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3.1 General remarks

The use of isolated enzymes to form or cleave P-O bonds is an in:portant application of
biocatalysts. Restriction endonucleases, (deoxy)ribonucleases, DNA/RNA-ligases, DNA/RNA-
polymerases, reverse transcriptases etc. are central to modern molecular biology [1]. Enzyme catalyzed
phosphoryl transfer reactions have also found imporfant applications in synthetic orgzinic chemistry. In
particular, the development of convenient cofactor regeneration systems has made possible the practical-
scale synthesis of carbohydrates, nucleoside phosphates, nucleoside phosphate sugars and other natural
products and their analogs. This chapter gives an overview of this field of research covering the

literature up to fall 1992.

Hundreds of potentially useful enzymes are available in nature. It is often worthwhile to survey
enzymes for applicability in the synthesis of a specific compound, but how o find the best enzyme?
Enzymes have been reviewed and classified by many schemes [2],[3],[4]. Enzymes involved in

reactions at phosphoryl groups are, unfortunately for the synthetic chemisi, spread almost over all
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- classes. Without a good knowledge of enzymology, it is not easy to find the enzyme classes of interest
for a particular transformation. This review links the compound classes and enzyme classification

systems in chapter B 3.1.1 to help overcome this barrier.

Most synthetically useful phosphorylating enzymes require nucleoside triphosphates as cofaétqrs.
The central importance of cofactor regeneration, ’andr the mést used regeneration methods for tﬁese
cofactofs, are discusse:d in chépfef B 3.2.1. The éﬁd of cﬁapter 3 incl»udésttab;ﬂér 9urveys of the moksrt
importan‘t applications, classified in compound or structural classes (see B 3.2.2 and 3.3), to facilitate

the search for relevant enzymes and procedures.

3.1.1  Enzymes forming or cleaving phosphorous-oxygen bonds -

is stored in DNA and RNA. In cellular control mechanisms, phosphorylation of proteins is an
important mechanism for regulating protein activities [6]. Phosphorylation can activate metabolites or
change solubility properties. Enzyme-catalyzed formation and cleavage of P-O bonds are central to the

cellular energy balance [7]. Biosynthesis depends heavily on phosphorylated intermediates.

A useful classification for enzymes involved in phosphoryl transfers was introduced by Knowles

[8] (see figure 1). This classification, based on enzyme functions and mechanisms, differentiates

((fighre 1))
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primarily between two groups of enzymes. The first group contains only enzymes that accept
phosphoric monoesters as substrates (type A and B). The second group ‘includes all enZymes

catalyzing reactions at phosphoryl groups of phosphodiesters (type C - E). Table 1a and 1b link

((table 1a and table 1b)) -

Knowles' classification and the enzyme classification recommended by the International Union of
Biochemistry (IUB; compare chapter A 1.) [2]. The IUB classes give a direct access to the specific
enzymes in reference works and to the CA registry numbers necessary for an efficient literature search

(2], [4].

Table 1a and 1b list only the most important categories of enzyme classes (EC’s). Some enzymes
that are involved in reactions at phosphorus are hidden in other classes. For example glyceraldehyde-3-
phosphate dehydrogenase, which catalyses the oxidative phosphorylation of glyceraldehyde-3-
phosphate to 1,3-diphosphoglycerate, is classified under EC 1.2.1.12 and 1.2.1.13. Neither the name of
the enzyme, nor its IUB-classification, gives information about the phosphorylating step. Identifying
enzymes potentially useful in synthesis that have been ambiguously classified is difficult for those
outside of biochemistry because no complete reference is available connecting enzymatic activity with

synthetic applicability.

A second important point is that many enzyme catalyzed reactions are reversible. Some hydrolytic
enzymes can be used in enzyme catalyzed phophorylation reactions. Alkaline phosphatase (EC 3.1.3.1),

for example, was used in enzyme-catalyzed phosphorylation of glycerol with inorganic phosphate [9].
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In some cases enzymes may catalyze unexpected reactions with unnatural substrates: aminoacyl tRNA
synthetases (ARS) were used to synthesize p!,p4-di(adenosine 5’-)tetraphosphate (ApgA; 1), a natural

inhibitor of human platelet aggregation [10] (figure 2). Here, in the first step an

((figure 2))

amino acid (AA) reacts reversibly with ATP and ARS and forms an aminoacyl-AMP-ARS complex '
and PP;; the back reaction of this intermediate with ATP leads to the desired product ApsA

[11],[12],[13].

One of the most important criteria in the evaluation of a new process s the a{vailabilivty of an
enzyme [14] (see part C: Tabular Survey of Commercially Available Enzymes). If the enzymes are not
- commercially available, their isolation and purification can be expensive and time covnsuming (svee
chapter A 2.: Production and Isolation of Enzymes). The importance of the product to be synthesized

may sometimes justify the additional effort.

Mechanistic aspects of P-O bond formations and cleavages have been reviewed recently [15] and
are outside the scope of this work. The use of enzymes catalyzing the formation of P-N bonds -- for
eiample, phosphorylations of amino acids (EC 2.7.3.) -- are discussed only briefly. Enzymes dealing
with the formation of aminoacyl tRNA (EC 6.1.1.), acyl-CoA derivatives (6.2.1.) or peptides (6.3.2.)

are also not covered, even if cleavages of nucleoside phosphates are involved.
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3.1.2 Biological phosphorylating agents.

To compare the ability of different compounds to transter a phosphoryl group, phosphorylation of
water was chosen as a standard reaction [17]. The free energy of hydrolysis of a phosphorus

compound (AGhyd”) is called its phosphorylating potential. Table 2 summarizes the phosphorylating

" ((table 2))

potentials of the most important biological compounds (figure 3) having phosphoryl donor abilities.

((figure 3))

By far the most imporﬁant strong biological phosphorylating agent is Vadenosine 5’-triphosphate (ATP,
8). ATP is ubiquitous and plays a central role as cofactor in anabolic and catabolic processes.
Moreover, many enzymes involved in the formation of P-O bonds are ATP dependent. The biologically
active form of ATP is, in most cases, the magnesium salt MgATP2- [22]. Other nucleoside
triphosphates have similar phosphorylating potentials but they are rarely uszd as phosphoryl group
donors [23],[24]; usually GTP, CTP and UTP act as nucleoside or nucleoside phosphate donors (see

3.2.2.2).

