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Abstract

Biocatalytic methods for introducing phosphate groups into organic molecules employ
either ATP-dependent kinases, which naturally form phosphate esters, or phosphatases,
phosphate ester hydrolyzing proteins, which can also be operated in the reverse direction
and transfer a phosphate moiety from a suitable donor to an acceptor alcohol. In the
recent past, the latter class of enzymes has received much attention, since in contrast to
using kinases, the need for cofactor recycling is obviated and the substrate spectrum is
considerably broader. In this context mostly pyrophosphate (PP;) has been employed
as the phosphate donor, since it is cheap and easy to prepare. However, PP; exhibits
chelating effects towards divalent metal ions, rendering it an unfavorable donor with
metal-dependent phosphatases and additionally at least one equivalent of phosphate is
produced as by-product, which is often undesired, not only from an academic point of
view. Other high-energy donors, such as p-nitrophenyl phosphate or phosphocreatine,
are also accepted by many phosphatases, as has been reported in earlier publications.
The aim of the current investigations was probing a variety of (non-)natural organic
donors in transphosphorylation reactions with metal-dependent and metal-independent
phosphatases. Furthermore, during the course of practical work, two methods for sup-
pressing enzyme-catalyzed product hydrolysis over time, a common issue of transphos-
phorylation reactions involving phosphatases, have been developed. These involve tight

pH control and proper choice of enzyme concentration.



Zusammenfassung

Biokatalytische Methoden, um organische Molekiile mit Phosphatgruppen zu erstellen,
bedienen sich entweder ATP-abhéngiger Kinasen, die auch in der Natur Phosphorsiu-
reester bilden, oder Phosphatasen, Proteine, die Phosphorsaureester hydrolysieren und
auch in umgekehrter Richtung betrieben werden kénnen, um eine Phosphatgruppe von
einem passenden Donor auf einen Akzeptoralkohol zu iibertragen. In jlingster Vergan-
genheit wurde der letzteren Enzymklasse viel Beachtung geschenkt, da im Gegensatz
zum FEinsatz von Kinasen das Recycling des Cofaktors iiberfliissig und das Substrat-
spektrum breiter ist. In diesem Zusammenhang wurde meist Pyrophosphat (PP;) als
Phosphatdonor eingesetzt, da es billig und leicht darzustellen ist. Allerdings zeigt PP;
Chelateigenschaften gegeniiber divalenten Metallionen, was es zu einem ungtinstigen Do-
nor fiir metallabhéngige Phosphatasen macht, und dariiber hinaus wird mindestens ein
Aquivalent Phosphat als Nebenprodukt erhalten, was nicht nur von einem akademischen
Standpunkt aus betrachtet oft unvorteilhaft ist. Andere energiereiche Donorsubstanzen,
wie etwa p-Nitrophenylphosphat oder Phosphokreatin, werden ebenso von vielen Phos-
phatasen akzeptiert, wie es in dlteren Veroffentlichungen ausgefithrt wurde. Das Ziel der
gegenwartigen Forschung war es, eine Vielzahl (nicht) natiirlicher organischer Donor-
substanzen in Transphosphorylierungsreaktionen mit metallabhangigen und metallun-
abhéngigen Phosphatasen zu testen. Weiterhin wurden im Zuge der praktischen Arbeit
zwei Methoden entwickelt, die enzymkatalysierte Hydrolyse des Produkts im Laufe der
Zeit, die ein hdufiges Problem von Transphosphorylierungsreaktionen mit Phosphatasen
darstellt, zu unterdriicken. Diese umfassen eine strenge Kontrolle des pH-Wertes und die

genaue Wahl der Enzymkonzentration.
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1 Introduction and Theoretical Background

Phosphate anhydrides and esters play an essential role in Nature and are distributed
across the entire living world [1]. They are involved in a multitude of cellular processes in-
cluding secretion, phototransduction and cell proliferation regulating signal-transduction
pathways [2], glycolysis, gluconeogenesis, fatty acid metabolism, nucleotide biosynthe-
sis, the Calvin cycle and the pentose phosphate pathway [3]. Phosphoryl groups form
the backbone of DNA and RNA (Figure 1) and phosphates prevail the main source
of biochemical energy in the form of adenosine triphosphate (ATP), phosphoenolpyru-
vate (PEP) and creatine phosphate (CP) [1,4] for example, which all have low AG’
values for hydrolysis (see Section 1.3). Phospholipids, which are ubiquitous in all bio-
logical membranes, and also cofactors such as thiamine pyrophosphate (TPP) [3] and
nicotinamide adenine dinucleotide phosphate (NADPH/NADP™) [5] add to the list of
significant phosphate ester containing compounds in biochemistry. Kinases (EC 2.7.1.X—
2.7.4.X) [6], like hexokinase [7] or glycerol kinase [8], and phosphorylases (EC 2.4.X.X,
glycosyltransferases, and 2.7.7.X, nucleotidyltransferases) [6], like sucrose phosphory-
lase [9] or glycogen phosphorylase [10], form P—O bonds in Nature, however many more
types of enzymes exist, which deal with phosphorylated compounds [11]. Among them
are phosphatases, a large and diverse group of enzymes, which hydrolyze phosphate
esters and/or anhydrides and belong to several classes, for instance EC 3.1.3.X (phos-
phoric monoester hydrolases) and EC 3.6.X.X (acting on acid anhydrides) [6]. As will
be described in more detail in the following sections, these enzymes cannot only transfer
phosphate groups to water, but also to a broad range of acceptor alcohols, when suitable
high-energy donors are employed. The identification and characterization of such donors

with various phosphatases was a main target of the investigations in Section 2.
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Figure 1: Examples of important phosphorylated compounds in Nature



1.1 Phosphate Esters in Nature, Organic Chemistry and Medicinal
Chemistry

1.1.1 Natural Role of Phosphate Esters

Several reasons exist why Nature selected phosphates: They are ionized at physiological
pH [12], which makes them stay within cells. At the same time, negative charges are
important for the “packaging” of nucleic acids and binding of cofactors to enzymes [1].
Phosphate diesters further represent an ideal choice for linking nucleic acids, since their
negative charge distribution and ionization energies are more favorable compared to al-
ternatives like citric acid or silicic acid in preventing attacks by nucleophiles, rendering
DNA very stable. Still, nucleic acid cleavage can readily be conducted by enzymes,
which lift kinetic restrictions and increase reaction rates 10% to 10'2-fold [1]. As already
indicated, in biochemistry a large variety of enzymes, dedicated to hydrolyzing phos-
phorylated species of many kinds, including ATP (see also Table 1), has evolved and
phosphate (P;) or pyrophosphate (PP;) have prevailed as the preferred leaving groups
of Nature [3].

1.1.2 Applications in Organic Chemistry

Classical organic synthesis in contrast usually depends on less stable/more reactive
groups than phosphate dianions, like halides, triflates or tosylates for nucleophilic dis-
placement or elimination reactions. Although in some name reactions phosphoryl groups
act as leaving groups, such as in the Appel [13] or the Mitsunobu-reaction [14], in that
case phosphine oxides and not phosphates are generated and the driving force of those
reactions resides in the oxidation of P(III) to P(V) [15]. In spite of that, some re-
searchers tackled investigations towards phosphate esters being the leaving group, but
in hardly any report other species than triesters were the reaction intermediates, pre-
sumably because of the lower solubility of mono- and diesters in organic solvents due to

their negative charge.

Guijarro et al. [16] for instance reported that trialkyl phosphates, which were prepared
from the corresponding alcohols with POCI; under basic conditions, can be converted
into organolithium compounds in a 4,4’-di-tert-butylbiphenyl (DTBB) catalyzed lithia-
tion. They were subsequently reacted in-situ with several electrophiles under Barbier-
type reaction conditions. Trisubstituted phosphates, where R'=R?=R? (Figure 2), as
well as mixed phosphates (R'=R?*#R?) were assayed and minor amounts (< 10%) of

pinacol-type products were observed when coupling with carbonyl compounds.



R ﬁ R 1. THF, Li powder, E, 5 mol% DTBB, -30°C
0o » R-E
"R
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Figure 2: Reaction conditions employed by Guijarro et al. : E = electrophile = Me;SiCl,
PhMe,SiCl, PhCHO, Et,CO, PhCOEt; R = Et, CH,CH=CH,, Pr', Bu", Ph;
scheme adapted from Guijarro et al. [16]

A less toxic and and more convenient alternative to the Chugaev elimination for the
dehydration of secondary alcohols to yield alkenes was devised by Quast and Dietz [17]:
After the formation of a diphenyl phosphate ester by reaction of the alcohol with triph-
enyl phosphate or diphenyl phosphochloridate in the presence of base in water-miscible,
high boiling solvents, such as sulfolane, the intermediates were subjected to thermolysis
to furnish alkenes, which were distilled from the mixture (Figure 3). While the exact
mechanism of the elimination was not elucidated by the authors, the ratios of the dehy-
dration products obtained from menthol and neomenthol as well as the rearrangement

of alkenes by 1,2-shifts indicated the presence of ionic intermediates.
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Figure 3: Dehydration of cyclohexanol (R = H) and the tetramethyl (R = Me) derivative
via in-situ generated alkyl diphenyl phosphates and thermolysis, as reported
by Quast et al. [17]

Finally, Yanagisawa et al. pointed out that allylic phosphates can be substituted with
Grignard reagents in the presence of a transition metal [18]. The regioselectivity of the
reaction (Sy2 versus Sy2’) can be triggered by using appropriate catalysts, as depicted

in Figure 4.
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Figure 4: Substitution of allylic phosphates by Grignard reagents, as described by Yanag-
isawa et al. [1§]

Chiral phosphoric acid esters, which act as Brensted acids, can be used as organocat-

alysts in a variety of enantioselective transformations [19]. For instance, phosphoric
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acid diesters with 1,1’-bi-2-naphthol (BINOL) and derivatives thereof catalyze an enan-
tioselective Mannich reaction, yielding optically active S-amino ketones, as outlined in
Figure 5. By choosing aryl or diaryl substituents at the 3,3’-positions (G) of the binaph-

thyl, enantioselectivity could further be enhanced.
Boc. o o (R)1 (2 mol%) Nk
| + —_—
Ph/I\H M CHQC|2, r.t., 1h Ph ©
6}

99 )
P
/\
g ©OH
B-naphthyl
) %

(R)-1

Figure 5: Enantioselective Mannich reaction, catalyzed by BINOL-derived monophos-
phoric acids [19]

In terms of biocatalysis, dihydroxyacetone phosphate (DHAP) is a very prominent phos-
phate ester. Enzymes, like fructose 1,6-diphosphate aldolase or fuculose 1-phosphate
aldolase belong to group I aldolases and are dependent on DHAP as donor (nucle-
ophile) [20,21]. A multitude of carbohydrates may be stereoselectively synthesized using
these enzymes, such as the naturally occurring D-fagomine, an iminosugar, which mod-
ulates bacterial adhesion and lowers postprandial blood glucose [22]. Group I aldolases
can also be utilized to produce non-natural carbohydrates, which due to structural simi-
larities to natural sugar moieties, inhibit glucosidases, carbohydrate-degrading enzymes,
and therefore can mend lysosomal storage disorders and diabetes [23]. Examples of such
compounds are the sugar-mimicking pyrrolidine derivatives synthesized by Calveras et al.

using fuculose 1-phosphate aldolase, rhamnulose 1-phosphate aldolase and DHAP [24].

Since many aldolases are restricted to their donor [20], several different biocatalytic
methods for the (in-situ) generation of the unstable DHAP and other substrates, such
as D-glyceraldehyde-3-phosphate (G3P), were established [25]. These are among the
most important representatives of phosphorylated intermediates in biocatalysis and will

therefore be discussed more thoroughly in Section 1.5.4.

Nucleotides, which are often added to food due to their flavor enhancing properties,
are meaningful examples for phosphate esters produced industrially with an annual
worldwide production of 16000t [26]. Among them are inosine 5-monophosphate (5-
IMP) and guanosine 5’-monophosphate (5-GMP), which are responsible for the umami



taste [26]. The biological activity of those compounds is dependent on the position of the
phosphate group: Inosine 2’-monophosphate and inosine 3’-monophosphate for instance
are tasteless [27]. A convenient, regioselective phosphorylation of inosine [28-31] and
guanosine [32] can be achieved using (mutated) phosphatases and was conducted by the
group of Asano. A more detailed overview on transphosporylation reactions involving

phosphatases is given in Section 1.5.3.c.

Further industrial applications of phosphate esters in form of phosphorylated sugars
range from glucosamine 6-phosphate as knee pain treatment and food supplement against

osteoarthritis to ingredients of cosmetics (moisturizers) and detergents [33].

1.1.3 Applications in Medicinal Chemistry

Drugs are often administered in a masked form, as so-called prodrugs, which are trans-
formed into an active species in the body by a chemical or enzymatic reaction [34].
The motivation behind this usually is the improvement of several properties like absorp-
tion, distribution, metabolism & excretion of the compound and, such as in the case of
orally administered glycosidase inhibitors, also the relief of unwanted side effects, like
gastrointestinal problems [35]. In this context, phosphate may be attached to a free
hydroxyl moiety of a drug to increase water solubility until being cleaved off in vivo
by alkaline phosphatases for instance that are present in many tissues, such as the in-
testinal epithelium, the liver and kidney tubules [36]. Prednisolone sodium phosphate,
an immunosuppressant for children, is an example for this type of prodrug (Figure 6),
which is 30x more water-soluble then prednisolone and in addition has a less unpleasant
taste [34]. Other compounds belonging to the same class are fosamprenavir, a HIV pro-
tease inhibitor [37], and fosphenytoin, an anti-seizure medication. The phosphate moiety
of the latter compound is attached through a hydroxymethyl linker, which upon cleavage
of the P—O bond undergoes spontaneous hydrolysis and phenytoin is released [38,39].

Prednisolone

Prednisolone phosphate

Figure 6: Dephosphorylation of prednisoline phosphate by a phosphatase, adapted from
Huttunen et al. [34]



A very smart prodrug concept for amines involving phosphates was described by Nicolau
et al. [36]: After hydrolysis of the phosphate ester, the butanamide derivative rapidly

lactonizes and thereby releases the active amine moiety of the drug (Figure 7).

Q o 0
e I ©0 e
: 0

| ,RZ
H phosphatase OH H lactonization )
e B — + R%-NH;

R R R

Figure 7: Prodrug system for amines, adapted from Nicolaou et al. [36], R' = H or OH

An utterly different strategy has to be pursued, when an “active” drug should carry
phosphate groups. In that case hydrophilicity has to be reduced by suitable masking
groups to enable diffusion of the compound across the plasma membrane to its site of
action. Only within cells, these groups are cleaved off chemically or via endogenous
enzymes and the medication stays trapped inside [40]. Some drugs are subsequently
phosphorylated even further by kinases, giving rise to the active triphosphorylated form
[34].

A very straightforward approach for masking phosphates is the formation of acyloxyalkyl
or alkyloxycarbonyloxyalkyl esters (Figure 8). Upon cleavage of one of the carbonate or
carboxylate esters by an esterase, a hydroxymethyl intermediate is formed, that quickly
decomposes into formaldehyde and a phosphoric acid diester, which is further converted
by a phosphodiesterase [41]. Phosphonates can be esterified in a similar fashion, albeit

more than one stereoisomer of the final compound is produced.
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Figure 8: Phosphate/phosphonate groups masked by formation of acyloxyalkyl or alky-
loxycarbonyloxyalkyl esters, R = Me, -Bu, O-i-Pr, [D] = drug, scheme
adapted from Hecker et al. [41]

The HepDirect system (Figure 9) for phosphate masking has been devised to specifically
target liver cells [34]. Local cytochrome P45 monooxygenases mediate an oxidation of
the benzylic carbon next to the phosphate/phosphonate ester bond, yielding a hemiketal,
which spontaneously undergoes ring opening and S-elimination to give rise to the active
drug [42].
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Figure 9: Phosphate/phosphonate groups masked by formation of cyclic 1-aryl-1,3-
propanyl esters, [D] = drug, scheme adapted from Erion et al. [42]

1.2 Chemical Routes to Phosphate Monoesters

As phosphate esters encompass many fields of (bio)chemical, industrial and pharma-
ceutical research, a variety of methods have been developed to access such compounds
via traditional synthetic routes. Phosphorus containing starting compounds can ei-
ther be in oxidation state V or III (the latter are more reactive, but water-sensitive
and an oxidation step is required in the end [43]) and comprise phosphoryl chloride,
POCI; [43-47], and phosphorochloridates, (RO),POCI [48-50], as well as phosphorus
trichloride, PCly [51-53], and chlorophosphines, (RO),PClI/ROPCI, [52]. Halide-free
strategies also exist, in which N-phosphoryl oxazolidinones [54], phosphorothioates,
(RO),POSR [55-58], and phosphoro(di)amidites, ROP(NR,),/(RO),PNR, [43,59], are
utilized for example. Further, phosphoric acid (esters) can be esterified with an alcohol

employing activating agents, such as carbodiimides [43,53].

The following section will predominantly focus on methods applicable to the formation
of phosphoric acid monoesters, which typically make use of P(V)-compounds. For a
comprehensive list of all known strategies regarding the synthesis of mono-, di- and
triesters, the reader is referred to relevant literature and the references cited therein
(43,53, 58].

1.2.1 Activation of Phosphoric Acid (Esters)

Monoesters of phosphoric acid can be prepared via activation with dicyclohexylcar-
bodiimide (DCC, Figure 10) similar to carboxyl esters [53], albeit one has to con-
sider that in case of this particular phosphoryl group transfer a different mechanism
applies and no pentavalent intermediate is formed. It is also active enough to pro-
duce diesters and by far not the only coupling agent that has been characterized in

conjunction with phosphoric acid (esters). For instance triesters were obtained from
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diesters, when treated with e.g. mesitylenesulfonyl chloride or mesitylenesulfonyl tetra-
zolide (MST, Figure 10). The latter has the advantage of producing a weak nucleophile,
which is less prone than chloride to attack the newly formed ester [53]. Further ex-
amples for the preparation of monophosph(on)ates include CCI;CN [43], SOCI, [60],
bromotris(dimethylamino)phosphonium hexafluorophosphate (BroP) and N,N N’ N’.-
bis(tetramethylene)chlorounium tetrafluoroborate (TPyClU) [61].

o % o CL N ? o Q Q /O
0-P-0 « < O + R-OH —>» RIO-P-0° N)LN
© 0®© H H
bce

0
;
RO\P//O
N=N Q" om? 0
o oRe QNN 0=8=0 R3-OH - Ng-OH
RIO-P-OR? + . > ———» R'O-P-OR?2 + %
e) o) /R “R3
o) NN OR
MST

Figure 10: Activation of inorganic phosphate with dicyclohexylcarbodiimide (DCC) and
activation of phosphate diesters with mesitylenesulfonyl tetrazolide (MST)
[53]

In the last decade attempts have been made to discover further methods for the selec-
tive generation of monoesters from activated phosphoric acid and alcohols following the
principles of green chemistry. These include the formation of acetyl phosphate interme-
diates [62], a refined strategy of trichloroacetonitrile activation [63], nucleophilic base
catalysis [45] and even utilization of oxorhenium(VII)-species [64]. Articles by Sakakura

et al. are recommended to the interested reader.

1.2.2 Phosphoryl chloride

Phosphoryl chloride is among the most widely utilized phosphorylating agents for the
generation of mono-, di- and triesters [43] and can even be used industrially. For instance
Aitken and coworkers described an upscalable method for the transformation of primary
alcohols, applied in 1.8 fold excess with respect to POCl;, into symmetrically substituted
phosphoric acid diesters in the presence of Et;N and subsequent steam hydrolysis [44].

With different reaction conditions and an excess of phosphoryl chloride, monoesters can
be obtained (Figure 11) and nucleosides are even regioselectively phosphorylated on the
primary hydroxy group: Yoshikawa et al. identified trialkyl phosphates to be accelerators
in that reaction and water to inhibit 2’-OH or 3’-OH phosphorylation [46]. Later, Sowa
and Ouchi developed an improved method with complete selectivity for the 5-OH group
using POCI;, water and pyridine in a molar ratio of 2:1:2 [47].
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Figure 11: Regioselective phosphorylation of inosine with POC], reported by Yoshikawa
et al. (method I, [46]) and Sowa and Ouchi (method II, [47])

It is worth pointing out that in neither method depicted in Figure 11 the active phospho-
rylating agent is POCI;. Rather, adducts (Figure 12) of the acid chloride and trialkyl
phosphate (method I) or tetrachloropyrophosphate and pyridinium chloride (method IT)

were identified.

(0] (0]
RO O I n®
@ Cl~p_o_p_ €]
F!O—P—O—IFI’\’CI c® CI’P o-P N:\ /> Cl
RS o cl
method | method |

Figure 12: Active phosphorylating agents identified by Yoshikawa et al. (method I, [46])
and Sowa and Ouchi (method II, [47])

1.2.3 Phosphorochloridates

Khawaja and Reese qualified o-phenylene phosphorochloridate as a very powerful phos-
phorylating agent [48]. The mechanism proceeds via the formation of a triester (Fig-
ure 13) with an alcohol, R'—OH, in the presence of Et;N, 2,6-lutidine or pyridine in
THF, dioxane, benzene or acetonitrile, followed by hydrolysis with an excess of water
and at least one equivalent of base to yield an o-hydroxyphenyl phosphate ester, which is
oxidatively converted into the monoester RI—OPO:,,Q_. The last step may be achieved via
Br,/H,0 [48], which is preferable for acid-labile esters, but limited to saturated alcohols.
Olefinic esters can be obtained using HIO, under acidic conditions. Monoesters, which
are acid labile and unsaturated can be prepared by oxidation with Pb(OAc), in dioxane
under alkaline conditions [49]. Primary, tertiary and even sterically demanding alco-
hols were esterified employing this method, emphasizing the reactivity of o-phenylene

phosphorochloridate.

Another phosphorochloridate, bearing two 2,2,2-trichloro-1,1-dimethyl substituents (Fig-
ure 14), was designed for the selective phosphorylation of the 5-OH group of nucleoside
derivatives. After formation of a triester in pyridine and DMAP, the desired nucleotide

is obtained via selective cleavage with cobalt(I)-phthalocyanine [50].
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Figure 13: Preparation of phosphoric acid monoesters via o-phenylene phosphorochlori-
date, investigated by Khawaja and Reese [48,49]
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Figure 14: Phosphorylation of the 5-OH group of thymidine by bis(2,2,2-trichloro-1,1-
dimethyl) monochlorophosphate, as described by Kellner et al. [50]

1.2.4 Phosphorothioates

Ohkawa and coworkers investigated the phosphorylating abilities of 2-(methylthio)-4 H-
1,3,2-benzodioxaphosphorine 2-oxide [55,56], outlined in Figure 15. By heating of the
compound in DMF with an amine catalyst and an alcohol, an O-alkyl O-2-hydroxybenzyl
S-methyl phosphorothioate is generated, which is reacted with cyclohexylamine to yield
a phosphorothioate monoester via an intermediate formation of a carbenium ion. Finally,
the methylthio group can easily be removed by iodine oxidation to give a phosphoric
acid monoester [57,58]. Still, the nature of R—OH should not be too complex: If (2'-
OH, 3’-OH) unprotected nucleosides are phosphorylated with this method, a mixture of
products, including a 2’,3’-cyclic phosphate, is obtained [57].

1.2.5 Phosphoric Acid Monoesters as Phosphorylating Agents

Two types of phosphoric acid monoesters are employed as phosphorylating agents. Com-
pounds belonging to the first class bear a good leaving group and readily undergo an
ester exchange reaction with alcohols in the presence of base. p-Nitrophenyl phosphate
(pNPP) [65] and 2-(N, N-dimethylamino)-4-nitrophenyl phosphate [58] can be named as

representative examples. A general reaction scheme is presented in Figure 16.
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Figure 15: Formation of phosphoric acid monoesters, starting from 2-(methylthio)-4H-
1,3,2-benzodioxaphosphorine 2-oxide, according to Ohkawa et al. [55-57]

0 0
R'O-P-OH + R2YH —>» RYY-P-OH + RI-OH
OH OH

Figure 16: General scheme of an ester exchange reaction; Y = O, S, NH for pNPP and
Y = O, S for 2-(N,N-dimethylamino)-4-nitrophenyl phosphate

In phosphate monoesters, which can be assigned to the second class, the alkyl group,
like 2-cyanoethyl, acts as a blocking group (Figure 17). First, diesters are formed from
these substrates with an alcohol via activation by e.g. DCC. Subsequently, the blocking

group is removed e.g. under mild alkaline conditions [66].

