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Abstracs

Title compounds were synthesized on a preparative scale using alkaline phos-
phatase, orthophosphoric monoester phosphohydrolase E.C. 3.1.3.1, {in rever-
se hydrolysis conditions. Optimization for one of the 25 phosphoryl accep-
tors investigated (glycerol) shows that up to 554 synthesis yield can be ob-
tained using a large oxcess of substrate, conditfons in which the enzyastic
activity remains high. From the results obtained with different phosphoryl
group donors, phosphate, pyrophosphate and polyphosphates and with snzymwes
of different sources, it comes up that the best results are obtained with py-
rophosphate and with the weakly purified calf intestine alkaline phosphata-
se. The extent of enzymatic hydrolysis of the donor can be reduced owing to
the existence of two different pH optima for the two reactions, phosphoryla-
tion and hydrolysis. The synthesis can be also performed using inert co-sol-
vents which allov to reduce the amount of acceptor used, as long as zn** s
added to the reaction mediun. The results are discussed in terms of the cata-
lytic mechanism of alksaline phosphatase.

INTRODUCTION

Asong the different ways that organic chemists investigate to synthesize new coam-
pounds, enzymes occupy a key position owing to the regio and stereospecificity that they ge-
nerally allow 1.2.3 our interest in chiral phosphoric esters both as biologically active
molecules * and also for mechanistic purposes 5 has led us to consider enzymes to be used
for synthetic routes, particularly kinases which are the phosphorylating enzymes 6 Howe-
ver, kinases are generally specific for their substrates and also require the expensive ATP
as coenzyme. Even with the improvements achieved with ATP recycling 7. the use of such enzy-
mes suffers strong limitations 8. 9. A wvay for an alternative may be offered by enzyaes

using inorganic pyrophosphate in place of ATP . pyruvate kinase from some strains of bacte-

ria 10 operates in such conditions. Pyrophosphate can indeed be considered as a high ener-

gy molecule with a 4°G, = -5.27 Kcal per mole compared to the value of -7.60 for ATP in the
1

sane conditions

sidered,

. To the best of our knowledge, such an slternative has not yet been con-

Bearing this in maind we investigated the possibilities opened by the use of hydro-
lytic enzymes because they generally are of lowv specificity towards acceptor molecules in
reverse hydrolysis reactions. In particular, the readily aveilable enzymes of the phosphata-

se group catalyze the hydrolysis of phosphoric monoesters 12 according to the folloving
equation :

0 (a) )
L
BO-P-07 4+ Hy0 e——" ROH + HO-P-O°
L]
. ®) .

* to whoa correspondsnce should be addressed.
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In aqueous dilute standard conditions, the equilibrium is shifted towards hydroly-
sis with & 4G, ~ -5 kcal mole’} 13; but 1f the equilibrius can be notably shifted to the
left, & synthetic method for phosphoric esters becomes available. Such an attempt wvas made
as early as 1928 l“. but further developaents 15.16.17 y4ve l0d to limited yields of phos-
phoric esters. The best value of 228 was obtained for glycerolphosphate with an immobill-
zed phosphetase in a biphasic system 18 another route was to develop & transphosphoryls-
tion reaction, the phosphoryl group of a phosphoester being first transferred to the phos-

phatase, then in a second step to an acceptor, according to :

R'OH

o] o z o]
" " "
RO-P-0° Enz-0-P-0° R'0-P-0° + Enz
' '
4]

Different types of donors such as phosphoric esters 19, 2°.phouphocreat1no 19 phosphoenol -

pyruvate 19, phosphoroanidates 21.S~.ubnt1tu:od monocesters of phosphorothioic acids 22 .

re used, the acceptors balng alcohels 21. antnoalcohols 21 23, Tris and polyols such as
glycerol 20, 21 4nd also sugars 19 gven though this type of reaction has led to a better
undsrstanding of the mechanisa of the snzymatic reaction, the preparative interest remains
lov, since the synthesis of an ester with a yield of 308 in the best cases requires the con-
suaption of a larger amount of an other ester.

Ve therefors considered the reaction again in the phosphorylation direction (b),
with the idea that a more favourable equilibrium displacement aight be obtained by using py-
rophosphate {nstead of phosphate. We were encoursged in this approach by the fact that a py-
rophosphotransferase activity has been demonstrated with alkaline phosphatase 26-27

On this basis, we Lnvestigated the synthetic possibilities of this enzymatic reac:
tion, with sodium pyrophosphate as a donor, snd different acceptors such as alcohols, po-
lyols, anino-slcohols used {n large excess to shift the equllibriuma on the ester side. 1In
esach case the reaction progress was followed by 3Mp m spectroscopy and the products vere
{solated (n the most significant cases. The first part of the work was devoted to setting
down, for a reference reaction the phosphorylation of glycerol, the conditions leading to
the best ylelds in phosphoric ester and to the lowest enzymatic hydrolysis of the {inorga-
nic pyrophosphate.