Creatine- and arginine phosphate (7 and 9) play important roles in the storage of phosphorylating

potential in vertebrates and invertebrates, respectively [25],[26]. In living cells, these N-phospho-




guanidine derivatives are formed by phosphoryl group transfer from ATP, and in the reverse reaction

~ ADP is the only acceptor for 7 and 9.

1,3-Diphosphoglycerate (5) and phoéphoenolpyruvate (2) are important phosphorylating agents of -
ADP in the glycolytic pathway. Polyphosphate [27], phosphoramidate [28] and pyrophosphate [29] are
involved in the biochemical phosphorylation of D-glucose, hexoses and L-serine respectively in some
, organié;ns. Cart;érﬂj;ipﬁosphate (4)Ua>r;d’ ziéetylp‘gésvphztte‘(6) ﬂa.vé h:ghphosphory]atmg ééteﬁtialé fsc;e, :
table 2), but nature uses them mainly as donors of carbamyl [30] or acetyl groups [31]. Only in a few

cases do they act as phosphoryl donors [30],[32].

Phosphorylations with low-potential phosbhorylating agents‘are trhérmodynamically not favorable.
In biological systems, these processes are made possible by coupling them 10 a thermodynamically
more favorrable process. Examples of weak phosphorylating agents are sugar phosphates such as
glucos¢- and ribose phosphates, which can transfer their phosphate group te other sugars [32] or to
nucleosides like riboflavin [33]. Phosphate sugars are formed when polysaccharides are cleaved with a

phosphorylase and inorganic phosphate [34].

3.2 Phosphorylation

Chemical phosphorylations usually involve miany protection and deprotection steps. Enzymatic

phosphorylations can make synthesis more efficient by eliminating many of these steps. In addition,
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enzyme-catalyzed introduction of phosphoryl groups can be diastereo- [35] or enantiospecific

B6LB37.

One of the major challenges in enzyme-catalyzed phosphorylation reactions is, as mentioned above,
the choice of the most convenient enzyme. The other major difficulty is the availability of the
coenzymes. Cofactors act as blologlcal phosp 1oryl donors and in enzyme catalyzed synthesis, they

~ have to be added in stmchmmetrlc amounts or coupled to an efficient regeneration system.
3.2.1 Regeneration of nucleoside triphosphates

In enzyme cafalyzed synthesis, adenosine 5’—triphosphate (8) is the cofactor most often used as
phosphoryl group donor. Other nucleoside phosphates , UTP, or CTP are used principally as donors of
a‘nucleoside phosphate moiety to fo‘rm activated intermediates in biological pathways (se§ 3.2.2.2). For
example: UTP precedes tﬁe activated form of glucose, UDP-glucose, in the Leloir synthesis of
polysaccharides, CTP precedes CDP-choline in the synthesis of phospholipids and CMP-NeuAc in the
formation of glycosides of sialic acids (see ’chapter‘B 1.3.2: Formation of O-G'ycosides). The c;osts for
a mole CTP GTP or UTP vary from § 32,000 to 90,000 (as Jéeearcil biochemicals)[38].The high price
of these cofactors preéludes their large-scale use in stoichiometric quantities and makes cofactor
regeneration necessary. Eve;l with ATP, one of the least expensive cofactors used in organic synthesis
[39],[38] and available through mole scale synthesis from RNA [40], regeneration remains of central
importaﬁce. The use of a cofactor regeneration system not only eliminates the need for stoichiometric

quantities of cofactor but it can also favorably influence the position of the reaction equilibrium and
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prevent the accumulation of cofactor by-products that may inhibit the forward process. Product

isolation is simplified as well.

A nucleoside phosphate regeneration system must meet several specifications to be practical‘. To be
écqnomical, a regeneration method must be capable of recycling the cofactor 102 - 106 times [39]. All

» mate:ia]s should be readily available, inexpensive, easily handled, stable under reaction conditions and
" ~corripatiblé ﬁth thé rest of the réa’cbti'onwsﬂy‘stem:. The tfans'ferr of phosphate shd‘ald bé thérmodynamically

and kinetically favorable and it should be regioselective in forming a hi gh-energy P-O bond.

3.2.1.1 Regeneration of ATP from ADP and AMP

At the scale required for synthesis of fine chemicals, the mayor problems of ATP regeneration have
been solved [39],[41],[42]. Three strategies have been applied: ahemical synthesis; biological methods
including whole cells, organelles, and ferxﬁentation procesées; and cell-free enzymatic catalysis.
Chernicalr methods often lack the necessary .specificity and are not compatible with biochemical
transformations. Biqlogicai and enzymatic systems provide the most efficient ATP regenerating

| systems [39]. The use of cell-free enzymes requires a greater initial effort or expense than do the
biological methods, but are rr;ore specific than biological systems and often generate fewer by-products

(see ref. [39] and references cited therein).

A) From ADP




Several procedures for the large-scale regeneration of ATP from ADP using isolated enzymes as
- catalysts are known [43],[39]. These methods have in common the characteristic that phosphoryl
groups are transferred from a high_—enérgy phosphoryl donor to ADP (compare 3.1.2). The advantages

and disadvantages of these methods are summarized in table 3.

((table 3))‘

In préétice, for most syhth‘eti‘c applications, either acetyl phosphate/acetate ’kinase or phosphoenol-
pyruvate/pyrﬁvate kinase are used to regenerate ATP. Because of the ease of preparing Ac»P, AcP/ AcK
is the most economical method for large scale work. Its application is, however, limited to fast
phosphorylation reactions where the hydrolysis of AcP is not important. 1'“h-: PEP / pyruvate kinase
system is used in instances where the requirement for a strong, stable phosphorylating reagent -

outweighs the relative inconvenience of preparation of PEP.

Phosphoenolpyruvate | pyruvate kinase

Phosphoenolpyruvate (PEP; 2) / pyruvate kinase (PK: EC 2.7.1.40) is the most efficient system
for the regeneration of ATP from ADP. The phosphorylating agent PEP caa be prepared in a mole
scale [47]. Starting from crucie pyruvic acid, the crystalline monopotassium salt PEP-K* is synthesized
in a three-step procedure. For transformations on a scale < 1 mole, PEP cuan be prepared from

commercially available 3-phosphoglyceric acid in an enzyme catalyzed reaction [64]. This method is
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more expensive than the chemical preparation, but is more convenient because it requires less time and

produces less organic waste (see 3.2.1.2; figure 5).