0 : 0
NC DCC  NC OH
\-0-P-OH + R-OH ——»  “-0-P-OR —3 HO-P-OR
OH OH OH

Figure 17: Synthesis of phosphoric acid monoesters utilizing 2-cyanoethyl phosphate,
adapted from Tener et al. [66]

Compounds from both of the above mentioned classes have been reported to yield
phosphoric acid monoesters [58], however the outcome of the strategies outlined above
strongly depends on the reaction conditions and the nature of the substrates. For ex-
ample if pNPP is employed, polyphosphates are obtained, if a large excess of pydirine
is used [65] and among the drawbacks of the 2-cyanoethyl method (anhydrous triethy-
lamine/aq. ammonia) is the formation of bis-phosphates in the synthesis of 5’-phosphates

of L-ribonucleosides [58].

1.2.6 P(l11)-Compounds

Diethyl phosphorochloridodithioite (Figure 18) is an example of a P(III)-compound
employed in the synthesis of monoalkyl phosphates. After reaction with an alcohol

under basic conditions, a phosphite is formed, which can be oxidized to the monoester
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with I,/H,O. Depending on the nature of R—OH, the overall yields range from 39—
66 % [67].

S base S I2/H20 O
P-Cl + R-OH ———» P-OR ———» RO-P-OH + g5~
S S OH

) )

Figure 18: Preparation of phosphoric acid monoesters, starting from diethyl phospho-
rochloridodithioite, as examined by Takaku et al. [67]

The main application of P(IIT)-Compounds, however, is the synthesis of di- and triesters
of phosphoric acid. To this end, phosphorus trichloride, PCl; [51-53], and chlorophos-
phines, (RO),PCl or ROPCI, [52], as well as phosphoro(di)amidites, ROP(NR,), or
(RO),PNR, [43,59], are commonly employed.

1.3 High-Energy Phosphorylated Compounds in Nature

Phosphoryl transfer reactions in biochemisty are determined by thermodynamics. Phos-
phate donors have a more negative free energy of hydrolysis, AG'°1yar0, than acceptors.
Thus, a compound from Table 1 can phosphorylate all other compounds named under-
neath it [68]. For instance, the phosphoamide phosphocreatine is capable of converting
ADP to ATP in the presence of a suitable enzyme [69].

Table 1: AG"°hydro values for common metabolites [68], structures in Figure 19

metabolite AG  hydro [kJ mol™!]

phosphoenolpyruvate (PEP) -62

carbamoyl phosphate (CP) -51

1,3-bisphosphoglycerate -49

acetyl phosphate (AcP) -43

phosphocreatine (PC) -43 _—

pyrophosphate (PP;) 33 high-energy compounds
phosphoarginine -32

ATP — AMP + P; -32

acetyl CoA -32

ATP — ADP + P -30

glucose 1-phosphate -21

glucose 6-phosphate -14 §

glycerol 3-phosphate 9 low-energy compounds
AMP —— adenosine + P; -14
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Figure 19: Examples of common metabolites

The “energy currency” of Nature, adenosine triphosphate (ATP), can also be found in
the list. A main concept in biology is the activation of a low-energy compound via phos-
phorylation, which enables it to undergo further transformations. Kinases catalyzing
this process are typically ATP-dependent [70]. Although phosphate ester formation is
thermodynamically uphill, the hydrolysis of the high-energy P—O bond of ATP releases
quantities of energy large enough to render the overall phosphoryl transfer process ther-
modynamically favorable. Low-energy phosphorylating agents from Table 1 on the other
hand can only function as such, if the transfer reaction is coupled to a thermodynamically

more favored reaction [3].

Phosphoenolpyruvate (PEP) is on top of Table 1. It is generated from 2-phosphoglycerate
by an enolase in glycolysis and subsequently its phosphate moiety is transferred onto
ADP by pyruvate kinase. The highly negative free energy of hydrolysis can be attributed
to the tautomerisation of PEP into the keto form, once the phosphate ester is hydrolyzed.

In gluconeogenesis, PEP is formed via a different pathway in the mitochondria [3]:

0 pyruvate carboxylase

pyruvate + CO, + ATP + H, » oxaloacetate + ADP + P; + 2 H™

oxaloacetate + GTP phosphoenolpyruvate carbomylase/ PEP + GDP + COQ

PEP also occurs in the photorespiration regulating C4 pathway of tropical plants, where

it is converted to oxaloacetate, which carries CO, from mesophyll cells, that are in
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contact with air, to bundle-sheath cells, where photosynthesis takes place. The overall

reaction of the pathway can be summarized as follows [3]:
CO,(mesophyll cell) + ATP + H,0 — CO,(bundle—sheath cell) + AMP + 2P; + H*

Finally, PEP also plays a role in the synthesis of the aromatic amino acids phenylalanine,
tyrosine and tryptophan, where it is condensed with erythrose 4-phosphate in the initial
step. Later in the same pathway, another molecule of PEP is reacted with shikimate

3-phosphate to give a 5-enolpyruvyl intermediate that decomposes into chorismate [3].

The second compound in Table 1, carbamoyl phosphate (CP) with its high-energy an-
hydride bond, is formed e.g. in the beginning of the urea cycle and also in the de novo
synthesis of pyrimidine nucleotides by carbamoyl phosphate synthetase from HCO5 and
NH," at the expense of two molecules of ATP (Figure 20) [3]. Notably, in both pathways,

CP acts as a carbamoyl group donor and not as a phosphorylating agent.

o NHg P, o ATP  ADP

X 2.8
S P
o e ;4 )J\ ;4 HoN o/6 0o°

P
o HoN" ~OH 5

o ATP  ADP o
fo >t X

HO

Figure 20: Formation of CP by carbamoyl phosphate synthetase, scheme modified from
Stryer [3]

Phosphocreatine (PC) represents a high-energy phosphate group donor in muscles of
vertebrates, which can regenerate ATP for a limited amount of time, before metabolism

has to take over [3]:

creatine kinase

ATP + creatine

creatine phosphate + ADP + H™

Acetyl phosphate (AcP) is a metabolic intermediate in many anaerobic bacteria and
E. coli, which typically is formed from acetyl CoA by phosphotransacetylase. It serves in
substrate level phosphorylation of ATP during anaerobic growth in a reaction mediated

by acetate kinase [71]:

phosphotransacetylase

acetyl CoA + P; AcP + CoA

AcP + ADP

acetate kinase

acetate + ATP

AcP and PEP for example can be chemically synthesized for their application in bio-
catalytic phosphorylation/ATP regeneration reactions with purified enzymes (see Sec-

tion 1.4.2). The disodium salt of AcP can readily be formed by acylation of phosphoric
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Figure 21: Synthesis of acetyl phosphate (AcP), described by Crans and Whitesides [72]

acid with acetic anhydride in ethyl acetate prior to extraction of AcP into water, ex-
traction of acetic acid from the aqueous layer with ethyl acetate and neutralization of

the solution to pH 7 for storage and use, as outlined in Figure 21.

The preparation of PEP in contrast is much more elaborate [73]. Hirschbein and cowork-
ers suggested a synthetic route (Figure 22) starting with bromination of pyruvic acid,
formation of the dimethyl ester of PEP with trimethyl phosphite in a Perkow reaction

and alkaline hydrolysis of the triester to yield the monopotassium salt.

O
O (0]
/lH‘/OH Bra Br\)J\H/OH _ POCHgs 5 OH ~ o OH
0 0 1. H,O
\ \
~o” \O 2. KOH KO~ \O

Figure 22: Synthesis of phosphoenolpyruvate (PEP), suggested by Hirschbein et al. [73]

1.4 Kinases

Most of the classical synthetic methods for obtaining phosphate esters described in Sec-
tion 1.2 make use of very reactive reagents, require precisely tuned reaction conditions to
prevent the formation of unwanted side products, and display constraints with respect
to the nature of the substrate, which may render them unsuitable for particular prob-
lems. Especially the regioselective phosphorylation of polyhydroxy compounds, such as
nucleosides, is challenging and, apart from the two methods depicted in Section 1.2.2,
typically require multiple protection an deprotection steps [20,74]. In order to address
these issues, several biocatalytic routes have been developed. The following section will
cover the advantages and shortcomings of using enzymes belonging to the class of kinases
for that task.

1.4.1 General Considerations

Kinases belong to the Enzyme Comission (EC) categories 2.7.1.X-2.7.4.X, transfer a
phosphate moiety predominantly from ATP to alcohol, nitrogenous, carboxy or phos-

phate groups [6] and form esters of lower energy [70]. An example reaction of the 6’-OH
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selective phosphorylation of glucose by glucokinase at the expense of ATP is given in Fig-
ure 23. Aside from being regiospecific, phosphate transfer reactions employing kinases

can also be enantio- [75] and diastereospecific [76].

H. g/~ O~ .OH N Q Q
. O FI>\ FI>\O F'>\O/\1>‘ /\N
HO OH O@ 2 9 W
OH OH NQ/N
ATP
(IF?’ O. .OH P
©0" 50 , o oo RSN,
© - .y @O @O - 7%/’\”'@
HO OH HO' " |
OH OH Ny N

Figure 23: Regioselective phosphorylation of glucose by glucokinase and ATP as the
phosphorylating agent [77]

The use of stoichiometric amounts of cofactor is unfavorable, not only economically,
but also thermodynamically [68]: High concentrations of ADP can shift the reaction
equilibrium towards the substrate side. Consequently, ATP is employed just in catalytic
amounts and recycled ideally 10%-10° times [20, 78] by another kinase, which in turn is
dependent on a (preferably cheap and stable) phosphorylated donor (Figure 24). This
application of cell-free enzymes in the regeneration of ATP has been reported to be
more specific and more compatible with other components of enzymatic reactions than

chemical methods or protocols employing whole cells [78].

kinase A
R-OH R-OPO42
ATP ADP
Donor—OH Donor—OPO3%
kinase B

Figure 24: Regeneration of ATP with a second kinase [20]

1.4.2 ATP Recycling Methods

Several high-energy phosphorylated compounds presented in Table 1 in Section 1.3 can
be utilized as a phosphorylating agent for ATP regeneration with an appropriate enzyme.

Some of the most common systems are presented below.
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o PEP/pyruvate kinase: The phosphorylated donor is difficult to prepare (see Sec-
tion 1.3) and both phosphoenolpyruvate [74] and pyruvate [70] inhibit kinases, but
PEP represents a strong phosphorylating agent (see Table 1) and is furthermore
very stable (see Section 2.3). Pyruvate kinase in addition has a very low Ky to
ADP of only 0.1 mM [79], which makes it the enzyme of choice with low cofactor
concentrations.

o AcP/acetate kinase is the most widely used ATP-regeneration system [70]. Acetyl
phosphate is easy to prepare (see Section 1.3), but is not as stable as PEP (see
Section 2.3) and has a lower phosphorylating potential (see Table 1). Acetate was
described to be a weak inhibitor of acetate kinase [70] and AcP was identified to
inhibit hexokinase [80]. The Ky of acetate kinase to ADP is 0.4mM [81].

« Methoxycarbonyl phosphate (MCP)/acetate kinase: The development of this sys-
tem aimed at the replacement of AcP as phosphorylated donor [79] and has sev-
eral advantages: The phosphorylating potential of MCP is similar to PEP, but
its preparation from phosphate and methyl chloroformate in aqueous solution is
significantly less cuambersome (solutions of MCP can be used without further purifi-
cation). Upon hydrolysis of the P—O bond of MCP, methyl carbonate is released,
which rapidly decomposes into methanol and CO,. A major drawback of this
method is the limited half-life of MCP of only 0.3h at 25°C and neutral pH.

o Further systems for ATP-regeneration have been summarized by Faber [20] and
Whitesides [70] and include carbamoyl phosphate (CP)/carbamyl kinase, polyphos-
phate (polyP)/polyphosphate kinase as well as phosphocreatine (PC) /kreatine ki-

nase.

1.4.3 Representative Kinases and Applications in Phosphate Ester Formation

Hexokinase (EC 2.7.1.1) catalyzes the regioselective phosphorylation of the primary hy-
droxy group of hexoses [6]. As an example it was employed by Pollak and coworkers to
generate glucose 6-phosphate (G6P), a valuable compound for NAD(P)H cofactor regen-
eration [82], on a molar scale using the AcP /acetate kinase system for ATP recycling [7].
It is not eminently specific to the type of substrate, since pyranose and furanose analogs
of glucose are accepted as well as carbohydrates, in which the secondary OH-moieties are
replaced by e.g. fluorine [74]. The latter class of compounds may give rise to new phar-
maceuticals, since they represent strong inhibitors of the nonfluorinated type due to the

similarity of C—F and C—OH in bond length and polarity, but not in reactivity [83].

The natural substrate of Glycerol kinase (EC 2.7.1.30) is glycerol [8], which is enantio-
and regioselectively phosphorylated to D-glycerol 1-phosphate, however dihydroxyace-

tone (DHA) and a wide range of primary alcohols are also accepted [20,75] and can be
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phosphorylated in a stereoselective fashion [84]. Consequently, glycerol kinase has been
used by Wong et al. in the synthesis of dihydroxyacetone phosphate (DHAP), which
subsequently was converted into fructose 6-phosphate with triosephosphate isomerase
and an aldolase [85]. DHAP may however also be generated in a phosphatase-mediated

reaction [86], which will be discussed in more detail in Section 1.5.4.

NAD kinase (EC 2.7.1.23) is able to transform NAD™" into the more expensive NADP™*
quantitatively, as pointed out by Walt and coworkers [87]. In the corresponding manu-

script, ATP was regenerated employing the AcP /acetate kinase system.

Non-ATP-dependent kinases were found in various Gram-positive bacteria such as Arthro-
bacter sp., which utilize polyphosphate (polyP) as phosphorylating agent [88]. It is a
common belief that polyP was the precursory high-energy compound to ATP, as some
kinases can use both donors. In addition, the crystal structure of polyP/ATP glucoman-
nokinase resembles the structure of hexokinase, confirming theories of a common ances-
tor [89]. Polyphosphate glucokinase (PPGK) and polyP-glucose G-phosphotransferase
(PGPTase, EC 2.7.1.63) as examples of this class of enzymes catalyze the transfer of a
phosphate moiety from polyP to the 6’-OH group of glucose [33].

To summarize, kinases may readily be used in certain phosphorylation tasks, however,
since they evolved to synthesize particular compounds in Nature, they only tolerate
limited variations regarding their substrate. The next section therefore will introduce
phosphatases, which can also be utilized for the formation of phosphate esters, but
display a broader substrate spectrum, as they are involved in biochemical degradation.

In addition, these enzyme are not dependent on ATP as cofactor.

1.5 Phosphatases

In Nature, the hydrolysis of phosphate esters is catalyzed by phosphatases, a very large
and diverse group of enzymes. Some of them are known to fulfill distinct functions: For
instance the membrane bound glucose 6-phosphatase (G6Pase), located in the liver and
the kidney cortex, plays a critical role in the regulation of blood glucose [90] and the
dephosphorylation of protein-tyrosyl residues by protein tyrosine phosphatases (PTPs)
represents an important cellular control mechanism [91]. Assigning phosphatases to EC
categories is difficult, since most of them have a rather relaxed substrate spectrum and
can catalyze the hydrolysis of both phosphate esters (EC 3.1.3.X, phosphoric monoester
hydrolases) and acid anhydrides (EC 3.6.X.X: acting on acid anhydrides), such as in
pyrophosphate (PP;) [92]. Consequently, different methods for categorization were de-

veloped [93], which may be based on sequence similarity, but also on certain properties
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like pH optimum (alkaline versus acid), origin, substrate profile (specific versus non-
specific) or substrate size (low versus high mass) [94]. The following section intends to
give an overview of prominent phosphatase families and point out representative enzyme
examples, which were either already applied in biocatalytic transformations or could be
promising candidates, as well as their catalytic mechanism. Further and most impor-
tantly, the employment of phosphatases in the synthetic direction in order to generate

phosphate esters in the presence of a suitable donor will be covered.

1.5.1 Overview and Examples

Although phosphatases act on P—O bonds in a number of ways, they can be summarized
into two main groups: Enzymes, which catalyze a direct nucleophilic attack by water
on phosphate esters and enzymes, which form a phosphoenzyme intermediate. Both
types can employ metal ions, which lower the activation energy for bond fission [68].
In phosphoenzyme-intermediate-forming phosphatases, metals increase the nucleophilic-
ity of amino acid residues in the active site [93], whereas in the non-intermediate-
forming type, they coordinate to non-bridging oxygen atoms of the phosphate ester,
rendering phosphorus more electrophilic [77], and furthermore they make the attack-
ing nucleophile (e.g. water) more nucleophilic [93]. The mechanism of both types of
phosphatases proceeds through an Sy2-like nucleophilic attack on phosphorus rather
than carbon, which has been investigated by Hass et al. in experiments with glucose
6-phosphatase (intermediate-forming) and H,'*0 [95] (Figure 25): '*0 was found ex-
clusively in the free phosphate (determined by mass spectrometry). Consequently, in-
version at the P-atom is observed with phosphatases, which catalyze a direct phospho-
ryl transfer to water [96,97], whereas members of the phosphoenzyme-intermediate-
forming group perform a double inversion on the phosphorus atom, resulting in a
net retention of the configuration [98]. Enzymes can be experimentally classified into
one of the two groups, when being exposed to e.g. 7O & '®O-labeled phosphate es-
ters [98].

-P- OH e
5 e \g . So-P-0
18
\8 Ser Oe
Ser
H A

Figure 25: Hydrolysis of the phosphoserine intermediate in glucose 6-phosphatase pro-
ceeds via attack on the P-atom [77]
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Purple acid phosphatases (PAPs, EC 3.1.3.2 [6]) belong to the non-intermediate-forming
group and contain either Fe(I1T)-Fe(II), Fe(IIT)—Zn(II) or Fe(III)-Mn(II) centers, which
are surrounded by seven invariant amino acids [93]. They hydrolyze phosphoric acid
monoesters and amide substrates [99], but their precise catalytic mechanism is still
enigmatic: After formation of a pre-catalytic complex and subsequent coordination of
the phosphate to at least the divalent metal ion [93], it is either attacked by a bridging
hydroxide or by a non-coordinating hydroxide in the second coordination sphere to expel
the leaving group. Finally, the bound phosphate is replaced by two water molecules in
a poorly understood sequence [99]. Until now, these enzymes have not been employed
in the synthetic field yet.

Enzymes constituting the histidine phosphatase superfamily do not require metal ion
cofactors and form a phosphoenzyme intermediate. Acid phosphatases, as well as some
bacterial and fungal phytases (EC 3.1.3.26 [6]) belong to this large class of proteins [100].
During catalysis, a histidine residue in the highly positively charged (hence phosphate
ester stabilizing) active site is phosphorylated. The leaving group is protonated via a
glutamate or an aspartate residue, as depicted in Figure 26. Following that, the in-
termediate is attacked by water, unless a competitive acceptor is present. In this case
transphosphorylation may occur, which has been demonstrated already in the 1950s
by Morton employing an acid phosphatase from prostate gland, phosphocreatine as
donor and glucose, glycerol, 1,2-propanediol, dihydroxyacetone and glyceraldehyde as
substrates [101].

ROH

HO

Figure 26: Catalytic mechanism of phosphatases belonging to the histidine superfamily;
PD = proton donor (aspartate or glutamate), numbering as in E. coli SixA,
modified from Rigden [100]

Phytate (myo-inositol hexakisphosphate), the major form of phosphorus in plants, is
the natural substrate of phytases [102]. Supplementation of these enzymes in animal
food obviates the need for inorganic phosphorus supplementation and concomitantly
prevents the excretion of non-metabolized dietary phytate, which would cause environ-
mental problems [103]. In the field of biocatalysis, phytase has been employed in the
one-pot synthesis of 5-deoxy-5-ethyl-D-xylulose (Figure 27): After phosphorylation of
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glycerol by phytase, DL-glycerol 1-phosphate was converted to dihydroxyacetone phos-
phate (DHAP) by glycerol phosphate oxidase (GPO), which was further condensed with
butanal by fructose 1,6-diphosphate aldolase (FruA) after raising the pH. Following the
aldol reaction, the pH was lowered again in order to re-enable the activity of phytase,

dephosphorylate 5-deoxy-5-ethyl-D-xylulose phosphate and yield the product [104].

OH

Ho._J_opog
OH phytase, pH 4 GPO,pH 7.5 o butanal
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OH
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M H,O
catalase
OH O OH O
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5-deoxy-5-ethyl-D-xylulose

Figure 27: One-pot synthesis of 5-deoxy-5-ethyl-D-xylulose according to Schoevaart et
al. [104], DHAP = dihydroxyacetone phosphate, GPO = glycerol phosphate
oxidase, FruA = fructose 1,6-diphosphate aldolase

Protein tyrosine phosphatases (PTPs) are metal-independent enzymes, which hydrolyze
phosphate esters of tyrosine residues and thereby regulate cellular processes like pro-
liferation, growth and differentiation [105]. They form phosphocysteine intermediates,
which can either be attacked by water or an alcohol [106], however the latter has scarcely
been investigated. All PTPs possess a “phosphate binding loop”, which consists of an
arginine residue and main chain nitrogens, which are oriented, so that they can interact
with the equatorial O-atoms of the phosphate group [105]. The catalytic mechanism is
delineated in Figure 28.
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Figure 28: Catalytic mechanism of protein tyrosine phosphatases (PTPs) [105]

The majority of proteins belonging to the haloacid dehalogenase (HAD) superfamily are
phosphate monoester hydrolases (79 %) and ATPases (phosphoanhydride hydrolases,
20%) and can be found in all three superkingdoms of life [107] being involved in a
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variety of pathways, such as organ formation, as well as in diseases like cancer or neu-
rological disorders [108]. HAD-like phosphatases form a phosphoaspartate intermediate
(Figure 29) and at the same time are dependent on Mg*". The metal aids in position-
ing the phosphate moiety for an attack of Asp and stabilizes the approximation of the
nucleophile to the substrate electrostatically [108]. YniC-Ec [109] as a representative

enzyme of this class was investigated in the experimental part (Section 2).
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Figure 29: Catalytic mechanism of HAD-like phosphatases [108]

Given their significance, the next two sections will focus on alkaline phosphatases and
bacterial non-specific acid phosphatases (NSAPs), which were applied in both the hy-

drolytic and the synthetic mode in numerous biocatalytic transformations.

1.5.2 Alkaline Phosphatases

Alkaline Phosphatases (APs) are dimeric enzymes with an alkaline pH optimum, which
can be found in most organisms [93], typically contain two Zn*" and one Mg ion in the
active site and hydrolyze both phosphomonoesters and (with low activity) diesters [110].
They accept a broad range of substrates and often form a phosphoserine intermediate,
which can be attacked either by water or an alcohol [93]. The transphosphorylation
activity of APs has already been investigated in the 1950s [111] and a multitude of
transformations utilizing these enzymes in both the hydrolytic and the synthetic direc-
tion have been reported since. This section deals with the catalytic mechanism of APs

and gives a cursory overview of their application in biocatalysis.

1.5.2.a Catalytic Mechanism

The AP from E. coli has been extensively studied in the past decades, which included
elucidation of its mechanism. Only the role of Mg** is not fully understood, although re-
cent studies deliver conclusive evidence of the metal stabilizing the transferred phosphate
moiety via a coordinated water molecule in the transition state (T'S) rather than acting

as a general base catalyst [112]. In addition to the three metal ions in the active site, a
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conserved Arg residue is present, which is considered to play a role in TS-stabilization

as well as substrate binding [93].