RESULTS

1 - OPTIMIZATION OF GLYCEROL PHOSPHORYLATIOMN

a) Stanciard asasy. MNp pr spectra of a standard assay performed with sodium pyro-
phosphate as donor, glycerol as acceptor (554 v/v, in water) and calf ({ntestine alkaline
phosphatase, are given in Figure 1. Froa high fleld to low fleld are successively observed
the peak of the decreasing pyrophosphate, then the phosphate formed and glycerophosphate.
Each spectrum wvas recorded every 45 minutes. As the transfer of a phosphoryl group from the
pyrophosphate to the acceptor liberates a phosphate group, 1008 yleld of phosphorylation
corresponds to two equivalent pesks of phosphate (§ = 2.5 ppm) snd glycerophosphate (§ = 4.
2 ppm both st pH : 7.9). Actually, the peak for phosphate [s higher than the peak for the
glycerophosphate owing to & coapetitive enzymatlic hydrolysis of the pyrophosphate to phos-
phate. Phosphorylation ylelds are calculated on this basis. For reference assays, particu-
larly those concerning the deteraination of stereoselectivity (see below), the glycerolphos-

phate ester has been {solated (see experimental section). Concerning the glycerophosphate
peaks, the major one corresponds to the a lsower as indicated by the triplet (the spectrua

is recorded vith coupling for protons) corresponding to the coupling of the phosphorus atos
with the CHy group, the minor to the 8 lsomer (Figure 2). As indicated below, the ratio of

the tvo isomers depands upon the reaction conditions but selective formation of the o iso-
ser (290%) is obtalned in most cases.
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Figure 2 : NMR 31y spectrum (121.49 MHz) of the mixture of the two lsomers = and pB-glycero-
phosphate obtained {n the last run in figure 1 (t = 675 mn). The spectrum was re-
corded coupled for proton. The coupling constant for the triplet ( § = 4.9 ppa)
correspond{ng to the « isomer i{s 6.5 Hz. The doublet for the # {somer gives § = 4.

6 ppm and “Jy p - 8.2 Hz.

b - Ioflusnce of pH. One of the possibilities for increasing the yield (n ester
and decreasing the hydrolysis of the pyrophosphate, vas a possible difference in pH sensiti-
vity for the two activities, since it {s known for hydrolytic enzymes that pH optima for hy-
drolysis and synthesis reactions are different 28 Pigure 3 shows the results obtained in
pH : 5.8 for hydrolysis reac-

the two maxima for activity are distinct :
that

this respsct :
tion of the pyrophosphate and ph : 8.5 for phosphorylation reaction. It comes out also
ester ylald is apprecisble since 558 {s obtained : this value is significantly higher cowps-

red to that previously obtained 18
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Figure 1 : Influence of the pH on glycerol phosphorylation, by aslkaline  phosphatase, using

sodiua pyrophosphate as donor, 48h incubatfon time. Experimental conditions wvere
the same as Fig. 1.
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Flgure 4 : Phosphorylation of ethylensglycol using pyrophosphate as donor by alkaline phos -
phatase (calf intestine, 100 U/aml). Influence of the concentration of the accep-
tor (ethyleneglycol) on the yleld (8, y axis) of phoaphorylation, hydrolysis and
pyrophosphate consumption, pH : 7.9 ; teaperature : 37 °C, 48h incubation time.
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¢ - influence of the acceptor concentration. A second approach to shift the equi-
librium more towards phosphoric ester synthesis, vas to use a large excess of acceptor,
with possibly a subsequent effect on decreasing the extent of hydrolysis ;but this effect
of using an excess of substrate must remsain coupatible with a significant activity of the
enzyme. Figure 4 indicates the results corresponding to the phosphorylation of ethylene gly-
col. It {s first noticeables that the enzymatic activity resains high, up to 708 of ethyle-
ne glycol in terms of consumed pyrophosphate (a blank shows that the donor does not hydro-
lyze in these conditions). Moreover whereas the hydrolytic activity is decressing, the phos-
phorylation goes through a maximum (at 608 v/v). At this maximum, phosphorylation yleld (s
higher than the hydrolysis yield, For other acceptors described in part II1, this 608 concen-
tration of the acceptor was used in all experiments.

d - Influence of the chain lengch of the phosphoxyl donox. We tested various
chain lengths for polyphosphates to datermine {f they were recognized as substrates and
vhat would be the effect of the chain on the yield. Table I indicates the results obtalned
with different polyphosphates, the values being compared with those for pyrophosphate
(first row). In all cases, it comes out first that phosphorylation ylelds are higher than
hydrolysis ylelds and second that polyphosphates with more than five phosphate groups are
poor substrates for both hydrolysis and phosphorylat{on reactions. Also by comparing re-
sults obtained after 42 and 91 hours respectively, for pyrophosphate (assays 1 and 8) the
increase in ester yleld (33%) i{s higher than vhat would be expected from the remaining pyro-
phosphate after 48 h (9%). This indicated that the phosphate formed in the reaction with py-
rophosphate (from both hydrolysis and phosphorylation reactions) is in turn transferred to

the acceptor at a slower rate. This point was checked as {ndicated below.