- Pyruvate kinases are commercially available from multiple sources [38]. The enzyme generally
used in ATP regeneration -- from rabbit muscle -- has high specific activity ( ~500 U per mg of
protein), is inexpensive ($ 2 - 4 /1000 U), and is stable when immobilized [65],[66],[67]. This-
: ‘regener‘ation rsyisvterVn éaﬁ be used in membrane enciosed enzym‘-e‘, ce‘xtal‘ysis (M EEC-techniéue [68],[69])

as well.

The stability of PEP in solution and its s;x'engtll as a phosphoryl donor (table 2) make PEP
particglérly“convenient for use in slow and thermodynamically unfavorable phosphorylation reactions.
[t is also the method of choice for the regeneration of ATP at low concentrations of ADP, since the
Michaelis constant for PK is smaller (Ky(MgADP)= 0.1 mM [18]) than for acetate kinase

(Km(MgADP)= 0.4 mM [50]).

The PEP/PK regeneration method has two minor disadvantages. First, the synthesis of PEP
[64],[47] requires more éffort and expense than doés the synthesis of AcP [57]. Second, pyruvate is a
strong inhibitor of PK (see table 3). The reactions are thercfore carried out in’ dilute solutions to keep
the pyruvate concentration low, and pyruvate is either removed from the reaction solution or PEP is

used at high concentrations to minimize the effects of inhibition.




Acetyl phosphate [ acetyl kinase

Acetyl pﬁqsphate (AcP; 6) / acetyl kinase (AcK; EC2.7.2.1) is the most widely usedil‘arge scale
ATP-regeneration system. AcP is modestly stable in aqueous solutions and is a phosphoryl donor of
intérrnediate -strength (table 2 and 3).Diammonium acetyl phosphate can be prepared from ketene and
anhydrous phoéphoric acid [56] or, more easily, from acetic anhydride énd anhydrous H3PO4 [57].
‘HoWever,’the ﬁsé ‘ofy the diarﬁmonium salt in ATP regénerﬁtion has three disadvantages. First, NH4*
reacts with acetyl phosphate in solution. Second, it forms an insoluble precipitate with Mg?2+* under
reaction conditions. Third, its prep?uation involves several steps that require careful experimental control
and that are difficult to carry out at large scale. Preparation of aqueous solutions of acetyl phosphate as

its sodium [51] or potassium salt [18] circumvents these drawbacks.

Two types of commercially available [38] acetate kinases, from Escherichia coli [58] and from

Bacillus stearothermophilus [48], have been used in ATP regencration. The latter kinase is more
expensive but it is preferred for synthetic use Because it is thermostable and it is stable to autooxidation
[59]. Both enzymes have acceptable specific activities (150 - 300 and 400 - 1200 U resbectively per mg
protein) and can be stabilized by immobilization [60],[58],[48],[61],[62]. Acetate is a weak inhibitor of
AcK, but product inhibition is not a serious problem (see table 3) unless reaction solutions have acetate
concentrations greater than 1( M [43]. The relative instability of AcP in solution compared with PEP is
the major disadvantage of the AcP / AcK system. The contribution of the enzymes to the total cost of

the process is generally low when they are recycled, making the slightly higher cost of AcK compared
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with PK a minor disadvantage [39]. Polymer bound ATP was regenerated in a membrane reactor with

AcP/ AK [63].

Methoxycarbonyl phosphate [ acetate kinase

AMethox-ycarbonyl 'phuosphate (MCP; 3) was designed to replacé AcP as phosphoryl donor [1‘8]. it
is cdmparable to PEP in its high phosphoryl'zﬂing strength (Se¢ table 2), but resembles ac.etylr phosphate
in its ease of synthesis. Aqueous solutions o.f MCP are prepared from aqueous phosphéte and methyl
chloroformate and used in ATP regeneration without‘ purification. The reaction product after
phosphoryl transfer is methyl carbonate, which hydrolyses rapidly to form CO> and MeOH. Product

- isolation is simple and bicarbonate inhibition can be avoided by purging the reaction mixture.

MCP is accepted as a unnatural substrate by AcK (EC 2.7.2.1) and CK (EC 2.7.2.2) but not by
PK [18]. The principval disadvantage of methoxycarbonyl phosphate as phosphorylating agent in ATP
regeneration is MCP’s rapid spontaneous decomposition. The half-life of MCP in aqueous solution is
only 0.3 h (25 °C, pH 7) [18]. Because of tﬁis short half life, MCP is only used in a few cases where
high phosphorylatin_g potentials are required to push the phosphorylation reaction to the product side

“ (see table 4, entry 17).

Others

ATP has been regenerated from ADP with propionyl phosphate / acetate kinase, but

propionylphosphate is a poorer substrate than AcP [18§].
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Carbamyl phosphate (Cp; 4)/ carbamyl kinase (CK EC2.7.2. 2) was descnbed asa regeneratlon
- method for ATP in 1973 but it has seldom been used [70] CPisa very strong phosphorylatmg agent"
‘(see table 2) and can easily be prepared from aqueous potassmm cyanate and KH2P04 [52] Rapid
decomposition of carbgmyl phosphate generates ammonium ions and magnesium ammonium
phosphate complex is formed as a gelatinous precipitate. This precipitation lowers activity, both by

- precipitating the magnesium(II) required for activity of the kinases, and because it occludes enzymes. -

ADP phosphorylation with polyphosphate (P,) and polyphosphate kinase (P,K; EC 2.7.4.1) has
also been demonstrated [44]. The cheap, stable polyphosphates and the stability of P,K are highly
attractive. Unfortunétely, P, has a low phosphorylating potential and P;K is not readily available. These

facts may explain why this regeneration system has not found any practical application.

Another very interesting but little-used regeneration method is based on phosphocreatine PC;7)
and creatine kinase (CrK; EC 2.7.3.2) [71]. PC is comparable in its phosphorylating potential to AcP,
but it is Iﬁore stable in aqueous solutions (table 3). CrK is inexpensive and fairly stable. The current
lack of an efficient and simple laboratory scale synthesis for PC seems to have limited the applications

of this method to a few syntheses of sugars [71] and nucleosides [72].