A simplified transition state model is given in Figure 30. As summarized by Cleland and
Hengge [93], the phosphate ester is hydrogen-bonded to Argl66 and also coordinates to
both Zn®t ions. The phosphoenzyme intermediate (E-P) is formed via Ser102 (upon
deprotonation and coordination to Zn2), which performs an in-line attack at the phos-
phorus center, expelling the leaving group with its negative charge being stabilized by
Zn1 in the TS. Subsequently, water or an alcohol can coordinate to Znl, enabling a nu-
cleophilic attack on the phosphoserine intermediate. At a pH <7, the rate-limiting step
is the hydrolysis of E-P, whereas at pH > 7 the ultimate release of phosphate determines
the speed of the reaction [93].
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Figure 30: X-ray structure based model of interactions in the TS in an alkaline phos-
phatase catalyzed reaction, numbering as in E. coli AP [93]

PhoK/SPHSX from Sphingomonas. sp. strain BSAR-1, employed in Section 2 and
described by Bihani et al. [113], has less than 15% sequence identity to E. coli AP
and is more related to nucleotide phosphodiesterases (NPP), albeit it shows striking
preference for action on monoesters. Further differences from the F. coli enzyme include
Thr as a catalytic residue instead of Ser, the lack of a Mg®" binding pocket, the deletion
of Arg, which stabilizes the phosphate in the TS in E. coli AP, and the requirement of
Zn** and Ca®" for activity. Nonetheless, the geometry of its active site (bimetallic zinc
core, coordinated by His and Asp) and the way the phosphoryl group is oriented during
catalysis resemble other APs, suggesting a similar in-line displacement mechanism with

a trigonal-bipyramidal TS, as outlined above.

1.5.2.b Dephosphorylation

The employment of alkaline phosphatases in the hydrolytic mode is particularly valu-
able in synthetic tasks, in which regioselective dephosphorylation is demanded. For

instance, the synthesis of 2’-carboxy-D-arabinitol 1-phosphate, an inhibitor of ribulose
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1,5-bisphosphate carboxylase, studied by Gutteridge and coworkers, proceeded via for-
mation of 2’-carboxy-D-arabinitol 1,5-bisphosphate, which was exposed to both an alka-
line and an acid phosphatase [114]. AP produced a 4:1 mixture of the desired compound
and the 5’-phosphate, whereas the acid phosphatase yielded 2’-carboxy-D-arabinitol 1-
phosphate almost quantitatively.

Further substrates subjected to dephosphorylation by APs were for example p-nitro-
phenyl phosphate and its phosphorothioate analog [115] as well as naphthyl 1,2-dioxetane
phosphates [116]. In addition, ligation of DNA can be prevented by removal of the 5-
phosphate group by an AP, which represents a useful tool in molecular biology [117].

1.5.2.c Transphosphorylation

As already briefly mentioned, the phosphotransferase activity of APs has already been
reported several decades ago: In 1958 Morton used APs purified from cow’s milk and
calf intestinal mucosa in the generation of phosphoric acid monoesters of glucose, fruc-
tose, glycerol, 1,2-propanediol, DL-glyceraldehyde and dihydroxyacetone (DHA) with
e.g. phosphocreatine (PC) and pyrophosphate (PP;) as donors [111].

Later, Pradines et al. also employed APs in the phosphorylation of simple alcohols, poly-
ols and diols with PP; or polyphosphate as donors [118]. High substrate concentrations
were chosen to shift the equilibrium and favor transphosphorylation. The same group
also described the production of glycerol 1-phosphate with immobilized AP, which was
identified to be regio- but not stereoselective [119]. Notably, phosphate as donor at
concentrations of 0.4 M—0.8 M and an excess of glycerol (80% v/v) were employed and
good yields (75 gL~ 41 %) could be obtained.

Gettins and coworkers investigated the phosphorylation of tris(hydroxymethyl)amino-
methane (Tris) by AP via 3'P-NMR and found the transphosphorylation activity to
increase significantly at pH8 to 10 [120]. This finding matches the observations from
Pradines et al. of APs being most active at pH6 in the hydrolytic and at pH 8.5 in the
synthetic mode [118]. Most likely, alkaline conditions are required for the alcohol, whose

pKa is lowered likely by a Zn*" ion, to be deprotonated [68].

Further general aspects regarding transphosphorylation, which apply to all kinds of
phosphatases, but predominantly have been discussed in literature in conjunction with

non-specific acid phosphatases, are given in Section 1.5.3.c.
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1.5.3 Bacterial Non-specific Acid Phosphatases

Bacterial non-specific acid phosphatases (NSAPs) are monomeric or oligomeric enzymes
with an M, of 25-30kDa per subunit, can either be membrane-bound lipoproteins or
soluble periplasmic proteins, hydrolyze a wide range of phosphoric acid esters and display
an activity maximum at acidic to neutral pH [121]. Based on their amino acid sequence,
they can be divided into the three subclasses A, B and C [94].

Class A non-specific acid phosphatases are characterized by the common sequence mo-
tif K-X(6)-R-P-X(12,54)-P-S-G-H-X(31,54)-S-R-X(5)-H-X(2)-D [121], which can also be
found in vanadate containing haloperoxidases [122], mammalian glucose 6-phosphatases
[123] and some lipid phosphatases [124]. Therefore, apo-chloroperoxidases, which lack
vanadate as prosthetic group, can function as phosphatases [125] and conversely, vana-
date-supplemented acid phosphatases have been described to show bromoperoxidase ac-
tivity [126]. According to sequence, substrate spectrum and susceptibility to inhibition,
class A proteins can be further assigned to subgroups A1-A3 [121]. PhoC-Mm from Mor-
ganella morgandi [27,29], PhoN-Sf from Shigella flexneri and NSAP-Eb from Escherichia
blattae [28,127] belong to subclass Al and can dephosphorylate e.g. 5’- and 3’-nucleoside
monophosphates, glucose 6-phosphate and aryl phosphates [121]. The prototype enzyme
for subclass A2, PhoN-Se from Salmonella enterica ser. Typhimurium LT2, also has a
very broad substrate specificity, acts on e.g. nucleoside di- and triphosphates and, in
contrast to Al proteins, hydrolyzes also secondary phosphorylated alcohols [121, 128].
Apy-Sf, an apyrase or ATP diphosphohydrolase from Shigella flexneri, is a representa-
tive of a subclass A3 NSAP. Despite its different substrate preference, its sequence was

found to be highly similar to the phosphatase from Escherichia blattae [129].

Class B NSAPs are completely unrelated to class A and identified by the sequence motif
F-D-I-D-D-T-V-L-F-S-S-P [121]. AphA-St from Salmonella enterica ser. Typhimurium
LT2 was the first enzyme of that group being characterized [130]. Phosphatases belong-
ing to NSAPs of class C, which can be found for instance in Clostridium perfringens [131],
are cell-surface associated and share sequence similarities to class B NSAPs as well as
many other families of phosphohydrolases. They all have a common motif that contains
four invariant Asp residues, which implies that they belong to the same superfamily,
often referred to as “DDDD” [94].

NSAPs form a phosphoenzyme intermediate, however the nature of the catalytic residue
and the requirement for metal cofactors vary with different members of the superfamily,
as will be elaborated in the following section. Nonetheless, similar to other types of
phosphatases, a common feature of several NSAPs aside from catalyzing dephosphory-

lation reactions, is that they readily transfer a phosphate moiety from a suitable donor
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to hydroxy-groups of a multitude of organic molecules, if operated under appropriate
reaction conditions. Hence, they have been investigated by different research groups in
an attempt to establish alternatives to existing kinase-mediated (trans)phosphorylation

reactions, which will be covered in Section 1.5.3.c.

1.5.3.a Catalytic Mechanism

With the aid of X-ray structures of phosphatases from Salmonella typhimurium [132]
and Escherichia blattae [29] as well as mutational analysis [133], the catalytic mechanism
of class A phosphatases was elucidated. N of His197 performs a nucleophilic attack
on the substrate phosphoric acid ester or anhydride in an Sy2-type fashion, furnishing
a phosphohistidine intermediate, as depicted in Figure 31, which can either be attacked
by water (hydrolysis, I) or an alcohol (transphosphorylation, II). N°! of His158 acts
as a general acid/base catalyst and activates the water/alcohol for the attack on the
phosphohistidine intermediate [133]. Notably, the positive charge on the His197 ring is
stabilized by Asp201, which makes the N“>-P bond formation possible.
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Figure 31: Catalytic mechanism of NSAPs, numbering as in PhoN of Salmonella ty-
phimurium [132], the phosphohistidine intermediate can either be hydrolyzed
by water (I) or attacked by an alcohol (II) [133,134]

The class B NSAP AphA-St also belongs to the L2-haloacid dehalogenase superfamily,
which accounts for its different catalytic mechanism and its requirement for Mg®". The
structure of its active site is given in Figure 32. As summarized by Makde et al. [135],
the nucleophilic Asp46 attacks the P-center of the substrate, giving a phosphoaspartate
intermediate. Asp48 acts as the general acid/base catalyst, which donates a proton to
the leaving group in the first step and activates water or an alcohol in the subsequent

hydrolysis of the phosphoenzyme intermediate.
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Figure 32: Active site of AphA-St from Salmonella enterica ser. Typhimurium LT2 with
a bound phosphate, according to Makde et al. [135]

1.5.3.b Dephosphorylation

The production of chiral alcohols is often achieved by lipase-mediated enantioselective
hydrolysis of carboxyl esters (kinetic resolution) [20]. Also phosphatases may be used
for that task, albeit such reactions have been investigated to a lesser extent so far
(Figure 33): For instance, Kimura et al. reported the resolution of D-allo-threonine
& D-threonine by an acid phosphatase [136]. Similarly, as pointed out by van Herk
and coworkers, PhoN-Se hydrolyzed O-phospho-DL-threonine to give L-threonine with
high enantioselectivity (E > 200) [137]. Surprisingly, the same enzyme, when exposed
to O-phospho-DL-serine, produced D-serine, but with lower enantiomeric excess. Conse-
quently, random mutagenesis was performed to alleviate the issue and two mutants were
obtained (N151D and V78L), which displayed increased selectivity [137].

Even if no enantioselectivity is demanded, employing acid phosphatases can be preferable
to chemical methods, for instance when the product of a DHAP-dependent-aldolase-
catalyzed C—C bond formation is labile. To this end, acid phosphatases can be employed

to give rise to the final chiral polyol product under mild conditions [138].

1.5.3.c Transphosphorylation

As briefly remarked before, employing phosphatases in phosphorylation reactions as an
alternative to kinases has significant benefits: There is no requirement for e.g. ATP as
cofactor and the substrate specificity is more relaxed due to the occurrence of phos-
phatases in degradation rather than synthetic pathways. Nonetheless, phosphorylation

reactions are thermodynamically disfavored and reversible with phosphatases: Once the
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Figure 33: Kinetic resolution with acid phosphatases

donor phosphate is entirely consumed, hydrolysis of the initially formed ester/product
by the enzyme begins to dominate. Consequently, the product titer depends on the
reaction time and tight kinetic control of the overall process is required. The fate of
different species in a typical phosphatase-mediated transphosphorylation reaction with

pyrophosphate (PP;) as donor molecule is given in Figure 34.

Since under transphosphorylation conditions there is always competition between water
and the substrate as phosphate acceptor (see Figure 31), the effectiveness of the phos-
phorylation depends on the K, for the alcohol [68]. In addition, as often water is used
as solvent (¢ = 55.5 M) in such transformations, a high acceptor concentration is helpful

to render the interplay between it and the phosphorylated enzyme more likely.

In spite of the drawbacks, several groups tackled research on phosphorylation reac-
tions involving phosphatases. In this regard, NSAPs were by far the most investigated
superfamily, especially in the last two decades, although reports about utilizing acid
phosphatases in transphosphorylation reactions already dates back to the 1940s: Axel-
rod [139] and Appleyard [140] employed acid phosphatases from orange juice or prostate
and incubated them with an acceptor alcohol and pNPP or phenolphthalein diphosphate
as donors. In these early experiments however, it was not yet proven that the phospho-

transferase activity originated from the phosphatase in the enzyme preparations [140].

Subsequently, several other NSAPs and related enzymes were found to exhibit phos-
photransferase activity: Bacterial strains like Salmonella typhimurium [141] (enzymes
AphA-St and PhoN-Se, discussed below) or E. coli [142,143] were identified to express
acid phosphatases capable of performing phosphorylation reactions. Substrates for the
E. coli enzyme, isolated and purified by Brunngraber and Chargaff, included nicoti-

namide riboside (NR, 3’-OH phosphorylated) and nicotinamide adenine dinucleotide
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Figure 34: Fate of PP; (pyrophosphate, donor), P; (phosphate), substrate (alcohol) and
product concentration over time in an NSAP-catalyzed transphosphorylation
reaction. The phosphate from PP; is transferred to the substrate in the
beginning (here until t = 60 min). As soon as the donor concentration falls
below a certain threshold, the product is hydrolyzed by the enzyme.

(NAD, OH of adenosine phosphorylated) [142]. Mammalian glucose 6-phosphatase, de-
scribed by Arion et al., has the same active site as class A NSAPs [123] and accepts
pyrophosphate (PP;), glucose 6-phosphate, carbamoyl phosphate (CP) and other organic

phosphates as donors in transphosphorylation reactions [144].

Nucleosides

The large-scale preparation of nucleosides, which display flavor enhancing properties (5’
IMP and 5-GMP, see Section 1.1), by NSAPs has been of particular interest recently
due to drawbacks of traditional methods: For instance the production of inosine 5’-
monophosphate (5-IMP) by guanosine/inosine kinase (GIKase) requires ATP recycling,
rendering the whole process more complex [145]. Consequently, the group of Y. Asano
developed an alternative method involving class A1 NSAPs from either Morganella mor-
ganii (PhoC-Mm) [27] or Escherichia blattae (NSAP-EDb) [30] using cheap pyrophosphate
(PP;) as donor (Figure 35). PP; has significant advantages over organic donors, espe-
cially in a large-scale environment, since it is easy to prepare [146] and was classified
as “generally recognized as safe” (GRAS) by the Food and Drug Administration in the

United States [68]. However, it exhibits chelating properties and can bind metal ions
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like Ca®", Mg*" and Fe*", which is detrimental to the activity of metal-dependent phos-
phatases (see Section 2.5.1). In addition, at least one equivalent of phosphate by-product

is formed, which renders product isolation difficult.
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Figure 35: Phosphorylation of inosine with an acid phosphatase and pyrophosphate
(PP;) as donor

The wild-type enzymes from both strains were subjected to either random (PhoC-Mm)
[29] or rational site-directed mutagenesis (NSAP-Eb) [28,31] to further increase produc-
tivity and minimize product hydrolysis. F. coli overproducing the 11-point mutant from
NSAP-Eb produced 156 gL~ of 5-IMP with a molar yield of 79% in 24 h [28], which
is comparable to the results obtained from the 2-point mutant of PhoC-Mm: 101 gL
of 5-IMP in 88 % molar yield in 24 h [29].

Another class A1 NSAP, PhoN-Sf from Shigella flezneri, immobilized on Immobead 150,
was successfully applied in the phosphorylation of inosine in a continuous-flow reactor

by Wever and coworkers to yield 5-IMP on gram scale with PP; as the donor [147].

Carbohydrates

PhoN-Sf from Shigella flexneri and PhoN-Se from Salmonella enterica ser. Typhimurium
LT2 were also found capable of phosphorylating various carbohydrates including man-
nose, galactose, allose, a-methyl D-glucopyraniside (MADG) and even disaccharides like
sucrose with PP; as the donor [128]. 100mM D-Glucose for example were efficiently
converted into 60mM D-glucose 6-phosphate (D-G6P) by PhoN-Sf and 100mM PP;
(Figure 36). Interestingly, PhoN-Sf displayed strong preference for the D- instead of
the L-enantiomer of the sugar and D-G6P, once formed, was hardly hydrolyzed by the

enzyme.

As the phosphorylation of D-glucose was found to be very efficient, a three enzyme
cascade (acid phosphatase, glucose 6-phosphate dehydrogenase and ketoreductase) was
set up by Hartog et al. [148], which featured in-situ generation of D-G6P from glucose
and PP; by PhoN-Sf to facilitate redox cofactor regeneration. The total turnover number
for NADPH was reported to be greater than 3000 [148]. Later, the production of D-G6P
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Figure 36: Phosphorylation of D-glucose with an acid phosphatase and pyrophosphate
(PP;) as donor

was further enhanced with PhoN-Sf, immobilized on Immobeads and stable for more

than ten days, in a fed-batch reactor and in a continuous-flow system [147].

Alcohols

The class A NSAPs PhoN-Sf and PhoN-Se are also capable of phosphorylating polyal-
cohols, aromatic, cyclic and simple alcohols [128]. Similarly, also the class B NSAP
AphA-St exhibits phosphotransferase activity with e.g. aliphatic primary alcohols and
pNPP as donor [149]. Notably, glycerol is accepted by PhoN-Sf as substrate and DL-
glycerol 1-phosphate is formed (Figure 37) [128], which represents an alternative to
utilizing alkaline phosphatases or phytase, as described by Pradines et al. [118,119] and
summarized in Section 1.5.2.c. The production of DL-glycerol 1-phosphate by PhoN-Sf
was even conducted on a larger scale in a continuous-flow reactor with 500 mM glycerol
and 250 mM PP;, yielding 110 mM product at the outlet of the system [147].

OH
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Figure 37: Phosphorylation of glycerol with an acid phosphatase and pyrophosphate
(PP;) as donor

1,3-Dihydroxyacetone phosphate (DHAP)

1,3-Dihydroxyacetone phosphate (DHAP), an unstable but mandatory substrate for
DHAP-dependent aldolases (see Section 1.1), can also be synthesized by PhoN-Sf and
PhoN-Se (Figure 38): van Herk and coworkers demonstrated the formation of 52 mM
DHAP by PhoN-Sf from 500 mM dihydroxyacetone (DHA) and 240 mM PP; in ~ 100 min
[86]. The unfavorable high K, of PhoN-Se for DHA (3.6 M) was lowered by directed
evolution to give a single mutant (V78L), which produced 25% more DHAP at the
maximum [25]. To circumvent the rapid hydrolysis of DHAP by the NSAP, it can be
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directly utilized by an aldolase, present in the same reaction vessel, and converted into
a carbohydrate [86]. The in-situ phosphorylation of substrates for aldolase-mediated
reactions is an important application for various kinds of phosphatases in biocatalysis

and therefore some examples will be given in the following section.

o phosphatase 0
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HO\)]\/OH + PP Hle\/oposz + P

Figure 38: Phosphorylation of dihydroxyacetone (DHA) with an acid phosphatase and
pyrophosphate (PP;) as donor

1.5.4 Cascade Reactions involving Phosphatases

Most multienzyme processes for the production of (non-)natural carbohydrates involve
the formation of phosphorylated species, typically dihydroxyacetone phosphate (DHAP)
or D-glyceraldehyde 3-phosphate (G3P) [80]. Although kinases can also be used for this
task [150], employing phosphatases has the advantage that in cascades they can occupy
a bifunctional role: Generation of the substrate for the aldolase and dephosphorylation
of the final carbohydrate phosphate [104,151,152]. The pathways discussed below are
outlined in Figure 39.
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Figure 39: Pathways for the production of carbohydrates discussed in the current section.
A /C: acid phosphatase, B: 2-deoxyribose 5-phosphate aldolase (DERA), D/I:
phosphatase, E: L-glycerol phosphate oxidase (GPO), catalase, F'/G: aldolase,
H: acid phosphatase or kinase
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An example for the route D-E-F-I with phytase acting in steps D and I and fructose 1,6-
bisphosphate aldolase (FruA/RAMA) in step F was already described in Section 1.5.1.
Babich and coworkers investigated the same pathway, but with PhoN-Sf being employed
in steps D and I, which, in contrast to the cascade with phytase, did not require a pH
adjustment [152]. Four different aldolases and several aldehydes, including propanal
and isobutanal, were tested and to show the usefulness of the cascade, D-fagomine (see

Section 1.1) was produced.

The pathway H-G-I has also been reported by van Herk et al.. DHA was phosphorylated
by PhoN-Sf with PP; as donor. After subsequent coupling of DHAP to propanal by
RAMA, the product 5,6-dideoxy-D-threo-2-hexulose was produced via dephosphorylation
by the acid phosphatase [86]. Later, a flow system with immobilized PhoN-Sf and either
RAMA or rhamnulose 1-phosphate aldolase (RhuA) was set up, which also followed the
H-G-I route. Among the aldehydes tested was N-alloc-3-aminopropanal, a precursor in

the synthesis of D-fagomine [153].

The V78L mutant of PhoN-Se, which was already mentioned above, was utilized in
a cascade following the route A-B-C: 200mM DL-glyceraldehyde were phosphorylated
by the mutant in the presence of 100mM PP; and the obtained DL-glyceraldehyde 3-
phosphate was coupled to 50 mM acetaldehyde by 2-deoxy-D-ribose 5-phosphate aldolase
(DERA) to give 2-deoxy-D-ribose 5-phosphate, which was finally dephosphorylated by
the acid phosphatase to yield 5.5 mM of product [25].

1.5.5 Organic Donors and Phosphatases

In publications regarding transphosphorylation reactions with phosphatases, pyrophos-
phate (PP;) is the by far most investigated phosphate donor. Nonetheless, as already
indicated in prior sections, also organic donors are well accepted by various phosphatases.
Among them, p-nitrophenyl phosphate (pNPP) is a very prominent example, since pNPP
itself as well as the by-product p-nitrophenol can be easily tracked spectrophotometri-
cally [154] (see Section 3.1.3). Table 2 lists some publications, in which alternative phos-
phate donors have been used in transphosphorylation reactions. Still, these are mainly
kinetic studies. Interestingly, preparative applications with organic donors have scarcely
been reported, in spite of their striking benefits over PP;: Many of them lack chelating
properties and hence permit the employment of metal-dependent phosphatases. At the
same time, during the course of the reaction, significantly less phosphate by-product is

produced (see Section 2), which simplifies product isolation.

Some organic donors, like AcP or PEP, can readily be utilized as the ultimate phos-

phate source in transphosphorylation reactions involving two kinases and ATP as a
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“phosphate-shuttle” (see Section 1.4 and Figure 24). However, using these donors di-

rectly in conjunction with a phosphatase, represents a much simpler setup (Figure 40).

phosphatase
R-OH R-OPOg*

AcP acetate
or or
PEP  pyruvate

Figure 40: Transphosphorylation with phosphatases and acetyl phosphate (AcP) or
phosphoenolpyruvate (PEP) as donors

In spite of that, reports about the ability of the enzymes selected in Section 2.1 to
accept organic donor molecules were rare in recent literature: YniC-Ec had been already
characterized in hydrolysis of small phosphate donors, including AcP and CP, but not
in transphosphorylation [109] and AphA-St was reported to be active in phosphate
transfer from pNPP to a broad range of organic alcohols [149], however no attempts have
been made to increase the spectrum of organic donor molecules. PhoN-Sf and PhoN-Se
both showed significant performance in phosphorylation of numerous alcohols as well as
carbohydrates [128] and have been also employed in enzymatic cascades [148,152] as well
as in continuous flow reactors in an immobilized form [147,153]. Still, in all cases PP; was
used as the donor. The mutants of NSAP-Eb and PhoC-Mm were both designed for the
production of 5’-nucleotides on an industrial scale [28,29], thus again only pyrophosphate
was selected as the phosphate source. Also phytase was only described to accept PP; in

the phosphorylation of glycerol [104].
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2 Results and Discussion

The performance of a broad range of potential organic phosphate donors, which are
described in Section 2.2, in transphosphorylation with various phosphatases, introduced
in Section 2.1, has been evaluated with the model substrate 1,4-butanediol (140H), as
well as methyl a-D-glucopyranoside (MADG) and 2-hydroxyethyl acrylate (HEA). Best
enzyme candidates were selected in preliminary studies with acetyl phosphate (AcP),
phosphoenolpyruvate (PEP), carbamoyl phosphate (CP) and phosphocreatine (PC) in
comparison with pyrophosphate (PP;). Phosphate transfer reactions were optimized in
terms of selected parameters, such as amount of donor and substrate. During the course
of these studies, the HAD-like phosphatase YniC-Ec was found to be a special case in
terms of transphosphorylation. Thorough investigation of reactions with PEP, where
no hydrolysis of the thermodynamically disfavored product 4-hydroxybutyl phosphate
occurred due to a drop in pH, led to the observation that keeping the pH within a very
narrow range, specific for each enzyme, can be used as a valuable tool to kinetically
control transphosphorylation. Below a well-defined pH, hydrolysis is almost entirely
switched off while maintaining the transphosphorylation abilities of the phosphatase.
This “ideal” pH was found for PiACP, PhoN-Sf, PhoN-Se, Lw and AphA-St and con-
firmed to be independent of the nature of the donor. Immobilisation of PhoN-Se on
various polymer beads bearing oxirane functional groups has been attempted in order
to exploit the reversible “automatic shutoff” in phosphate transfer reactions with PEP.
Finally, new non-natural donors, which represent also enolphosphates like PEP, were
synthesized and tested along with 2,2 2-trifluoroethyl phosphate (TFEP), provided by
BASF, in reactions with the best enzyme candidates at the “optimum” pH and 140H

as substrate.