TABLE 1

Influence of the chain length of the phosphoryl donor

assay Donor consumed hydrolyels phosphorylation

nr. polyphosphate yleld yield
] ] 1]

1 ne0 90.6 48.4 42.2
2 ne-1 51.0 16.0 35.0
k) ne=3 3g.8 9.8 29.0
4 n=-13 10.5 4.0 6.5
5 n-23 6.8 3.4 3.4
6 n =43 “.8 1.1 3.7
7 ne-173 2.8 0.6 2.2
8 nhe=0 1060.0 248 75.2
9 nel 88.0 26.0 64.0
10 ne=3 63.7 20.4 63.3
11 n =13 16.0 6.0 10.0
12 n e 2} 6.6 1.9 4.7
13 n = 43 6.4 1.9 4.5
14 ne=-73 2.6 0.4 2.2

Calf intestine alkaline phosphatase 100 U/ml, pH : 7.9. Glycerol concentration : 60% v/v;
temperature : 137 °C ; concentration polyphosphate 20 g/1. n : number of internal phos-
phoryl groups for polyphosphates.

Experiments 1 to 7 : 48h incubation time, experiments 8 to 14 : 91h incubation time
e - Comparison of glycaxol phosphorylation rates with pyrophoaghats and phospha-
Lo as donors. The reaction conditions are as follows : pH : 7.9 (diethanolamine 0.4 M as
buffer), the concentration in glycerol being kept at 60% v/v. Results shown in figure 5 in-

dicate that not only the yield of phosphorylation but also the rates are higher with pyro-

phosphate than with phosphate (by a factor of 3.5 for initi{al velocities). Besides the fact
that pyrophosphate 1s a better group from a preparative aspect, it appears that pyrophospha-

te is a better substrate (inicial velocities) than the normal phosphate substrate for the
phosphatase. Noreover these plots allow a direct comparison in the phosphoric ester synthe-
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sis of the relstive efficlenciss of phosphate and pyrophosphate. These two donors behave
differently and phosphoryl transfer with pyrophosphate proceeds directly and not with preli-
minary hydrolysis to phosphate followed by transfer. We also noticed a difference in the
shape of the two plots (curvature and initial rate), which may be dus to the inhibitfon ef-
fect by the phosphate 29,

Rc;i:i:“ A phosphorylation using pyrpphosphatc as donor

2 O phosphorylation using phosphate as donor ’,/”/43
50 A hydrolysis ’//,/”()
O consumed pyrophosphate ’/’///,,()

T T T T T L T
20 40 60 80 100 120 140 t/mn

Figure 5 : Comparison between the rate of glycerol phosphorylation with pyrophosphate and
phosphate by calf intestinal phosphatase (100 U/al) (n glycerol/water (608 v/v)
PH :7.9 | sodiua phosphate and sodium pyrophosphate : 150 mM ; teaperature : 37°C.
The NMR spectra are recorded every 20 on.

£ - Effect of the origin and purity of the phosphatase. Three phosphatase prepars-
tions from E. Coll, chicken and calf intsstine, were successively tested in the same condi-
tions with glycerol as substrate (60%, v/v in water) and pyrophosphate as a donor. Results
expressed in standardized activities vere plotted as indicated in figure 6 and sumaarized
in table II.Initial velocities, yields of phosphorylation and hydrolysis determined after
the same time (675 mn) are successively indicated. It comes out chat both {n teras of Ini-
tial velocities and yleld of reaction, the calf intestine enzywe is the most efficient and
therefore should be used for preparative purposes. Alsoc we tested the effect of the purity
of the enzyae using two samples of 12 U/mg lyophilisate and 80 U/mg protein respectively.
Results are given in table II. They indicate that the purity of the enzyme exerts s wesk eof-
fect, the best results being however obtained with the less purified enzyme, both In terus
of initisl velocities and yields of phosphorylation. These results are {n agreement with
the general observation that the stability of enzymes decreases when increasing their puri-
ty. This effect might be important in our conditions, as the denaturating effect of large
concentrations of substrate i{s to be considered. From a preparative point of viev, it is no-
teworthy that the best results are obtained with the crude enzyws.

8 - Ic sunmarize. optimzum conditions for synthesis are as follows . 1i-compeciti-
ve enzymatic hydrolysis of the donor pyrophosphate can be limited by making profit of the
difference in the two pH optima for synthesis and hydrolysis (see b) ; 1i-large concentra-
tions of acceptor can be used since the enzymatic sctivity remains high up to 60 & (v/v)
concentration, at least with glycercl and ecthyleneglycol (see <) ; 1ii-pyrophosphste and
short chaln polyphosphates behave as good donors, particularly the former which gives fas-
ter rate than phosphate (see d and ¢) ; {iil-among the different sources and purities of en-

tymas investigated, cruds calf intestine slkaline phosphatase gives the best results (ses f).
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Example of influence of the enzyme origine on the glycerol phosphorylation using
pyrophosphate as donor in glycerol/water (608 v/v) . pH : 7.9 ; sodium pyrophos-
phate 150 mM ;temperature : 37 *C ; enzyms : weakly purified calf intestine alca-
line phosphatase (10 U/mg lyophilisate) ; pH : 7.9 . sodiua pyrophosphate : 150
uMd ; temperature :@ 37°C ; the NMR spectra are recorded every 45 an.

