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Abstract

Reactions catalyzed by nucleoside phosphorylases are attractive routes towards the
production of pharmaceutically interesting nucleoside compounds.

Many different nucleoside phosphorylases were studied and applied for the production
of nucleoside derivatives. Due to their broad substrate scope, the conversions of very dif-
ferent nucleoside and nucleobase compounds into each other were reported. However,
the relationship between enzyme, compounds and reaction conditions in regard to the
yield of reaction remained unclear so far.

The aim of this work is to understand this complex relationship. To achieve this, a
high-throughput compatible UV/Vis assay for monitoring the nucleoside/nucleobase
conversion was developed, and exhaustive experimental data was generated. From
this data, a dynamic model of the kinetics of a pyrimidine nucleoside phosphorylase-
catalyzed conversion of thymidine towards deoxyribose-1-phosphate was set up. The
generated model indicated a fully reversible reaction, and thus the equilibrium state of
this reaction was further investigated.

It was found that the reactions catalyzed by nucleoside phosphorylases behave strictly
as reversible reactions. This means that the level of conversion in equilibrium state
depends solely on intrinsic physical parameters, most importantly on the equilibrium
constant. To be able to predict the yield of given reactions, the equilibrium constants
for the phosphorolysis of 24 nucleoside compounds were determined. It was found that
the Gibbs free energy of reaction from nucleosides towards pentose-1-phosphates is
strictly positive in biologically relevant conditions. Furthermore, the Gibbs free energy
of reaction which has to be overcome for production of pentose-1-phosphates is larger
when starting from purine nucleosides, compared to pyrimidine nucleosides, though the
transition between them is much smoother than expected. Varying the carbohydrate
moiety between ribose and 2-deoxyribose did not influence the Gibbs free energy of
reaction significantly.

The perception of nucleoside phosphorylase-catalyzed reactions as reversible reactions
proceeding towards a pre-determined equilibrium conversion is elementary to the field.
This understanding of thermodynamic reaction control will allow for the first time to
conduct knowledge-driven reaction engineering on nucleoside phosphorylase-catalyzed
reactions.
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Zusammenfassung

Reaktionen, die durch Nukleosidphosphorylasen katalysiert werden, sind attraktive
Routen zur Herstellung von pharmazeutisch interessanten Nukleosidderivaten.

Eine Vielzahl von Nukleosidphosphorylasen wurden bereits auf ihre Eignung zur Herstel-
lung von Nukleosidderivaten untersucht. Das breite Substratspektrums der Nukleosid-
phosphorylasen ermöglichte die Umwandlung von sehr unterschiedlichen Nukleosid-
und Nukleobaseverbindungen ineinander. Die Beziehung zwischen Enzymmenge, einge-
setzten Substanzen und Reaktionsbedingungen in Bezug auf die Ausbeute der Reaktion
blieb dabei bisher jedoch unklar.

Das Ziel dieser Arbeit ist es, diese komplexe Beziehung zu verstehen. Um dies zu
erreichen, wurde eine Hochdurchsatz-Methode für die analytische Begleitung der
Nukleosid-/Nukleobase-Umwandlung entwickelt, und es wurde ein umfassender Korpus
an experimentellen Daten generiert. Aus diesen Daten wurde ein dynamisches Modell
einer Pyrimidin-Nukleosid-Phosphorylase-katalysierten Umwandlung von Thymidin
in Desoxyribose-1-Phosphat abgeleitet. Da das so generierte Modell eine vollständig
reversible Reaktion aufzeigte, wurde als nächstes der Gleichgewichtszustand dieser
Reaktion untersucht.

Es wurde festgestellt, dass es sich bei den durch die Nukleosidphosphorylasen
katalysierten Reaktionen um reversible Reaktionen handelt. Das bedeutet, dass der
Grad der Umwandlung im Gleichgewichtszustand ausschließlich von den intrinsischen
physikalischen Parametern des Systems, vor allem von der Gleichgewichtskonstante,
abhängt. Um die Ausbeute gegebener Reaktionen vorhersagen zu können, wurden
die Gleichgewichtskonstanten für die Phosphorolyse von 24 Nukleosidverbindungen
bestimmt. Es wurde festgestellt, dass die Gibbs’sche freie Reaktionsenergie für die
Reaktion von Nukleosiden zu Pentose-1-Phosphaten unter biologisch relevanten
Bedingungen streng positiv ist. Darüber hinaus ist die Gibbs’sche freie Reaktionsenergie,
die für die Produktion von Pentose-1-Phosphaten überwunden werden muss,
größer, wenn von Purin-Nukleosiden ausgegangen wird, im Vergleich zu Pyrimidin-
Nukleosiden, obwohl der Unterschied zwischen ihnen viel weniger extrem ist als
erwartet. Die Variation des Kohlenhydratkörpers (Ribose und 2-Desoxyribose) hatte
keinen signifikanten Einfluss auf die Gibbs’sche freie Reaktionsenergie.

