hw (+H20)
—— AN
k H
ot G ST OH
(=H20) N H

The photoproducts of the latter exhibit only end absorption in the
quartz ultraviolet. By contrast the photoproducts of the N-glycosides
of cytosine exhibit a new absorption band in the neighbourhood of
2400 A. For cytosine and 1-methylcytosine no such clearly defined band
appears as a result of irradiation, and this difference in behaviour was
ascribed to some type of interaction between the pyrimidine and carbo-
hydrate rings in the glycosides [25].

Additional evidence for such interaction was based on quantum yield
measurements at different pH values for the various isomeric nucleotides.
However, the quantum yields calculated at that time were “effective”
quantum yields, no account being taken of the instability of the photo-
oroducts. For, unlike the initial photoproducts of uracil glycosides, which
are reasonably stable at neutral pH at room temperature, those of cytosine

* Part I, [25].
[219]
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220 K. L. WIERZCHOWSKI AND D. SHUGAR [2]

and its glycosides are relatively unstable and tend to revert spontaneously
to the parent compounds in the dark even at room temperature [17, 25,
21, 20]. As a result an equilibrium is established between the forward
(photochemical) and reverse (dark, thermal) reactions. If C, is the initial
concentration of the cytosine glycoside, C, the concentration at equilibr-
ium, k; and k, the rates of the forward and reverse reactions, then

k-(Cy—C:)=k,1jaC,
where a is a proportionality constant for the amount of light absorbed
by C,, whence
B LAY

k,I,a—k;
assuming, of course, that the photoproduct itself is radiation resistant
(see below). Since k, is the rate constant for a thermal reaction, the
equilibrium point is a function of I; and temperature. The value of k,
is also pH dependent and, at markedly alkaline pH, is so high, as will
be shown below, that quantum yield measurements require the exercise
of special precautions. Furthermore, we have found that, for such
compounds as d-pC and d-pCp!, the rate of the reverse reaction is
so high by comparison with the quantum yield, even at neutral pH,
that irradiation on a hot summer day requires fairly high radiation doses
to make the photochemical reaction go.

The extension of the above results for mononucleotides to the pho-
tochemistry of model oligo- and polynucleotides [27] indicated the
necessity of a re-examination of the kinetics of the reverse, dark, reaction
and the resultant influence on measured quantum yields; as well as
a revision of some of the conclusions previously arrived at with regard
to these.

In the interim a paper appeared by Wang [22], in which it was
postulated that the photoproducts of cytosine and its glycosides are not
the 5-hydro-6-hydroxy derivatives, but rather tautomers in which the
proton on the N, nitrogen has been shifted to position 5 with the
accompanying shift of the 5, 6 double bond to N;, Cg. The assumptions

on which this conclusion was based are, in our opinion, of doubtful
validity, but we shall deal here with only two of them which are most

relevant: (a) In formulating the reaction sequence for photoproduct for-
mation, as well as the structure of the photoproducts, Wang implies
explicitly that these will be of identical form for cytosine as well as
its glycosides. His own formulation, however, excludes such a possibility
1 The following symbols will be used in this text: C stands for cytidine, Cp
is cytidine-3’-phosphate, pC is cytidine-5’-phosphate; whereas a prefix d-refers
to the corresponding deoxy compound; Cp! is cytidine-2’: 3/-cyclic phosphate; U is
uridine; ® is quanfum yield in moles/einstein.

Ce
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since it requires that the N; position on the pyrimidine ring be unsubsti-
tuted whereas, in fact, in the glycosides it is. It is also contrary to the
observation [25] that cytosine and 1-methylcytosine exhibit identical
photochemical behaviour. (b) According to Wang the new maximum
at 2400 A exhibited by the photoproducts of cytosine glycosides is not
shown by dihydropyrimidines; hence the photoproducts cannot be
5-hydro-6-hydroxy derivatives, since these also possess a saturated 5, 6
double bond. This argument is based on an unwarranted generalization
of the finding of Batt et al. [1] that the dihydropyrimidines of 2,4-dio-
xypyrimidines exhibit no selective absorption in the quartz ultraviolet
at neutral pH. It would, on the other hand, certainly not be expected
to apply to cytosine analogues since, following saturation of the 5, 6
double bond of these latter, there is still conjugation between the 2-keto
and the 3, 4 double bonds, which would be expected to possess selective
absorption in the ultraviolet. We have, indeed, shown that dihydrocyto-
sine analogues do exhibit a maximum in the neighbourhood of 2400 A
[9] and this provides further evidence that the photoproducts of cytosine
glycosides are, in fact, the 5-hydro-6-hydroxy derivatives 2.

It must nonetheless be admitted, in agreement with Wang [22], that
the nature of the photoproducts of cytosine and 1-metyleytosine is by no
means as clearly established as for the N-glycosides, and we have
examined this question further.

Materials

Most of the compounds employed are those previously referred to
[18, 25]. We are grateful to Dr. A. M. Michelson for a gift of samples of
d-Cp and d-pCp; cytidine-2’(3’), 5’-diphosphate was prepared as described
by Hall & Khorana [6], but using Cp as starting material; attempts to
separate the two isomers on ion-exchange columns were unsuccessful. Cp!
was prepared by a method elsewhere described [19]. Glass distilled water
was used throughout and the heavy water was 99.98% in D,O.

Methods

These are essentially the same as in previous studies [25,27]. The
irradiation source was a British Thermal Syndicate resonance lamp and
irradiation was carried out in spectrophotometer cuvettes. The radiation

® This, is of course, not based on direct chemical evidence since the photo-
products of cytosine glycosides are too unstable to isolate. It is, therefore, theore-
tically possible that the photoproducts are the 3-hydroxy-6-hydro derivatives. But
this appears unlikely since 5-substituted cytosine analogues do not form reversible
photoproducts of the type hitherto discussed [26].

8
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was filtered through a 5 mm. layer of aqueous acetic acid (1:1) to
remove wavelengths below 2300 A and the radiation incident on the
cuvettes was in the range 2.5 - 6.5 X 10~ einsteins/cm?/min. The special
compartment of the Hilger Uvispek was used for maintaining solutions
at any desired temperature removed from ambient, during or subsequent
to irradiation, by circulating water from a Hoeppler ultrathermostat.
Measurements of pH were carried out with the glass electrode, using
a Radiometer pH meter; measurements of pH, or rather pD, in heavy
water were corrected as described by Hart [7] and Mikkelsen & Nielsen
[13] so that pD = apparent pH + 0.4.

RESULTS
Cytosine glycosides

In order to obtain the absorption spectra of the photoproducts of
isomeric cytosine nucleotides, each was irradiated in 0.02 Mm-phosphate
buffer pH7 at a temperature of 6-8° in order to inhibit the reverse
reaction. The results for Cp are shown in Fig. 1(A), where curve a is that

e 0”?

log I,/1

o 2200 2400 2600 2800 3000
A(A) A(A)
Fig. 1(A) Photochemical transformation of Cp in 0.02 m-phosphate buffer pH 7 at
6 - 8° and an incident light intensity (2537 A) of 2.6.10-7 einstein em.2/min.: (a) Prior
to irradiation, (b) Following attainment of photochemical equilibrium, (d) Absorption
spectrum of photoproduct deduced from curve b, (¢) Spectrum obtained following
completion of reverse, dark, reaction.
Fig. 1(B) Absorption spectrum of Cp (curve a) and of its photoproduct (curve b).

of Cp, curve b is that for Cp and its photoproduct at equilibrium, and

curve ¢ after warming the solution so that the reverse reaction was
carried to completion. Curve d is the calculated spectrum of

http://rcin.org.pl
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the photoproduct obtained from curve b, the absorption of which in
the neighbourhood of 2700 A indicates that 6% of the Cp has not reacted.
From the difference between curves a and c it follows that 13% of the
Cp has reacted irreversibly. The overall percentage of reversibility is
nonetheless quite high. The reverse reaction is quantitative so that curve

Table 1

Spectral constants for several isomeric cytosine nucleotides and their photoproducts

Nucleotide Photoproduct

r . Zmax | Emax Jmax Emax A &

' l (A) 1 (x10-3)|  (A) x1073 | T &) |[x 103)
| . [

[ C2'p 2710 l 8.6* 2400 12.5 2710 ‘ 1.4

‘ Cp 2710 8.9* 2400 13.0 2710 1.5

i pC 2710 T3 2400 103 | 2710 1.2

| d-pC 2710 | 8.6 2400 11.3. | 2710 1.4

* Values taken from table of California Foundation for Biochemical Research.

d corresponds to curve c¢ decreased by 6%. The extinction coefficient of
the photoproduct may therefore be calculated from that for Cp, and
Fig. I(B) exhibits the absorption spectrum of Cp and its photoproduct
Cp.H,0.