2.1 Biocatalysts

The phosphatases described in Table 3 were selected for transferring a phosphate moi-
ety from various donor substances, listed in Section 2.2, to the model substrate 1,4-
butanediol (140H), as well as methyl a-D-glucopyranoside (MADG) and 2-hydroxyethyl
acrylate (HEA).
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2.2 Donors for Transphosphorylation

Table 4 sums up all compounds tested for suitability as donors in transphosphorylation
with phosphatases from Section 2.1. Most of them are key intermediates in biochemical
pathways or derivatives of them and show considerably low AG’® values for hydrolysis [4].
Pyrophosphate (PP;), a cheap inorganic donor, was appended to the list as reference
compound, already being well-characterized in conjunction with phosphorylation reac-
tions of various alcohols with PhoN-Se and PhoN-Sf as an example [128, 134].

Table 4: Overview of donors for transphosphorylation

donor name My AGT
[gmol™]  [kJmol™]
o O Phosphoenolpyruvate 206.14 -62
Ko‘ﬁ’o\ﬂ)\OH monopotassium salt (PEP)
o}
o o Lithium carbamoylphosphate 152.89 -51
HQNJJ\O/ZT_'OU dibasic hydrate (CP), anhyd.
o O Lithium potassium acetyl 184.06 -43
)J\O’gkou phosphate (AcP)
Nao. % )N[' on Phosphocreatine disodium salt 255.08 -43
NaO™ N rlu/\[g hydrate (PC), anhyd.
NaO 0 P oNa Disodium pyrophosphate (PP;) 221.94 -33
OH OH
o, O@ I\?H3 Isopropenyl phosphate 336.41
O,\ R’ (di)cyclohexylammonium salt
4;\0 (IPP)
2
o ® 1-(2,4-difluorophenyl)vinyl 434.46
NH;
P 5 phosphate
© (')(éD (di)cyclohexylammonium salt
F F (DFPVP)
0 NH3 2,2,2-trifluoroethyl phosphate 279.19

monocyclohexylammonium salt

(TFEP)
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2.3 Stability of Organic Donors

Since AcP, CP and PC are prone to spontaneous hydrolysis, the half-life of the donors
under conditions typical for transphosphorylation has been identified by 3'P-NMR to be
~T7h for AcP, which also corresponds to reports by Lipmann and Tuttle [165], ~6h for
CP and ~3h for PC (Figures 41, 42 and 43). These figures match the expected leaving
group ability of acetate with a pKa of ~4.8 [166] and creatine with a pKa of ~3.4%.
Carbamate with a pKa of ~5.9! also serves as a fairly good leaving group due to its fur-
ther tendency to decompose into ammonia and carbon dioxide. From control reactions
in screenings it could be deduced that PEP does not hydrolyze significantly for several
days under typical transphosphorylation conditions (pH ~4), despite tautomerisation
into the keto form occurs upon cleavage of the P—O bond. This might be due to the two
negative charges at this pH (pKa values of phosphate ~2.15, ~7.1 and ~ 12.4 [12], pKa
of the carboxylic group ~4.8), rendering PEP very well shielded against an attack by
a nucleophile. Isopropenyl phosphate (IPP) and 1-(2,4-difluorophenyl)vinyl phosphate
(DFPVP) were already characterized by Moriguchi et al. at neutral, acidic and basic
pH. The half-life was 9min for IPP at pH7 (< 1min at pH1) and 516 min for DFPVP
at pH7 (13min at pH1) [167]. Due to the very limited stability of AcP, CP, PC, as
well as IPP and DFPVP in particular, the formation of phosphate (P;) was difficult to
be precisely monitored during the course of transphosphorylation reactions. Also the
initial concentration of the donors, especially in case of the extremely short-lived IPP

could only vaguely be estimated.

100 . . .
AcP% —x<—
Pj% —X—
80 + .
60 t .
SN
40 + .
20 | .
0 1 1 1 1
0 100 200 300 400 500

t (min)

Figure 41: Hydrolysis of 100mM AcP in presence of 500 mM 140H, pH 4.2, room tem-
perature, analysis via 3!P-NMR

1 Calculated using Advanced Chemistry Development (ACD/Labs) Software V11.02 (© 1994-2015
ACD/Labs), accessed via SciFinder 09/2015
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100 T T T

CP% —x—
Pi% —x—
80 | 1
60 -
S
40 + .
20 | ]
0 1 1 1 1
0 100 200 300 400 500

t (min)

Figure 42: Hydrolysis of 100mM CP in presence of 500 mM 140H, pH4.2, room tem-
perature, analysis via 3!P-NMR

100 T T T T
PC% —x<—
Pi% —x—
80 | 1
60 -
S
40 | ]
20 + .
0 1 1 1 1
0 100 200 300 400 500

t (min)

Figure 43: Hydrolysis of 100mM PC in presence of 500 mM 140H, pH4.2, room tem-
perature, analysis via 3'P-NMR

45



2.4 Scope of Parameters in Transphosphorylation

Apart from testing different phosphatases, donors and substrates, during the course of
practical work on the project, several modifications to the general setup for transpho-
sphorylation from Section 3.3.2.a were applied as attempts to kinetically control the
reaction and obtain higher product levels, which included variations of the following

parameters:

e pH (2.9-9.0 depending on the nature of the phosphatase)

« amount of MgCl, for AphA-St and YniC-Ec (10-100 mM)

« concentration of substrate (100-1000 mM for 140H)

« concentration of donor (50-1000 mM for various donors)

« amount of enzyme (2.1-42uM [50-1000 pg mL~!] for YniC-Ec and 0.5-4 UmL™*

for all other enzymes)

2.5 Preliminary Studies

Initial assays for each phosphatase with the new donors AcP, PEP, CP and PC were
conducted and the product and phosphate levels were compared with the data obtained
from reactions with PP; in Section 2.5.1. Based on these observations, the most promis-
ing enzyme candidates were selected for follow-up screenings. Initially, according to the
general procedure (Section 3.3.2), 4U of enzyme (except for 6 U phytase at pH4.2 and
50 or 200 pgmL ™" [only with AcP and PEP] YniC-Ec due to its low Agp.), 500 mM
140H and 100 mM phosphate donor in 1mL deionized (DI) H,O were employed and
the reactions were carried out at pH4.2 (except for SPHSX, which required an alkaline
pH of 9.0 and phytase, which was also assayed at pH2.5) at 30°C and 600 rpm shaking
with 1% DMSO as the internal standard (IS). One unit (U) of phosphatase activity is
equivalent to the amount of p-nitrophenol (pmol) released within one minute in an assay

measuring the dephosphorylation of p-nitrophenyl phosphate (see Section 3.1.3).

2.5.1 Transphosphorylation with PP; as donor

O
OH ) phosphatase o\(? 0% )
Ho/\/\/ + PP; Ho/\/\/ p- + P;

(0]

Figure 44: Phosphorylation of 140H with PP; as donor

Time studies were performed with 4 UmL~" of the acid phosphatases PiACP, PhoN-Sf,
PhoC-Mm-2, NSAP-Eb-11, Lw and 1 UmL™! of PhoN-Se, as the reaction was too quick
to track with a larger amount of enzyme (data not shown). 500mM 140H substrate
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and a donor concentration of 100 mM were chosen, following the general procedure
in Section 3.3.2. The pH was selected to be 4.2 according to earlier observations in
the project. As Figure 45 indicates, all enzymes except PhoC-Mm-2 and NSAP-Eb-11
reached the highest levels of 4-hydroxybutyl phosphate after 20-30 minutes, which was
almost completely hydrolyzed by the enzyme again after 24 h. Reduced hydrolytic ac-
tivity of inosine 5’-monophosphate (5-IMP) has been reported with PhoC-Mm-2 and
NSAP-Eb-11 [28,29]. The phosphotransferase activity of these two mutants also ap-
pears to apply to 140H as substrate. Table 5 lists the maximal product amount,
the time elapsed until it was reached and the amount of phosphate (P;) at this time

point.

70 T T T T T
. PiACP —+—

PhoN-Sf —x<—

PhoN-Se —¢— A
PhoC-Mm-2 —5—
NSAP-Eb-11 —m—
Lw 1

0 200 400 600 800 1000 1200 1400

t (min)
Figure 45: Product formation in phosphorylation of 500 mM 140H with 100 mM PP;
at pH4.2, 30°C, 600rpm shaking, 1% DMSO as IS, 1mL reaction volume

and 4 UmL~! PiACP, PhoN-Sf, PhoC-Mm-2, NSAP-Eb-11, Lw or 1 UmL™!
PhoN-Se

Table 5: Maximum product levels from Figure 45

enzyme t [min] prod. [(mM] P; [mM] prod./P;
PiACP 20 23 147 0.36
PhoN-Sf 30 67 139 0.48
PhoN-Se 30 65 145 0.45
PhoC-Mm-2 240 63 150 0.42
NSAP-Eb-11 240 26 155 0.36
Lw 20 67 145 0.46
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It is worth mentioning, that at every time point there was more P; present in the reaction
mixture than product, indicating loss of donor through PP; hydrolysis. In an ideal case,

with PP; as donor, the ratio product/P; is 1 (max. phosphorylation efficiency).

As an attempt to overcome the chelating effects of pyrophosphate and recover enzyme
activity, different amounts of salt supplementation in the form of MgCl, were assayed
with metal-dependent enzymes: AphA-St, 4UmL™!, and YniC-Ec, 50 pgmL™! due to
its low specific activity (Aspec, see Section 3.3.2.a). Additionally, two different pH values,
4.2 and 5.5, were tested. The substrate (140H) and donor concentrations, as well as
all other parameters did not differ from the general protocol in Section 3.3.2. With
AphA-St, which is known to perform well with pNPP as donor and glycols with alcohol
groups separated by several carbon atoms as acceptor [149], only about 5 mM product at
the maximum were observed with 100 mM MgCl, at pH4.2. Screenings at pH 5.5 gave
even smaller amounts (Figure 46, Table 6). The specific hydrolytic activity of YniC-
Ec was very low compared to other phosphatases (see Table 34), transphosphorylation
reactions proceeded slowly as well. Also here pH 4.2 yielded higher product levels and
after 22h with 10 mM MgCl, considerable amounts of 4-hydroxybutyl phosphate could
be detected (Figure 47, Table 7). Interestingly, in contrast to AphA-St, increased salt
concentration led to deactivation of YniC-Ec instead of (partially) recovering its activity.

Importantly, in the course of the reaction, no hydrolysis of the product was observed.

10mM MgCl,, pH4.2 —e—
T 50mM MgCly, pH4.2 —a— -
100mM MgCl,, pH4.2 —a—
10mM MgCl,, pH5.5 @
50 mM MgCl,, pH5.5 &
100 mM MgCl,, pH5.5 &

0 200 400 600 800 1000 1200

t (min)

Figure 46: Product formation in phosphorylation of 500 mM 140H with 100 mM PP;
in the presence of various amounts MgCl, at pH4.2 and 5.5, 30°C, 600 rpm
shaking, 1% DMSO as IS, 1 mL reaction volume and 4 UmL~! AphA-St
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Table 6: Maximum product levels from Figure 46

AphA-St t [min] prod. [(mM] P; [mM] prod./P;
10mM MgCl,, pH4.2 120 3.0 21 0.14
50mM MgCL, pH4.2 240 3.0 42 71x 1072
100mM MgCly, pH4.2 240 4.9 27 018
10mM MgCly, pH5.5 20 2.0 9 022
50mM MgCL, pH5.5 10 1.6 14 011
100mM MgCly, pH5.5 20 0.8 17 47x107?
50 . .

10mM MgCl,, pH4.2 —e—
50mM MgCl,, pH4.2 —a—
100 mM MgCl,, pH4.2 —a—
10mM MgCl,, pH5.5 —e— 4
50 mM MgCl,, pHb5.5 4~
100 mM MgCl,, pH5.5

40

30

¢ (mM)

20

10

0 200 400 600 800 1000 1200

t (min)

Figure 47: Product formation in phosphorylation of 500 mM 140H with 100 mM PP;
in the presence of various amounts MgCl, at pH4.2 and 5.5, 30 °C, 600 rpm
shaking, 1% DMSO as IS, 1 mL reaction volume and 50 pg mL™! YniC-Ec

Table 7: Maximum product levels from Figure 47

YniC-Ec t [min] prod. [mM] P; [mM] prod./P;
10mM MeCl,, pH4.2 1320 39 72 0.54
50mM MgCL, pH4.2 1320 7.0 21 0.33
100 mM MgCl,, pH 4.2 n.c.

10mM MgCl,, pH5.5 1320 23 113 0.20
50 mM MgCl,, pHb5.5 1320 24 104 0.23
100mM MeCly, pH5.5 1320 6.6 66 0.10
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2.5.2 Transphosphorylation with AcP as Donor

O O €
i o) o)
- hosphatase S
o~ OH )KO,(FI; 5@  Phosp HO/\/\/O\ﬁ/O .\ o
© (0]

Figure 48: Phosphorylation of 140H with AcP as donor

All enzymes of the first set (Figure 49 and Table 8) delivered remarkable amounts
of 4-hydroxybutyl phosphate utilizing acetyl phosphate (AcP) as donor. For PiACP,
PhoN-Sf, PhoN-Se and Lw product levels similar to PP; could be observed. NSAP-Eb-11
(40 vs. 63 mM) and PhoC-Mm-2 (25 vs. 56 mM) displayed almost no product hydrolysis
but did not perform better with AcP than with PP;. This may be due to a compet-
ing and faster hydrolysis reaction of the donor and therefore reduced availability for

transphosphorylation.

As already indicated in Section 2.3, the initial concentration of AcP is uncertain, how-
ever, at the maximum level of 4-hydroxybutyl phosphate 100 % phosphate donor con-
sumption can be assumed. At this point in some cases good product to phosphate
ratios (with AcP, the ideal ratio is not measurable, because all the phosphate would be
transferred on the alcohol) were obtained (above 1 for PhoN-Sf and Lw, see Table 8,
indicating > 50 % phosphate transfer efficiency).

PiACP ——
PhoN-Sf —«—
PhoN-Se —x— A

PhoC-Mm-2 —5—
NSAP-Eb-11 —m—
Lw 1

0 200 400 600 800 1000 1200 1400 1600
t (min)

Figure 49: First set of enzymes: Product formation in phosphorylation of 500 mM 140H
with 100 mM AcP at pH4.2, 30°C, 600 rpm shaking, 1% DMSO as IS, 1 mL
reaction volume and 4 UmL~! enzyme

30



45 +
AphA-St —e—
40 | YniC-Ec 50 pgmL—t —a—
a5 | YniC-Ec 200 pgmL~! —x— |
SPHSX —e—
30 L phytase pH 2.5 —— |
g phytase pH 4.2 —o— L
2 25 :
] 20 .
15 .
10 .
5 _
0 —— -
0 50 10 150 200
t (min)

Figure 50: Second set of enzymes: Product formation in phosphorylation of 500 mM
140H with 100 mM AcP at pH 4.2 except for SPHSX (pH 9.0), 30 °C, 600 rpm
shaking, 1% DMSO as IS, 1 mL reaction volume, 10 mM MgCl, for AphA-St
and YniC-Ec, 10 mM ZnCl, and 10mM CaCl, for SPHSX, 4 UmL™! enzyme,
except for 6 U with phytase pH 4.2 and 50 or 200 pg mL~! YniC-Ec

Table 8: Maximum product levels from Figure 49 and Figure 50 in comparison with PP;
from Table 5, 6 and 7 (10mM MgCl,); 1 U PhoN-Se was used with PP;

AcP PP;
t prod. P prod./ t prod. prod./
min] [mM] [mM] P; [min] [mM] P;

PiACP 10 51 52 0.98 20 53 0.36
PhoN-Sf 20 60 39 1.5 30 67 0.48
PhoN-Se 10 44 60 0.73 30 65 0.45
PhoC-Mm-2 1620 40 50 0.80 240 63 0.42
NSAP-Eb-11 1620 25 69 0.36 240 56 0.36
Lw 20 67 38 1.8 20 67 0.46
AphA-St 10 41 65 0.63 120 3.0 0.14
YniC-Ee B 4320 36 65  0.55 1320 39  0.54
50 g mL

YniC-Ec

200 g mL-! 120 46 50  0.92

SPHSX 4320 2.3 89 2.6 x 1072
phytase pH 2.5 60 2.6 99 2.6 x 1072
phytase pH 4.2 20 0.9 99  9.1x1073
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In the second set of enzymes (Figure 50 and Table 8), SPHSX and phytase at both pH
values were almost not active on AcP in terms of transphosphorylation. Because of its
limited stability (i.e. spontaneous hydrolysis), the amount of hydrolysis of the donor
by these enzymes could not be quantified. AphA-St and YniC-Ec 50 pgmL~! showed
similar characteristics with the organic donor as with PP; but displayed drastically im-
proved levels of 4-hydroxybutyl phosphate. This may be associated with the decreased
chelating abilities of AcP towards divalent metal ions and thus availability of sufficient
amounts of Mg®t to both enzymes. YniC-Ec 200 pgmL~" gave around 46 mM product
after 60 min and hardly any product hydrolysis took place. Later it was found that
because of the different kinetics of hydrolysis and transphosphorylation, the hydroly-
sis/transphosphorylation ratio could be changed by modification of the enzyme concen-

tration. This tool for enhancing product formation is further described in Section 2.10.

PhoN-Se, PIACP and AphA-St were very active on AcP and the highest product concen-
tration was already reached at the first time point. In order to assure that no hydrolysis
had occurred until then and identify the maximum product level, screenings with those

phosphatases were repeated with 1 U of enzyme in order to slow down the whole process
(Figure 51 and Table 9).

70 T T T T T T
PiACP —+—
PhoN-Se —x—
60 AphA-St —e— -
50
/E—\ 40
E
o 30
20
10 }
O' L T 1 I I
0 200 400 600 800 1000 1200 1400

t (min)

Figure 51: Product formation in phosphorylation of 500 mM 14OH with 100 mM AcP
at pH4.2, 30°C, 600 rpm shaking, 1% DMSO as IS, 1 mL reaction volume,
10mM MgCl, for AphA-St, 1 UmL™! enzyme

Figure 51 also indicates reduced product hydrolysis with PiIACP, which, similar to YniC-

Ec 200 pgmL ™1, likely is due to coincidential proper choice of enzyme concentration.
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Table 9: Max. prod. levels from Figure 51 (1 U) with AcP in comparison with use of PP;
as donor from Table 5 (4 U, 1 U for PhoN-Se) & Table 6 (4 U, 10 mM MgCl,)

AcP PP,
t prod. P;  prod./ t prod. prod./
[min] [mM] [mM] P; [min] [mM] P;

PiACP 60 60 42 1.4 20 53 0.36
PhoN-Se 20 o8 44 1.3 30 65 0.45
AphA-St 20 48 42 1.1 120 3.0 0.14

2.5.3 Transphosphorylation with PEP as Donor

o) le) © O
0 O ©
Ho S~ OH 0. .FI.’/OT\)kO o phosphatase Ho O ﬁ/o © )J\H/O
le} (0] (6]

Figure 52: Phosphorylation of 140H with PEP as donor

Phosphoenolpyruvate (PEP) acted as a very capable phosphate donor with the first set
of enzymes (Figure 53 and Table 10) yielding product levels similar to PP;. PhoC-Mm-2
and NSAP-Eb-11 gave results resembling AcP, with NSAP-Eb-11 being slower. Inter-
estingly, no hydrolysis of 4-hydroxybutyl phosphate could be observed in the first set of
enzymes. In addition, apart from PhoN-Se and PhoC-Mm-2, PEP was not fully con-
verted after 25h (amounts of P; plus product in Table 10 <100 mM). Hence, possible
enzyme deactivation or inhibition was assumed and further studies were carried out with
this donor in order to confirm these assumptions in Section 2.6. Second set of enzymes
(Figure 54 and Table 10): Similar to reactions with AcP, SPHSX and phytase did not
show significant transphosphorylation activity with PEP. As PEP is regarded to be sta-
ble under screening conditions for days (Section 2.3), the high amounts of phosphate in
the reaction mixture can be attributed to merely hydrolytic activity of these enzymes
on the organic donor since the phosphorylated product remained stable. In comparison
with AcP, AphA-St produced low levels of 4-hydroxybutyl phosphate (which was almost
fully hydrolyzed again after 25h) in spite of 10 mM MgCl, supplementation. Variations
in salt concentration (10-100mM) or pH (3.7-6) did not result in increased product
levels with AphA-St (data not shown). In contrast, YniC-Ec 50 pgmL~!, which is also
Mg®t dependent and was supplemented with 10 mM MgCl,, gave product concentrations
almost identical to the reactions with AcP. With YniC-Ec 200 pgmL~!, the reaction
proceeded faster and about twice the amount of product was formed. It is furthermore
worth mentioning that with PIACP, PhoN-Sf, PhoN-Se, PhoC-Mm-2, NSAP-Eb-11, Lw
and YniC-Ec more 4-hydroxybutyl phosphate was present in the reaction mixture than

phosphate at the maximum product level.
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Figure 53: First set of enzymes: Product formation in phosphorylation of 500 mM 140H
with 100 mM PEP at pH 4.2, 30 °C, 600 rpm shaking, 1% DMSO as IS, 1 mL
reaction volume and 4 UmL™! enzyme
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Figure 54: Second set of enzymes: Product formation in phosphorylation of 500 mM
140H with 100 mM PEP at pH 4.2 except for SPHSX (pH 9.0), 30 °C, 600 rpm
shaking, 1% DMSO as IS, 1 mL reaction volume, 10 mM MgCl, for AphA-St
and YniC-Ec, 10 mM ZnCl, and 10mM CaCl, for SPHSX, 4 UmL™! enzyme,
except for 6 U with phytase pH 4.2 and 50 or 200 pg mL~! YniC-Ec
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Table 10: Maximum product levels from Figure 53 and Figure 54 in comparison with
PP; from Table 5, 6 and 7 (10mM MgCl,); 1 U PhoN-Se was used with PP;

PEP PP;
t prod. P prod./ t prod. prod./
min] [mM] [mM] P; [min] [mM] P;

PiACP 1500 40 23 1.7 20 53 0.36
PhoN-Sf 1500 41 15 2.7 30 67 0.48
PhoN-Se 240 58 39 1.5 30 65 0.45
PhoC-Mm-2 1500 56 43 1.3 240 63 0.42
NSAP-Eb-11 1500 24 22 1.1 240 56 0.36
Lw 1500 50 24 2.1 20 67 0.46
AphA-St 60 11 43 0.26 120 3.0 0.14
YniC-Ee 1530 32 16 2.0 1320 39 0.54
50 ng mL

YniC-Ec

0 ngmL1 380 6030 20

SPHSX 240 4.1 89 4.6 x 1072
phytase pH 2.5 1530 1.5 95 1.6 x 1072
phytase pH 4.2 120 2.7 88 3.1 x 1072

2.5.4 Transphosphorylation with CP as Donor

o
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Figure 55: Phosphorylation of 140H with CP as donor

All phosphatases but SPHSX (Figure 56 and 57 and Table 11) were capable of transpho-
sphorylation with carbamoyl phosphate (CP) as donor and, except for phytase, good to
excellent amounts of 4-hydroxybutyl phosphate could be observed. As mentioned in
Section 2.3, due to the low stability of CP, its initial concentration at 0 min could not
be precisely determined (similar to AcP), yet with PhoC-Mm-2 and NSAP-Eb-11 there
was significantly less phosphate observed than product at the maximum product level.
PiACP, PhoN-Sf, PhoN-Se and AphA-St were also very active on CP and like with AcP,
reactions with those enzymes were repeated with 1 U phosphatase to evaluate the max-
imum product level (Figure 58 and Table 12). Lw was only available in the screening

with 1 U enzyme.