TABLE 11

Influence of the origin of the enzyme

{.v.(pp.) 1.v.(hyd) 1.v.(tr) Ry (pp) Ry (hyd) Ry(tr) R3/Ry
1.35 0.78 0.56 92.8 39.4 53.4 1.35
0.49 0.3 0.15 57.1 8.4 28.7 0.99
0.20 0.13 0.06 6.9 3.4 3.5 0.97
1.13 0.65 0.47 83.3 36.) 49.0 1.42

Enzymes were assayed with paranitrophenylphosphate and used at 117 U/al

E; : calf intestine alkaline phosphatase (12 U/mg lyophilisate)
E; 1 E. Coll slkaline phosphatase (217 U/mg protein)
Ey : chicken intestine alkaline phosphatase (15 U/mg protein)

g

1.v.(tr)

, - calf intestine alkaline phosphatase (80 U/mg protein)
{.v.(pp.) :
1.v.(hyd)

initial velocity of pyrophosphate consumption : U/al
inicial velocity of pyrophosphate hydrolysis : U/ml
: initial velocity of phosphorylstion : U/al

Ry : yleld of reaction for pyrophosphate consumption : §
Ry ! yleld of reaction for pyrophosphate hydrolysis : &
Ry : yleld of reaction for phosphoryl transfer : %

Ry, Ry, Ry were determined after 44h incubation time.

6379



6380 A. PrADINES ¢f af.

I1 - PHOSPHORIC MONOESTERS SYNTHESIS IN THE OPTIMIZED CONDITIONS

a) Preparative asaays. Table III gives the results which were obtained with diffe-
rent types of substrates including alcohols, sugars and polyols. The ylelds are expressed
in terms of consumed pyrophosphate, ylelds of phosphorylation and hydrolysis of the pyro-

phosphate. Concentrations used were those settled for glycerol.

TABLE I1I

Phosphorylation by calf intestine alkaline phosphatase of different substrates.

Acceptor experiment Consumed Yield
nr. phosphate phosphorylation hydrolysis
) \ \]
Sugaxa
glucose 1 82.0 15.2 66.8
ribose 2 66.0 9.4 56.6
Algohols
CH4 - CHOH - CmCH 3 83.5 12.1 71.4
CHp=CH-CH,O0H 4 53.5 9.8 43.7
HOCH, - CHOH - CH,0H 5 100.0 51.4 48.6
HOCH - CH,OH 6 $6.6 19.5 36.9
HOCH, - CHOH - CH 7 61.2 15.6 45.6
HOCH, - CH, - CH 8“ 8 62.2 20.2 42.0
nocu2 CHa-O(CHy-CHp) 2-OCH, -CHOH 9 66.9 11.4 55.5
é“cu;a OCH, -CH,OH 10 $3.2 16.6 36.6
% OH - CHOH - Cg& 11 71.0 12.2 58.8
<0)p- CHZOH 12 60.5 11.4 49.1
HOCH, - 20 - CHy - GHAOH 13 100.0 52.1 47.9
HOCH, - CH, - CH, o, 14 58.0 18.7 39.3
HOCH3 - CHy - CH CH,0H 15 66.5 29.5 35.2
HOCH, - CH=CH . %H oﬁ 16 78.8 26.0 52.8
HOCH,-CH,-5- CH2 -OH 17 86.0 31.3 54.7
HOCNz N CHOH - CH - CHOH - CH,OH 18 91.3 21.1 70.2
“o(ca ) N“ 19 2.4 Q 2.4
20 0 0 0
HO-CH, ca 40 21 35.8 3 32.8
NO(CH2 - (CHy) ,NH, 22 1.8 0 1.8
HO-CH, Cﬁ 23 6.9 0 6.9
SK~CHZCH SH 24 14.8 0 14.8
SH(CH,) 45H 25 100 0 100

Enzyme : 100 U/ml ; pH : 7.9 ; temperature : 37 °C ; sodium pyrophosphate : 150 aM ;
48h incubation time.

- Pirst, concerning alcohols, a large set have been tested, including propanol, {soprops-
nol, butanol-1, butanol-2 and cyclohexanol ; i{n each case, there is no phosphorylation and
only quantitative hydrolysis of the pyrophosphate ; phosphorylation only occurs if another
functionality is present (ethylenic or acetylenic group) as in experiments 3 and 4. The
yield of phosphorylation {s i{n the range of 10%.