Recently, a promising regeneration system based on a multienzyme system from the glycolytic

pathway was described [45] (figure 4). Glucose and inorganic phosphate were tsed as lvdw-energy

((figure 4))




‘phosphorylating agents. Eleven enzymes are used to convert glucose to lactate. Two equivyalents of
inorganic phosphate are coﬁsumed and two equivalents -ofr.‘ A’i‘P éfe férme_d. The overall process of thls '
regeneratiorivsystem has a favorablé free eniergy (see téble 3), thcl1 can be useful iﬁ the syﬁth‘esis of
comi)ounds with high phosphorylating potentials (see table 4, entry 17). The main backdraw of this
method is the complexity of this multienzyme system and the poor stability of some of the enzymes

“used.

B) From AMP

In biochemical processes, ATP may be converted to either ADP or AMP. The regeneration of ATP
from AMP is slightly more cqmplicated than from ADP. Methods coupling one of the above
mentioned regeneration systems and adenylate kinase (AdK; EC 2.7.4.3) have been used extensively in
the production of ATP [48],[43]. AdK catalyzes the formation of 2 ADP from ATP and AMP. AcP /

AcK and PEP / PK are the methods most often used to convert ADP to ATP (vide infra).

3.2.1.2 Regeneration of other nucleoside triphosphates

- The preparation of nucleoside triphosphates (NTP) from nucleoside diphosphates (NDP) follows
the same regeneration systems described above (3.2.1.1). AcK and PK have broad substrate

specificities and recognize all of the NDPs [48],[73]. The efficient generation of NDP from nucleoside
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monophosphates (NMP) has been solved on preparative scale [74]. Adenylate kinase was used in the
preparation of cytidine 5’-triphps_phgt_e (CTP) and Qridiﬁe 5’-triphbsphate (ﬁTPj from thé
corresponding nucleoside monophosﬁhates. Nucleoside nfonophosphate kinase (NMP; EC 2.7.1.4)
was used in the synthesis of UTP. Guanosine 5 -triphosphate (GTP) was prepared with guanylate
kinase as catalyst, coupled to a conventional ATP regeneration system. Best results were achieved when
3-phyosphog1ycerric acid sery@d as the ultimate phosphorylating agent, and a multienzyme system was

used as transfer catalyst (figure 5).

((figure 5))

3.2.2  Applications

3.22.1 Phosphorylations with ATP as a cofactor

The most widely used and best developed enzyme catalyzed phosphorylations are ones that are
coupled to ATP regeneration systems. Sugar phosphates, nucleoside phosphates and glycerides are the

major classes of compounds prepared with these methods.

Kinases are the enzymes most often used for the phosphorylation of saccharides (table 4, entries 7
- 19). For example, glucose@—phosphate (11), a useful reagent for the regeneration of nicotinamide
cofactors (see chapter B 5.1), was prepared frorﬁ glucose in a one-step reaction by phosphorylation
with ATP [75]. ATP was regenerated with AcP / AcK and the phosphoryl trar.sfer was catalyzed with

hexokinase, (HK; EC 2.7.1.1), an enzyme with broad substrate specificity. Both enzymes were




immobilized and reused after product isolation. Altematively, ﬂuorina;ed hexopyranose phosphates and
- glucose phésphafe énalogs, with sulfur or nitrogen in the ring, were prepared ‘with PEP /EPK and> HK
[76] (table'4, entry 9). The synthesis of 11 starting from polysaccha"rqides or ffom frﬁétose 1,6-
diphosphate [77] was demonstrated, but the former method is less convenient and the latter is morev

expensive than the procedure starting from D-glucose.

5-phospho-D-ribosyl o;-l;pyrophosplwzlte (PRPP; 13) is a key int‘ermecijiate m the biosynvthesis of
varidus nucleotides and other natural products. An interesting applica‘lion of an ATP / AMP
regeneration system is demonstrated in the synthesis of PRPP from D-ribose in a multienzyme reaction
[35] (table 4, entries 13 and 14). In the first step, ribose was phosphorylated with. ATP using ribokinase
(RK; EC 2.7.1.17) as catalyst. In the second step, PRPP-synthetase (EC 2.7.6.1) éa’ta‘ly’zed the transfer

of a pyrophosphate group from ATP to ribose S-phosphate (figure 6).

((figure 6))

The preparations of ATP, GTP, CTP and UTP have been discussed in chapter 3.2.1. Kinases are
the enzymes most popular for the synthesis and regeneration of nucleoside triphosphates from their
mono-. and diphosphates. Nucleoside phosphate analogs have been synthesized using the same
enzymes. For example, ribavarin triphosphate (RTP; 14), a com'pound wi‘th anti-viral properties, was
prepared from ribavarin monophosphate with adenylate kinase (EC 2.7.4.3) and pyruvate’kinase (EC

2.7.1.40) as catalysts with PEP as ultimate phosphorylating agent (figure 7) {48]. Here PEP / PK has

((figure 7))




proved to be more useful as regeneration system for ATP than AcP / AcK (see 3.2.1.1) in a typical
example of a kinetically unfavored reaction. RMP is one of the rare unnatural substrates accepted by
adenylate kinase. Other nucleotide analogs -- for example ATP-a.-S and ATP-y-S -- have also been

synthesized using kinases (table 5, entries 4 and 5) [78],[79].

Glycerol kinase (GK; EC 2.7.].30) catalyzes the enantiospecific phosphorylation of glycerol to
form sn-glycerol_—é-phosphate, an important intermédiate for'the syﬁthesis; ot: pho»sph‘olipids. The
enzyme is inexpensive and-stable when immobilized. Studies with enzYmes from a vzlfiety of microbial
sources have shown that glycerol kinase accepts a wide range of glycerol analogs as substrates (table 4,
entries 3 - 5) [36]. sn-Glycerol-3-phosphate (12)V_z‘md analogs were synthesizcd in gram scales, using
glycerol kinase as catalyst and PEP / PK or AcP / AcK as ATP regeneration system. The
phosphorylation of racemic mixtures produced chiral organic phosphates with enantiomeric excess (ee)
> 90 - 95 % and yields of 75 - 95 %. The unphosphorylated enantiomers of the chiral substrates were

-recovered in yields of 30 - 40 % (80 - 90 % ee). Alkaline phosphatase was used to‘ hydrolyze the
phosphorylated enantiomer and to provide enantiomerically pure unphosphorylated material [37]. For
example, D-3-Chloropropane-1,2-diol (15) was prepared from a racemic mixture in a two step

procedure with a 53 % overall yield (97 % ee) (figure 8).