Even with just 1U of phosphatase reactions with CP proceeded rapidly and good
amounts of product were obtained. Most likely this is due to its very low AG’® value for
hydrolysis of —51kJmol™" [68], which is comparable to PEP (—61.9kJmol™') [4].
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Figure 56: First set of enzymes: Product formation in phosphorylation of 500 mM 140H
with 100mM CP at pH4.2, 30°C, 600 rpm shaking, 1% DMSO as IS, 1mL
reaction volume and 4 UmL™! enzyme
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Figure 57: Second set of enzymes: Product formation in phosphorylation of 500 mM
140H with 100mM CP at pH4.2, 30°C, 600 rpm shaking, 1% DMSO as IS,
1 mL reaction volume, 10mM MgCl, for AphA-St and YniC-Ec, 4 UmL™?
enzyme, except for 6 U with phytase pH 4.2 and 50 pgmL~! YniC-Ec
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Table 11: Maximum product levels from Figure 56 and Figure 57 in comparison with
PP; from Table 5, 6 and 7 (10mM MgCl,); just 1 U PhoN-Se was used with

PP;
CpP PP;
t prod. P prod./ t prod. prod./
min] [mM] [mM] P; [min] [mM] P;

PiACP 15 15 70 0.21 20 53 0.36
PhoN-Sf 15 44 37 1.2 30 67 0.48
PhoN-Se 15 17 71 0.24 30 65 0.45
PhoC-Mm-2 30 56 35 1.6 240 63 0.42
NSAP-Eb-11 30 54 38 1.4 240 56 0.36
AphA-St 10 24 55 0.44 120 3.0 0.14
YniC-Ec 120 19 67  0.28 1320 39 0.54
SPHSX n.c.

phytase pH 2.5 30 6.1 81 7.5 x 1072
phytase pH 4.2 120 5.3 81 6.5 x 1072

40 T T T T T T
PiACP —+—
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30 ¢l | AphA-St —e— -
25 faed
Z 2
o
15
10 {
5 |
0 : ' ' : :
0 200 400 600 800 1000 1200
t (min)

Figure 58: Product formation in phosphorylation of 500 mM 140H with 100 mM CP
at pH4.2, 30°C, 600 rpm shaking, 1% DMSO as IS, 1 mL reaction volume,
10mM MgCl, for AphA-St, 1 UmL™! enzyme

57



Table 12: Maximum product levels from Figure 58 (1U) in comparison with PP; from
Table 5 (4 U, except for 1 U PhoN-Se) and Table 6 (4 U, 10 mM MgCl,)

CP PP;

t prod. P;  prod./ t prod. prod./
[min] [mM] [mM] P; [min] [mM] P;

PiACP 20 24 42 0.57 20 53 0.36
PhoN-Sf 30 35 34 1.0 30 67 0.48
PhoN-Se 20 25 43 0.58 30 65 0.45
Lw 20 39 32 1.2 20 67 0.46
AphA-St 20 24 60 0.40 120 3.0 0.14

2.5.5 Transphosphorylation with PC as Donor

O NH o NH

1 (@]
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Figure 59: Phosphorylation of 140H with PC as donor

In order to further broaden the spectrum of organic donors, the phosphoamide phospho-
creatine (PC) was assayed with a selection of the most promising enzyme candidates from
the preceding studies (PiACP, PhoN-Sf, PhoN-Se, PhoC-Mm-2, NSAP-Eb-11). Unfor-
tunately it was hardly accepted as a donor for transphosphorylation by any phosphatase

and its hydrolysis was dominant (Figure 60 and Table 13).

Table 13: Maximum product levels from Figure 60 in comparison with PP; from Table 5;
just 1 U PhoN-Se was used with PP;

PC PP;
t prod. P prod./ t prod. prod./
[min] [mM] [mM] P; [min] [mM] P;
PiACP 10 3.6 81 44 %1072 20 53 0.36
PhoN-Sf 30 4.0 83 4.8x107% 30 67 0.48
PhoN-Se 20 4.1 83 49x107% 30 65 0.45

PhoC-Mm-2 30 5.7 83  6.9x107% 240 63 0.42
NSAP-Eb-11 10 5.6 83 6.7x107% 240 o6 0.36
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Figure 60: Product formation in phosphorylation of 500 mM 140H with 100 mM PC at
pH 4.2, 30°C, 600 rpm shaking, 1% DMSO as IS, 1 mL reaction volume and
4UmL™! enzyme

2.6 Reduced Product Hydrolysis with PEP

During the initial studies with phosphoenolpyruvate (PEP) as donor in Section 2.5.3, it
was found that hydrolysis of the product 4-hydroxybutyl phosphate was suppressed with
several phosphatases. In the first set of enzymes, except with PhoN-Se and PhoC-Mm-2
(Figure 53 and Table 10), there was in addition still unused donor left in the reaction
mixture at the maximum product level, suggesting inhibition or deactivation of the
enzymes. The following chapter is dedicated to studies investigating the rationale behind

this behavior.

2.6.1 Hydrolysis of PEP by various Enzymes without Acceptor

The hydrolysis of PEP by PhoN-Se, PhoN-Sf, PIACP, Lw, AphA-St and SPHSX was in-
vestigated via HPLC-RI according to the procedure described in Section 3.3.3. Table 14
depicts that PhoN-Se was by far the fastest phosphatase, being able to break down 50 %
of the total amount of PEP in about 20 min. Even when just 1 U phosphatase was em-
ployed, the half-life of the donor did not exceed 240 min. Hence, very likely, PhoN-Se,
in contrast to PhoN-Sf, PIACP and Lw, was fast enough to drive phosphate transfer

reactions to completion before any deactivation or inhibition could occur.
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Table 14: Half-life of PEP being hydrolyzed by various phosphatases, determined via
HPLC-RI following the general procedure mentioned in in Section 3.3.3

enzyme  amount [U] t;/, of PEP [min]

PhoN-Se 4 20
PhoN-Se 1 240
PhoN-Sf 4 240
PiACP 4 50
Lw 4 120
AphA-St 4 120
SPHSX 4 > 1320

2.6.2 Reactions in the Presence of Pyruvate

In order to exclude inhibition of the enzymes by a side product formed during transpho-
sphorylation, the hydrolytic performance of PhoN-Se and AphA-St was assayed spec-
trophotometrically in the pNPP assay (Figure 61) in the presence of various amounts of

pyruvate, which is released upon hydrolysis of PEP (Figure 52).

O2N
(0] O2N

Tl le - mo —mmmwmsm, Oy
o170 OH

%)

Figure 61: Hydrolysis of p-nitrophenyl phosphate (pNPP)

Reactions were performed as delineated in Section 3.1.3, except for an extended in-
cubation time of 1h at 30°C and 450 rpm, with 100 pgmL~' AphA-St or PhoN-Se at
pH6.0 in the presence of 0, 10, 50 and 100 mM sodium pyruvate. To reactions with
AphA-St another 2mM MgCl, were added. Conversion of pNPP was obtained via the
spectrophotometric determination of released p-nitrophenol (see Section 3.1.3, Table 15).
Even 100 mM pyruvate had almost no effect on the hydrolytic activity of any enzyme at
pHG.

Therefore, transphosphorylation of 500 mM 140H was tested at pH 4.2 with 1 U PhoN-Se
and 100mM PP; as donor with 10, 50 and 100 mM sodium pyruvate being present in
the reaction mixture. In line with the observations before, Figure 62 clearly shows that
neither product formation nor hydrolysis were influenced by any amount of pyruvate. In
all three screenings the maximum of 63 mM 4-hydroxybuyl phosphate was reached after

30 min.
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Table 15: Hydrolytic activity of AphA-St and PhoN-Se in the pNPP assay in the pres-
ence of various amounts of pyruvate after 1 h pre-incubation at 30 °C.

sodium pyruvate

OmM 10mM 50mM 100 mM

PhoN-Se
Aspec [llmOI min—! mgfl] 31 34 33 492
AphA-St i . . .

Agpec [nmol min~' mg ™|

10 mM pyr{lvate —
50mM pyruvate —5—
100 mM pyruvate —e—

T T T T ie
200 400 600 800 1000 1200

t (min)

Figure 62: Product formation in phosphorylation of 500 mM 140H with 100 mM PP; at
pH 4.2, 30°C, 600 rpm shaking, 1% DMSO as IS, 1mL reaction volume and
1 UmL~! PhoN-Se in the presence of 10, 50 and 100 mM sodium pyruvate
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2.6.3 Effects of Substrate and Donor Concentration with PhoN-Se

Since pyruvate could be excluded as being responsible for displaying inhibitory prop-
erties, further experiments were carried out to gain insight into phosphate transfer re-
actions with PEP and PhoN-Se, the fastest enzyme. Different substrate and donor

concentrations were tested.

100mM 140H, 100mM PEP, product —x—
500 mM 140H, 100 mM PEP, product —+—
500mM 140H, 500 mM PEP, product —5—
1M 140H, 1M PEP, product —e—

100mM 140H, 100mM PEP, P; %
500mM 140H, 100 mM PEP, P; -+

=

{

500 mM 140H, 500 mM PEP, P; -
1M 140H, 1M PEP, P;

600 . . . . . . 300

500 250
— 400 200
=
£ S
= 300 150 £
= -
S | Se o
2 200 100

100 50

0 . ) 0
0 200 400 600 800 1000 1200
t (min)

Figure 63: Product and P; formation in phosphorylation of 100-1000 mM 140H with
100-1000mM PEP at pH 4.2, 30°C, 600 rpm shaking, 1 % DMSO as IS, 1 mL
reaction volume and 1 UmL~! PhoN-Se

With 100 mM 140H only about 30 mM product were furnished (compared to ~ 60 mM
4-hydroxybutyl phosphate with 500 mM 140H and the same concentration of PEP, see
Table 10), which is most probably due to the educt concentration falling below the Ky
of PhoN-Se (Figure 63). Hence, increasing the concentration of the donor while main-
taining a constant 500 mM 140H (except for 1 M 140OH with 1 M PEP) was attempted.
Apparently, deactivation or inhibition of the enzyme occurred at any donor concentra-

tion, but not equally fast. An explanation for this behavior is given in Section 2.6.4.
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Table 16: Maximum product levels from Figure 63

PhoN-Se
t [min] prod. [mM] P; [mM] prod./P;
100mM 140H, 100mM PEP 1230 27 69 0.39
500mM 140H, 100mM PEP 1350 49 31 1.6
500 mM 140H, 500 mM PEP 1200 278 120 2.3
1M 140H, 1M PEP 1350 923 166 3.2

2.6.4 pH Studies

The effect of pH on the system 140H, PEP, PhoN-Se was investigated (Figure 64 and
Table 17). Interestingly, hydrolytic activity of the enzyme on the product could be
detected at high pH values after reaching a maximum concentration of 65 mM at pH 5.0,
which is equal to the amount obtained with PP; as donor (Table 5), whereas at pH 3.5 and
3.8, product formation rate was reduced and no 4-hydroxybutyl phosphate degradation

took place.
70 T T T T T T
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Figure 64: Product formation in phosphorylation of 500 mM 140H with 100 mM PEP at
pH 3.5-6.0, 30°C, 600 rpm shaking, 1% DMSO as IS, 1 mL reaction volume
and 1 UmL~! PhoN-Se

Clearly, these results indicated a slowdown of the reaction at reduced pH. Yet they
did not clarify, why PhoN-Se performed well with other donors at pH 4.2, while at the
same pH displaying signs of deactivation with PEP. It was estimated that in reactions

with PEP, the initial pH of 4.2 was shifted towards more acidic levels during the course
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Table 17: Maximum product levels from Figure 64

PEP
t [min] prod. [(mM] P; [mM]
pH3.5 1200 4.0 8.7
pH3.8 1200 33 23
pH42 1350 49 31
pH5.0 30 65 33
pH6.0 30 42 30

of the reaction, rendering the enzyme inactive. This assumption could be confirmed by
carefully monitoring the pH with a pH electrode during transphosphorylation of 500 mM
140H with 100mM PEP and 1U PhoN-Se (Figure 65). The enzyme was found to be
inactive, once a pH threshold of ~ 3.3 was undercut (proven by absence of product
formation upon addition of fresh donor, data not shown). Most likely, the drop in pH
was due to the release of pyruvate, which has a pKa of 2.49 [168].

T T T T T T 4:6
T4.4
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 1 4.2
% a4
Ay 1 3.8 %
~
= prod. ——
o Pi —5— 1 3.6
2, pH of reaction @ -
pH of blank & | 4
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ‘
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O 1 1 1 1 1 1 3
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Figure 65: Product, P; formation and development of pH in phosphorylation of 500 mM
140H with 100mM PEP at pH4.2, 30°C, 600 rpm shaking, 1% DMSO as
IS, 1mL reaction volume and 1 UmL~! PhoN-Se

To probe the reversibility of this deactivation and demonstrate the generality of pH
associated deactivation, PIACP, PhoN-Sf, PhoN-Se and Lw were assayed with 500 mM
140H and 100mM PEP and after 2h reaction time, where approximately the plateau
was reached in Figure 53, the pH was readjusted to 5.0 (Figure 66 and Table 18).
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Immediately after, transphosphorylation as well as P; formation (data not shown) could

be detected again in every case and remarkable product levels were reached. In addition,

adjusting the pH in the reverse direction, from 6.0 to 4.2 after 30 min led to deactivation
of PhoN-Se in about 100 min (Figure 67). Most probably PiIACP, PhoN-Sf and Lw,
which also exhibited reduced product hydrolysis with PEP as donor in Section 2.5.3,

were shut off in a similar fashion. In contrast, they did not perform as fast as PhoN-Se

and thus the donor was not used up entirely.

70 T T T T
60 pH readjuéted to 5.0
50
g 40 +
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O ¥ I I LVY
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Figure 66: Product formation in phosphorylation of 500 mM 140H with 100 mM PEP
at pH4.2, 30°C, 600rpm shaking, 1% DMSO as IS, 1mL reaction volume
and 1 UmL™! enzyme, pH readjusted to 5.0 after 2h reaction time

Table 18: Maximum product levels from Figure 66

PEP
t [min] prod. [(mM] P; [mM]
PiACP 180 47 37
PhoN-Sf 240 63 37
PhoN-Se 180 54 47
Lw 240 45 31
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Figure 67: Product and P; formation in phosphorylation of 500 mM 140H with 100 mM
PEP at pH6.0, 30°C, 600rpm shaking, 1% DMSO as IS, 1mL reaction
volume and 1 UmL~! PhoN-Se, pH readjusted to 4.2 after 30 min reaction
time

2.7 Correlation between pH and the Hydrolytic Side Reaction

It was assumed that for every enzyme, a distinct pH threshold similar to the one observed
with PhoN-Se in the previous section existed. In order to determine this value, pH
studies were conducted following the general procedure (Section 3.3.2.a) with 500 mM
140H and 100 mM AcP. During these studies, an “optimum” pH of ~ 3.3, close to the pH
of complete deactivation was found for PhoN-Se, where the product was not depleted,
but still produced in good amounts (Table 19 and Figure 68). Also the pH was monitored
at start values of 3.3, 3.45, 3.5, 3.8 and 4.2 and was found to be stable during the course
of the reaction (Figure 69). AphA-St, PIACP, PhoN-Sf and Lw were also subjected to
pH studies with AcP (Figure 70) and showed similar characteristics to PhoN-Se: Below
a certain threshold, hydrolysis could be prevented while still obtaining decent product
levels. This pH was found to be 2.9 for AphA-St, 3.5 for PIACP, 3.8 for PhoN-Sf and
3.5 for Lw.
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Figure 68: Product formation in phosphorylation of 500 mM 140H with 100 mM AcP at
pH 3.3-4.2, 30°C, 600 rpm shaking, 1% DMSO as IS, 1 mL reaction volume
and 1 UmL~! PhoN-Se

Table 19: Maximum product levels from Figure 68

AcP
t [min] prod. [mM] P; [mM]
pH3.3 30 52 47
pH 3.45 60 o4 46
pH3.5 30 53 48
pH3.8 30 42 44
pH42 30 55 46
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Figure 69: pH development in phosphorylation of 500 mM 140H with 100 mM AcP at
pH 3.3-4.2, 30°C, 600 rpm shaking, 1% DMSO as IS, 1 mL reaction volume
and 1 UmL~! PhoN-Se

To assure that at the “optimum” pH, determined individually for each enzyme in Fig-
ure 70 and Figure 68, no slow deactivation of the enzymes — including phosphotransferase
activity — had occurred, a control experiment with 500 mM 140H and 100 mM AcP was
set up. As soon as a steady product level was reached according to Figure 70 (2h for
PiACP and Lw, 3 h for PhoN-Se or 4h for AphA-St and PhoN-Sf) another 100 mM AcP
was added (Figure 71). To our delight, all tested enzyme candidates were found to be
active at their “optimum” pH as product formation took place as soon as a new batch
of AcP was added.

It is worth mentioning that, as can be seen in Table 20, the observed product concentra-
tions after the first plateau that were reached in reactions at the “optimum” pH (first row
for each enzyme) are in the same range as the results from screenings at pH 4.2. Overall,
the enzymes have a narrow pH range where transphosphorylation is still intact while
hydrolysis is diminished. Inspired by the almost completely suppressed product degra-
dation at the “optimum” pH, several reactions were conducted under these optimized

conditions.
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Figure 70: Product formation in the pH study with AphA-St, PiACP, PhoN-Sf, Lw:
phosphorylation of 500 mM 140H with 100 mM AcP, 30 °C, 600 rpm shaking,
1% DMSO as IS, 1mL reaction volume, 10mM MgCl, for AphA-St and
1 UmL™! enzyme
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Figure 71: Phosphorylation of 500 mM 14OH with 100 mM AcP at “optimum” pH, 30 °C,
600 rpm shaking, 1% DMSO as IS, 1 mL reaction volume, 10 mM MgCl, for
AphA-St and 1 UmL™! enzyme; dashed lines: addition of fresh donor (2h:
PiACP and Lw, 3h: PhoN-Se, 4h: AphA-St and PhoN-Sf)

Table 20: Product levels at “optimum” pH and 1 U enzyme from Figure 71 in comparison
with the maximum levels at pH 4.2 from Table 8 (a, 4 U enzyme) and Table 9
(b, 1U enzyme)

“optimum” pH pH 4.2
t prod. P;  prod./ t prod. prod./

[min] [mM] [mM] P; [min] [mM] P;
. 120 57 42 14 . .

PiACP 360 08 01 11 60 60 1.4
240 54 47 11 . .

PhoN-Sf 480 100 93 11 10 Y4 1.5
180 50 50 L0 ) .

PhoN-Se 360 01 107 0.85 20 58 1.3
120 63 37 17 . .

Lw 80 114 85 13 20 6 18
240 40 51 0.78 . .

AphA-St 480 66 106 0.62 20 48 1.1
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2.8 Reactions at optimum pH

To demonstrate that pH is a universal tool to control product hydrolysis, reactions at
the “optimum” pH, determined for PIACP, PhoN-Sf, PhoN-Se, Lw and AphA-St in Sec-
tion 2.7 (AphA-St was operated at pH 3.3 instead of the more suitable pH 2.9 identified
later) were performed with a broader range of donors, including PP; for comparison: CP,
2,2 2-trifluoroethyl phosphate (TFEP, synthesis: Section 3.2.3), isopropenyl phosphate
(IPP, synthesis: Section 3.2.1) and 1-(2,4-difluorophenyl)vinyl phosphate (DFPVP, syn-
thesis: Section 3.2.2) were assayed. Following the general procedure from Section 3.3.2,
1 U enzyme was employed in conjunction with 500 mM 140H and 100 mM donor (except
for only 50 mM in case of IPP and DFPVP). Furthermore the stability of the product 4-
hydroxybutyl phosphate over time was monitored at the “optimum” pH in the presence
of 100 mM phosphate and 1 U phosphatase.

2.8.1 Carbamoyl Phosphate

In Screenings with CP (Figure 72 and Table 21), with every tested phosphatase, almost
complete product hydrolysis along with slightly lower maximum concentrations than
at pH4.2 were observed in spite of starting the reactions at the “optimum” pH. pH
measurements after 240 min reaction time indicated a stark increase to about 7.0-7.5.
As mentioned in Section 2.3, this can be attributed to the release of carbamate upon
breakdown of CP and its further decomposition into ammonia and carbon dioxide and

may be prevented by the employment of a pH stat.

Table 21: Maximum product levels from Figure 72 in comparison with the maximum
levels at pH4.2 from Table 12 (1 U enzyme)

“optimum” pH pH4.2

t prod. P;  prod./ t prod. prod./
[min] [mM] [mM] P; [min] [mM] P;

PiACP 15 38 41 0.93 20 24 0.57
PhoN-Sf 30 29 35 1.7 30 35 1.0
PhoN-Se 15 35 20 0.70 20 25 0.58
Lw 15 52 31 1.7 20 39 1.2
AphA-St 15 26 29 0.44 20 24 0.40
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Figure 72: Product formation in phosphorylation of 500 mM 140H with 100 mM CP
at “optimum” pH, 30°C, 600 rpm shaking, 1% DMSO as IS, 1 mL reaction
volume, 10 mM MgCl, for AphA-St and 1 UmL™! enzyme

2.8.2 Pyrophosphate

In assays with PP;, excellent product levels were observed with all metal-independent en-
zymes (Figure 73 and Table 22). Reduced product degradation took place with PiACP,
PhoN-Sf and Lw, whereas with PhoN-Se only traces of 4-hydroxybutyl phosphate could
be detected after 22h. The greater hydrolytic activity of all phosphatases compared to
experiments with AcP can be associated with a marginal increase in pH of ~ 0.5 units

in 4 h, which again may be impeded by using a pH-stat.

Table 22: Maximum product levels from Figure 73 (1 U) in comparison with the maxi-
mum levels at pH4.2 (4 U) Table 5

“optimum” pH pH4.2

t prod. P;  prod./ t prod. prod./
min] [mM] [mM] P; [min] [mM] P;

PiACP 240 70 127 0.55 20 23 0.36
PhoN-Sf 180 76 124 0.61 30 67 0.48
PhoN-Se 60 62 136 0.46 30 65 0.45
Lw 180 80 122 0.66 20 67 0.46
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Figure 73: Product formation in phosphorylation of 500 mM 140H with 100 mM PP;
at “optimum” pH, 30°C, 600 rpm shaking, 1% DMSO as IS, 1 mL reaction
volume and 1 UmL~! enzyme

2.8.3 2,2,2-Trifluoroethyl phosphate
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Figure 74: Phosphorylation of 140H with TFEP as donor

2,2 2-Trifluoroethyl phosphate (TFEP), provided by BASF as cyclohexylammonium salt,
was tested as a donor with 140OH as substrate, PhoN-Sf, PhoN-Se and AphA-St and 1h
reaction time using NMR (Section 3.3.2.e, Figure 111). Since product formation was
confirmed, a time-study with subsequent analysis on HPLC-RI was set up with PiACP,
PhoN-Sf, PhoN-Se, Lw and AphA-St 500 mM 140H and 100 mM donor to identify the
maximum product levels (Figure 75 and Table 23).

Due to the strong electron withdrawing character of the F atoms, trifluoroethanol rep-
resents a fairly good leaving group in the formation of the phosphoenzyme intermediate,
which makes it a well working phosphate donor. Although the transphosphorylation sys-
tem was not optimized and hydrolysis took place due to an increase in pH of about one
unit with every enzyme (data not shown), the maximum product concentrations were
in the same range as in reactions with PP; as the donor. At the same time, significantly

less phosphate by-product was produced. The shift in pH could have been prevented
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Figure 75: Product formation in phosphorylation of 500 mM 140H with 100 mM TFEP
at “optimum” pH, 30°C, 600 rpm shaking, 1% DMSO as IS, 1 mL reaction
volume, 10mM MgCl, for AphA-St and 1 UmL~! enzyme

Table 23: Maximum product levels from Figure 75 (1 U) in comparison with the maxi-
mum levels at pH4.2 (4U) Table 5 and Table 6 (10 mM MgCl,)

TFEP, “optimum” pH PP;, pH4.2

t prod. P; prod./ t prod. prod./
[min] [mM] [mM] P; [min] [mM] P;

PiACP 30 o4 29 1.9 20 93 0.36
PhoN-Sf 60 68 24 2.8 30 67 0.48
PhoN-Se 30 74 40 1.9 30 65 0.45
Lw 60 68 35 1.9 20 67 0.46
AphA-St 30 61 43 1.4 120 3.0 0.14
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by using a pH-stat. Alternatively, a different salt of the donor may be employed. Fi-
nally, TFEP was found to be fairly stable under screening conditions with only 1-3 mM
P; produced within 22h in control reactions without enzyme, which is comparable to
PEP.