Die Wahrnehmung von Nukleosidphosphorylase-katalysierten Reaktionen als reversible
Reaktionen, die in Richtung einer vorbestimmten Gleichgewichtseinstellung verlaufen,
ist ein großer Fortschritt für das Forschungsfeld. Das Konzept der thermodynamischen
Reaktionskontrolle wird es für diesen Reaktionstyp zum ersten Mal ermöglichen, wis-
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sensbasierte Prozessentwicklung bei Nukleosidphosphorylase-katalysierten Reaktionen
durchzuführen.
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1. Introduction

Conversions of substances are the foundation of human-kind, may it bemechan-
ical processing of stones into tools, or the conversion of barley, hops and water
into beer. Chemically, one can speak of the conversion of substrates (or: educts)
into products. This is not necessarily a one-to-one reaction, but may include
multiple substrates and/or multiple products.

Usually, those reactions proceed into a particular direction. As an example on a
large scale, humans can consume sugar and will produce carbon dioxide and
water from it, using the liberated “heat” from this reaction to fuel their life.
Similarly, cars may at some point in the future consume hydrogen and oxygen,
thus producing water (instead of consuming gasoline and oxygen to produce
carbon dioxide and water), releasing the liberated energy as movement.

For any specific chemical reaction, this preferred direction of reaction can be
derived by considering the “intrinsic energy levels” of the chemical compounds
involved. These “intrinsic energy values” correspond actually to the standard
Gibbs free energy of formation 𝐺𝑓

0. Combining those values according to the
reaction’s stoichiometry into the Gibbs free energy of reaction Δ𝑟𝐺0, one can
quantify whether a reaction is thermodynamically favorable, and thus into which
direction it will proceed.

Although all reactions from the previous examples are thermodynamically fa-
vorable, our everyday experience shows that not all gasoline on this planet
starts to burn spontaneously, nor is the sugar or hydrogen. One might say,
figuritavely, that the reaction needs a spark to activate the process of burning.
The sole feasibility of a reaction, i.e. the fact that a reaction is thermodynamically
favorable, does not have the consequence that the reaction would happen by
itself. This is because a high energetical activation barrier needs to be overcome
between educts and products. The height of this barrier can be quantified in form
of the Gibbs energy of activation Δ𝐺#.

In closed systems, i.e. where all substrates and products stay contained within
a given space, reactions will intrinsically come to an end at the minimal total
Gibbs free energy 𝐺 of the system. This minimum of total Gibbs energy may be
located at any point between the two extremes of zero and full conversion. It
depends on the reaction conditions, i.e. the specific 𝐺𝑓

0 values of the educts and
products involved, their concentrations, and external parameters like pressure

Introduction 1
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and temperature. If all parameter values are known, this point of minimal total
Gibbs energy can be predicted by first-principle thermodynamic reasoning.

In this work, this physico-chemical understanding is going to be applied to
nucleoside phosphorylase-catalyzed reactions. This piece aims to reconnect the
chemical and biological view on catalysis, and help to unify the concepts of
catalysis available in both scientific traditions.

To provide sufficient scientific background, the reader is introduced first into the
general nomenclature and important points of catalyzed reactions. These prin-
ciples of catalysis are applied to the peculiarities of nucleoside phosphorylase-
catalyzed reactions, next. The concepts of reaction engineering and kinetic mod-
elling are introduced, before presenting some literature-derived facts important
for nucleoside phosphorylase-catalyzed reactions. Finally, published production
processes utilizing nucleoside phosphorylases are reviewed, including the strate-
gies already employed for optimizing these processes.

In the results section, the creation of a dynamic model for this reaction is
described. From this model it was possible to show that the reaction catalyzed
by nucleoside phosphorylases behaves as a reversible reaction according to
the laws of thermodynamics and therefore has two thermodynamic properties
of interest: the Gibbs free energy of reaction Δ𝑟𝐺, governing the conversion
of substrates into products; and the Gibbs free energy of the transition state
Δ𝐺#, which determines the height of the kinetical barrier to be overcome for
reaction. The determination of Δ𝑟𝐺 values for the phosphorolytic conversion of
24 nucleosides gave important insights which allow to make predictions about
the outcomes of nucleoside phosphorylase-catalyzed reactions, and are thus
enabling reaction engineering.

