ACTA CHEMICA SCANDINAVICA 17 (1963 2718-2723

Diserylphosphates and Serylpyrophosphates
Some Properties of O-Pyrophosphoryl-Serine Peptides

SVETLANA AVAEVA* GEORG FOLSCH, LARS STRID and
OLOF MELLANDER

Department of Medical Biochemistry, University of Géteborg, Giteborg, Sweden

Several peptides of O-pyrophosphoryl-serine were prepared.
They were hydrolyzed to orthophosphate and O-phosphorylserine
peptides by crystalline inorganic yeast pyrophosphatase in the pre-
sence of Zn?*t. The stability of r-leucyl-(O-pyrophosphoryl)-1,-serine
at different pH was studied.

r ['he increasing interest in the biological function of phosphoproteins attracts

considerable attention to the phosphoprotein structure and particularly
to the question of the bonding of the phosphoric acid residues to the pro-
tein.1™

The monophosphate ester bond that is taken into account, to most investi-
gators, does not alone explain the reactivity character of at least a part of the
phosphate groups in phosphoproteins. The high rate of phosphate exchange,
the transfer of phosphate groups connected with the activity of some enzymes
being phosphoproteins and the relatively high thermodynamic potential ® of
at least some of the phosphate groups in phosphoproteins permits one to discuss
the existence of other types of bonds between phosphate and protein, and,
particularly, pyrophosphate bonds. At the present time, however, the question
of the phosphate bonds in phosphoprotein has been decided primarily on the
grounds of the action of different phosphatases, the specificity of which had
been determined with very simple substrates having little in common with
natural products.!;?

One of the possible means of studying the structure of phosphoproteins is
to synthesize model compounds and to investigate their chemical and enzy-
matic reactions with the purpose of discovering specific reactions, which then
may be used on phosphoproteins. In connection with studies of phosphoproteins
and phosphopeptides in this laboratory,® a number of monophosphate deriva-
tives of serine have been synthesized 7 and studied.®® The investigations of
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pyrophosphate derivatives of serine were started by Avaeva in the institute
of Organic Chemistry, State University, Moscow.?

The isolation and investigation of a few peptides of O-pyrophosphoryl-
serine is described in the present article. These pyrophosphates were observed
in this laboratory to be byproducts in the preparation of corresponding mono-
phosphate esters, when O-dibenzylphosphoryl-serine derivatives in pyridine
solution were left for prolonged interaction with excess dibenzylphosphoryl
chloride. Apparently, pyridine provokes mono-debenzylation giving O-mono-
benzylphosphoryl-serine derivative, which then reacts with a new molecule
of dibenzylphosphoryl chloride:

Chp~CH-CO-R
CHp-CH-CO-R O\ 0Bz 0 NHR
! _— + P\ > !
OH NHR Cl” ~0Bz 0=P(OBz)2
l CgHgN
(:;HZ_?H-C'O—R CIH2-$H~(’20-R . CHp~CH-CO-R
0 I'D OHNHR '0 e 0> < o |0 NHR’
=p- H 0-|'°-OBz ol 0Bz 0=P-0Bz
0 - 0 - !
[ Pd ! OH
0=P(0H), 0=P(0Bz),
Bz= -CH2C6H5

The side reaction does not seem to stop at this stage, as formation of a
small amount of the corresponding triphosphate esters was observed. The
compounds were isolated by washing the reaction mixture with aqueous acid
and base, hydrogenolysis of the neutral fraction and column chromatography
on anion exchange resin (Dowex 1-X2) of the hydrogenolysate. Pyridinium
formate was used as the eluent, and the acidic fractions were freed from pyridine
by means of cation exchange resin (Dowex 50, H* form). After freeze-drying
the pyrophosphates were obtained as white, glittering and very hygroscopic

Table 1. Peptides of O-pyrophosphorylserine isolated as byproducts in the preparation
of monophosphate esters.

Compound Ratio N/P Rser

O-Pyrophosphoryl-1-seryl-1-leucine * 1.
L-Leucyl-(O-pyrophosphoryl)-L-serine 1.
a-L-Aspartyl-(O-pyrophosphoryl)-L-serine 1.
y-1,-Glutamyl-(O-pyrophosphoryl)-1,-serine 1.