- On the other hand, diols and polyols are good substrates and only monophosphorylation oc-
curs. This was indicated froam the single peak obtained for the phosphoric ester formed par-
ticularly in representative ceses (experiments nr. 7, 13 and 18) . The yields of phosphory-
lation (based on consumed pyrophosphate) ranges from 10 to 50%, the best results being ob-
tained with triols and terainal diol structures (experiments 5,13 and 6,8,15,16,17 respecti-
vely).

- With substrates bearing an heteroatoa such as nitrogen or sulfur, different situations oc-
cur : with aminoalcohols (used in large excess), phosphorylation is not observed. Also the
enzymatic activity is reduced, since the hydrolysis reaction of the pyrophosphate proceeds
to a small extent. With substrates besring a sulfur atom, the enzymatic activity is maintai.

ned, but phosphorylation i{s not observed.
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b - Test for a stereosslectivicty of the phosphorvlation. As the phosphorylation

of coapounds such as glycerol leads to a product bearing a chiral center, we tested possi-
ble enantiomeric excess foramation in the corrasponding reaction, first by using optical ro-

tation seasuresents.

alkaline
o1 phosphatase o
OH + PP1 —_— * OoH + P1
OH O-g-_O-NQ+
Nl’

But owing to the weak specific optical rotation of a-glycerol phosphate ([a]%o - 1.5°%),
the recorded activity, either i{n the solution after elimination of the enzyme or on the iso-
lated product, {s questionable, since possibly also due to {mpurities of the enzyme. We the-
refore proceeded to an enzymatic assay using L-o glycerophosphate dehydrogenase, specific
for this enanciomer 3. This assay wvas assoclated with a colorimetric titration of the to-
tal phosphate liberated by the hydrolysis sfter treatement with phosphatase of the same a-
glycerophosphate sample, this hydrolysis being claimed as non specific 16 ye also checked
this point by proceeding to the enzymatic hydrolysis of the L-a-glycerophosphate and the ra-
cemic mixture, wve found the same value (1.4 t 0.1 aicromole of ester hydrolyzed per ainute
and ag of enzyme, see experimental section). From these determinations comes the conclu-
sion chat the enzymatic phosphorylstion i{s leading to a racemic mixture. The reaction {s

therefore only regloselective and not stereoselective.

¢ - Change in regloselectivity {nduced by use of different coaclvents. In order to
shift the squilibriua tovards synthesis. experiments were performed using inert water aisci-

31 4nd which can even be used

ble cosolvent such as glyses where enzymes keep their activity
for enzymatic synthyesis 32 Glyme/water mixtures containing up to 508 of the cosolvent can
be realized in which sugars and polyols (such as glycerol) are soluble, whereas the water ac-
tivity {s significatly decreased N, Experiments were performed with keeping the amount of
water constant (40 ¢ v/v) . the amount of glycerol acceptor was progressively reduced by re-
placing it by the {nert cosolvent. Such binary mixtures water/glyme might also be of greac
interest for substrates for which high concentrations in water cannot be obtained. Table IV
gives the corresponding results obtained with glycerol the concentration of which varies
from 60 to 10 & v/v, the coaplement to 60% being introduced by amonoglyme or triglyme. Re-
sults are compared to the reference reaction (608 glycerol, experiment nr. 1, table IV) whe-
re 49 8 phosphorylation and 38 & hydrolysis are observed. The results indicate that the enzy-
satic activity is reduced : for instance with 108 of added cosolvent only 46.5 8 of pyrophos-
phate is transformed versus 87% without this cosolvent, everything else being equal. Moreo-
ver the phosphoryl transfer reaction is more affected than hydrolysis since this second reac-
tion becomes predoainant ; and the same is observed for larger amounts of either glyme. A
striking difference in regioselectivity was observed with these cosolvents : as {ndicated on
table IV, the largely predoainant a-isomer in the absence of glywe is reduced vhen glyme {3
added | in such aixtures, by increasing the amount of glywe, the S-isomer becomes even predo-
minant (see experiment nr. 15). But it is interesting to note -and commented later on - that
both normal phosphoryl transfer reaction and selectivity are restored by adding 10°4 M of
zinc chloride to the mixture (for pyrophosphate 150 mM and enzyme 100 U/ml, see experiments
nr. 5,6,12 and 13 {n table IV).
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TABLE IV