Table 2

Initial quantum yields and rate constants for cytosine N-glycosides
1074 M solutions in 0.02 M-phosphate buffer, pH 7

o o ] T T T l
| —
| Temp. 22° Temp. 6- 8° {k-107S
! S Ip = 6.5-1077 Ip = 2.7-1077 | (see. 1)
(einsteins/cm.2/min.) (einsteins/cm.2/min.)
Cytidine 10.8 — | —
Glucopyranosylcytosine 14.3 — —
C2'p 13.2 13.0 1.3
Cp 13.3 13.5 1.5
pC 9.2 8.8 0.6
pCp (2, 5'; 3, 5) 10.2 = .
Deoxycytidine 7.4 - -
d-Cp 10.6 2 s
d-pC 3.0 3.1 0.2
d-pCp 3.4 i fiia

For the other isomeric nucleotides the photoproduct spectra differ
only with respect to the values of the extinction coefficients, which are
presented in Table 1.

http://rcin.org.pl



924 K. L. WIERZCHOWSKI AND D. SHUGAR 161

Calculations of the quantum yields for the various nucleosides and
nucleotides required elimination of the influence of the reverse reaction.
This condition was approximated to in two different ways: (a) by increasing
the intensity of the incident radiation to the point where the rate of the
photochemical reaction was considerably greater than that of the reverse
reaction (at room temperature); (b) by taking advantage of the relatively
high temperature coefficient of the reverse reaction (see below), the latter
being sufficiently slow at 6 - 8° so that it exerts only a minimal effect
on the kinetics of the photochemical reaction.

At pH values not markedly alkaline, quantum yield values obtained
by both procedures differed at most by only 2- 3% from the mean (see
Table 2), which is within the limits of experimental error. The photo-

Fig. 2. First order rate constants for the dark reaction C - H,O »C at 25°
as a function of pH

chemical reaction was also found to be first order, with constant quantum
yield, up to the point where the reverse reaction began to interfere with
the measurements.

At pH values to the alkaline side of 10 the situation is quite different.
Under these conditions the rate of the reverse reaction is so high for all
cytosine glycosides as to appreciably affect quantum yield calculations.
For all compounds the reverse reaction is strictly first-order and the
dependence of the 1st-order rate constant on pH is quantitatively similar
to that illustrated for cytidine in Fig. 2.

An examination of the rate constants at neutral pH for nucleosides
and nucleotides showed that the values for the former were all similar.
By contrast the values of k., for the nucleotides were found to be
dependent on the position of esterification, the 5-nucleotides exhibiting

http://rcin.org.pl
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the highest values. Since at pH 7 the secondary phosphate hydroxyls are
only partially dissociated (pk oo 6), rate constants were also measured at
pH 8.1, where they are fully dissociated. Table 3 lists the rate constants
at 25° for all nucleosides and nucleotides at pH 2,7 and 8.1. We shall revert
to these in the Discussion (below).

Table 3

Rate constants at 25° for reverse reaction of photoproducts of cytosine analogues, i.e. for elimination

of water molecule

Photoproduct REIZ I L | R Gt
kr (sec.”1:104)
Cytidine 0.77 1.10(1.4) 1.25
Glucopyranosylcytosine - 1.50 —
C'p 1.76 4.00 0.64
Cp 0.74 1.00 0.64
pC! 1.27 6.50 0.83
pCp pC; p 1.90 4.60 1.40
Cp! - 6.30 0.85
2’3’-isoprop. cytidine — 1.20 ¢ 0.96
Deoxycytidine 0.94 1.70 1.48
d-Cp 0.94 1.34 1.83
d-pC 1.60 5.50 1.06
d-pCp 1.63 5.00 2.30

Ionic strength of medium: In view of the importance of the ionic
strength of the medium on the behaviour of cytosine and Il-methylcy-
tosine (see below) this effect was examined in the case of cytidine, but was
found to be relatively small. Addition of 0.1 M-NaCl at pH 7 resulted in
an increase in the rate of the reverse reaction of only 30°%. This effect
may, however, be of some significance because of the reported effect
of salt concentration on the photoreactivation of microorganisms [11].

Activation energy of reverse reaction: The rate of the reverse reaction
for Cp at neutral pH was measured at three different temperatures, 25,
30 and 50°. The rates were found to fit an Arrhenius plot with a Qo
of 2.6 and an activation energy of 15.5 kcal/mole; this is to be compared
with a value of 15 kcal/mole which we have calculated from the data
of Sinsheimer [21]. Although none of the other isomers were examined,
it is most likely that they would all exhibit similar activation energies.
The application of such measurements to the behaviour of model oligo-
nucleotides has already been demonstrated elsewhere [27].
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Cytosine and 1-methylcytosine

It has previously been pointed out that the photochemical behaviour
of both these compounds is similar, but differs appreciably from that for
the corresponding glycosides [25]. Since then we have found that the
dihydroderivatives of all of these compounds exhibit one selective absorp-
tion band in the ultraviolet at about 2400 A [9]. Hence both cytosine and
1-methylcytosine might also be expected, on irradiation, to exhibit this
maximum simultaneously with disappearance of the main maximum at
2670 A.

In unbuffered medium one can, indeed, observe an increase in
absorption at 2400 A for both compounds, but without formation of
a clearly defined maximum (Fig. 3). Upon removal of the irradiation
source, the reverse reaction is placed in evidence by a decrease in absorp-

W0

Fig. 3. Photochemical transforma-
tion of cytosine in aqueous, unbuf-
fered, medium at pH 7: (a) Prnior to
irradiation, (b) Following 90 mins.
irradiation at room temp. and inten-
sity of 3.10-7 einsteins/cm.2/min. (c)
1 Following completion of the reverse
2300 %0 2700 %00 00 reaction by heating at neutral pH

A(A)

tion at 2400 A and a concomitant increase at 2670 A, until finally the
ratio of extinction at 2670 to that at 2400 A is identical with that for
the parent compound. The reverse reaction is strictly first-order with
a rate constant at room temperature of 1.6 X 10~! sec.”! so that t'/z is
72 mins. This is sufficiently slow so that quantum yields may be calculated
directly from the decrease in absorption, the values being the same for
both substances at 2 X 103, hence quite low.

An attempt was made to place more clearly in evidence the increase
in absorption at 2400 A by irradiation at a temperature 6 - 8°. No differ-
ence could, however, be found, a result that might have been anticipated
from the fact that t!/2 at room temperature is so high.

The degree of reversibility is dependent on the extent of photoproduct
formation. Following 25% photolysis, reversibility is about 60%. It is
even higher for smaller doses but, following 80% photolysis no rever-
sibility can be observed.

log 1y/1
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In the presence of 0.02 M-phosphate buffer at the same pH, the quan-
tum yield decreases about 35%. Following 10°% photolysis some rever-
sib’lity may still be observed (about 50%), but beyond this point it
decreases rapidly and the irradiation products exhibit appreciable absorp-
tion in the wavelength range 2800 - 3000 A (cf Fig. 3). There is conse-
quently more than one photochemical reaction involved. In addition, the
reverse reaction in buffered medium is much more rapid, the rate
constant being 10— sec. —!, corresponding to a t'/2 of only 10 mins., this
probably being the reason for the decrease in measured quantum yield
referred to above.