- O N
cooo

* Found: C 28.4, H 5.5, N 7.3, P 15.9. Calc. for C;H, N,0,,P, (378.2): C 28.6, H 5.3, N 7.4,
P 16.4.

** The monophosphate analogue ” has Rser = 1.8. The Rser values refer to descending chro-
matography in the system butanol-acetic acid-water (4:1:1; v/v) and Whatman No. 1 paper.
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Fig. 1. Separation of the hydrogenated reaction products obtained from N-carbobenzoxy
peptide benzyl esters, dibenzylphosphoryl chloride and pyridine after 60 h reaction time.

substances. They are represented in Table 1. The yields were always less than
5 9, of the amount of material applied to the column (monophosphate peptide
yield about 85 9,).

Complete hydrolysis of the compounds (6 M HCI, 140°, 1 h) and paper
chromatography in butanol-acetic acid-water (4:1:1) gave serine, the second
amino acid, some O-phosphorylserine, and orthophosphate. The ratio N/P
in the peptides was approximately 1. One of the peptides was subjected to
elementary analysis with acceptable result (Table 1).

We have found, that crystalline inorganic pyrophosphatase from yeast 1°
splits the pyrophosphate bond in these peptides of O-pyrophosphorylserine.

This enzyme has been used for the hydrolysis of inorganic pyrophosphate
in the presence of Mg?*. In 1960, Schlesinger and Coon ! showed, the enzyme
was capable of catalyzing the hydrolysis of nucleoside triphosphates as ATP,
GTP and UTP, when Zn2" was used in the place of Mg?*. Diphosphates such
as ADP, GDP and UDP were hydrolyzed considerably slower.

The pyrophosphatase was tested in the presence of Zn?* on four of the
new dipeptides having O-pyrophosphorylserine in C-terminal or N-terminal
position. The enzyme splits off one phosphate group in each peptide:

CHz -CH-CO-R CHp-CH-CO-R
0 NHR' 0 NHR
1
O=l'°-OH Pyrophosphatase 0=P-OH . H3P04
0 pH6, Zn*? OH
[
0=P-0H
OH
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Fig. 2. Per cent hydrolysis of the pyrophos- 20¢ n S
phate bond in O-pyrophosphorylserine o
(SerPP) peptides and of adenosine triphos- -
phate (cale. as 9% terminal phosphate 10
released). Crystalline inorganic pyrophos- ' |
phatase, Zn**t. pH 6.0, 37° and 30 min. L

The rates of hydrolysis are recorded in Fig. 2 as per cent splitting of the
pyrophosphate bond. Three of the peptides, including O-pyrophosphoryl-L-
seryl-L-leucine, were hydrolyzed at a higher rate than ATP, whereas r-leucyl-
(O-pyrophosphoryl)-L-serine was hydrolyzed at a considerably lower rate. It may
be mentioned, that monophosphate dipeptides having O-phosphorylserine
in C-terminal position are hydrolyzed by intestinal, bone, or kidney alkaline
phosphatase at a lower rate than the reversed sequences.® The monophosphate
peptides were completely resistent to the action of the yeast pyrophosphatase.

The stability of one of the peptides, 1.-leucyl-(O-pyrophosphoryl)-L-serine
was studied at different pH. This compound was very stable in the pH interval
from 2 to 10 (Fig. 3).

(-]

50
50
sk o
- — 40t
S 30 = \
o ¥ 30 -
2 20 Y
° S 20 - ) °
T T 10 |
0 o006 6000
I P S N N
2 4 6 R 10 1 2 3 4 5 6
pH Time (h)

Fig. 3. Per cent hydrolysis (50°, 4.5 h) of Fig. 4. Per cent hydrolysis of 1r-leucyl-(O-
1-leucyl(O-pyrophosphoryl)-1-serine (1 pyrophosphoryl)-L-serine (1 pmole) in 1
4mole) in buffer solutions (1 ml) of different M HC1 (1 ml).)
pH.
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Below pH 2, however, a rapid hydrolysis of the pyrophosphate bond and
formation of the corresponding monophosphate peptide was observed. The ki-
netics of hydrolysis was studied in 1 M HCI at 37° and 50° (Fig. 4). At both
temperatures, the reaction is of first order with the rate constants k = 4.0 x
107 min= (37.0° + 0.2) and £ = 17.5 X 10~ min~! (50.0° 4 0.2). This instability
of serine pyrophosphates in acid medium certainly excludes the discovering
of such bonds in tissue phosphoproteins, isolated by methods commonly used *
(¢.e. trichloroacetic acid precipitation, etc).