2.8.4 lIsopropenyl phosphate

o & ©
A~ ~_OH R’ phosphatase /\/\/O\Q/O © Q
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Figure 76: Phosphorylation of 140H with IPP as donor

Isopropenyl phosphate (IPP) was selected due to its structural similarity to PEP. In
reactions with IPP as donor, resembling PEP, an unstable enol is released as by-product,
which tautomerizes to give the ketone, rendering the reaction completely irreversible.
As isopropenyl phosphate rapidly hydrolyzes in water [167], a buffer solution containing
200 mM citrate, 500 mM 140H, 1% DMSO and 1U of the corresponding enzyme was
set up and adjusted to pH3.3. At Omin, 50mM IPP were added to each reaction
(V = 1mL), which increased the pH to ~ 3.8 despite the presence of citrate and the
reaction was followed in time (Section 3.3.2). PhoN-Se, Lw and AphA-St gave only
traces of product (1-2mM), while PIACP and PhoN-Sf were not active at all (Figure 77
and Table 24). Due to the very low levels of 4-hydroxybutyl phosphate detected as well
as analytical challenges (overlap of citrate and P; & substrate and acetone in HPLC-RI
chromatograms, see A.3) and the severe instability of IPP, no further experiments were

conducted with this donor.

Table 24: Maximum product levels from Figure 77

IPP, pH3.8
t [min] prod. [mM]
PhoN-Se 60 1.7
Lw 1170 <1.0
AphA-St 120 1.2
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Figure 77: Product formation in phosphorylation of 500 mM 140OH with 50 mM IPP at
pH~ 3.8, 30°C, 600 rpm shaking, 1% DMSO as IS, 1 mL reaction volume,
10 mM MgCl, for AphA-St and 1 UmL™! enzyme

2.8.5 1-(2,4-Difluorophenyl)vinyl phosphate
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Figure 78: Phosphorylation of 140H with DFPVP as donor

1-(2,4-Difluorophenyl)vinyl phosphate (DFPVP) was chosen as a compound resembling
IPP, but being considerably more stable [167]. However, because of the presence of
an aromatic ring, heat was required for at least partial solubilisation, which may have
also caused spontaneous hydrolysis and lowered its availability for transphosphorylation.
Still, DFPVP was shown to be capable of acting as a non-natural donor and moderate
product yields were obtained with all tested phosphatases. Again as with TFEP, be-
cause of an increase in pH of about 1 to 1.2 units over time (data not shown), hydrolysis
of 4-hydroxybutyl phosphate took place. Due to analytical obstacles on HPLC-RI, the
amount of phosphate produced could not be quantified (overlap with DFPVP in chro-

matogram, see A.3).
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Figure 79: Product formation in phosphorylation of 500 mM 140OH with 50 mM DFPVP
at “optimum” pH, 30°C, 600 rpm shaking, 1% DMSO as IS, 1 mL reaction
volume, 10mM MgCl, for AphA-St and 1 UmL~! enzyme

Table 25: Maximum product levels from Figure 79

DFPVP, “optimum” pH
t [min]  prod. [mM]

PiACP 20 25
PhoN-Sf 60 27
PhoN-Se 20 17
Lw 20 30
AphA-St 60 15
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2.8.6 Hydrolysis of 4-Hydroxybutyl phosphate
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Figure 80: Hydrolysis of 4-hydroxybutyl phosphate

The results from the previous sections clearly demonstrated the narrow pH range for
every enzyme, at which reduced product hydrolysis can be observed and transphospho-
rylation activity was preserved. All new donors tested in these sections were accepted by
the phosphatases of choice, however the pH changed during the course of the reaction,
leading to product hydrolysis. As carrying out phosphate transfer reactions in buffered
media is inconvenient due to more elaborate product isolation, the employment of a
pH-stat may help to impede the increase in pH or alternatively a different salt of the

donor may be used.

To demonstrate that at a constant “optimum” pH in fact the level of product remains
unchanged, 1 U PiACP, PhoN-Sf, PhoN-Se and Lw were incubated with ~60mM 4-
hydroxybutyl phosphate disodium salt in the presence of 100 mM phosphate (Figure 81).
Although hydrolysis could be detected, it remained minor (<4 %) and constant product

concentration was finally obtained.

4-hydroxybutyl phosphate (%)

90

0 1000 2000 3000 4000 5000
t (min)

Figure 81: Hydrolysis of ~60mM 4-hydroxybutyl phosphate (100 % equal to starting
value) by 1U enzyme in the presence of 100 mM phosphate at “optimum”
pH, 30°C, 600 rpm shaking, 1% DMSO as IS, 1 mL reaction volume

78



2.9 Reactions with immobilized PhoN-Se

PhoN-Se was the only enzyme in the preliminary studies with PEP and 140H (Sec-
tion 2.5.3) that was found to be fast enough to consume the donor entirely before being
deactivated by the drop in pH. Because the shutoff was shown to be reversible (Fig-
ure 67), reusing PhoN-Se immobilized on various polymer beads (Section 3.3.4.a) and
reactivation by addition of fresh reaction solution was envisaged. Unfortunately on both
carriers, ReliZyme" EP403 (RZ) and Immobead 150 (IB), PhoN-Se performed very dif-
ferent to its free form: At an initial pH of 4.2 using PEP, rapid hydrolysis of the product
took place. Only at pH3.3 and 3.5, deactivation with both resins could be detected.
The optimum pH appeared to be notably different form the “free” form of PhoN-Se.

T T T T 70
PEP, RZ, pH4.2 —e—

60 PEP, IB, pH4.2 —a— ]

60

PEP, RZ, pH3.3 —%—
10 PEP, RZ, pH3.5 —o— |
PEP, IB, pH3.3 —5—
| | | PEP, IB, pH3.5 —@—
50 100 150 200 0 400 800 1200 1600

t (min) t (min)

(a) (b)

! !
0

Figure 82: Product formation in phosphorylation of 500 mM 140H with 100 mM PEP
at pH3.3-4.2, 30°C, 600 rpm shaking, 1% DMSO as IS, 1 mL reaction vol-
ume, ~ 1.9 U immobilized PhoN-Se on ReliZyme™ EP403 (RZ) and ~0.5U
immobilized on Immobead 150 (IB) beads
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Table 26: Maximum product levels from Figure 82

Figure t [min] prod. [mM] P; [mM] prod./P;

PEP, RZ, pH4.2 82a 30 37 45 0.82
PEP, IB, pH4.2  82a 15 59 40 1.5
PEP, RZ, pH3.3 82b 1752 66 40 1.7
PEP, RZ, pH3.5 82b 1752 59 45 1.3
PEP, IB, pH3.3  82b 1752 61 44 1.4
PEP, IB, pH3.5  82b 240 60 42 1.2

2.10 Enzyme Concentration and Product Hydrolysis

In Section 2.5.2 in Figure 51, reduced product hydrolysis with PiIACP and AcP as
donor was observed when lowering the amount of the phosphatase from 4U to 1U.
Consequently, 0.5-4 U of enzyme were assayed to further optimize the system and sup-
press product hydrolysis (Figure 83). Table 27 shows that already 1U PiACP gave
the most desirable results. Nonetheless, these data demonstrate that deliberate choice
of the enzyme concentration represents an important parameter in the optimization of
phosphatase catalyzed transphosphorylation reactions. This is most likely due to the

differences in the kinetics of hydrolysis and transphosphorylation.
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Figure 83: Product formation in phosphorylation of 500 mM 140OH with 100 mM AcP
at pH4.2, 30°C, 600 rpm shaking, 1% DMSO as IS, 1 mL reaction volume,
0.5-1U PiACP
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Table 27: Maximum product levels from Figure 83

AcP, PiACP
t [min] prod. [(mM] P; [mM] prod./P;
05U 120 52 43 1.2
1U 60 60 42 1.4
25U 30 47 48 0.98
4U 10 95 47 1.2

2.11 Probing further Substrates with PEP

In the preliminary reactions with PEP at pH 4.2 (Section 2.5.3), an “automatic shutoft”,
reversible deactivation of the enzymes by the concomitant drop in pH, was discovered
with 140H as the substrate. This section will dwell on experiments with other accep-
tors, namely 2-hydroxyethyl acrylate (HEA) and methyl a-D-glucopyranoside (MADG),
to demonstrate the generality of this phenomenon. For reasons of comparison, these
screenings were performed with 500 mM substrate, 100mM donor and 4 U enzyme, as
with 140H.

2.11.1 2-Hydroxyethyl acrylate (HEA)

S]
0 O

o (0] o@ (0] o
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\)]\ /\/OH + O\FI’/OT%OO 4“ P \)}\0/\/0‘&’/0 + ©
© ol o)

0]

Figure 84: Phosphorylation of HEA with PEP as donor

All tested phosphatases were able to phosphorylate HEA with PEP as donor in moderate
yields (Figure 85 and Table 28). Similar to the observations with 140H as substrate,
only PhoN-Se could consume the full amount of donor, before deactivation by a decrease
in pH of more than 1 unit (data not shown) occurred. Likewise, AphA-St was almost

not active.
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Figure 85: Product formation in phosphorylation of 500 mM HEA with 100 mM PEP
at pH4.2, 30°C, 600 rpm shaking, 1% DMSO as IS, 1 mL reaction volume,
10mM MgCl, for AphA-St and 4 U enzyme

Table 28: Maximum product levels from Figure 85 in comparison with the maximum
product levels in the phosphorylation of 140H from Table 10 (4 U enzyme)

HEA 140H

t prod. P; prod./ t prod. prod./
[min] [mM] [mM] P; [min] [mM] P;

PiACP 1380 17 63 0.27 1500 40 1.7
PhoN-Sf 1380 32 26 1.2 1500 41 2.7
PhoN-Se 1380 33 78 0.42 240 58 1.5
Lw 1380 20 26 0.35 1500 50 2.1
AphA-St 30 11 35 0.31 60 11 0.26
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2.11.2 Methyl a-D-glucopyranoside
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Figure 86: Phosphorylation of MADG with PEP as donor

Methyl a-D-glucopyranoside (MADG) was tested at pH4.2. PiACP, PhoN-Sf, Lw and
AphA-St were not capable of transferring a phosphate group onto the alcohol moiety at
position 6 of the hexose, only PhoN-Se displayed some activity (data not shown). The
reactions were repeated at a higher pH (pH4.8), at which all enzymes showed various

levels of activity.
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Figure 87: Product formation in phosphorylation of 500 mM MADG with 100 mM PEP
at pH4.8, 30°C, 600 rpm shaking, 1% DMSO as IS, 1 mL reaction volume,
10mM MgCl, for AphA-St and 4 U enzyme

The product levels in Table 29 are in the same range as with 140H as the acceptor.
Reactions with PhoN-Se most likely were too fast, since already after 10 min the highest
product concentration was detected. The observed rapid hydrolysis with PhoN-Se could
be attributed to the higher initial pH: More time passed until the system fell below the
critical pH threshold. Again, AphA-St performed not very well in terms of transphos-
phorylation, but notably, the enzyme did hydrolyze the donor to a large extent.
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Table 29: Maximum product levels from Figure 87 in comparison with the maximum
product levels in the phosphorylation of 140H from Table 10 (4 U enzyme)

MADG 140H
t prod. P prod./ t prod. prod./
min] [mM] [mM] P; [min] [mM] P;
PiACP 1380 41 22 1.9 1500 40 1.7
PhoN-Sf 240 68 17 4.0 1500 41 2.7
PhoN-Se 10 36 40  0.90 240 58 1.5
Lw 1380 55 34 1.6 1500 50 2.1

AphA-St 240 24 78  3.5x107% 60 11 0.26

2.12 YniC-Ec

The haloacid dehalogenase-like phosphatase YniC-Ec from E. coli turned out to be an ac-
tive enzyme using PP;, PEP, AcP and CP as donors (Section 2.5). However, the reactions
proceeded slowly, which is in good accordance with the low Ag,. (2 pmolmin~' mg™).
Despite several efforts have been made to express YniC-Ec again in various vectors, the
activity of the purified protein always remained even lower, around 0.2 pmol min~! mg~*.
In the following sections, the results of protein expression and further screenings with

YniC-Ec are discussed.

2.12.1 Expression

The YniC-Ec gene had been cloned in several vectors in work predating the project [169].
Initially, expression was attempted in pASK-IBA4 as described in Section 3.1.6.a, which
adds an N-terminal Strep-tag to the target protein and transcription is controlled by the
tetracycline operator/promoter (tet). E. coli BL21(DE3) cells were selected for expres-
sion. Although a good amount of protein was obtained after the Strep-tag purification,

the enzyme showed very low Ag,.. (Figure 88).

Therefore expression was attempted with the YniC-Ec gene cloned into the pET28a vec-
tor (Section 3.1.6.b) while leaving the type of expression strain unchanged. Transcription
now was under control of the T7 promoter, and a N-terminal His-Tag was added to the
target protein. Unfortunately, expression in TB medium (Section 3.1.6.b) again yielded

almost inactive enzyme (Age. = 0.2 pmol min ™ mg™!, Figure 89).

The batch of YniC-Ec expressed in pET28a in TB medium was subjected to a transphos-
phorylation assay with 500 mM 140H, 100 mM PEP and 10 mM MgCl, at pH 4.2 follow-
ing the general procedure mentioned in Section 3.3.2. Also here the performance of the

new batch was less than 25 % of the original one (< 10mM versus 39 mM, Figure 90).
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Figure 88: SDS-PAGE: Expression of YniC-Ec in pASK-IBA4. 1: standard, 2: lysate,
3: loading eluate, 4: wash eluate, 5-8: fractions 1-4 from purification via
gravity flow column
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Figure 89: SDS-PAGE: Expression of YniC-Ec in pET28a in TB culture medium. 1:

standard, 2-7: fractions 3-8 from purification via FPLC, 8-10: fractions
23-25, 11-12: loading eluate 142, 13: wash eluate
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Figure 90: Comparison of the original batch “YniC-Ec old” with the batch expressed in
pET28a/E. coli BL21(DE3) in TB medium in the phosphorylation of 500 mM

140H with 100mM PEP at pH4.2, 30°C, 600 rpm shaking, 1% DMSO as
IS, 1 mL reaction volume, 10 mM MgCl, and 200 pg mL~! enzyme

The expression was repeated in pET28a in LB medium to slow down expression (Fig-
ure 91). In addition, a more conventional method was chosen for dialysis (Section 3.1.6.b)
as it was assumed that employing a protein concentrator under the pressure of 4 bar dam-
aged the enzyme. However the activity of the target protein was unchanged (Agpec =

0.13pmol min—' mg—1).

Finally expression in pET28a in E. coli BL21(DE3) was attempted via autoinduction
(Section 3.1.6.c). This technique was first described by Studier et al. [170] and has several
advantages over IPTG induction: There is no need to monitor cell density, the final
ODgop usually is much higher and protein yields are increased [171]. Expression of the
target protein is triggered automatically upon depletion of glucose in the culture medium,
which is concomitant with a switch to lactose as the energy source and expression of the

T7 polymerase, required for transcription.

Still, the activity of YniC-Ec was only 0.17 pmolmin~'mg~'. An SDS-PAGE was set
up in order to compare the mass of all enzyme batches expressed in pET28a with the
original preparation of YniC-Ec produced in work predating the project. Figure 92 shows
that regardless of the expression strategy used, protein of identical mass of ~ 25 kDa and
very likely the same identity was obtained. Therefore, in order to yield a protein solution

with reasonable activity per volume, the enzyme batch from the expression in pET28a
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Figure 91: SDS-PAGE: Expression of YniC-Ec in pET28a in LB culture medium. 1:
standard, 2/4/6: lysate, 3/5/7: pellet
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Figure 92: SDS-PAGE: Comparison of the different expression strategies of YniC-Ec in
pET28a. 1: standard, 2/4: lysate [autoinduction], 3/5: pellet [autoinduc-
tion], 6: pure enzyme via autoinduction, 7: pure enzyme in TB medium, 8:
pure enzyme in LB medium, 9: pure original batch “YniC-Ec old”
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and TB medium was further concentrated to 53.4mgmL~! while retaining its activity.
This preparation is also listed in Table 34 and was used in 10-fold amount compared to

“YniC-Ec old” in further screenings.

2.12.2 Transphosphorylation

The new batch of YniC-Ec (pET28a/TB medium) was also tested in transphospho-
rylation with 100mM AcP, PEP, CP and PP; with 500mM 140H as acceptor and
1000 pgmL~" enzyme at pH 4.2 (Figure 93 and Table 30).
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Figure 93: Phosphorylation of 500 mM 140H with 100mM donor at pH4.2, 30°C,
600 rpm shaking, 1% DMSO as IS, 1mL reaction volume, 10mM MgCl,
and 1000 pgmL~! enzyme

Table 30: Maximum product levels from Figure 93

t [min] prod. [(mM] P; [mM] prod./P;

AcP 30 19 75 0.25

PEP 240 62 38 1.6

CP 10 6.9 76 9.1 x 1072
PP; 120 41 88 0.47

Similar to earlier results, inhibition of the enzyme could be observed with PEP due to a
significant drop in pH to about 3.5. With PP; as donor the results matched the findings
in Section 2.5.1 in spite of the different enzyme amount (0.2 U versus 0.1 U). With CP,
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the reaction was very fast, as the highest product concentration already was observed

after the first time point.

Due to challenges in the expression of YniC-Ec, no further screenings were performed
with this enzyme. Nonetheless, YniC-Ec possesses interesting properties for its applica-
tion in phosphate transfer reactions: Inhibition by chelating agents does not appear to
be as drastic as with AphA-St also being Mg®" dependent (Section 2.5.1) and taking
into consideration that only 0.1 U of enzyme were employed in the preliminary studies,

very satisfying amounts of product were obtained with every donor.

2.13 Conclusion and QOutlook

During the course of practical work, eight organic phosphate donors have been character-
ized in transphosphorylation reactions employing ten different phosphatases and three
acceptors of diverse nature (highest product levels with 140H as acceptor summarized in
Table 31). All of them were proven to be not only suitable for the phosphorylation of pri-
mary alcohol moieties, but also significantly less P; by-product was generated compared
to inorganic donors like PP; or polyphosphate, which potentially can simplify product
isolation. Moreover, product concentrations in the phosphorylation of 1,4-butanediol
were very similar to reactions with pyrophosphate. In this regard 2,2,2-trifluoroethyl
phosphate and AcP in particular were shown to be a very promising donor and further

investigations may be worth to tackle.

Experiments with PiACP revealed that proper choice of enzyme concentration was a
useful tool for suppression of product depletion over time. Thorough investigation of
reduced product hydrolysis in reactions with PEP ultimately led to the discovery of
another tool for maintaining constant product levels: pH control. For that, AcP was
proven to be the most suitable donor, since acetate as the by-product hardly changes
the pH in the reaction mixture. Tight pH control, for instance via a pH-stat, might be
an option to circumvent the drop in pH brought about by the leaving groups of other

donors, such as PEP, rendering their utilization even more feasible.

Insights obtained from the results of this work may support further studies, which might
include protein engineering for obtaining a broader range of phosphatases that display
reduced product hydrolysis by default like PhoC-Mm-2 and NSAP-Eb-11 to design a

capable system for the phosphorylation of a broad range of substrates.
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3 Experimental

All chemicals were from commercial suppliers and used without further purification.
Immobead 150, disodium pyrophosphate (PP;), lithium potassium acetyl phosphate
(AcP), lithium carbamoylphosphate dibasic hydrate (CP), phosphocreatine disodium
salt hydrate (PC) and 4-nitrophenyl phosphate disodium salt hexahydrate (pNPP)
were purchased from Sigma, phosphoenolpyruvate monopotassium salt (PEP) was from
Alfa Aesar, Relizyme™ EP403 beads were from Resindion. The protein assay dye
and the Laemmli sample buffer were from BioRad. Isopropenyl phosphate (di)cyclo-
hexylammonium salt (IPP) and 1-(2,4-difluorophenyl)vinyl phosphate (di)cyclohexyl-
ammonium salt (DFPVP) were synthesized in Section 3.2. 4-Hydroxybutyl phosphate
disodium salt was prepared in-house in work predating the project. Phytase from
A. niger and 2,2 2-trifluoroethyl phosphate monocyclohexylammonium salt (TFEP) were
kind gifts from BASF (synthesis: Section 3.2.3). PiACP, AphA-St, PhoN-Sf, PhoN-Se,
PhoK, PhoC-Mm-2 and NSAP-Eb-11 were expressed in F. coli in earlier work on the
project and carried either His- or Strep-Tags for purification by means of affinity chro-
matography [169]. The expression of Lw and YniC-Ec is described in Sections 3.1.6 and
3.1.5. The Ni-NTA column for His-tag purification and the IBA gravity flow column
(Strep-Tactin® Superflow®) were from GE Healthcare Life Sciences. PAGE gels (Express-
Plus, 10 % Bis-tris) were from GenScript, the prestained protein ladder (PageRuler")
was from Fermentas. NMR spectra were recorded on a Bruker Avance IIT 300 MHz
NMR spectrometer. Chemical shifts (4) are given in parts per million (ppm) relative to
tetramethylsilane (TMS, *H and 3C) or HyPO, (*'P) as a reference. HPLC analysis was
performed on a Dionex Ultimate 3000 system equipped with a Shodex RI-101 refractory
index detector (HPLC-RI) and on an Agilent 1260 Infinity system equipped with an Ag-
ilent Q6120 quadrupole mass spectrometer using electrospray ionization (HPLC-MS).

3.1 Protein Expression and Characterization

3.1.1 Transformation of In-house Competent Cells

After fully thawing the in-house E. coli BL21(DE3) cells on ice, 100 pL. were trans-
ferred into an Eppendorf tube and plasmid (Lw: pASK-IBA4, YniC-Ec: pASK-IBA4
or pET28a) was added. Next, the cells were incubated for 30 minutes on ice, before a
30 second heat shock at 42 °C was applied in an Eppendorf shaker. 900 nL. LB medium
(10gL~! tryptone, 5gL™! yeast extract, 10gL~! NaCl) were added and the cells were
allowed to grow for 1h at 37°C. 200 pL were plated on LB plates containing suitable

antibiotics and incubated at 37°C overnight.
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3.1.2 Determination of Protein Concentration

The protein content was specified in triplicates using the Bradford assay: The BioRad
assay dye was diluted 144 with DI H,0O. The protein solution needed to be within
a concentration range of 0.1 and 0.5mgmL~' to match the calibration range of the
photometer and was diluted if necessary. For the sample, 20 pL of diluted protein solution
and 980 pLi diluted Bradford dye were combined. For the control sample, 20 uL. DI H,O
were used. Before measuring the samples against the control sample at A\ = 595 nm,

they were incubated for 10 minutes at room temperature.

3.1.3 Hydrolytic Activity of Phosphatases

Determination of specific hydrolytic activity (Agspe), expressed in pmolmin™' mg™ (=
Umg™!), of both lysates and purified enzymes was conducted by spectrophotometrically
measuring the dephosphorylation of p-nitrophenyl phosphate (pNPP) via the release of
p-nitrophenol (Figure 61).

50ngmL ™! enzyme or 100pgmL ™! lysate were added to maleate buffer (pH 6.0, final
concentration: 100 mM) to a final volume of 480 pL, followed by incubation at 30°C for
five minutes at 450 rpm and addition of 20 pLL 250 mM pNPP (final concentration: 10 mM
in H,O). After 60 seconds of mixing at 30°C and 450 rpm, the reaction was quenched
with 500 pL. 1 M NaOH and the absorbance of p-nitrophenol at A = 405 nm was measured.
Each reaction was done in triplicates. The concentration of p-nitrophenol was calculated
by considering the molar attenuation coefficient of ¢ = 18 500 Lmol ™' em™! [172] and the

absorption E:

FE
¢ [pmol L7 = 1
n ] ¢ [Lpmol™ em™!] * d [cm] (1)
E  absorption
e molar attenuation coefficient of p-nitrophenol
d length of cuvette (1cm)
¢ concentration of p-nitrophenol

The specific hydrolytic activity, which represents the phosphatase activity (U) of 1 mg
protein, was calculated according to Equation 2. One unit (U) of phosphatase activity
equates to the amount of p-nitrophenol (pmol) released within one minute under assay

conditions.
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pNP [pmol]

A 1=
spec [(Umg™] t [min] x P, [mg]

pNP amount of p-nitrophenol released

t reaction time (1 min)

P, amount of protein in assay

Agpec  specific hydrolytic activity
(Umg™' = pmol min~! mg 1)

3.1.4 SDS-PAGE

PAGE gels were run in a BioRad MiniProtean system. 5 pL of prestained protein ladder,
were used in all cases. Samples for each lane were prepared by adding 10nL of 2x
Laemmli sample buffer [125 mM Tris-HCI, 20 % glycerol, 4 % (w/v) SDS, 0.02% (w/v)
bromophenol blue, 10% (v/v) B-mercaptoethanol, pH6.8] to 10 uL. of properly diluted
protein sample, denaturating the protein for 5 minutes at 95°C and loading 15 pL per
slot. If not otherwise stated, a protein amount of 15 g per well was intended. In case
of cell debris, where an exact amount could not be loaded, a few milligrams were added
to 10 uL of DI H,O and 10 pL of 2x Laemmli sample buffer before denaturation.