Effect of co-sclvent additlion on enzymatic activity

Cogolvant txiglyme

experiment glycerol glyas consumed hydrolysis phosphorylation soloct%-

nr. pyrophosphate ] ] vicy )
. a/f

1 60 0 87.0 49.0 18.0 95/5

2 50 10 46.5 26.5 20.0 77723

3 40 20 46.9 k1. A 18.5 74/26

4 " W 30 45.4 29,2 16.2 68/32

S 10°% M 2n 30 30 89.2 $2.4 37.8 72728

6 5.10°“N zn™ 30 30 93.0 55.8 37.2 72/28

7 20 40 42.2 21.0 15.2 61/39

] 10 50 33.1 22.3 10.8 52/48

Coaclvant monoglyme

9 50 10 45.9 26.8 19.1 79/21

10 40 20 44,3 27.9 16.4 75725

11 % o 3 30 42.4 28.8 13.6 69/31

12 10 Ty 30 10 88.4 56.6 31.8 69/31

13 5.10°“0 zn*™* 30 30 95.0 %6.9 38.5 T6/26

14 20 40 43.6 31.0 12.6 56/44

15 10 $0 40.8 1.0 9.8 40/60

Enzyse : 100 U/al : sodium pyrophosphate 150 aM ; pH : 7.9 . wvater is kept constant 40%
v/v . temperaturs :@ 37 ‘C ; 44h {ncubatfon time, in run 5, 6, 12, 13 : ZnCly added.
(a) «/8 is the concentrations ratio of the two phosphoglycerol isomers given in figure 2.

DISCUSSION

First, comments concerning the preparative interest of these reactions are the fol-
lowing : high reglosslectivity and appreciasble ylelds in phosphoric ssters of polyols are ob-
tained in simple conditions, with a hydrolytic enzyme. Using a large excess of acceptor, py-
rophosphate as donor and & little purified enzyme allows the synthesis of up to 55% yleld of
aster of glycerol. The optimized conditions, settled for this substrate have then bsen exten-
ded to other acceptors. The reaction with phosphatase largely competes for preparative purpo-
ses vith other enzymes particularly glycerol kinase which proves to be too specific 8.9 and
slso competes with chemical phosphorylation which leads for polyols to a mixture of pro-
ducts 3435 The success of such an enrysatic synthesis relies first upon the difference in
the two pH optima corresponding to the phosphoryl transfer and hydrolysis reactions, and al-
so on the fact that the enzymatic activity remains high even vhen using large excess of subs-
trate, required to shift the equilibrius toward synthesis of phosphoric ester. Concerning
then the results obtained with different types of structures, we first note that with ribo-
se and glucose, ylelds of phosphorylation are weak owing to the low concentration of substrs-
te allowsd for solubility reasons. For the following substrates (assays 3 to 18 in table
I111), we note that phosphorylation occurs only vhei an other functionality than the hy-
droxyl group being phosphorylated is present, for instance with an wunsaturated group (as-
says 3 and 4), vhereas phosphorylation does not occur for simple alcohols. Concerning po-
lyols we note that terminal diol structures (assays 4,6,8,10,13,15.16, table II1) give bet-
ter results than internal diols (assays 7 snd 11). Although Lt has been shown that for hydro-

36. transfer yleld seea to be mors de-

lysis steric effects are weak on the kc.t/x“ parameter
pandent on such effects. We also note that longer diol setructures such as {n tuns 9 and 12
even vith terminal diols give again poor results. It revealed from these experiments that
for phosphorylation to occur, two raquirements have to be met : high concentration of accep-

tor, and presence on this acceptor of two electron-rich centers at a proper distance.
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However, these features seem to be restricted to polyols since amino alcohols, hydroxy-
thiols and dithiols ara not phosphorylated (assays 19-25 table I1I). In fect with aminoalco-
hols, these results are the consequence of a too excassive increase in pH which cannot be ba-
lanced by the buffer ; for such a high pH valus, the enzymatic activity is too low. We chec-
ked that at lower concentrations in aminoalcohol where the enzymatic activity 41s restored,
phosphorylation occurs as previously indicated by other authors 13.14,20 (table II1I). Howe-
ver there i{s no longer preparative intetrest at such a weak concentration. Hydroxythiol and
dithiols do not lead to a phosphorylated product, even when enzymatic activity remains high
(asssay 25).

Concerning the phosphoryl group donor, results indicate that valuable yields are
obtained with pyrophosphate instesd of more sxpensive phosphoric esters : this supplements
the synthetic {nterest of this enzymatic phosphorylation. Also comparstive experiments bet-
veen pyrophosphate and phosphate (Fig. 5) indicate that the former is the actual phosphoryla-
ting agent and not the phosphate resulting from a preliminary hydrolysis of the pyrophospha-
te. This point had not yet been observed in the synthesis direction. However the phosphate
resulting from both hydrolysis and transfer reaction with the pyrophosphate reacts then, but
at a slover rate. The use of polyphosphates might be also of some preparative interest. But
our results indicate that only the first terms up to five phosphoryl groups have some inte-
rest, since longer chains make them poor substrates.