EXPERIMENTAL

Isolation of pyrophosphopeptides. N-Carbobenzoxy dipeptide benzy! esters (with the
sequences I-seryl-r-leucine, L-leucyl-L-serine, L-seryl-L-alanine, a-L-aspartyl-L-serine and
y-L-glutamyl-1,-serine) were dissolved in anhydrous pyridine and treated with 50 9
excess dibenzylphosphoryl chloride as described.” The reaction mixture was, however, left
for a longer period (60 h) at + 4°. A neutral fraction was then isolated and hydrogenolyzed
as usual in t-butanol-water solution and 10 9%, Pd/C catalyst. After filtration and evapora-
tion to dryness, 3.0 g of the solid residue was dissolved in 20 ml of 0.1 M formic acid and
chromatographed by the method described earlier.’? A column of 2.0 cm diameter was
packed to a height of 40 cm with Dowex 1—X2 (200 —400 mesh) anion exchange resin
in formate form, and the solution was applied. The column was eluted with a gradient
from 0.1 M formic acid to 2 M pyridinium formate (mixing chamber volume was 1 1),
and fractions of 16 ml (rate 1 ml/min) were collected. The separation was finished within
20 h. The fractions (100 ul of each) were tested ** with ninhydrin (see Fig. 1). Peak 1
corresponds to free amino acids, peak 2 represents the main reaction product, 7.e. the
monophosphate ester of the peptide and peaks 3 and 4 contain more than one phosphate
group per molecule of peptide. The ninhydrin-positive peaks were freeze-dried. The residue
was dissolved in a small amount of distilled water and the pyridine removed by shaking
with Dowex 50-resin in H+ form, filtering and renewed freeze-drying.

Determanation of N|P atomatic ratio was made as described.?

Enzymatic hydrolysis. The inorganic pyrophosphatase used was a twice crystallized
yeast enzyme kindly provided by Dr. M. Kunitz, Rockefeller Inst., New York. It was
used as a water solution containing 0.18 mg protein per ml, as determined spectrophoto-
metrically.'* The buffer used was 0.1 M tris-maleate, pH 6.0. Zinc acetate was used in 0.1
M solution. Adenosine-5-triphosphate used was obtained from Mann. Res. Lab. Inec.,
New York (C.P. quality 85 9%, heavy metal free).

To the solution incubated at 37° and containing 1 gmole substrate, 2 pmoles zinc
acetate and 120 umoles of buffer solution (final volume 1.5 ml) was added 4.5 ug enzyme.
The amount of orthophosphoric acid liberated after 30 min was determined by the modified
Beerenblum and Chain method.!®

Stability of pyrophosphate bond at different pH. Buffers for hydrolysis at pH 0.88,
1.68, 2.4, 9 and 10 were made from 0.1 M glycine and 0.1 M hydrochloric acid or 0.1 M
sodium hydroxide; those of pH 3.5, and 6 from 0.1 M potassium hydrogen phthalate and
0.1 M hydrochloric acid or sodium hydroxide, and the buffer of pH 4 was 0.1 M potassium
hydrogen phthalate. The buffers of pH 7 and 8 were finally made from 0.1 M barbital
sodium and 0.1 M hydrochloric acid.

One umole of L-leucyl-(O-pyrophosphoryl)-L-serine was incubated in 1 ml of buffer
solution at 50° for 4.5 h. The amount of orthophosphoric acid liberated was determined
as above.

Stability of pyrophosphate bond in 1 M HCI. One pmole of the above pyrophosphopep-
tide was incubated in 1 ml of 1 M hydrochloric acid at 37° or 50°. The amount of ortho-
phosphoric acid liberated was determined as above after definite times of reaction.
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