Gels were run at 100V in 1x MOPS running buffer (from 20x buffer: 50 mM MOPS,
50mM Tris Base, 0.1 % SDS, 1mM EDTA, pH7.7) and stained and destained by stan-

dard Coomassie protocol.

3.1.5 Expression and Purification of L. wadei Phosphatase in pASK-IBA4

The expression of the phosphatase from L. wadei (Lw) was performed in E. coli BL21
(DE3), “BL217, strains.

In a 50mL Sarstedt tube holding 10 mL LB medium (10gL™" tryptone, 5gL™! yeast
extract, 10g L~ NaCl) an overnight culture (ONC) from an in-house glycerol stock was
set up using 10 pL stock. 100 pgmL~! ampicillin (AMP) were added. The ONC was
allowed to grow at 37°C and 130 rpm overnight.

Three cell cultures (BL21-1-3) were grown in 1L baffled culture flasks in TB media
(24g 7" yeast extract, 12gL™! tryptone, 4mLL™! glycerol, 2.3gL~! KH,PO, and
12.5¢gL~1 K,HPO,) in the presence of 100 pgmL~" AMP. The potassium phosphate

buffer required separate autoclaving.

For inoculation, 2% (v/v) of ONC, which had an ODgy of ~4, were added and the
cultures were grown at 37°C and 130rpm. The development of the cell density was

monitored by measuring the ODggg. After 105 min an ODggy of ~ 0.9 was reached and
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the culture flasks were shifted to the expression temperature of 20 °C. 30 minutes later,
the cultures were induced by addition of 35 pL of a 2g L' anhydrotetracycline (AHTC)
stock in ethanol to obtain a concentration of 200 pg L= AHTC in the cultures.

After 3 h expression at 130 rpm the cell cultures were pelleted at 4 °C and 5000 rpm for 20
minutes, the supernatants were discarded, the pellets were resuspended in 40 mL 0.9 %
NaCl solution, transferred into a 50 mL Sarstedt tube and centrifuged again at 4 °C and
4000 rpm for 20 minutes. After removing the supernatant, the yield of wet cells was
1.84 ¢ for BL21-1, 1.27 g for BL.21-2 and 1.22 g for BL.21-3.

After shock freezing with liquid N,, the cells were stored at —20°C overnight. The
cells were then fully thawn on ice and resuspended in 4mL per gram wet cells lysis
buffer (50 mM Tris-HCI, 150 mM NaCl, 0.1 % Triton X-100, 1 mM EDTA, pH8.0). The
suspensions were subsequently sonicated for 25 minutes on ice using the settings depicted
in Table 32.

Table 32: Settings for ultrasound disruption of cells

parameter value

amplitude 40 %
pulse on 1s
pulse off 4s
run time 5 min

The resulting solutions were pelleted at 4 °C and 15000 rpm for 20 minutes. After trans-
ferring the supernatant into 15 mL Sarstedt tubes, the pellets were washed with ~ 10 mL
0.9 % NaCl solution and centrifuged at 4 °C and 4000 rpm for 20 minutes for reference.
In Figure 94 an SDS-PAGE is given, on which lysates and pellets are compared. Soluble

protein with a mass of about 25 kDa was detected.

The activity and the concentration of the lysates was determined according to the stan-
dard protocol (Sections 3.1.3 and 3.1.2). Agpe. = 3.85umolmin~' mg™!, 20.0mgmL™*
protein content for BL21-1, Ay, = 3.85 pmol min™' mg~—!, 17.9 mg mL " protein content
for BL21-2, Agpee = 3.75 pmol min~* mg™, 17.0 mgmL~" protein content for BL21-3.

The lysates were combined and purified after filtration through a 0.22 pm syringe filter.
Following conditioning of the IBA gravity flow column with lysis buffer (see above), the
cell-free extracts were loaded at atmospheric pressure and room temperature and washed
2x with lysis buffer. Then, the protein was eluted with elution buffer (150 mM NaCl,
50mM Tris-HCI, 0.1 % Triton X-100, 2.5mM desthiobiotin, pH8.0). Five fractions of

~30mL in total were collected.
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Figure 94: SDS-PAGE: Expression of Lw in pASK-IBA4. 1: standard, 2/4/6: lysate,
3,5,7: pellet

According to SDS-PAGE, fractions 1-4 contained the desired enzyme. The fractions were
concentrated to a volume of ~1mL in a 20 mL Sartorius VivaSpin protein concentrator
with a 10kDa cutoff and dialyzed against sodium acetate buffer (20 mM, pH 5.0) yielding
750 pLL of target enzyme solution.

Activity and concentration of the pure enzyme was determined according to the standard
protocol (Sections 3.1.3 and 3.1.2). Agpe. = 60.9 pmol min ™ mg™*, 15.4 mgmL~" protein

content, expressed protein: 11 mgL~! culture.

3.1.6 Expression and Purification of E. Coli Phosphatase YniC-Ec

3.1.6.a Expression in pASK-IBA4

E. coli BL21(DE3), “BL21”, competent cells were transformed according to the standard
protocol (Section 3.1.1) and plated on LB plates with 100 pgmL~" AMP. The plasmid
DNA was prepared by work predating the project [169].

An ONC was prepared in a 50 mL Sarstedt tube: 15 mL LB medium (10gL~! tryptone,
5g Lt yeast extract, 10gL~! NaCl), 100 pgmL~' AMP, one colony from LB plate. The
ONC was allowed to grow at 37°C and 130 rpm overnight. ODggg on the following day

was ~ 3.

Three main cultures (BL21-1-3) from the ONC, 1% (v/v), were grown at 37°C and
130rpm in 1L baffled culture flasks in the presence of 100 pgmL~" AMP in TB me-
dia (24 gL~ yeast extract, 12gL™"! tryptone, 4 mLL™! glycerol, 2.3gL~! KH,PO, and
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12.5¢gL~! K,HPO,). The potassium phosphate buffer required separate autoclaving.

The development of cell density was monitored by measuring the ODggp.

After 2h, 30min before induction with 35uL of a 2gL™! AHTC stock in ethanol at
an ODgoo of ~ 1.0, the cultures were shifted to the expression temperature of 20 °C.

Expression was done overnight at 140 rpm.

All three cell cultures were harvested via centrifugation according to the same protocol
as in Section 3.1.5 yielding 3.28 g wet cells for BL21-1, 3.30 g for BL.21-2 and 2.82 ¢ for
BL21-3. Upon resuspension of the pellets in 2mL per gram wet cells lysis buffer (50 mM
Tris-HCI, 150 mM NaCl, 0.1 % Triton X-100, pH8.0), they were subjected to the same
ultrasound treatment as depicted in Table 32. The cell debris was washed with 0.9 %
NaCl and kept for later reference on a SDS-PAGE.

The protein content of the lysates was determined according to the standard pro-
tocol (Section 3.1.2) to be 3.23mgmL~! for BL21-1, 3.55mgmL~"' for BL21-2 and
2.48mgmL~! for BL21-3.

The activity was measured according to the general procedure described in Section 3.1.3,
however with 100 pgmL~"! protein in the assay Ajs was below the detection limit in all
cases. Further extraction of protein from the cell debris was attempted by addition of
2mL per gram pellet lysis buffer (see above) as well as 1mgmL™" lysozyme and lysis
for 60 min at room temperature before sonication (Table 32) and pelleting at 4°C and
15000 rpm for 20 minutes. The supernatant was almost not active in the pNPP assay

(data not shown).

Purification of the lysate obtained first was attempted in the same manner as in Sec-
tion 3.1.5. The protein containing fractions, determined by SDS-PAGE, were concen-
trated to a volume of ~2mL in a 20 mL Satorius VivaSpin protein concentrator with
a 10kDa cutoff and dialysed against a sodium acetate buffer (20 mM, pH5.0) yielding

~ 1.8 mL of enzyme solution.

The target protein solution had a concentration of 0.98 mgmL~! (expressed protein:
1.7mgL~"! culture), but its activity was only 0.12pmolmin~' mg='. Therefore, the
pNPP hydrolysis protocol was modified slightly by supplementation of the maleate stock
with 1 mM MgCl, in the first attempt and 2mM MgCl, in the second. Yet no increase
in activity could be discovered. Also supplementation of the enzyme solution with 1 mM

MgCl, directly and incubation for seven days had no influence on activity.
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3.1.6.b Expression in pET28a

TB Medium

E. coli BL21(DE3), “BL21”, competent cells were transformed according to the standard
protocol (Section 3.1.1) and plated on petri plates with 30 pgmL ™! kanamycin (KAN).
The plasmid DNA was prepared by work predating the project [169].

An ONC was prepared in a 50 mL Sarstedt tube: 15 mL LB medium (10gL™! tryptone,
5gL~! yeast extract, 10gL~" NaCl), 30 pgmL~" KAN, one colony from LB plate. The
ONCs were allowed to grow at 37 °C and 130 rpm overnight. ODgoo on the following day

was ~ 2.6.

Three main cultures (BL21-1-3) from the ONC, 1% (v/v), were grown at 37°C and
130rpm in 1L baffled culture flasks in the presence of 30pgmL~" KAN in TB me-
dia (24 gL™! yeast extract, 12gL~! tryptone, 4mL L™ glycerol, 2.3gL~! KH,PO, and
12.5¢gL~! K,HPO,). The potassium phosphate buffer required separate autoclaving.

The development of cell density was monitored by measuring the ODggp.

After about 2.5h, 20min before induction with 175uL of a 1 M IPTG stock in water
at an ODggy of ~ 0.9, the cultures were shifted to the expression temperature of 20 °C.

Expression was done overnight at 140 rpm.

All three cell cultures were harvested via centrifugation according to the same protocol
as in Section 3.1.5 yielding 3.53 g wet cells for BL21-1, 5.07 g for BL.21-2 and 7.30 g for
BL21-3. Upon resuspension of the pellets in 2mL per gram wet cells lysis buffer (50 mM
KH,PO,, 10mM imidazole, 300mM NaCl, pH7.5), they were subjected to the same
ultrasound treatment as depicted in Table 32. The cell debris was washed with 0.9 %
NaCl and kept for later reference on a SDS-PAGE.

The protein content of the lysates was determined according to the standard pro-
tocol (Section 3.1.2) to be 16.4mgmL~"! for BL21-1, 23.5mgmL~" for BL21-2 and
30.5mgmL~! for BL21-3.

For purification, the combined lysates were loaded onto a FPLC system equipped with a
5mL Ni-NTA affinity column. The system was equilibrated with binding buffer (50 mM
KH,PO,, 300mM NaCl, 10mM imidazole, pH7.5 at 4°C, degassed) for 10min at a

! and washing with

flow of 2mLmin~!, followed by loading of the lysate at 2mLmin~
~ 100 mL wash buffer (50 mM KH,PO,, 300 mM NaCl, 50 mM imidazole, pH 7.5 at 4 °C,
degassed) at 2mLmin~" until the UV detector indicated ceased protein elution off the
column. For elution of the target protein, a gradient from 100 % wash buffer A to 100 %

elution buffer B (50 mM KH,PO,, 300mM NaCl, 300 mM imidazole, pH7.5 at 4°C,
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degassed) was run at a constant flow of 2mL min~!:

Linear gradient elution from A,
0OmL, to B, 44 mL, then isocratic elution of B until the final volume of 134 mL. Fractions
with a volume of 2mL were collected for the first 44 mL, then their size was increased

to 5mL.

The protein containing fractions, determined by UV signal, were concentrated to a
volume of ~30mL in a 250 mL Satorius Vivacell 250 protein concentrator with a 10 kDa
cutoff at a pressure of 4bar. Subsequently, 200 mL dialysis buffer (50 mM Tris-HCl,
2mM MgCl,, pH7.0 at 4°C) were added and the solution was concentrated to a final

volume of 15mL.

The target protein solution had a concentration of 9.09 mgmL~! (expressed protein:
130mgL~! culture), but again Aps was below the detection limit when determining
the activity following the protocol in Section 3.1.3 with 50 pgmL™! protein in presence
of additional 2mM MgCl, in the maleate buffer. Hence, a protein concentration of

200 pg mL~! was chosen, which translated into an Agp.. as low as 0.2 pmol min~! mg=".

In order to obtain reasonable activity per volume, the enzyme solution was further
concentrated in a 20 mL Sartorius VivaSpin protein concentrator with a 10kDa cutoft

to 53.4mgmL~!. The activity remained unchanged.

LB Medium

The expression was repeated, following the same procedure as before, but in LB medium
(4.95 g yeast, 4.95g NaCl and 9.9 g tryptone for 3x 330 mL main culture) utilizing 20 pL
of the glycerol stock from BL21 for 15mL of ONC.

The expression was done at 20°C, 120 rpm, yielding 1.99 g wet cells for BL21-1, 1.98 g
for BL21-2 and 2.05g for BL21-3. After shock freezing with liquid N, the cells were
stored at —20°C overnight. The cell disruption was performed according to the general
protocol. The cell debris was washed with 0.9 % NaCl and kept for later reference on a
SDS-PAGE.

The concentration (Section 3.1.2) of the three lysates was 25.8 mgmL~! for BL21-1,
26.0mgmL~! for BL21-2 and 25.6 mgmL~! for BL21-3. The pNPP hydrolysis activity
test was conducted according to the procedure depicted in Section 3.1.3, albeit with an
additional 2mM MgCl, in the maleate stock and a protein concentration of 1 mgmI !
to obtain a value above LOD for Ajps: Agpee = 0.014pmolmin~' mg~" for BL21-1,
0.017 pmol min™! mg ™! for BL21-2 and 0.018 pmol min~! mg—! for BL21-3.

Purification of the combined lysates was done as before, except after the loading step

for another 5 min binding buffer at a flow of 2mL min~! was run through the system. In
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order to prevent damage to the enzyme, another method for dialysis and concentration
was chosen: The fractions from the FPLC, which contained protein according to UV
signal, were collected and put in a dialysis tube, which was immersed in 7L of dialysis
buffer (50mM Tris-HCI, 2mM MgCl,, pH7.0 at 4°C). After dialysis overnight, the
protein solution was concentrated to a final volume of ~2mL in a 20mL Sartorius

VivaSpin protein concentrator with a 10 kDa cutoff.

The concentration of the target protein was 16.7 mgmL ™" (expressed protein: 32mgL~!
culture), but the activity was minute: Ag. = 0.13 pmolmin~'mg™'. For the pNPP
hydrolysis test a protein concentration of 500 pgmL™!, was chosen to stay within the

linear range of the photometer.

3.1.6.c Expression in pET28a with Autoinduction

E. coli BL21(DE3), “BL21”, competent cells were transformed according to the standard
protocol (Section 3.1.1) and plated on a petri plate with 30 pgmL~' KAN. The plasmid
DNA was prepared by work predating the project [169].

In a 50 mL Sarstedt tube an ONC with one culture from LB plate and 30 pgmL~! KAN
in 20mL LB medium (10gL~! tryptone, 5gL~! yeast extract, 10gL~' NaCl) was set
up and allowed to grow at 37°C and 130 rpm overnight. ODggp was ~ 2.0.

For autoinduction, all solutions listed in Table 33 were prepared. For 670 mL main
culture, 620mL “Medium”, 13.4mL “50x LAC”, 33.5mL “20x NPSC”, 2mL “FeCl; -
6 H,0”, 2mL “1000x Trace Elements”, 1.34 mL “MgS0O,-7H,0”, 20 mL ONC and 670 pL

KAN stock with a concentration of 30 mgmL ™" were combined.

After three days at 20°C and 120 rpm, the cells were harvested according to the same
protocol as in Section 3.1.5 yielding 7.34 g wet cells, which were shock frozen with liquid
N, and stored at —20 °C overnight.

Cell disruption was performed as in Section 3.1.6.b. The cell debris was washed with

0.9% NaCl and kept for later reference on a SDS-PAGE.

The protein content of the lysate was determined according to the standard protocol
(Section 3.1.2) to be 11.0mgmL™", A, was 0.22 pmol min~' mg~! following the proce-
dure in Section 3.1.3 with 2mM MgCl, in the maleate stock.

Purification of the combined lysates was done on FPLC in the same manner as in Sec-
tion 3.1.6.b, except after loading, for another 5 min binding buffer at a flow of 2mL min~!
was run through the system. In order to prevent damage to the enzyme, the following

method for dialysis and concentration was chosen: The fractions from the FPLC, which
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Table 33: Solutions for autoinduction medium [173]

Medium conc. per 620mL DI H,O
yeast extract 40g Lt 11.04¢g
tryptone 80gL~! 22.08¢g

20x NPSC conc. per 200mL DI H,O
NH,Cl 1M 10.7g
Na,SO, 0.1M 2.84g
KH,PO, 0.5M 13.6¢
Na,HPO, 0.5M 14.2¢g

50x LAC conc. per 100mL DI H,O
glycerol 25% (w/v) 25¢

glucose (add. after autoclaving) 2.5% (w/v) 25¢g
lactose (add. after autoclaving) 10% (w/v) 10g
MgSO, - 7TH,0O conc. per 10mL DI H,O
FeCl; - 6 H,O conc. per 10mL 60 mM HCI (filtered)
FeCl, - 6 H,O 50 mM 0.135g
1000x Trace Elements conc. per 20mL 60 mM HCI (filtered)
CaCl, 20 mM 44 mg
MnCl, - 4H,0 10mM 39.6 mg
CuCl, - H,O 2mM 6.8 mg
Na,MoO, - 2H,0 2mM 9.7mg
H;BO, 2mM 2.5mg
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contained protein according to UV signal, were collected and put in a dialysis tube,
which was immersed in 7L of dialysis buffer (50 mM Tris-HCI, 2mM MgCl,, pH 7.0 at
4°C). After dialysis overnight, the protein solution was concentrated to a final volume

of ~2mL in a 20 mL Sartorius VivaSpin protein concentrator with a 10 kDa cutoff.

The concentration of the target protein was determined to be 19.7mgmL™! (expressed
protein: 38 mgL~! culture), however the activity was still too low in spite of 1 mM
MgCl, supplementation in in the reaction: Agpe. = 0.17 pmol min~* mg™". The protein

concentration in the assay was 100 pgmL™.
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3.2 Synthesis of Organic Donors
3.2.1 lIsopropenyl phosphate

3.2.1.a Step 1: Dimethyl isopropenyl phosphate

Q P(OMe); O\‘P/O
} —_— O/ \ + CH30|
Cl 1h reflux 0

(92.52)
(166.11)

Figure 95: Synthesis of dimethyl isopropenyl phosphate: Perkow reaction

Literature: modified from Moriguchi et al. [167, p. 144]

1276 pL (1 eq.; 10.8 mmol) trimethyl phosphite were put in a 5mL two-necked flask,
immersed in an ice bath, and 870 uL. (1 eq.; 10.8 mmol) chloroacetone were added drop-
wise. Upon completion, the ice bath was removed and the mixture was refluxed for one

hour.? The residue was distilled under reduced pressure to obtain a brown liquid (1.73 g,

96 %).

Characterisation of the crude product via TLC (silica, petroleum ether/ethyl acetate
2:3; potassium permanganate solution): Re¢ [P(OMe)s, faint]: 0.3; R [crude product]:
0.5 and Ry [chloroacetone, faint]: 0.95

The crude product was purified via flash chromatography (petroleum ether/ethyl acetate
2:3; potassium permanganate solution) to yield 1.46¢g (81 %) of pure product (slightly
yellow liquid).

'H, 13C and *'P NMR spectra of the compound in CDCl, were recorded. (see A.2.1)

300 MHz 'H-NMR: § 1.96 (3H, s, Me), 3.82 (6H, d, J = 9.0 Hz, Me of ester), 4.49-4.56
(1H, m, CH of vinyl), 4.74-4.80 (1H, m, CH of vinyl)

121 MHz 3'P-NMR: § -4.54, sept, J = 10.9 Hz

75 MHz BC-NMR: § 20.59, 54.70, 98.27, 152.0

2 Stirring at room temperature overnight instead produced a mixture between the desired product and
its constitutional isomer, dimethyl 2-oxopropylphosphonate, obtained from a competing Michaelis-Ar-
buzov reaction. (confirmed by NMR, data not shown)
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3.2.1.b Step 2: Isopropenyl phosphate (di)cyclohexylammonium salt

®
I © | NH
Q o Q o 3
o R 1. neat, Ar, TMSBr, 0°C to rt O’P\ o |
o0— (0] + CHsBr + —Si-O—
/J‘\ 2. MeOH/cyclohexylamine, rt /J‘\ |

2

(166.11) (336.41)

Figure 96: Hydrolysis via bis(trimethylsilyl) ester and precipitation as (di)cyclohexyl-
ammonium salt

Literature: modified from Garcia-Alles et al. [174, p. 3228]

In a microwave tube, kept under argon and immersed in an ice bath, 202mg (1 eq.;
1.22mmol) of dimethyl isopropenyl phosphate (synthesis: Section 3.2.1.a) were placed.
Through a syringe 321 ul (2 eq.; 2.44mmol) bromotrimethylsilane were slowly added.
The reaction was stirred for 1h at 0—4 °C and another hour at room temperature. Then,

the excess of bromotrimethylsilane was removed at high vacuum (1073 Torr).

The residue was added dropwise to 281 pL (2 eq.; 2.44 mmol) cyclohexylamine in 15 mL
MeOH /ether 1:5 (v/v). The white precipitate was filtered, washed three times with
8 mL ether and stored under argon. Yield: 247 mg (60 %)

An 'H NMR spectrum of the compound in D,O containing 0.1 N NaOH was recorded.
(see A.2.2)

300 MHz 'H-NMR: 6 1.1-1.8 (20H, m, cyclohexylamine: aliphatic H), 2.07 (s, Me),
2.64-2.81 (2H, m, cyclohexylamine: H-C(-C)(-C)-NH,), 4.09-4.15 (m, CH of vinyl),
4.33-4.40 (m, CH of vinyl)

Due to the very short half-life of the product even under basic conditions (30 minutes,
according to Moriguchi et al. [167, p. 141]) the molar ratio of cyclohexylamine to the
product could not be determined properly via NMR. The characteristic peaks of vinyl
protons confirmed the presence of product (6 4.1 and 4.4). For yield calculations and
all enzymatic reactions a di(cyclohexylammonium) salt was assumed, which is in good

accordance with the findings by Garcia-Alles et al. [174].
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3.2.2 1-(2,4-Difluorophenyl)vinyl phosphate

3.2.2.a Step 1: 1-(2,4-Difluorophenyl)vinyl dimethyl phosphate

Q Q
P(OMe
i _ POMels oo 4+ cHsc
1h reflux ~
F F F F
(190.57) (264.16)

Figure 97: Synthesis of 1-(2,4-difluorophenyl)vinyl dimethyl phosphate: Perkow reaction

Literature: modified from Moriguchi et al. [167, p. 144]

2.00g (1 eq.; 10.5mmol) 2-chloro-2’,4’-difluoroacetophenone were put in a 5mL two-
necked flask, immersed in an ice bath, and 1238 puL (1 eq.; 10.5 mmol) trimethyl phosphite
were added slowly. Upon completion, the ice bath was removed, the mixture was refluxed

for one hour and the residue was distilled under reduced pressure to obtain a yellow liquid
(2.42¢g, 87T %).