((figure 8))

Another application of glycerol kinase is the monophosphorylation of dihydroxyacetone [37].
Dihydroxyacetone phosphate (DHAP), an important intermediate in the aldolase catalyzed synthesis of

monosaccharides (see chapter B 4.4), was prepared in a 0.4 mole scale using AcP / AcK for the




regeneration of ATP (table 4; entry 6). Guanidine derivatives were phosphorylated with ATP as well.
The syntheses of arginine- and creatiné phosphzite (7 and 9), two relatively strong biological
phovsphorylati‘ng agents, are not econofnfcah but théy deménstrate the potentiélé‘of different ATP
regeneration systems (see table 4, entries 20 and 21). Further épplications of ATP regeneration systems

are given in table 4 and 5.

3.2.2.2 P-O bond formation with other nucleoside fribhéééﬁateé than ATP

The use of stoichiometric quantities of nucleoside triphos@hates or their regeneration from the
corresponding mono- or diphosphates have found important applications in the symhc—;sis of activated
natural products; for instance, nucleoside phosphate sugars are important biological intermediates in thev :
synthesis of complex carbohydrates, glycoproteins, glycolipids and proteoglycans. All of the eight
nucleoside phosphate sugars, used in vivo by mammalian glycosyltransferases'in the Leloir pathway,
are accessible today by practical enzymatic or chemoenzymatic approaches (see reviews ref. [80] and
[81]). The use of these activated monosaccharides in the enzymatic preparation of oligosaccharides and
glycoconjugates is discussed in chapter B 1.3.2. The enzymatic synthesis of sucrose is, how}ever,
discussed here, to illustrate the efficient in situ generation of UDP-glucose trom UDP in a complex

multienzyme reaction (figure 9). In a typical example, a nucleoside triphosphate is recycled to

((figure 9))
regenerate a nucleoside phosphate sugar [82]. The synthesis, starting from glucose-1-phosphate and

fructose, used sucrose synthetase (EC 2.4.1.13), pyruvate kinase (EC 2.7.1.40) and UDP-glucose




pyrophosphorylase (EC 2.7.7.9). Inorganic pyrophosphatase (EC 2.6.1.1).was used to keep the
pyrophosphate concentration in the reaction mixture low and to drive the equilibrium to the product

side.

3.2.2.3 Other phosphorylating agents

Agents other than ATP are rare in enzymé catalyzed formation of P-O bonds. Inorganic phosphate,
pyrophosphate and polyphosphates were used to prepare phosphorylated nm.hosaccharides, alcohols,‘
polyols [83] and phenols [84]. The yields were poor aﬁd the reactions lack specificity (table 4, entries 1,
2 and 4). Glycerol-lophosphqte was prepared from glycerol, for instance, using inorganic phqsphate
and alkaline phosphatase (EC 3.1.3.1): 75 g of the product was isolated ir a 41 % yield [9]. The
reaction was regio- but not stereospecific. Phosphorylases were used with isotopically labeled
phosphate or with inorganic thiophosphate to prepare (thio)phosphorylated monosaccharides from
oligo- or polysaccharides (see table 4, entries 18 and 15). 32P-labeling of phospholipase with [32P]P;
was used to study the biological function of this enzyme complex [85]. p-Nitrophenyl phosphate was

used as phosphoryl group donor in the synthesis of allo-uridine, using a phosphotransferase as catalyst

(see table 5, entry 6)
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323  Tables coﬁtaining typical examples ordered according to the classes of

- compounds

Sugars, nucleosides and their analogs are the classes of compound most often involved in enzyme-
catalyzed phosphorylation reactions. Typical carbohydrate phosphorylations are included in table 4,
“ together with the phosphorylation of other non-nucleosidic Qomppunds. Table 5 gives an overview of
the enzyme catalyzed phosphorylatioh reactions of nucleosides and their analogs. A few representativé |
examples of nucleoside sugars are 1ist¢d, for more detailed information consult the reviews ref. [74],

[80], [81].

((table 4 and table 5))

3.3 Cleavage of P-O bonds

In vivo, cleavage of P-O bonds are .per‘formed by enzymes such as phosphatases,
phosphodiesterases, phosphohydrolases, nucleases, DNases and RNases (see chapter 3.1.1). In vitro,
cleavage of a P-O bond is often a trivial synthetic step. Even for an easy step, enzymes attract increasing
attention. The enzymatic reactions are preferred when regio- or stereoselectivity is required, and when
the substrates are temperatufe or pH sensitive. Many phosphate analogs have been tested as substrates
of enzymes that hydrolyze phosphoryl groups. These analogs are often accepted as substrates for the
enzymes, and such reactions could be synthetically valuable. Typical examples are presented in the

tables.
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3.3.1. Hydrolysis of Phosphate and Pyrophosphate Monoesters

Both acid and alkaline phosphatases have been used to cleave aliphatic and aromatic phosphate

monoesters. Table 6 shows typical examples ordered according to the substrate class. This table

((table 6))
includes an example where the enzymatic reaction was run with a sensitive substrate (entry 1), and

examples where regio- or a stereoselectivity was required (entries 2 and 5, respectively).

Polyprenyl phosphates and pyrophosphates have been hydrolyzed by acid and alkaline
phosphatases (table 6, entry 1). For this hydrolysis, classical chemical methods are inadequate as the

reaction products decompose under acid conditions [109].

A regioselective dephosphorylation was used in the synthesis of 2'-carboxy-D-arabinitol 1-
phosphate (table 6, entry 2), a natural inhibitor of ribulose il,,S-vbisphosphate carboxylase. Either acid or
alkaline phosphatases can be used for the selective hydrolysis of the 1-phosphoryl group of 2'-
carboxyl-D-arabinitol 1,5-bisphosphate. With acid phosphatase, the conversion was essentially
quantitative yielding exclusively the 1-phosphate derivative (cleavage of the S-phosphoryl group). On
the other hand, hydrolysis with alkaline phosphatase gave a 4 : 1 mixture of the 1- and 5—phosphate

derivatives.

Many natural and unnatural monosaccharides have been prepared by aldolase catalyzed

condensation. The synthesized sugars were often dephosphorylated in situ by an acid phosphatase
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(table 6, entry 3). These reactions illustrate multienzyme synthesis. In this case, no isolation of the
phosphate intermediate is required: both enzymatic reactions are run in the same poyt after adjustment of =

the pH value.