That the buffer effect is due purely to the influence of the ionic
strength of the medium was demonstrated by addition of NaCl to a con-
centration of 0.1m. Under these conditions no reversibility could be
observed even after small irradiation doses. It should be recalled that.
for cytidine, a similar increase in ionic strength of the medium resulted
in an increase in the rate of the reverse reaction of only 30%o.

While it appears from the above fairly well established that cytosine
and l-methylcytosine give rise to reversible photoproducts, it is also
quite clear that this is not the only reaction resulting from irradiation.
It is conceivable that the radiation itself provokes partial reversibility.
Another possibility is that the reversible photoproduct is slightly more
photosensitive than the parent compound so that an equilibrium is
established between the formation of reversible photoproduct and its
destruction. On the other hand, the lack of reversibility after high irradia-
tion doses implies the formation of non-reversible photoproducts. This
problem requires further study, but it should be noted that cytosine and
1-methylcytosine likewise differ in photochemical behaviour from the
glycosides in non-aqueous medium, as well as in aqueous medium at
pH 9 [28].

Isotope effect for reverse reaction

It was previously shown that the isotope effect for photochemically
induced nucleophilic addition of a water molecule to the 5,6 double bonds
of uracil and cytosine analogous is ku,o/kp,0 = 2.2, in accordance with
expectations [25], if the reaction is as follows:

*

NH2 = NH2

NHa2
H H
N~ hw N —+ NZ
)\ l —AWN— O)\ + Z(I) — H
(+)
] IT H H o -

O N H

=X

= |
=
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since opening of the D-O bond requires a higher activation energy than
does the H-O bond [24].

The isotope effect for the reverse reaction is, on the other hand, more
complex than previously assumed since it must involve not only dissocia-
tion of the C-H (or C-D) bond at possition 5 of the photoproduct, but
also the effect of the acid-base properties of the light or heavy water, in
which the elimination reaction is carried out, on the rate of a reaction
catalyzed by hydrogen or hydroxyl ions.

A separation of these two effects for uridine and cytidine has been
achieved in the following manner. The photoproduct of each substance
was obtained in light and in heavy water and lyophilized. Each photo-
product was then divided into two portions, one of which dissolved in
light, the other in heavy, water for measurement of the rates of the
reverse reaction. The results are illustrated in Table 4.

Table 4

Isotope effect for elimination of water molecule from photoproducts of uridine and cytidine

k700 + 104 (sec™1)

Fhotogeogiet in H:0, pH 1.6 ! in D;0, pD 1.6
U-H,0 7.4 13.4
UD,0 L 7.1

kage + 104 (sec1)
in H,O, pH 1.6 in DO, pD 1.6
C'H,0 5.1 1.5
CD,0 3.4 1.1
kase-104 (sec™1)
~in H0, pH 11.6 in D,0, pD 11.6
C-H,0 84.5 ol 7.8

As will be seen from the Table, the elimination of DyO from the
photoproducts is slower than for elimination of H,O, as is to be expected
for a reaction involving rupture of a C - D, as compared to a C - H, band.
If, however, the photoproduct is as follows in heavy water:

NHa2

the observed isotope effect should be lower than that expected theore-
tically since some molecules will eliminate an H atom instead of a D from
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position 5. For cytidine, on the other hand, where the rate of the reverse
reaction is appreciable at room temperature, the equilibrium established
during irradiation will, in heavy water, lead to the exchange of both H
atoms at position 5 for D. The isotope effect for cytidine photoproducts
should consequently be greater than for the photoproducts of uridine.
Actually the reverse is true, the values being 1.9 for uridine and 1.5 for
cytidine.

If we examine now the effect of the medium, it will be seen from
Table 4 that the photoproduct of uridine undergoes the elimination
reaction faster in heavy water so that kp,o/ku,0 is 1.8, whereas for the
photoproduct of cytidine this ratio is 0.3 under the same conditions and
as low as 0.1 in alkali. Consequently, the catalysis mechanism is different
for each photoproduct. For reactions catalyzed specifically by H;Ot or
OH~ the isotope effect ku,o/kp.o <1, whereas for general acid-base
catalysis this ratio is greater than unity. Hence the elimination reaction
for the photoproduct of uridine (and probably for other uracil derivatives)
is catalyzed specifically, whereas the reaction for the photoproducts of
cytosine derivatives belongs to the class of more general acid and base
catalyzed reactions.

By analogy with the scheme presented by Ingold [8] for the mono-
molecular elimination of water from an aliphatic double bond (mechanism
E,), the reverse reaction would be as follows:

:: 2 H
A e o] H -
:‘)H ke I + A

e H

H H
H Mo’

H* i - |
H H

so that for cytosine derivatives k3> k,, since only then will
ku,o/kp,0=>1 [2]. By contrast, for uracil derivatives, where the value
of kj is about 2 orders of magnitude lower than for cytosine analogues,
ks <k, and the elimination reaction, which is the slowest, determines
the kinetics of the overall process. The concentration of the conjugate

\<H
acid H is higher in D,O than in H,O since heavy water possesses less

A
basic properties than light water [2,24]. The photoproduct therefore
competes more effectively for the deuteron in D,O than for the proton in

Hy0 so that the reaction is more rapid in heavy, than in light, water.
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DISCUSSION

In Part I of this study [25] it was postulated that some type of hydro-
gen bonding must exist between one of the carbohydrate hydroxyls and
the 2-carbonyl of the cytosine ring. This was based on the observed
difference in photochemical behaviour between cytosine and 1-methyl-
cytosine on the one hand, and cytosine glycosides on the other. Although
it could not be unequivocally established which of the sugar hydroxyls
is most involved, the observed low quantum yields for the 5-nucleotides
and the reduced quantum yields for all the glycosides at alkaline pH
(where the sugar hydroxyls are known to dissociate [4]), led to the sugges-
tion that the 5-hydroxyl is probably the one mainly involved.

The results now obtained show that the decreased quantum yields
previously observed at alkaline pH(>>11) are due largely to the rapid
reverse reaction prevailing under these conditions. Hence, although the
original suggestion of the involvement of one of the sugar hydroxyls in
hydrogen bonding with the 2-carbonyl of the aglycon remains valid, the
evidence favouring the 5°-hydroxyl is now seen to lack experimental
support.

Table 5

Comparison of amino pK, quantum yields and rate constants for reverse reaction at pH 7.0 and 8.1,
at 25° for various cytosine analogues )

S i i e kex 104 (sec™)

N i ! 5 ‘ pH 7.0 pH 8.1
Cytosine 4.60 1 2.0 10 —
1-methylcytosine . 4.55 2.0 10 -
Glucopyranosylcytosine 3.85 14.3 1.5 —
Cytidine 4.1 10.8 1.1 1.25
Deoxycytidine { 4.3 7.4 1.7 1.48
c2'p ’ 4.36 13.0 4.0 0.64
Cp 4.28 13.5 1.0 064
pC 4.50 9.0 6.5 0.83
pCp 2’, 5" and 3%, 5’ Z - 10.2 4.6 1.4
Cp 1 L 11.5 6.3 0.85
d-Cp = 1 10.6 1.3 0.83
d-pC 4.55 § 3.0 5.5 1.06
d-pCp : — [ 34 50 . 2.30