These results and also those concerning the selectivity and the use of cosol-
vents have to be put together of with the available data concerning the active site of alka-
line phosphatase. In the hydrolytic direction it has been shown that at low phosphoric es-
ter concentration and pH : 8, the rate limiting step is the formation of a phosphosnzyme at
serine 102, vhereas in saturating conditions, the reaction of the water wolecule on the {n-
termadiate phosphoserine becomes rate deteraining 36.37 Bearing this in mind, we can consi-
der that, in the conditions used (large excess of substrate), the relative ylelds of trans-
fer versus hydrolysis will depend on the relative reactivities of the scceptor and the wva-
ter molecules. It is indeed known that the water molecule firmly binds to the zinc cation
present {n the active site 38 rendering it a better nucleophile, the pX being shifted from
15 to 7.2 38.39 1, compete with the vater molecule, the acceptor first has to be recogni-
zed by the enzyms and be bound to the cation. Results obtained using glymas (reduced enzyma-
tic activity restored by adding zinc) show that the acceptor actually binds to the zinc ca-
tion, since it can be displaced by the glyws which is a good ligand for such catfons 40 The-
refore the best transfer reactions will be obtained for acceptors able to bind as bidantate,
the result being an increase in their nucleophilicity towards phosphoserine. As for the
change in selectivity induced by glymes, this result may be interpreted by a modification in
conformation of phosphatase as this has been observed for other enzymes 41

To suomarize, this study exeuplifies the possibilities extended by the use of enzy-
mes of the phosphatase type, for the synthesis of phosphoric esters. Work is now {n pro-
gress to add other improvesents and develop at a larger scale such enzymatic synthesis.

Experimental sectiom

Chenicals : Tetrasodium pyrophosphats, magnesium chloride and chemicals used as buffers we-
re purchased from Merck, 4-nitrophenyl phosphate from Sigms, and the different polyphospha-
tes from Benckiser-Knapsaeck GMBH.

Enzymes : alkaline phosphatase EC 3.1.3.1, calf intestioe specific activity 10 U/mg lyopht-
lisate was purchased from Sigma, calf intestine phosphatase with a specific activity of

80 U/mg protein from Boshringer ; alkalins phosphatase K. Coli from Sigma (217 U/ag pro-
tein) aod chicken intestine alkaline phosphatase from Sigms (15 U/mg).

Azaays ' The enzymes were assayed by the hydrolysis of 4-nitrophenyl phosphate at pH 9.8
(tris buffer) and 37 °C ; the U is defined as the mumber of micromoles of 4-nitrophenyl
phosphate hydrolysed per minute and per mg of lyophilized enzyme or per mg of proteine.
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M_.mm : The 3y NMR spectra were recordsd on Brucker AC 80 opersting at 32.
&4 M0z and on Brucker AM 300 WB opersting at 121.497 MHz, both equipped with Pour{er Trans-
form ; the reference was phosphoric acid 858 and lock on deuteriua was used.

The progress of the enzymatic reactions was followed by sampling every 4t the reaction mix-
ture ; the saaple vas froren to -18 °C to stop the reaction. After rewarming up. 500 micro-
liters of each sample wvers added to 200 microliters of D,0 and the resulting solution anas:
lyzed.

Detarminacion of phoyphorylation vialds : phosphorylation ylelds were determined by inte-
gration in 3p o of the signals corresponding to ths pyrophosphate, ths phosphate and
the phosphoric ester forwed I . I, and I; respectively (see fig. 1) {wea checked that in-
tensities vere proportional to concentrstions). In a transfer reaction for an squivalent
of phosphoric ester, an equivalent of phosphate is alsoc formed. Therefore a yleld of 100%
corresponds to two signals I, and 15 of squal intensities. As phosphorylation but also par-
tial hydrolysis of the donor pyrophosphate is also occuring, I, is greater than I3. The
pyrophosphata consumed for phosphorylation is Iy, the part transformed by hydrolysis being
I3 - 13 / 2. Therefore the total consumed pyrophosphate is defined as CP the yleld of phos-
phorylation as RP and the yield of hydrolysis as RH :

Ip- 14 I3 Ip- 13
CP-———+IJ H RP = — RH =
2 CcP 2 x CP

Quancicative assay of phosphats by colorimetry :

Was performed using three solutions A,B.C

A : sodium acetate, (4.5g), cupper sulfate (0.25g) in 100 ml of acetic scid 2N.
3 : Amsoniua molybdate 5% In water

C : Methyl amino-4 phenol sulfate 28 and sodium sulfite 5% in water.

For the assay, to 0.5 ml of solution (0 to 1 aM in phosphate) with 1 ml of water, were ad-
ded 2.5 ml of solution A, 0.5 sl of solution B and 0.5 al of solution C successively. The
optical density at 700 na was read aftar 5 minutes of incubation. Concentrations were de-
termined from a reference plot.

Enzymatic reactions :

a) To determine the influence of the pH (Pig. 3), the reference solution was prepsred as
follovs : buffer ethanolamine 0.4 M (pH sjusted by adding HCl) magnesium chloride 2 oM, so-
dium pyrophosphate 150 mM, amount of enzywe : 10 mg of lyophilized powder corresponding to
100 U ;glycerol 558 v/v with water ; temperature :@ 37 *C * 0.5 the total volume being 5 al.
The progress of the resaction was folloved for 48h.

b) The sanme conditions were used to investigate the influence of the concentration of ethy-
leneglycol {n water varying from 40 to 908 v/v (Fig. 4).