One of the best examples of an enzymatic dephosphorylation for a synthetic purpose is shown ?n
the entry 5 of table 6. A 5’-ribonucleotide phosphohydrolase was used in the synthesis of (-)-
aris;eromycin; é'cérbocyclic analog of ziclenosiné. "'VI‘he (-)‘;en;zﬁtiOmerof aristevromycir;.shows sorﬁe
cytostatic and antiviral activity, while the (+)-enantiomer is inactive. The racemate (z)-S’-
phosphorylated aristeromycin wa% resolved by selective hydrolysis of the (-)-enantiomer with the
hydrolase. The (-)-alcohol and the (+)-5’-phosphate derivative were separated easily on a silica gel

column. Hydrolysis of the (+)-enantiomer with calf intestinal phosphatase yiclded pure (+)-alcohol.

Phosphorylated p-nitrophenol was hydrolyzed with an alkaline phosphatase [129]. This hydrolysis

was also performed in a two-phase system with an acid phosphatase [125].

The naphtol derivative, table 6, entry 9, is dephosphorylated by an alkaline phosphatase. The
resulting naphtol decomposes with chemiluminescent emission and can be used in bioassays to

generate a chemiluminescence signal proportional to the concentration of an alkaline phosphatase label.

Inorganic pyrophospha‘te may be considered as a particular case of a phosphate monoester. The -
enzymatic decomposition of pyrophosphate by inorganic pyrophosphatase (table 6, entry 10) can be

used to drive a multienzyme synthesis (see [35]).
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3.3.2. Hydrolysis of S- and N-Substituted Phosphate Monoester Analogs

Enzymatic hydrolysis of oligonucleotide-analogs containing modified phosphoryl moieties have

been examined extensively to study their resistance to the enzymatic hydrolysis.

Thiophosphates (table 7) were subjected to hydrolysis with both acid and alkaline phosphatases.

((table 7))

Most authors claimed that these compounds are substrates for alkaline phosphatases, but the reaction
rate is much lower than with the corresponding phosphates [128], [126]. Neumann [129], however,
reported that these same S-substituted analogs are resistant to alkaline phosphatases but hydrolyzed by

acid phosphatases.

Only the alkaline phosphutaées have been used with phosphorothioates (table 8). The presence of
sulfur between the phosphoryl moiety and the residue does affect the enzymatic reaction with alkaline

phosphatases.

((table 8))
Imidodiphosphates are also potential substrates for phosphoryl hydrolyzing enzymes (see table 8,

entry 7). They have been used less often than the S-substituted phosphate analogs.

Another goal of these studies involving analogs with moditied phosphoryl groups or isotopically
labeled nucleotides was mechanistic elucidation of the stereochemical course of the reaction [15], [132],

[133].




3.3.3. Hydrolysis of Phosphate and Phosphonate Diesters

3.3.3.1. Nucleic Acids and their Analogs

Endo- and exonucleases have been used successfully with nucleic acids and their analogs for -
- organic synthetic purposes. For example,' ATP was synthesized from AMP for use in cofactor

recycling (table 9, entry 1). The AMP was obtained from yeast RNA by cleavage with the nuclease Py

((table 9))

yielding a mixture of nucleoside monophosphates [101]. In another report [73], nucleoside
diphosphates were obtained by hydrolysis of RNA with nuclease P; and a polynucleotide
phosphorylase (the diphosphates are preferred because the diphosphates were more easily transformed

to the nucleoside triphosphates than the monophosphates).

Similarly, dATP was synthesized from dAMP, obtained by cleai/ing herring sperm DNA with
DNase I and nuclease Pq (tablé 9, entry 2). Selective phosphorylation was obtained with adenylate

kinase in the presence of pyruvate kinase and phosphoenol pyruvate.

Synthetic oligonucleotide analogs are interesting in applications in which they suppress translation
of mRNAs by hybridization (antisense technology). A good antisense agent would be resistant to
nucleases, and able to maintain its biological activity for substantial periods in living organisms [135].

Oligonucleotide analogé modified at the phosphodiester linkage with a phosphorothioate group are the
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subject of numerous papers (see table 9). Other oligonucleotide analogs have been tested as substrates
for endo- and exonucleases. The natural substrates were modified at either the base residues (table 9,

entry 4) or at the sugar moieties (table 9, entries 5, 6, and 7).

The tetraphosphate ApgA and its analogs are other examples of a cleavage of a phosphodiester

(table 9, entry 8).

3.3.3.2. Other Phosphate and Phosphonate Diesters

Enzymes have often been used as mild catalysts to hydrolyze phosphate and phosphonate diesters.

Cyclic phosphate diesters can be hydrolyzed selectively with RNases and phosphodiesterases to

give the corresponding phosphate monoesters (table 10, entries 1 and 2).
((table 10))

Phosphodiesterases have been used to deprotect phosphonate diesters (table 10, entries 3-5). This
method is especially useful for sensitive compounds (see table 10, entry 6 : a P-O bond could be

cleaved selectively in the presence of a P-N bond).

3.3.4 Other P-O Bond Cleavages
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Phosphate and phosphonate esters can also be cleaved enzymatically to give products different

from those obtained by enzymatic hydrolysis. -

The formal migration of a phosphoryl group between the Cg and the C; of glucose is catalyzed by
phosphoglucomutase. Mechanistic studies were performed with the thiophosphate analog of glucose 6-
phosphate 16. In the presence of phosphoglucomutase, this analog yields 6-thioglucose 1-phosphate

17, albeit at a slower ratev than the natural substrate (figure 10, [96]).
((figure 10))

Aminolysis of phosphonate diester derivatives have been used to form organophosphorus analogs

of peptides (18) with phosphatases and phosphodiesterases ([151], [152]).

The equilibrium between phosphoenolpyruvate and phosphonopyruvate (19, figure 10) is catalyzed
by a phosphomutase. The mechanism of the transformation of a phosphoryl into a phosphonoyl group
has been studied with labeled and S-substituted analogs of the natural substrate ([153], [154], [155],

[156], [157], [158]).

Numerous analogs of carbohydrate polymers (i.e., amylose, glycogen) have been prepared from
modified monosaccharide 1-phosphates with phosphorylase (figure 11 shows the natural substrates)

([159], [160], [161], [162]).