For purposes of comparison we have assembled some pertinent data
in Table 5, from which it will be observed that the quantum yields for
nucleosides are markedly dependent on the nature of the carbohydrate
moiety, whereas the rates of the reverse reaction' are approximately the
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same. The decreased quantum yield for deoxycytidine as compared to
cytidine is carried over to the corresponding nucleotides. It is even further
accentuated as between, e.g. pC and d-pC or Cp and d-Cp, thus hinting
at some participation of the phosphate groups themselves in the reaction.
If any doubts existed on this score, they are at once dispelled by the
marked decrease in the rates of the reverse reaction for most of the
nucleotides in going from pH 7 to pH. 8.1, where the only modification
resulting from change in pH is an increase in dissociation of the secondary
phosphate hydroxyls. It consequently follows that the phosphate hydro-
xyls influence both the excited state of the cytosine ring, as well as the
stability of the resulting photoproduct. In part this interaction is most
likely of the dipole-dipole type between the two functional, polar. phos-
phate and amino groups, such mutual interaction resulting in a modifica-
tion of the pK values of the two groups, the magnitude of which is
dependent on the distance between them as has been shown in the case
of amino acids. Both Loring et al. [12] and Cavalieri [3] profited from this
fact for identification of the a and b isomers of cytidylic acid, the
3’-isomer being that for which the amino pK is closest to cytidine and the
phosphate pK’, more acid. The data for the 5-nucleotides are in agree-
ment with this (Table 5) since, according to Furberg [5] the distance
between the two functional groups is a minimum in these isomers. This
is further supported by the proton magnetic resonance studies of Jarde-
tsky [10], on cytosine nucleotides. By comparison with cytidine the
phosphate group in isomeric nucleotides induces only a change in
frequency of the protons at positions 5 and 6 of the pyrimidine ring,
this frequency shift being maximal for the 5-nucleotides as compared to
a mixture of the 2’ and 3’ isomers.

The quantum yields for the cytidylic acid isomers lead to the same
conclusion, the influence of the phosphate group being most pronounced
for the 5-isomers. It is true that the difference between the quantum
vields for Cp and C2’p is not appreciable, but greater stability of the photo-
product of Cp suggests that this difference is real.

The influence of the dissociation of the phosphate group on photo-
product stability may be interpreted in terms of catalysis of the reverse
reaction by a potentially dissociable proton. Decreasing the pH from 8.1
to 7.0 reduces the degree of dissociation of the secondary phosphate
hydroxyls and increases the concentration of acid in the neighbourhood
of the hydroxyl group at Cg in the photoproduct. The decrease in stability
of the photoproduct, in the pH range where nucleoside photoproducts
exhibit practically no change in stability, would therefore be due in part
to the intramolecular catalysis of the reverse reaction by the proton
involved in secondary phosphate dissociation. The differences between
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the different nucleotide isomers is therefore due to two mutually depen-
dent effects: (a) the distance between the amino and phosphate groups,
and (b) the pK of the latter. The most unstable photoproducts are there-
fore those nucleotides where the two functional groups are closest, i.e.
the 5’-isomers. The quantum yield and rate of the reverse reaction for the
2’ : 3 cyclic nucleoside suggest that its configuration differs from that
observed using atomic models, if it is assumed that all the bonds in the
carbohydrate ring are in one plane.

SUMMARY

A detailed study has been made of the reversible photoproducts
resulting from the ultraviolet irradiation (at 2537 A) of cytosine glyco-
sides, with special reference to the kinetics of the reverse reaction and
the influence of pH, ionic strength and temperature. The photochemical
reaction involves nucleophilic addition of a water molecule to the 5,6
double bond of the pyrimidine ring; the reverse reaction involves the
acid-base catalyzed elimination of this water molecule. Quantum yields
previously calculated, and in which the influence of the reverse reaction
was ignored, are found to be essentially unchanged except at highly
alkaline pH where the velocity of the reverse, dark, reaction is extremely
high. Both forward and reverse reactions are of first-order. Examination of
the isotope effect for the reverse reaction has shown that it involves general
acid and base catalysis, as compared to uracil and its glycosides where
specific acid-base catalysis is involved. It has been shown that the photo-
chemical and reverse reactions are influenced mot only by interaction
between the pyrimidine and carbohydrate rings (specifically the pyrimi-
dine 2-carbonyl and one of the carbohydrate hydroxyls) but, in the case
of nucleotides, also by the degree of dissociation of the phosphate hydro-
xyls and the position of esterification of the sugar. The activation energy
for the reverse reaction is of the order of 15 kcal./mole. For cytosine and
1-methylcytosine hydration of the pyrimidine rings is not the only
reaction which takes place as a result of irradation, and the nature of
these additional reaction(s) remains to be clarified.
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FOTOCHEMIA NUKLEOZYDOW I NUKLEOTYDOW CYTOZYNY. CZESC IL

Streszczenie

Przeprowadzono szczegélowe badania nad odwracalnymi fotoproduk-
tami powstajacymi w wyniku naswietlania ultrafioletem (2537 A) gliko-
zydéw cytozyny ze specjalnym uwzglednieniem kinetyki reakcji odwrot-
nej i wplywu pH, sily jonowej i temperatury. Fotochemiczna reakcja
obejmuje nukleofilne wlgczenie czasteczki wody do podwojnego wigza-
nia 5 - 6 pierscienia pirymidynowego, reakcja odwrotna stanowi katalizo-
wane przez kwas-zasade odiaczenie tej czasteczki wody. Stwierdzono, ze
wyliczone poprzednio wydajnosci kwantowe, w ktorych pominieto wplyw
reakcji odwrotnej, nie wykazuja istotnych zmian oprocz wystepujacych
w wysoko alkalicznych pH, gdzie szybkoé¢ reakeji odwrotne] jest szczegol-
nie wysoka. Obie reakcje sa pierwszego rzedu. Bardziej szczegolo-
we badanie efektu izotopowego na reakcje odwrotna, jak tez poréwnanie
7z uracylem i jego glikozydami, gdzie wystepuje specyficzna kwaso-
zasadowa kataliza, wykazaly, ze zachodzi ona na drodze ogélnej kwasnej
i zasadowe]j katalizy.
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Wykazane zostalo, ze na reakcje fotochemiczna i odwrotna wplywa
nie tylko oddzialywanie wzajemne miedzy pierscieniami pirymidyny
i weglowodanu (szczegélnie weglem 2 pirymidyny i jednym z wodorotle-
néw weglowodanu), lecz w wypadku nukleotydéw, réwniez stopien
dysocjacji wodorotlenow fosforanu i pozycja estryfikacji cukru. Energia
aktywacji dla reakcji odwrotnej jest rzedu 15 kcal/mol. Dla cytozyny
i 1-metylocytozyny uwodnienie pierscienia pirymidynowego nie jest je-
dyna reakcja jaka zachodzi w wyniku naswietlania, a charakter dodatko-
wych reakcji pozostaje do wyjasnienia.

Otrzymano 24.12.1960

http://rcin.org.pl



A QT AL BRIYORGYE TN UT O ASE O I OWNETE O A

Vol. VIII L 1961 No. 2

W. SZER and D. SHUGAR

THE PREPARATION AND PROPERTIES OF HIGH MOLECULAR
WEIGHT POLYMERS OF N-METHYLURIDYLIC ACID

Instytut Biochemii i Biofizyki PAN, Warszawa
(Institute of Biochemistry & Biophysics, Polish Academy of Sciences, Warsaw)

In a previous publication [26] we have reported on the preparation and
properties of N-methyluridine-2'(3")-phosphate and oligonucleotides of
MeUp! obtained by chemical synthesis [21], the resulting oligonucleotides
containing a mixture of 2,5" and 3,5’ internucleotide linkages, with
average chain lengths of up to 8,5 residues.

In view of the interest attaching to such polymers, both from
a physico-chemical viewpoint and their behaviour towards enzymes [26],
it appeared desirable to extend these studies to higher polymers, which
we have now done by established procedures: preparation of MeUMP,
followed by phosphorylation to MeUDP and polymerization of the latter
with polynucleotide phosphorylase [9]. It has proved possible in this
way to prepare also copolymers of MeUp and Up and to examine all of
these for secondary structure, complexing ability with poly-A, as well
as their behaviour towards enzymes.