Characterisation of the crude product via TLC (silica, petroleum ether/ethyl acetate
2:3; potassium permanganate solution): Rg¢ [P(OMe)s, faint]: 0.3; R [crude product]:
0.5 and Ry [2-chloro-2’ 4’-difluoroacetophenone, faint]: 0.95

The crude product was purified via flash chromatography (petroleum ether/ethyl acetate
2:3; potassium permanganate solution) to yield 2.06¢g (74 %) of pure product (slightly
yellow liquid).

'H, 13C and 3P NMR spectra of the compound in DMSO-dg were recorded. (see A.2.3)

300 MHz "H-NMR: § 3.77 (6H, d, J = 9.0 Hz, Me), 5.30-5.39 (2H, m, CH,), 7.14 7.23
(1H, m, Ar), 7.32-7.44 (1H, m, Ar), 7.56-7.68 (1H, m, Ar)

121 MHz 3'P-NMR: § -4.29 — -4.41, m

75 MHz ¥C-NMR: § 55.33, 103.8, 105.4, 112.4, 130.5, 146.3, 158.2, 161.6, 164.5
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3.2.2.b Step 2: 1-(2,4-Difluorophenyl)vinyl phosphate (di)cyclohexylammonium salt

0]
11
o I?\o/ 1. neat, Ar, TMSBr, 0°C to rt
~ ?
F F 2. MeOH/cyclohexylamine, rt

(264.16)
®
o NH,
N oo |
| 0o + CHsBr + —Si-0—
FNF |
2
(434.46)

Figure 98: Hydrolysis via bis(trimethylsilyl) ester and precipitation as (di)cyclohexyl-
ammonium salt

Literature: modified from Garcia-Alles et al. [174, p. 3228] and Moriguchi et al. [167,
p. 144]

In a microwave tube, kept under argon and immersed in an ice bath, 265mg (1 eq.;
1.00 mmol) of 1-(2,4-difluorophenyl)vinyl dimethyl phosphate (synthesis: Section 3.2.2.a)
were placed. Through a syringe slowly 291 pL. (2.2 eq.; 2.20 mmol) bromotrimethylsilane
were added. The reaction was stirred for 1h at 0-4 °C and another hour at room

temperature. After, the excess of bromotrimethylsilane was removed at high vacuum

(1073 Torr).

The residue was added dropwise to 231 pL (2 eq.; 2.00 mmol) cyclohexylamine in 60 mL
MeOH/ether 1:5 (v/v). The white precipitate was filtered under reduced pressure,
washed three times with 8 mL ether and stored under argon. Yield: 305mg (70 %)

'H, 1C and 3'P NMR spectra of the compound in D,O were recorded (upon heating,
see A.2.4).

300 MHz 'H-NMR: ¢ 1.0-1.8 (20H, m, cyclohexylamine: aliphatic H), 2.09 (s, acetone
[cont.]), 2.91-3.05 (2H, m, cyclohexylamine: H-C(-C)(-C)-NH;"), 5.02-5.08 (1H, m, CH
of vinyl), 5.09-5.14 (1H, m, CH of vinyl), 6.80-6.93 (2H, m, Ar), 7.54-7.65 (1H, m, Ar)
121 MHz 3'P-NMR: § 0 (s, inorganic phosphate), -1.77 — -1.97 (m, product P)

75 MHz BC-NMR: § 23.73, 24.21, 30.26, 50.24, 103.7, 104.3, 111.0, 130.1, 148.0, 158.1,
161.6, 163.7

The ratio of phosphate to cyclohexylamine was determined to be ~ 1.8 by compar-
ing the integral of the vinyl proton at 5.05ppm to the area of the peak at 3.0 ppm
(H-C(-C)(-C)-NH;") of cyclohexylamine. Nonetheless, for yield calculations and all

enzymatic reactions the molar mass of a (di)cyclohexylammonium salt was used.
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3.2.3 2,2,2-Trifluoroethyl phosphate monocyclohexylammonium salt (Synthesis per-
formed at BASF)

F NH
POCI3 F Cl AgNO3/H,0 F OH. o 3
Fﬂ\/OH X/O L FXO\F',/O + AgCl
NEts cyclohexylamine I
o o)
(100.04) EtzNHCI
+ s (279.19)
1 2 3

Figure 99: Synthesis of 2,2 2-trifluoroethyl phosphate monocyclohexylammonium salt

Literature: Modro et al. [175]

76.7g (0.5mol) of phosphoric acid trichloride in diethyl ether (500 mL) was cooled to
0°C. With stirring a mixture of 100g (0.5mol) 2,2,2-trifluoroethanol (1) and 50.6 g
(0.5 mol) triethylamine was added dropwise while keeping the temperature at 0°C. Upon
complete addition the mixture was allowed to warm up to room temperature and then

it was heated to reflux for 3h. Stirring was continued at room temperature overnight.

Precipitated salt was removed by filtration, the solids were washed with diethyl ether
(2x 200mL) and the combined filtrates were concentrated in vacuum (100 mbar, rt).
The remainder was subjected to a distillation at 31 mbar. Pure ester 2 was collected at
a boiling point of 64-66 °C/31 mbar. Yield: 71g (72 %) phosphoric acid ester dichloride

2 as a colorless oil.
"H-NMR (400 MHz, CDCl,): ¢ 4.60 (2H, quint, J = 8.3 Hz)
Hydrolysis step:

67.45g (0.4mol) AgNO, were dissolved in a mixture of water (50.5 mL) and acetonitrile
(50.5mL). The solution was cooled to 0°C and 39g (0.18 mol) of the ester 2 was added
dropwise with stirring while keeping the temperature at 0-5°C. Upon complete addition,
stirring was continued for another hour. The mixture was allowed to stand overnight at
5°C, then precipitated AgCl was removed by filtration. As the filtrate was turbid, it was
allowed to stand for another 24 h at 5°C, followed by removal of precipitated salts. The
filtrate was concentrated in vacuum and the remaining oil was dissolved in isopropanol
(280 mL).

After cooling to 0°C the solution was treated with 17 g (0.17 mol) cyclohexylamine. The
resulting suspension was heated to reflux and water was added dropwise until the salts
were dissolved. Upon standing and cooling to room temperature the cyclohexylammo-
nium salt 3 precipitated. Filtration and drying in vacuum yielded 6.9 g (16 %) of a white
powder, melting point: 180°C (decomp.).
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'H, 13C and P NMR spectra of the compound in D,O were recorded. (see A.2.5)

300 MHz 'H-NMR: 6 0.9-2.0 (10H, m, cyclohexylamine: aliphatic H), 2.91-3.13 (1H, m,
cyclohexylamine: H-C(-C)(-C)-NH;"), 4.16 (2H, quint, J = 6.0 Hz)

121 MHz 3'P-NMR: § -0.43, t, J = 8.5 Hz

75 MHz BC-NMR: 23.74, 24.22. 30.26, 50.30, 61.86, 62.34, 121.5, 125.3
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3.3 Enzymatic Reactions

3.3.1 Half-Life of Donors for Transphosphorylation

The half-life of AcP, CP and PC was determined under conditions typical for transpho-
sphorylation, described more thoroughly in Section 3.3.2, via NMR as follows:

In a Sarstedt tube, 5mL of a stock solution of 500mM 140H, 100mM donor and
1% (v/v) DMSO in DI H,O were prepared, adjusted to a pH of 4.2 (£0.05) with a
pH meter with 1M or 10 M NaOH or 2M and 12M HCI and kept on ice. In an NMR
tube, 600 nL of the solution were then mixed with 100 pL. 350 mM dimethyl methylphos-
phonate (internal standard) in D,O.

Immediately after preparation of the sample, 3*P-NMR spectra were recorded employing
inverse gated decoupling with 32 scans and 20 s relaxation time. Total run time was 8 h

with four samples per hour for the first 2h and two samples per hour for the last 6 h.

Spectra were integrated manually with MestReNova 6.0.2-5475. For quantification of
P;, a calibration curve, obtained from average values of two identical sets, was set up
(Figure 100). All peaks were referenced to the internal standard. To ascertain the
stability of the analyte, the time was plotted against the percent of donor as well as
against the percent of P; in the same graph. The x-value of the intercept of both curves

gave the half-life.

12 + -

10 .

Ratio to IS

2l 4 ]

. | | | | f(x) = 17.0266x

0 01 02 03 04 05 06 07 08 09
¢ in NMR tube (M)

Figure 100: Calibration curve for P;, R? = 0.992
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3.3.2 Transphosphorylation

3.3.2.a Typical Setup

The reactions were performed in 1.5ml glass screw-cap vials. Stock solutions were
prepared in Sarstedt tubes in DI H,O or 200mM citrate buffer with IPP as donor,
containing 500 mM substrate, 100mM AcP, PEP, CP, PC, TFEP or PP; or 50 mM IPP
or DFPVP, 1% (v/v) DMSO as internal standard and salt supplementation for the metal
dependent enzymes AphA-St, YniC-Ec (10 mM MgCl,) and SPHSX (10 mM ZnCl, plus
10mM CacCl,).

Subsequently, the solutions were set to the desired pH (40.05) with a pH meter with
1M or 10M NaOH or 2M and 12M HCI. Reactions with PiIACP, PhoN-Sf, PhoN-Se,
Lw, NSAP-Eb-11, PhoC-Mm-2 and AphA-St were run at pH 4.2, SPHSX at pH of 9.0
and phytase was tested at both pH 4.2 and pH 2.5.

For each reaction, 1 mL of the stock solution was combined with an aliquot of protein
to reach a certain enzymatic activity (Equation 3). In case of immobilized enzyme, the
stock solutions were added directly to the wet beads. Specific activity, Agpe., of the
enzymes was determined in the hydrolytic direction in the pNPP assay (Section 3.1.3)
and is listed in Table 34.

Ureaction [U]

VnL = Agpec [Umg™' * ¢ [mg pL ™|

V volume of purified protein

Uveaction €nzymatic activity (units) desired in reaction
Aspec specific hydrolytic activity of purified protein
c concentration of purified protein

Because of the low Agp. of YniC-Ec compared to other phosphatases, 50 ugmL™" and
200 pgmL~! were used in reactions with “YniC-Ec old” while in screenings with “YniC-
Ec from Section 3.1.6.b” (pET28a/TB medium) 1000 pg mL~! were employed due to its

minute activity.

During the course of the screening, the glass vials were shaken at 600 rpm and 30°C in

an Eppendorf shaker.

All reactions were done in duplicates to assure proper accuracy. Moreover control sam-

ples were prepared, containing all substances, except the phosphatase.
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Table 34: Specific Activity and Concentration of Phosphatases

Agpec conc.
[pmolmin~! mg™!]  [mgmL™!]

PiACP 93.5 7.2
AphA-St 87.1 1.8
PhoN-Sf 55.6 13.8
PhoN-Se 36.3 2.1
PhoK/SPHSX 1300 0.25
PhoC-Mm-2 6.9 17.2
NSAP-Eb-11 30.5 12.8
Lw old 59.5 3.3
Lw from Section 3.1.5 60.9 15.4
phytase 150 3.9
YniC-Ec old 2.1 2.8
YniC-Ec from Section 3.1.6.b 0.2 53.4

3.3.2.b Sampling and Analytics on HPLC-RI

To keep track of the transphosphorylation reaction, 25 pL samples were taken from the
reaction mixture at given time points and diluted with 475pL 5mM H,SO, in HPLC
grade H,O in an HPLC vial. The accompanying drop to a pH ~ 2.0 was sufficient to
quench the reaction. To prevent damage to the HPLC column by cyclohexylamine, in
screenings with IPP, DFPVP and TFEP samples were diluted 40x with 5mM H,SO,
instead of 20x.

Method on HPLC-RI: 40 pL injection volume, 0.4mLmin~—! flow, 50°C column tem-
perature, 16 min per run, eluent: 5mM H,SO, in HPLC grade H,O. Column: Alltech
IOA-2000 Organic Acids (length: 150 mm, diameter: 6.5 mm, particle size: 8 pm).

All chromatograms were integrated manually. Peaks were identified by comparison of
the retention time with reference compounds (see A.3). Concentrations in mM were
calculated from calibration curves, shown in Section 3.3.2.c, for 140H, HEA, MADG,
pyruvate and phosphate (P;).

The amount of product in mM was calculated via the loss of substrate during the course
of the reaction in comparison with a control sample, where 100 % of the substrate re-
mained. For reactions with 140OH, in which the amount of substrate could not be
quantified due to an overlap with another compound, a “pseudo” calibration curve (Fig-
ure 106) was set up from another screening, plotting the concentration of the product,
determined by the consumption of 140H in distinct reactions, against the area ratio of
the product peak to the internal standard. This method was used for IPP for instance,

where acetone was produced as an interfering by-product.
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A calibration curve for pyruvate (Figure 104) was necessary to quantify the consumption
of PEP, because of an overlap of the donor with chloride, deriving from HCI, used to set
the pH of the stocks.

3.3.2.¢c Calibration for HPLC-RI

Ratio to DMSO
W~

0 . . f(x) = 0.1261x
0 10 20 30 40 50
¢ in HPLC vial (mM)

Figure 101: Calibration curve for 140H, R? = 0.998

Ratio to DMSO
O = N W s Ot O 9 o ©o

. . f(x) = 0.1692x
0 10 20 30 40 20
¢ in HPLC vial (mM)

Figure 102: Calibration curve for HEA, R? = 0.997
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Figure 103: Calibration curve for MADG, R? = 0.992
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Figure 104: Calibration curve for pyruvate, R? = 0.999
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Figure 105: Calibration curve for P;, R? = 0.997
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Figure 106: “Pseudo” calibration curve for 140P, R? = 0.966
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3.3.2.d Sample Preparation and Analytics on HPLC-MS

HPLC-MS was used for product identification. Samples were prepared by dilution of
10 pL HPLC-RI sample with 990 uLL 0.1 % formic acid in HPLC grade H,O.

Method for HPLC-MS: 5 puL injection volume, 1 mLmin~! flow, eluent: 0.1 % formic
acid in HPLC grade H,0O, 40°C column temperature, 13 min per run. Column: Agi-
lent Zorbax 300-SCX. MS settings for 140H: negative mode, SIM: set to m/z = 169
(monophosphorylated product minus 1), 249 (diphosphorylated product minus 1) and
124 (diphosphorylated product minus 2 divided by 2), then SCAN: m/z range from
90-300.

3.3.2.e Sampling and Analytics on NMR

NMR was also used for product identification. In contrast to analysis on HPLC-RI,
where multiple samples at various time points could be prepared from a single batch,
analysis via NMR required one reaction per sample: After the desired time, the reactions
were quenched by addition of 30 p. 12 M HCI. In an NMR tube, 600 pL reaction mixture
were subsequently combined with 100 pLh 350 mM dimethyl methylphosphonate (internal
standard) in D,0.

Method for 3 P-NMR: Inverse gated decoupling, 32 scans and 20 s relaxation time (except
for A.2.1 and A.2.5). Analysis of the spectra with MestReNova 6.0.2-5475.

3.3.2.f Identity of 4-hydroxybutyl phosphate

The identity of the product 4-hydroxybutyl phosphate was confirmed via HPLC-MS and
NMR according to Sections 3.3.2.d and 3.3.2.e with PP;, PEP, AcP, CP, DFPVP, TFEP
as donors and PhoN-Sf, PhoN-Se and AphA-St at the “optimum” pH, determined in

Section 2.7. On no account di- or oligophosphate esters were detected.
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3.3.3 Hydrolysis of Donors and Products

Hydrolysis of the phosphate donor PEP in the presence of a phosphatase was determined
by setting up stock solutions like in Section 3.3.2.a, but without substrate. To simulate
reaction conditions with different enzymes, various stocks were prepared with pH values
of 4.2 and 9.0 as well as 10mM MgCl, or 10mM ZnCl, and 10 mM CaCl, supplemen-
tation. 4UmL™! of enzyme were employed, with the exception of 1 UmL™"! in case of
PhoN-Se. Sampling and analytics on HPLC-RI did not differ from Section 3.3.2.b.

The hydrolysis of the product 4-hydroxybutyl phosphate, provided as a disodium salt, at
a concentration of 100 mM by PiACP, PhoN-Sf, PhoN-Se, Lw and AphA-St was tested
following the same protocol, in the presence of 100 mM phosphate or PEP at various pH

values.

3.3.4 Reactions with immobilized PhoN-Se

3.3.4.a General Procedure for immobilizing PhoN-Se

ReliZyme"™ EP403 and Immobead 150 beads, both being epoxy-functionalized, were
used. 10mg (£ 0.2mg) of resin were weighed into 1.5 mL glass screw-cap vials. In total,
ten vials per bead type were prepared. To each, 500 pL of 1.25 M “K-P;” buffer, pH 8.0,
and 10 U of PhoN-Se were added. Then the beads were shaken and the activity of 10 pL
supernatant was monitored via the pNPP assay (Section 3.1.3). The absorption at A\ =

405nm is given in the table below.

Table 35: Ayps values

Ayos
resin Oh 4h overnight

ReliZymeTM EP403 3.42 1.46 0.71
Immobead 150 3.46 0.04

After 4h (Immobead) or overnight (ReliZyme), the supernatant was removed with a
Pasteur pipette and the beads were endcapped overnight by adding 500 pL. 2M glycine
pH&8.5. Then the beads were washed two times with 500 pL. DI H,O. For testing the
activity of the resin, 230 pL DI H,O and 250 pL. 200 mM maleate stock, pH 6.0, were
added to one of the ten glass vials prepared per bead type. After incubation at 30°C
and 450 rpm for 5 min, 20 pL of a 250 mM pNPP solution in DI H,O were added directly
to the vials. The reactions were quenched after 1 min at 20°C with 500 pL. 1 M NaOH

and the supernatant was diluted with H,O 50x in case of Immobead 150 and 20x in
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case of ReliZyme in a 1 mL cuvette. Finally, the samples were measured at the spec-
trophotometer as described in Section 3.1.3. All resin preparations were stored at 4°C

in 500 pL 100 mM “K-P;” buffer at pH 7.

The immobilization yield was calculated from the loss of at A5 given in Table 35. The

amount of protein in the pNPP assay gave rise to further parameters, which are depicted

in Table 36.

Table 36: Immobilization of PhoN-Se

immobilization Aspec Aspec

yield [mmol min~! mg™!] [pmol min~! g !]
resin [%] protein beads
ReliZyme™ EP403 79 6.81 187.3
Immobead 150 > 99 2.49 54.42
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A Appendix

A.1 Abbreviations

140H 1,4-butanediol

AcP Acetyl phosphate
AHTC Anhydrotetracycline
AMP Ampicillin

ATP Adenosine triphosphate
CAM Chloramphenicol

CP Carbamoyl phosphate

DFPVP 1-(2,4-difluorophenyl)vinyl
phosphate

DI deionized

DMSQO Dimethyl sulfoxide

DNA Deoxyribonucleic Acid

EDTA Ethylenediaminetetraacetic acid

FPLC Fast Protein Liquid Chromatogra-
phy
HEA 2-hydroxyethyl acrylate

HPLC-MS High Performance Liquid
Chromatography with Mass Spec-

trometer Detector

HPLC-RI High Performance Liquid
Chromatography with Refractory

Index Detector
IPP Isopropenyl phosphate

IPTG Isopropyl
[B-D-1-thiogalactopyranoside

IS Internal Standard

KAN Kanamycin

LB Lysogeny Broth

LOD Limit of Detection

MADG Methyl a-D-glucopyranoside
MeOH Methanol

MOPS 3-(N-morpholino)propanesulfonic

acid
n.c. no conversion
NMR Nuclear Magnetic Resonance
NSAP non-specific acid phosphatase

ODggo Optical density, absorption at
600 nm

ONC Overnight Culture

PC Phosphocreatine

PEP Phosphoenolpyruvate

P; Phosphate

PP; Pyrophosphate

PNPP para-Nitrophenylphosphate
rt room temperature

SDS Sodium dodecyl sulfate

SDS-PAGE Polyacrylamide gel elec-
trophoresis of proteins denaturated

via SDS
TB Terrific Broth
TFEP Trifluoroethyl phosphate

Tris Tris(hydroxymethyl)aminomethane



A.2 NMR-Spectra

A.2.1 Dimethyl isopropenyl phosphate
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A.2.2 Isopropenyl phosphate (di)cyclohexylammonium salt
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A.2.3 1-(2,4-Difluorophenyl)vinyl dimethyl phosphate
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A.2.4 1-(2,4-Difluorophenyl)vinyl phosphate (di)cyclohexylammonium salt
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A.2.5 2,2,2-Trifluoroethyl phosphate monocyclohexylammonium salt
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A.2.6 Transphosphorylation

Figure 107: 121 MHz 3'P-NMR, 15% D,O, phosphorylation of 500 mM 140H with
100mM PEP (4), CP (3), PP; (2) or AcP (1) at pH2.9 (PP;/AcP) or 4.2 (CP/PEP),
30°C, 600 rpm shaking, 1 mL reaction vol., 10 mM MgCl,, 1 UmL™! AphA-St (4 UmL™!
for PEP), 4h reaction time for PP;/AcP, 20 min for CP and 60 min for PEP, 140P =
4-hydroxybutyl phosphate, standard = dimethyl methylphosphonate

Figure 108: 121 MHz 3'P-NMR, 15% D,O, phosphorylation of 500 mM 140H with
100mM PEP (4), CP (3), PP; (2) or AcP (1) at pH3.3 (PP;/AcP) or 4.2 (CP/PEP),
30°C, 600 rpm shaking, 1 mL reaction volume, 1 UmL™ PhoN-Se (4UmL™! for PEP),
3 h reaction time for PP;/AcP, 20 min for CP and 120 min for PEP, 140P = 4-hydroxy-
butyl phosphate, standard = dimethyl methylphosphonate

Figure 109: 121 MHz 3'P-NMR, 15% D,O, phosphorylation of 500 mM 140H with
100mM PEP (4), CP (3), PP; (2) or AcP (1) at pH3.8 (PP;/AcP) or 4.2 (CP/PEP),
30°C, 600 rpm shaking, 1 mL reaction volume, 1 UmL™ PhoN-Sf (4UmL™! for PEP),
4 h reaction time for PP;/AcP, 30 min for CP and 240 min for PEP, 140P = 4-hydroxy-
butyl phosphate, standard = dimethyl methylphosphonate

Figure 110: 121 MHz 3'P-NMR, 15% D,O, phosphorylation of 500 mM 140H with
100mM DFPVP at pH3.5, 30°C, 600rpm shaking, 1mL reaction volume, 1 UmL™}
PhoN-Sf, PhoN-Se or AphA-St, 10 mM MgCl, for AphA-St, 1h reaction time, 140P =
4-hydroxybutyl phosphate, standard = dimethyl methylphosphonate

Figure 111: 121 MHz 3'P-NMR, 15% D,O, phosphorylation of 500 mM 140H with
100 mM TFEP at pH 3.8 for PhoN-Sf and 3.3 for PhoN-Se and AphA-St, 30°C, 600 rpm
shaking, 1 mL reaction volume, 1 UmL~! PhoN-Sf, PhoN-Se or AphA-St, 10 mM MgCl,
for AphA-St, 1 h reaction time, 140P = 4-hydroxybutyl phosphate, standard = dimethyl
methylphosphonate
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A.3 HPLC-RI Retention Times

Alltech TOA-2000 column (length: 150 mm, diameter: 6.5mm, particle size: 8pm),
0.4mLmin~! flow rate, 5mM H,SO, as eluent, 50 °C column temperature, 40 pL injec-

tion volume

DMSO 14.7min

phosphate (P;) 4.7min

1,4-butanediol (140H) 12.3 min

4-hydroxybutyl phosphate (140P) 4.2 min

methyl a-D-glucopyranoside (MADG) 6.1 min
methyl a-D-glucopyranoside 6-phosphate (MADGP) 3.2 min
2-hydroxyethyl acrylate (HEA) 13.0 min
2-hydroxyethyl acrylate phosphate (HEAP) 4.0 min
carbamoyl phosphate (CP) 3.2min

pyrophosphate (PP;) 3.2min

acetyl phosphate (AcP) 3.2min

acetate 8.9 min

phosphoenolpyruvate (PEP) 3.3 min

pyruvate 5.4 min

phosphocreatine (PC) 3.2min

creatine 4.7 min

2,2,2-trifluoroethyl phosphate (TFEP) 3.2 min

1-(2,4-difluorophenyl)vinyl phosphate (DFPVP) 4.6 min
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