((figure 11))

Abbreviations
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AcK: acetate Kinase; AcP: acetyl phosphate; AdK: adenylate kinase; AppA: pl,p-di(adenosine 5°-) n-
phosphate; ARS: aminoacyl tRNA synthetase; ATP, ADP, AMP: .adenosine 5’-fri-, di-,
monophosphate; ATP-a.-S: (Sp)-adenosine 5'-O-(1-thiotriphosphate); ATP-y-S: adenosine 5-0-(3-
thiotriphosphate);CK: carbamyl kinase; CP: carbamyl phosphate; CrK: creatine kinase; CTP, CDP,
CMP: cytidine 5°-tri-, di-,rménophosphate; dATP, dAMP: deoxyadenosine 5’-tri-, monophosphate;
DNAﬁ deoxyribonucleic acid; AG: change in free_enérgy; GK: glycerol kinase; GTP, GDP, GMP:
guanosiné 5°-tri-, cvlri‘-, monophosphz;te; HK: hexol%inuse; IUBV: Intern&ional Univon of Biochemi#ry;
MCP: methoxycarbonyl phosphate; NTP, NDP, NMP: nucleoside 5’-t;i-, di-, monophoséhate; PC:
phosphocreatine; PEP: phosphoenol pyruvate; P;: orthophosphate; PK: pyruvate kinase; Py:
polyphosphafe; P,K: polyphosphate l%inase; PPi: pyrophosphate; PR’PP: S-phospho-D-ribosyl oc;l-
pyrophosphate; RNA: ribonucleic acid; tRNA: transfer RNA; RK: ribokinase: RTP, RMP: ribavarin tri-
,‘ monophosphate; U: one unit: the amount of enzyme that catalfzes the formation of 1 umol / minute;

UTP, UDP, UMP: uridine 5’-tri-, di-, monophosphate.
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table 6: Hydrolysis of Phdsphate and Pyrophosphate Monoester

' R-O-PO32.~ : R-OH Lo S

Entry R-O , Enzyme C Reference
1 Polyprenol (phosphates and ~ Acid Phosphafasc (EC3.1.3.2)  [110],[111],
pyrophosphates) or Alkaline Phosphatase (EC [112], [113],
‘ 3.1.3.1) - [114], [115], [116]
2 | CH,OPO4* Acid Phosphatase (EC 3.1.3.2) [117]
HO COz or Alkaline Phosphatase (EC
OH 3.1.3.1)
OH
o)
3 Acid Phosphatase (EC 3.1.3.2) [118]; see also
[119], [120],
[121], [122]
4 KDO 8-Phosphate Phosphatase [123]
3 NH 5’-Ribonucleotide [124] °
N | N\> phosphohydrolase (EC 3.1.3.5)

HO OH




:

7
8
9 0-0
1
St
3
in3or6
0]
10 N

0—P—0
&

o

Alkaline Phosphatase (EC
3.1.3.1) or Acid Phosphatase
(EC 3.1.3.2)

Alkaline Phosphatase (EC
3.1.3.1)

Alkaline Phosphatase (EC
3.1.3.1) or Acid Phosphatase (2-
Phases System) (EC 3.1.3.2)

Alkaline Phosphatase (EC
3.1.3.1)

Inorganic Pyrophosphatase (EC
3.6.1.1)

[103]

[104]

[125], [126]

127

[35]
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-Table 7: ~ Hydrolysis of Thiophosphates -

- R-0-PSO2> ———— R-OH

Entry -~ R-O

Enzyme Reference
1 HaC—0 Alkaline Phosphatase (EC [128], [129]
| | T 3.1.3.1)
5 OZN_@_ o Alkaline Phosphatase (EC [126], [129)
3.1.3.1) or Acid Phosphatase
(EC 3.1.3.2) |
3 @—N:N@_o Alkaline Phosphatase (EC [128]

3.1.3.1)




p—

table 8: Hydrolysis of Phosphorothioates and Imidodiphosphates

R-S-PO32- R-SH
R-NH-PO32- R-NH»,
Enoy R-S or R-NH Enzyme Reference
1 H,N—CH,-CH,-5 Alkaline Phosphatase (EC [129]
3.13.1)
) Q Alkaline Phosphatase(EC [129]
HgC_C_‘NH"CHz"'CHz‘S 3 1 3 1) '
3 OOC—CH,-CH>-S Alkaline Phosphatase (EC [129]
3.1.3.1)
4 Cﬁzf Alkaline Phosphatase (EC [130]
3 3.1.3.1)
s :coz‘ Alkaline Phosphatase (EC [130]
S 3.1.3.1) or Pyruvate Kinase (EC
2.7.1.40)
6 S  Alkaline Phosphatase (EC [96]
o) 3.1.3.1)
OH OH ‘
HO
OH '
7 (I? (l? | Alkaline Phosphatase (EC [131]

—P—0—P—NH
S ! 3.1.3.1)
:O- O-




FRRTR TR

=

table 9: Hydrolysis of Nucleic Acids, Nucleosides and their Analogs
Entry Starting Material Product Enzyme Reference
1 RNA Nucleoside Nuclease P1 (EC [101], [73]
Monophosphates or 3.1.30.1) or
Nucleoside Nuclease Py (EC
Diphosphates 3.1.30.1) and
Polynucleotide
Phosphorylase (EC
2.7.7.8)
2 denatured DNA Deoxy Nucleoside DNase I (EC [94]
Monophosphates 3.1.21.1) Nuclease
P; (EC 3.1.30.1)
3 Phosphorothioate Substituted Endo- (EC 3.1.30.1) [134], [135],
Nucleic Acids and Exonucleases  [136], [137],
(EC 3.1.4.1) (EC  [105], [138],
3.1.16.1) [139], [140]
4 - Nucleotide Analogs ' Restriction [141]
Containing Modified Bases Endonucleases
5 Nucleic Acid Analogs ' Exonucleases [142]

Containing L-Ribose




o

NH, cytidine + allo-
| NN uridine 6'phosphate
HO N/&O
'
O OH o
\ o
R
o7\ CU\ NH
o) l /&
HO N
o O
HO OH
- Nucleotide Analogs
Containing Acyclic Sugar
Analogs

Thiophosphate Analogs of
AppPppA

RNase A (EC
3.1.27.5) RNase
To(EC 3.1.27.1)
Nuclease S (EC

3.1.30.1)