MeUMP (II) was obtained by phosphorylation of N-methyl-2’, 3’-O-iso-
propylideneuridine (I) with P,O5; in 85%0 phosphoric acid [11, 19], under
conditions similar to those employed for phosphorylation of isopropyli-
deneuridine or benzylidenecytidine [19].

In the latter procedure, following phosphorylation and addition of
water, heating for 30 minutes on a boiling water bath to decompose the
polyphosphates formed during phosphorylation results in partial (up to

1 The following nomenclature is used in this text: A, adenosine; U, uridine; Up,
uridine-2’(3’)-phosphate; UMP, uridine-5"-phosphate; UDP, uridine-5"-pyrophosphate;
the prefix “Me” refers to the corresponding 3-methyl (N-methyl-) derivative; poly-U,
poly-uridylic acid; poly-A, poly-adenylic acid; poly-U-MeU (25) refers to a copolymer
of Up and MeUp containing 25 of the latter; the procedure for oligonucleotides
is illustrated by MeUpUp, in which the 3’-hydroxyl of MeUp is linked to the 5’ of
Up, the terminal phosphate being on the 3’ of the latter.

[235]1
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15%0) demethylation of MeUMP. However, it was found that the heating
time could be shortened to 15 minutes for decomposition of polyphosphates
(as well as for removal of the isopropylidene group); under these condi-
tions demethylation is hardly observable, and chromatographically pure
II may be obtained in 69% yield from I.

MeUDP (III) was then obtained in good yield by the relatively simple
modification of Michelson [19] through the action of dibenzylphosphoro-
chloridate on the tri-n-octylamine salt of unprotected II. Following
removal of benzyl groups by catalytic hydrogenation, III was precipitated
as the calcium salt at slightly acid pH (5.5) where II is more soluble and
remains in solution. The methyl esters of MeUMP and related compounds
are of some theoretical interest and their properties will be described in
a separate communication.

Poly-MeU was prepared enzymatically with polynucleotide phosphory-
lase as described by Grunberg- Manago et al. [10]. The reaction went to
completion in several hours at 30°, with about 40% yield of polymer
(with respect to MeUDP). The yield is therefore lower, and the equi-
librium shifted more in the direction of phosphorolysis than with UDP
and ADP as substrates. The reaction was also found to be completely
inhibited when the reaction mixture contained 35%0 MeUMP.

The foregoing is of interest in relation to the specificity of poly-
nucleotide phosphorylase, particularly in view of the fact that N-methyla-
tion of Up confers resistance to degradation by ribonuclease ([26], see
below). Lengyel & Chambers [15] have shown that thiouridine-5"-pyro-
phosphate is likewise a suitable substrate for polynucleotide phosphory-
lase. On the other hand, we have found that the enzyme is completely
inactive against dihydro-MeUDP [cf. Ref. 22] so that aromaticity of the
pyrimidine ring appears to be necessary. It should be recalled in this
connection that oligonucleotides of dihydro-Up with chain lengths of
15-20 residues may be obtained simply by hydrogenation of chemically
synthesized oligo-U on a rhodium catalyst [12].

Acid hydrolysis of poly-MeU to mononucleotides resulted in an
increase in optical density at the absorption maximum, 2620 A, of 9.8% 2
The hyperchromicity of the high molecular weight polymer is conse-
quently the same as for shorter chains. Since there is no possibility for
formation of intramolecular hydrogen bonds in the methylated polymer
(see also below), it follows that the hyperchromicity must be due to
interaction of z-electron orbitals of adjacent rings [13, 14, 20].

2 Alkaline hydrolysis to mononucleotides of the methylated polymer is not
permissible since, as previously pointed out [12, 26], alkylation or substitution of
both nitrogen atoms of the pyrimidine ring renders the latter alkali labile.
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The foregoing conclusion is based on the assumption that the 10%
hyperchromicity of poly-U and poly-MeU results from incorporation of
the aromatic rings in the polynucleotide chain. Attention has previously
been drawn to the observation of Shapiro & Chargaff [24] that deoxy-
nucleoside diphosphates exhibit several °/o hyperchromicity with respect
to the nucleosides, and that this may account for part of the hyperchromi-
city of polynucleotide chains [25].

It has been demonstrated recently by Lipsett [17] that poly-U exhibits
reversible secondary structure at low temperatures, this being placed in
evidence by a temperature profile with a “melting point”, T,, of
about 6°. We have found that poly-MeU exhibits no secondary structure,
even in the presence of 0.05M-MgCl,, its absorption spectrum remaining
unaffected even at 3-4°. Furthermore poly-MeU does not form a twin-
stranded complex with poly-A, either under standard conditions [4] or at
higher ionic strength and temperatures of 3-4°.

In connection with the foregoing, we should like to draw attention to
the 309 hyperchromicity exhibited by polyribosethymine phosphate [8].
Attention has previously been drawn to the fact that, since this polymer
differs from poly-U only in that the uracil residues are methylated in
the 5-position, its high hyperchromicity as compared to poly-U indicates
an appreciable difference in structure [25].

It now seems clear that this difference is due to the fact that poly-
ribosethymine phosphate has a higher T,, than poly-U and that it there-
fore exhibits secondary structure well above room temperature.

In view of the demonstration of the existence of a triple-stranded
complex of the form poly-A-poly-U-poly-U, it has been suggested [6]
that, in addition to the normal hydrogen bonds predicted for the Watson-
-Crick model [28] between the number 3 nitrogens of the pyrimidine
and purine bases and the pyrimidine 4-carbonyl and purine amino group,
there exists also the possibility of a second pair of hydrogen bonds, viz.
between the number 3 nitrogen of the second uracil residue and the
number 7 nitrogen of the adenine residue, as well as between the pyrimi-
dine 4-carbonyl and the second hydrogen of the adenine amino group.
The foregoing results for poly-MeU demonstrate that it suffices to block
the number 3 nitrogen in the uracil ring to prevent the formation either
of multiple stranded complexes or of intramolecular secondary structure.

It would be of considerable interest to investigate the effect of methy-
lation on twin-strand complexing in the complex poly-G-poly-C, which
is even more stable due to the formation of 3 interstrand hydrogen bonds
[23]. Such trials will, of course, be possible only if methylated CDP and
GDP prove to be substrates of polynucleotide phosphorylase. In our
opinion the use of such methods, for the blocking of groups suspected of
9
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N-methyluraci)

Adenine

Fig. 1. Blocking of the number 3 nitrogen in the uracil rings of poly-MeU prevents
formation of multiple stranded complexes with poly-A.

participating in hydrogen bonding in linear polynucleotides, should prove
much more profitable in investigations on complementarity than other
proposed methods.

Enzymatic studies on poly-MeU confirmed and extended our previous
findings [26]. The polymer proved to be resistant to ribonuclease, but
was quantitatively hydrolyzed to Me-UMP by purified snake venon
phosphodiesterase at a rate considerably faster than chemically synthe-
sized oligo-MeU. This is undoubtedly due to the fact that the chemically
prepared oligonucleotide contains a mixture of 25" and 3,5’ linkages and
a terminal phosphate at the 2'(3") position.

The enzymatic polymer was also hydrolyzed slowly by commercial
preparations of alkaline phosphatase, testifying to the presence in the
latter of traces of an as yet unidentified phosphodiesterase [26].

Copolymers containing both U and MeU were prepared by using
substrate solutions containing UDP and Me-UDP in the proportions 4 : 1
and 3:2. Following isolation of the copolymers, acid hydrolysis to
mononucleotides and chromatography showed that their content of MeU
was 5% and 25%b, respectively. The methylated diphosphates are therefore
less readily incorporated into polymers by the enzyme, in agreement
with the results presented above for the synthesis of homopolymers
of MeU.