¢) For expariments with polyphosphates, conditions described in a) were used, with pH : 7.
9.,except that sodium pyrophosphate was replaced in each case by 0.1 g of polyphosphate for
5 ol of reaction solution ; progress was followed for 91 hours (Table I).

d) For comparison bastween pyrophosphate and phosphate as donor, conditions were as {n ¢}
the concentration in phosphate or pyrophosphate being 150 mM. Progress was folloved for
160 minutes with sampling for 3p o analysis every 20 sinutes (Fig. 3).

o) For reactions with acceptors other than glycerol and ethyleneglycol, conditions were
the following : pH : 7.9, donor sodium pyrophosphats 150 mN, enzyme 100 U/ml, temperature :
37 *C, totsl volume $ ml (Table III).

For liquid scceptors, we used a 60% v/v concentration. For solids, they were dissclved at
saturation in the buffer and triglyme (triethylens glycol dimethyl sether) and monoglyms
(dimethoxy-1,2 ethane) 608 v/v were successively used as co-solvent. Products analysis and
their quantictative determination were made after 48h reaction at 37°C.
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Influence of the oxigin of the snzymea : Each entyme was assayed as dascribed above. The
amount of enzyme used vas standardized to 350 U/3 ml of reaction medium ; pH : 7.9 (dietha-
nolamine buffer), 2 mM in magnesium chloride, 150 mM in pyropbosphate and conceatration in
glycerol 608 v/v ; temperature : 37°, reaction rates were followed for 675 mn, with RQR
sampling every 45 minutes.

-Q- - : The follo-
wing reaction was used for the assay :

con

glycerol-3P + NAD® + hydrazime ———— glycerol-3P-hydrazone + NADH + H,0 + H*
NADH concentration vas determinad by spectrophotometry at 340 na.
The corresponding solutions were prepared : for 50 ml solution in water, 2.6 g of hydrazi-
ne sulfate 3.75 g of glycin 0.1 g of EDTAH,Nay, and 25.5 ml of sodium hydroxide 2.

The solution of NAD' was 4Omg in 1 ml water (60 oM) . GDH (Boehringer) was 1700 U/al.For
each assay, vere mixed 1 ml of buffer solution (pH : 9.5), 0.1 al of NAD*, 0.05 ml of solu-
tion to be analysed, 0.95 nl of water and 0.005 ml of CDH solution (total volume 2.105 ml).
The optical density at 340 na was read after 5 minutes at 20°C.

atydrolysis of glycerophosphate by alkaline phosphatase : was performed using the calf {n-
testine phosphatase (10 U/mg lyophilisate). The reaction solution was 1 ml of 10.25 aM in
L a glycerophosphate 0.2 al of phosphatase solution (10 U) and 0.5 ml of diethanolamine
buffer 50 mM, pH : 9.8, temperature : 37 °C ; incubation time : 22 hours.

Conparison of {nitisl velocitiss of L and D.L-a-glycerophosphate hydrolvsis by slkaline
phosphatase : vas performed using the same enzyme as above and sane buffer and pH. Concen:
trations of L-a-glycerophosphate and D.L-a-glycerophosphate were 20 mM, the concentration
in enzyme 0.5 mg/ml. The reaction progress was followed by colorimetric titration of the
formed phosphate.

Pxaparation and Purificastion of glycerophosphats : In a 100 m1 flask containing 30 al
of glycerol, 20 ml of water and 1.66 g of sodium pyrophosphate (150 mM), pH adjusted at 7.9
adding HCl, 0.5 g of the lyophylised enzyme wvas added and temperature fixed at 40 °C. Af-
ter 48 hours of {ncubation, the reaction mixture (55 & yield for glycerophosphate) wvas
first ultrafiltrated, then diluted twice with water. A stoechiometric amount of magnesiua
chloride was then added and the pH increased at 10 adding sodlum hydroxide ; the phospha-
te quantitatively precipitated. The phosphoric ester was then separated from the excess of
glycerol by fon exchange chroastography (IRA 35 Aaberlit, elution of the ester with so-
diua hydroxide 0.4 N).The pH of the solution was then adjusted to 6.5 with sulfuric acid,
and the formed sodium sulfate vas precipitated by adding three volumes of ethanol. The re-
aaining solution was then lyophilized. The yleld after purification for glycerophosphate
was 45 & (0.35 g)(yield for purification 81 %), the purity was checked as for other es-
ters by thin layer chromatography (polygram Cel 400 ; elution with mixture {sopropanol 140
ml, vater 60 ml, trichloroacetic acid 10g and ammonia 0.4 ml ; detection with spray of a
solutfon containing asmoniums molybdate lg, hydrochloric acid IN : 10 ml, perchloric acid
5 ml, vater 25 al ; after spray.the plate was heated 80°C for ten aminutes. The purity was

also checked by 14 and 3P o spectroscopy and spectra were identical to those of authen-
tic samples.
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