Nucleases
Phosphodiesterases
(EC 3.1.16.1)

Ap4A Hydrolases
(EC 3.6.1.17) (EC
3.6.1.41) ApsA
Phosphorylase (EC
2.7.7.53)

[103]

[143], [144]

[145], [107]
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table 10: Hydrolysis of Phosphate and Phosphonate Diesters

R-0-PO3R’s ———~  R-O-PO3;HR’
" R-CR’;-PO3R’’; ————————~ R-CR’;-PO3H; or R-CR’;-PO3HR”’

Entry Starting Material Product Enzyme Reference

(EC 3.1.27.1)

1 AcO o B AcO— o B RNase Ty (EC [146)
_w 3.1.27.3) and RNase Ty
O O O O
, N/ \
P .

P/
77\
d/\o_ . O/ O-
) Ha0—CH~=CH,B H,C—CH-CHB RNases or [147]
O\ ,O C,) OH Phosphodiesterase
R O=P-0
//\ |
o O O
B = Base
2 ﬁ R=R=H Phosphodiesterase 1 [148],
(BtO);HC —CH=CH-CH,-P—OR (EC 3.14.1) [149]
OR'
R=R'=Et
TFA—Ala-Asp NH'(,:HCOOEt ‘R=H Phosphodiesterase I [148]
creH i EC 3.1.4.1
CH,PO3R; ( -1.4.1)




[\

o O R=H Phosphodiesterase I [150]
R,O4R r—-{
Ny N— (EC 3.1.4.1)
e} .
R=FEt
o q R=H Phosphodiesterase I [148]
S
P
TSN ook (EC 3.1.4.1)
RO |




figure 1:

figure 2:

figure 3:

figure 4:

Classes of eniymes involved in reaction at phosphorous A and B represent enzyme types

~ that handle phosphonc monoesters and related compounds (*O may be an oxygen of a

'hydroxyl carboxyl, or phosphoryl group, or the mtrogen of a guamdme group. For

51mphc1ty, displacements at the y—phosphoryl groups of nucleosides triphosphates were
classified with these reactions.). C, D and E represent the enzymes that catalyze

transformatlons of phosphoric dlesters (dlsplacements at o or 3 phosphorous groups of

nucleoside tnphosphates and transfer of pyrophosphates were classified with the reactions

of phosphoric diesters.).

Enzymatic Synthesis of p1,p4-di(adenosine 5’-)tetraphosphate (Apg4A; 1) with aminoacyl
tRNA synthetases (ARS). AA can be leucine, for example, and ARS leucyl t-RNA
synthetase [11].

Structures of the most important biological phosphorylating agents. P = phosphate.

ATP regeneration via the glycolytic pathway [45]. Eleven enzymes are used to catalyze the

conversion of glucose to lactate.




figure 5:

figure 6:

figure 7.

figure 8:

, Enzymatic Synthesis of Nuclebsidc Trip*h»o'sphates.- i) Phosphéglyceréfe mutase (EC

2.7.5.3); ii) enolase (EC 4.2.1.11); iii) pyruvate kinase (EC 2.7. 1.40); iv) adenylate kinase -
(EC 2.7.43,X = A, C, U), guanylate kinase (EC 2.7.4.8, X = G) or nucleoside
monophosphate kinase (EC 2.7.4.4, X =U).P = phdsphate. See ref. [74].

Coupled enzymatic synthesis of PRPP from D-ribose [35]. 1) ribokinase; ii) pyruvate
kinase; iii) PRPP-synthetase; iv) adenylate kinase.

Enzymatic synthesis of ribavarin 5’-t1ipho$phate (RTP; 14) from ribavarin 5’
monophosphate (RMV) [48]. i) adenylate kinase (EC 2.7.4.3); ii) pyruvate kinase (EC
2.7.1.40).

Enzyme catalyzed separation of a racemic mixture of D,L-3-chloropropane-1,2-diol. i)

glycerol kinase; ii) alkaline phosphatase.




figure 9: General scheme for an enzyme-catalyzed synthems of sucrose w1th UDP-glucose [82] 1)
| fsucrose synthetase, ii) pyruvate kinase; iii) UDP- glucose pyrophosphorylase; iv) -

inorganic pyrophosphatase.

figure 10: ~ P-O bond cleavages with hydrolytic enzymes, not leading to the products of hydrolysis.

figure 11:  Phosphorylase catalyzed formation of polysaccharides and modified polysaccharides. 1)

phosphorylase.




L ¢ Q- o o
RIOSE-0"  O-P50-P5OSP-Nu  R-OSb-O-R
510 . V.OT ,,oT IO | I

B C D E

figure 1




figure 2

ARS

AA + ATP %- AA — AMP — ARS

ATP

HO OH : HO OH




oP O . . 0

, 4 , OH 0
o~ - PO ' L
}\coz- ,H@O*“*OP HZN/U\OP \.).\,COQP ,/l,\,op
2 3 4 5 6
NH,
N AN .
N
| J\Hf PPPO— </N | J NHo*
o N )
PHNT NN ‘%S? PHN/U\N’(CHQ)“"\rCO2
CH, O : NH+
~ HO OH
7 8 9
OH OP
OH
HO Q HO Q |
H&%op H&OH po._J__oH
OH OH o
10 11 | 12

figure 3




figure 4

OH + 2 P, + 2ADP &

2ATP4 +2H20 +2

> IIIO
o I
O N

N i



figure 5




pyruvate

ATP + ATP :

2ADP

AMP + ATP J

HO OH

pyruvate PEP

figure 6




figure 7

pyruvate




pyruvate PEP

15

figure 8




UDP.gluose wP

v PEP
2P i PP i
i
UtpP
HO pyruvate
H ' '
OPO,2
o-Drgiucose 1-phosphate

figure 9




CEOOEt'» " Phospro-
AcNH—(I)H CHj desterase

H,C~CHzP- OFt
0

OPOz2

COO

figure 10

- COOEt
ASNH-CH  oH;
HQC—CHé-ﬁ—-NH(‘)H | ?Hs

o CHy CHy P—NHCH,COOEY

CH, COOEt
1 .

O
18



figure 11

- _OH i
. Q —
o‘é\\\ —
. HO ’

‘-f-opo32».'f'»‘%i s e ferm s ds

n+1 T BT T,