Examination of potential secondary structure in the copolymer contain-
ing 25% MeU, viz. poly-U-MeU(25), showed that only below 5.5° was
there an observable decrease in optical density, which attained 7.6%
at 3.5° (lower temperatures were not possible in these experiments, using
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the Hilger compartment). The secondary structure of the copolymer
therefore disappears above 5.5°; this is to be compared with the
corresponding temperature for the same transition in poly-U, 8.5° [17],
a result which we have confirmed.

Poly-U-MeU(25) also forms a twin-stranded complex with poly-A,
the resulting maximum hyperchromicity being 17.2% for a mixture
of poly-A and poly-U-MeU(25) in the ratio 1:3.3, i. e. when the number
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Fig. 2. “Titration curve” of poly-U-MeU

[25) + poly-A at 10° in 0.15M-NaCl -
-+0.016Mm-sodium citrate. The point de-

Temp (°C)

Fig. 3. Temperature profiles of (@),
poly-U-MeU [25] + poly-A, and (x),
poly-U-+poly-A

noted by a cross represents the hyper-
chromicity of poly-U-tpoly-A used as
a control

of A residues equalled the number of unsubstituted U residues (Figs. 2
and 3). Under analogous conditions, a 1:1 mixture of poly-A-poly-U
exhibited a hyperchromicity of 34%. It consequently follows, as already
shown by Doty and Fresco & Alberts [5, 7] for multiple-stranded po-
lymers of poly-U and poly-AU, that the methylated residues are pushed
out of the helix to form “loops”. This is further supported by the fact
that these “loops” may embrace two adjacent MeU residues since, as

1

| i i i i { i i i i H i |
OO O-O-O-O-O-O-O-O-O-O—-O-O—®
Fig. 4. Probable structure of twin-stranded complex of poly-U-MeU [25] + polyA
[ef. Ref. 5]

http://rcin.org.pl



240 W. SZER AND D. SHUGAR (61

will be shown below. poly-U-MeU(25) contains almost 10% of such
adjacent pairs, and practically no tracts of three MeU residues, so that
the twin-strand complex of poly-U-poly-U-MeU(25) would have the
structure shown in Fig. 4.

It seems reasonable to expect that such a structure will not be as
stable as the complex free of loops and, in fact, its T, is only 34° (Fig. 3)
as compared to a T,, of 58.5° for poly-A-poly-U under the same condi-
tions. The “melting” curve for the poly-A-poly-U-MeU(25) complex
is much flatter than for poly-A-poly-U which is explicable on the
assumption that different portions of the helix are dissociated at dif-
ferent temperatures, in the range from 12.5° to 56°. In a control expe-
riment the corresponding range for poly-A-poly-U was found to be only
4°, from 57 - 61°.

The foregoing derives additional support from the observation that
the maximum hyperchromicity of poly-A-poly-U-MeU(25) is only 17%
(as compared to 34% for the natural twin-stranded polymer), testifying
to the fact that the hydrogen bonds are considerably weaker.

Additional evidence for the foregoing interpretation of the shape
of the melting curve for poly-A-poly-U-MeU(25) is provided by the
behaviour of complexes of poly-U with oligonucleotides of Ap containing
a mixture of 2, 5 and 3, 5 internucleotide linkages. We have made
some preliminary trials with such oligonucleotides, of average chain
length about 12 residues, and kindly supplied by Dr. A. M. Michelson
[21]. Such oligonucleotides do not, of course, possess any secondary
structure. However at room temperature oligo-A (2', 5"; 3, 5") complexes
readily with poly-U (3’, 5") as indicated by the resulting hypochromicity
of the mixture, which attains a maximum of 14%, at a ratio of U: A of
1:1. The resulting complex exhibits a melting curve over the tempera-
ture range 9° to 36° with a T, of 21.5°. Similar complexes have been
reported by Lipsett et al. {18] for poly-U and oligo-A containing, however,
only 3, 5" internucleotide linkages. It would obviously be of interest
to examine the properties of complexes of poly-U with samples of
oligo-A of different chain lengths but containing only 2’, 5" linkages;
this would, however, require the use of some enzyme which would
hydrolyze only the 3’, 5’ linkages in oligo-A (2’, 5"; 3/, 5).

We have also found that a basic dye such as toluidine blue is equally
metachromatic against poly-MeU as against poly-U so that secondary
structure is of no importance in this case. This finding cannot, however,
be generalized to include polymers containing amino groups.

Acid hydrolysis of the copolymers resulted in the formation of Up
and MeUp. Hydrolysis with snake venom phosphodiesterase gave MeUMP
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and UMP, both of which were further identified by hydrolysis with
snake venom 5'-nucleotidase to the corresponding nucleosides.

On the other hand, hydrolysis with ribonuclease gave Up plus two
additional products with Ry values in solvent systetms A and B somewhat
lower than that for Up; there was no product of ribonuclease hydrolysis
corresponding to MeUp, nor were there any products corresponding to
tetra- or higher oligonucleotides, the Ry values of which would be close

Table 1

Course of polymerization of N-methyl-UDP

Incubation time | Me-UDP |  Poly-MeU
(hours) (%) | (%)
0 ‘ 100 0
0.5 j 80.5 19.5
2 | 64.5 35.5
12 | 60 40
24 ! 59.5 40.5

to 0 [21, 26]. The spectra of the two above-mentioned spots, at pH 7
and 12, as well as chromatography of their acid hydrolysates, indicated
that they were (in order of decreasing Ry values) a dinucleotide of the
type MeUpUp and a trinucleotide such as MeUpMeUpUp. The quantita-
tive proportions in the separate fractions were determined following

Table 2
Products of ribonuclease hydrolysis of poly-U-Me U (25)

[ _1 Hydrolysis products
Resitiio: . | Copolymer | Mononucleotides| Dinucleotides | Trinucleotides
content consisting consisting consisting
of of of
Up 75 63.7% | 15.6% 4.7%
MeUp 25 0% | 156% 9.7%

ribonuclease hydrolysis with the following results: out of the 25% MeU
residues in the polymer, 15.6% occur singly, sandwiched between U
residues: while 9.4% exist as tracts of two residues. There is no possibility

|
of formation of other types of oligonucleotides, e.g. U3'-p -|+-5’MeU3’p

since this would be susceptible to ribonuclease hydrolysis at the position
indicated by the dotted line (see Table 2).
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EXPERIMENTAL

N-methyl-2',3"-isopropylideneuridine (I): 1 gm. (3.5 mmole) 2’,3'-iso-
propylideneuridine, obtained according to Levene & Tipson [16]
was dissolved in 50 ml. methanol and cooled to 0°, following which an
ethereal solution of diazomethane, from 10 gm. N-methylnitrosourea
[1], was added until a stable yellow colour was obtained. The reaction
mixture was then left for 2 hrs. at 0° and overnight at room temperature.
Completion of the reaction was verified by testing the optical density
of the product at 2620 A at pH 7 and 13, which should be the same;
and by chromatography in solvents A and B (Table 3). The colorless
solution was evaporated to dryness under reduced pressure, the residue
dissolved in 2 ml. hot ethanol, 0.5 ml. ether was then added and the
mixture left at 0° for crystallization. After 16 hours the crystals were
filtered, washed with cold methanol and ether (yield 820 mg.) and an
additional 120 mg. obtained from the filtrate; total yield, 940 mg. or
90% theor. Following recrystalization from ethanol-ether (1:1) the
m. p. was 182 -183° and the product showed only one spot in solvents
A and B. In a butanol - borate solvent system the product did not form
any complex. When 1 mg. was dissolved in 0.1 ml. N-HCI and left over-
night at 37°, the resulting product was chromatographically identical
with N-methyluridine in solvents A and B.

Analysis: C, 51.92%; H, 5.87%; N, 9.36%. Calculated for C;3H;sOgN>:
C. 52.35%; H. 6.0; N, 9.4%.

N-methyl-UMP (II): 1 gm. (3.35 mmole) of I, finely powdered and
previously dried over P,O; was added to a mixture of 4.5 gm. P,O5
in 6 gm. phosphoric acid [11, 19]. With exclusion of moisture, the reac-
tion vessel was mechanically agitated in a 50° bath for 2 hrs. To the
reaction mixture was then added 75 ml. water and the whole then placed
in a boiling water bath for 15 mins.” The mixture was then cooled
rapidly to room temperature and brought to pH about 6.5 with a satu-
rated barium hydroxide solution. The barium phosphate was then filtered
off and washed with hot water, and the combined filtrates reduced to
a volume of about 8 ml., brought to pH 7.5 with barium hydroxide and
filtered into a centrifuge tube. About 16 ml. ethanol was then added
to the solution which was then left at 0° for 30 mins., and centrifugated
to give the crude barium salt of II, contaminated with traces of UMP
and N-methyl-UDP. The precipitate was washed with ethanol and ether,
again dissolved in a small volume of water and precipitated with ethanol
to give 1.12 gm. dried Ba salt of II. The barium salt was dissolved in
20 ml. water and passed through a column of Amberlite IR-120 (H*

3 If heating is unduly prolonged, partial demethylation ;ccurs
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Table 3

Paper chromatography

The following sol Y were used with ascending chromatography on Whatman No. 1:
(A), propan-2-01-NH ‘OH d= 0.88)-H,0 (70:10:20, v/v/v). (B), ethanol-M-ammonium acetate (70:30, v/v), R F values
for the various compounds are as follows

: Rf in solvent

‘ Compound P i B
|
Uridine | 049 0.73
N-methyluridine 0.78 0.91
N-methyl-2’,3-O-isopropylidene uridine (I) 0.86 -
Uridine-5’-phosphate 0.18 0.26
N-methyluridine-5’-phosphate (1I) 0.25 0.48
Uridine-5"-pyrophosphate — 0.10

| !
& N-methyluridine-5’-pyrophosphate (I1I) ’ — 0.16
| |

|

f

|

Dihydrouridine-5’-pyrophosphate - 0.10

Dinucleotide MeUpUp 0.9 [ 0.18
| Trinucleotide MeUpMeUpUp 0.4 0.12
| Poly-(MeU) (IV) 0 0

form, @ 2 cm., length 8 cm.). The column was washed twice with 15 ml.
portions water and the combined percolates concentrated under reduced
pressure (temp. not exceeding 30°) to about 10 ml., following which water
was removed by azeotropic distillation with benzene and ethanol. The
ethanol solution (vol. about 9 ml) was passed through a Schott G-4
filter into a centrifuge tube containing 50 ml. dry ether at 0° The result-
ing precipitate was centrifuged down, washed first with ethanol - ether
(1 :4), then with ether, and finally dried in vacuum over P,Ojz to give
780 mg. of II (69% theor.). The product exhibited only one spot in
solvents A and B and was stationary in a butanol - borate solvent. Its
spectrum was identical with that of N-methyluridine-2’ (3") - phosphate
[26]. Treatment with snake venom 5’-nucleotidase resulted in hydrolysis
exclusively to N-methyluridine.

Jmax 2620 A; enax 8.8 x 103, Analysis: N, 8.12%; P, 9.32%,. Calculated
for CigH 504N5P: N, 8.28%; P, 9.46%o.

N-methyl-UDP (III): 505 mg. (1.5 mmole) of II, previously dried in
vacuum, was dissolved in 20 ml. dry dioxane, to which was then added
530 mg. (1.5 mmole) tri-n-octylamine. The solution was further dried
by several distillations under reduced pressure with addition of dry
toluene, finally evaporated to dryness and left overnight in vacuum
over PyO;. The resulting tri-n-octylamine salt of II was dissolved in
10 ml. dioxane, to which was then added dibenzylphosphorochloridate
(from 460 mg. dibenzylphosphite and 240 mg. N-chlorosuccinimide) in
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15 ml. dioxane - benzene (1 :1), followed by the dropwise addition of
a solution of tri-n-butylamine (370 mg., 2 mmole) in 5 ml. dioxane-
benzene (1:1). Chromatographic control of the reaction showed
that over 90°% of II was phosphorylated after 3 hours at room
temp. Solvent was then removed under reduced pressure and the residue
shaken twice in ether (30 ml) and in petroleum ether (30 ml.). The
ether was decanted and the residual oily fluid dissolved in 20 ml. ethanol-
water (6 :4) and hydrogenated at atmospheric pressure on a palladium
catalyst [2]. The catalyst was removed by filtration and the solution
brought to pH 5.5 with triethylamine. The mixture was dehydrated by
azeotropic distillation, filtered, and an excess of an ethanolic solution of
calcium chloride added. The resulting crude calcium salt of III was
centrifuged, washed with ethanol -water (2:1) and ethanol. Examina-
tion of the supernatant showed that it contained mainly unreacted II
and was therefore discarded. The crude calcium salt of III (540 mg.) was
dissolved in water, 1 N-HCI] added to pH 3, and filtered into 25 ml.
ethanol. The resulting precipitate was again dissolved in water and
precipitated with ethanol to yield 510 mg. of the calcium salt of III
(73,3 theor.), giving only one spot in solvents A and B. Treatment with
snake venom resulted in quantitative conversion to N-methyluridine (due
to action of pyrophosphatase in venom).

Apax — 2620 A; ¢, —8.74 x 103. Analysis: N, 6.37; P, 13.62%. Calcu-
lated for CmHMOuNngcai N, 6.10/0; P ]3,830/0.

Poly-(N-methyl-U) 23 mg. of the calcium salt of N-methyl-UDP
(III) was dissolved in 1 ml. water and calcium removed on a column
of Amberlite IR-120 (H*). The solution was concentrated to 0.2 ml. and
brought to pH 7.6 with 1~N-NaOH, following which was added 0.2 ml.
0.2 m-tris buffer pH 8.1, 4 ul. 1 M-MgCl, and 40 ul. polynucleotide phospho-
rylase [10]. Incubation was at 30° for 24 hours and the reaction was
followed chromatographically by the disappearance of III and the forma-
tion of polymer which remained at the starting point on the chromato-
gram (solvent B), with results as shown in Table 1. The final yield of
polymer, following two precipitations with alcohol and exhaustive dia-
lysis, was 5.4 mg 4.

Acid hydrolysis. Exposure of the polymer to IN-HCl for 14 hours
at 37° resulted in complete hydrolysis with the formation, in solvents
A and B, of only one product. N-methyluridine-2'(3")-phosphate.

Hyperchromicity and secondary structure. Following acid hydrolysis

4 No accurate data are available as to the molecular weight of the polymer.
However sedimentation constant measurements (performed in the laboratory of
Prof. P. Doty by Dr. K. Wierzchowski) on an old, partially degraded, preparation
gave a molecular weight of 15,000.
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the increase in absorption of a solution of polymer was 9.8% at 2620 A.
At temperatures down to 3°, no temperature profile was observed for
the polymer under conditions where the temperature profile of poly-U
was reproduced as described by Lipsett [17]; see below.

Attempted complex formation with poly-A. Under conditions as
described by Warner [27] and Doty et al. [4] poly-A was “titrated” with
poly-U to form the usual 1 :1 complex. Repetition of this procedure with
poly-MeU gave only a mixture in which the ultraviolet absorption was
always the sum of the absorptions of poly-A and poly-MeU.

Attempted synthesis of poly-(dihydro-U). 10 mg. of the sodium salt
of UDP was hydrogenated over a rhodium catalyst [3] until the absorp-
tion at 2600 A had completely disappeared [12]. The solution was then
concentrated and incubated with polynucleotide phosphorylase as des-
cribed above. No evidence for polymer formation could be observed
[cf. Ref. 22].

Test for secondary structure in poly-MeU. The optical density of
a solution of poly-MeU in 0.01 m-MgCl, was examined over a tempera-
ture range of 75° to 4° in the thermostated cell compartment of the
Hilger Uvispek with a Hoeppler circulating ultrathermostat. No change
in absorption could be observed at 2620 A, even when the MgCl, con-
centration was raised to 0.05 M. Under analogous conditions poly-U exhi-
bited a temperature profile as described by Lipsett [17].

Copolymers poly-U-MeU. These were prepared enzymatically as for
poly-MeU. Two incubation mixtures were used in which the ratios of
UDP to MeUDP were 4 : 1 and 3 : 2 respectively. The resulting copolymers
were hydrolyzed in 1N-HCl overnight at 37° and chromatographed in
solvents A and B. Products of hydrolysis contained only Up and MeUp
and were eluted from chromatograms and estimated 2620 A. The ratios
of MeUp to Up were found to be 5% and 25% respectively.

Secondary structure of poly-U-MeU(25). The procedure was analogous
to that for poly-MeU, above. From 5.5° to 3.5° (lower temperatures
could not be obtained) the optical density decreased from 0.520 to 0.480,
1. e. a decrease of 7.6%.

Twin-stranded complex poly-A-poly-U-MeU(25). This was formed
under standard conditions [4, 7] but at 8°. Optical density readings were
then recorded at increasing temperatures to establish the temperature
profile (see Figs. 2, 3).

Enzymatic tests

Substrates were made up at a concentration of 10 mg./ml. in 0.1-
m-buffer and enzyme added to a concentration of 1 mg./ml. unless
otherwise indicated. The reaction mixtures were then incubated at 37°,
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along with an appropriate control; from time to time samples were
withdrawn for chromatographic analysis.

Alkaline phosphatase. Two commercial preparations (Sigma and
Worthington) were used with similar results. Incubation was in borate
buffer pH 8.7 with addition of traces of Mg?t. Under these conditions
(a) N-methyluridine-5"-phosphate was hydrolyzed quantitatively to
N-methyluridine; (b) with poly-(MeU) traces of N-methyluridine were
visible after 3 hours incubation, increasing to 10° after 5 hours and
20%0 at 20 hours.

Acid phosphatase was a gift of Dr. W. Ostrowski. Incubation of
a mixture of II and III at pH 5 for 30 mins. was without effect on III
while II was quantitatively hydrolyzed to N-methyluridine.

Snake venom (Crotalus adamenteus) for which we are indebted to
Dr H. Fraenkel-Conrat. Incubation in borate buffer pH 9.2 with addition
of Mg®>'; (a) N-methyluridine-5’-phosphate (II) was hydrolyzed quan-
titavely to N-methyluridine; (b) N-methyluridine-5"-pyrophosphate (IIT)
was hydrolyzed in 2 hours quantitatively to N-methyluridine.

Purified snake venom 5-nucleotidase (prepared by Mrs. F. Rzendow-
ska in this laboratory, along with snake venom phosphodiesterase, by salt
clution from a cellulose column) at pH 8.8 in borate buffer quantitatively
hydrolyzed N-methyluridine-5’-phosphate to N-methyluridine.

Snake venom and purified phosphodiesterase. Incubation was at pH
8.8 in borate buffer with addition og Mg?®*. With snake venom, poly-MeU
exhibited, after 2 hours, the presence of smaller oligonucleotides,
N-methyluridine-5"-phosphate and N-methyluridine. Following 20 hours
incubation, the only product was N-methyluridine. With purified phos-
phodiesterase there is initially formation of smaller oligonucleotides and,
after 8 hours, the only product was N-methyluridine-5’-phosphate.

Pancreatic ribonuclease (Sigma). Incubation at pH 7.2 in acetate
buffer. No effect on poly-MeU was observed up to 8 hours. After 20
hours there was 10 - 15% hydrolysis to smaller oligonucleotides, and even
after 40 hours no trace of monomers could be observed, under conditions
where poly-U was completely hydrolyzed in 1 hour. In one experiment
where the enzyme concentration was increased 5-fold (so that ratio of
enzyme concentration to substrate was 1:2) the methylated polymer
was completely hydrolyzed to oligonucleotides after 20 hours, but without
appearance of monomer.

Polynucleotide phosphorylase (from A. vinelandi, kindly supplied by
Dr. S. Ochoa): Incubation was in 0.2 m-tris buffer pH 8.1, containing in
a volume of 0.5 ml.: 0.5 mg. poly-(MeU), 5 umoles potassium phosphate,
5 umoles MgCl, and 5 ul. enzyme. The solution was incubated at 30°
and samples taken for chromatography at 30 min. intervals. The forma-
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tion of smaller oligonucleotide was visible after 30 mins. After two hours
there was formation of about 30° of III, which remained unchanged
after 14 hours.

Hydrolysis products of poly-U-MeU [25]. Phosphodiesterase hydroly-
zed this copolymer quantitatively to uridine-5phosphate and N-methy-
luridine-5"-phosphate.

With ribonuclease, hydrolysis for 3 hours led to the formation of 3
spots in solvent systems A and B. The main hydrolysis product, with
Ry values of 0.17 and 0.25 in solvents A and B, was identified as Up.
The other two spots, with lower R, values (see Table 3) were eluted
and examined spectrally in the wavelength range 2300 -2900 A at pH
7 and pH 13. It was established that the centre and lower spots contained
MeUp and Up in the ratios 1:1 and 1 :2, respectively: This was also
verified in the following manner: A larger quantity of the ribonuclease
hydrolysate was chromatographed on Whatman 3 MM. The central and
lower spots were eluted, the eluates concentrated and then hydrolyzed in
1 N-HCI overnight at 37°. The hydrolysates were rechromatographed in
solvent systems A and B, again giving spots corresponding to MeUp and
Up in the ratios 1:1 and 1:2 as above. Quantitatively the products of
hydrolysis of poly-U-MeU [25] were therefore as given in Table 2.

SUMMARY

N-methyluridine-5’-phosphate (MeUMP) and MeUDP have been
synthesized. MeUDP is a substrate for polynucleotide phosphorylase,
which has been used to prepare poly-MeU. In contrast to poly-U, poly-MeU
exhibits no secondary structure under any conditions. Nor, in agreement
with the Watson-Crick model, will poly-MeU form any complexes with
poly-A. Blocking of one hydrogen in one of the aromatic rings suffices,
therefore, to prevent formation of multiple-stranded complexes or of
intramolecular secondary structure. Furthermore the 10% hyperchrom-
icity exhibited by the methylated polymer cannot be due to any type
of internal hydrogen bonding. Co-polymers of U and MeU have also been
prepared; these exhibit secondary structure and complexing abilities
with poly-A which are dependant on the ratio of U to MeU in the chain
and which are interpretable on the assumption that MeU residues form
“loops” outside these structures. Preliminary experiments have also
demonstrated that poly-U will form multiple-stranded complexes with
small oligonucleotides of adenylic acid containing 2’, 5" internucleotide
linkages. Dihydro-UDP was found to be inactive as a substrate for
polynucleotide phosphorylase.
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Poly-MeU is resistant to pancreatic ribonuclease but is susceptible
to snake venom phosphodiesterase. Commercial preparations of alkaline
phosphatase have also been found to contain traces of some unidentified
phosphodiesterase (which is presumably present in various tissues) which
will likewise hydrolyze the methylated polymer.

The ribonuclease hydrolysis products of co-polymers of U and MeU
are qualitatively and quantitatively in agreement with expectations.

Attention is drawn to the advantages, in studies on complementarity
in linear polynucleotides, of using methods for the blocking of specific
groups suspected of participating in hydrogen bonding.
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