Finally, the raised research hypotheses are discussed in the light of the laid-out
literature references and the current state-of-the-art. It will be highlighted how
mathematical modelling of this enzyme-catalyzed reaction helped to elucidate
the relationships between experimental conditions and outcomes of the reac-
tion, and enabled the re-discovery of the physico-chemical perspective on this
type of reaction. Applying the universal theoretical concepts of catalysis to this
enzyme-catalyzed reaction allowed to draw meaningful conclusions from this
unifying, interdisciplinary understanding of catalysis.

2 Introduction
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2. Scientific Background: Prolegomena

Catalysts are unique in their property to participate in a reaction from substrates
to products, without being consumed, thus enabling the reaction to proceed
forward (see illustrative Figure 2.1). Enzyme-catalyzed reaction are principally
similar to chemically catalyzed reactions, but possess some peculiarities regard-
ing possible reaction conditions. Being usually conducted in aqueous media at
physiological pH values and moderate temperatures, they might be considered
either beneficial or limited, depending on the user’s perspective. Especially in
the light of green chemistry, i.e. conduction of reactions while avoiding massive
amounts of waste and toxic by-products as it is common practice today, enzyme-
catalyzed reactionsmay play an important part when being scaled up into typical
settings of industrial biotechnology (Wenda et al. 2011).

The educational focus of most biology textbooks regarding enzyme-catalyzed
reactions lies on description of the reaction velocity, which is presented in the
form of Michaelis-Menten kinetics, and then analyzed and visualized in the
well-known forms of Lineweaver-Burk, Eadie-Hofstee, or Cornish-Bowden plots.
Lesser focus is placed on the thermodynamics of reaction, with the prominent
exception of the textbook by Alberty (Alberty 2005b).

Seminal papers in the field are the descriptions of the kinetics of the invertase-
catalyzed splitting of saccharose to glucose and fructose (Michaelis and Menten
1913, contextualized historically and made available in translation by Johnson
and Goody 2011, and being critically revisited by Cornish-Bowden 2015), as well
as the deduction of velocity equations for multiple-substrate multiple-product
enzyme kinetics under steady-state assumptions, leading to the famous Cle-
land velocity equations (Cleland 1963a; Cleland 1963b; Cleland 1963c). Excellent
resources in the form of books to enable successful work with enzymes are
available (Engel 1996; Cornish-Bowden 2013). To understand the assumptions
underlying the process for deriving velocities of multi-substrate/product reac-
tions, the book of Cleland and Cook (Cook and Cleland 2007) can be heartily
recommended.

Scientific Background: Prolegomena 3
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Figure 2.1: The principle of enzyme catalysis. This illustration shows the reaction of an
unspecified substrate to an unspecified product of high value, not only monetary but for
society in general. However, this reaction does not happen spontaneously (A), but needs to
be catalyzed by an enzyme, which is participating in the reaction albeit not being consumed
(B).

2.1. An interdisciplinary perspective on enzyme-catalyzed re-
actions

The aim of this thesis is to provide an interdisciplinary perspective on enzyme-
catalyzed reactions. Traditionally, this field is shared between several separate
disciplines, which concern themselves with one particular aspect each.

Exemplarily, bioinformaticians might be interested in prediction of novel en-
zymatic functions from genome sequencing data; molecular biologists might
confirm these theoretical findings by cloning of a particular gene, which enables
recombinant expression of the corresponding protein; biotechnologists optimize
the expression of the enzyme subsequently; enzymologists dedicate themselves
to the derivation of reaction mechanism for the enzyme-catalyzed reaction by
conducting initial-rate experiments with varying concentrations of enzyme and
substrates, and identify inhibitors; structural biologists might identify the active
site of the enzyme by conducting X-ray crystallography and clarify the binding
mode of substrates and inhibitors; physico-chemists might want to measure the
general reaction feasibility by determining the Gibbs free energy of reaction,
or want to determine the Gibbs energy of activation for the transition state

4 Scientific Background: Prolegomena



Robert T. Giessmann Yield and Kinetics of Nucleoside Phosphorylase Reactions

of enzyme-bound substrates and products. Finally, engineers and economists
might want to optimize the overall performance and profit of an enzyme-
catalyzed reaction in the industrial scale.

2.1.1. Thermodynamics of enzyme-catalyzed reactions

As highlighted in the introduction, the thermodynamic feasibility of a reaction
does not guarantee its spontaneous realization at ambient conditions. This is
independent on biological or chemical catalysis and is caused by an energy
barrier which is too high to be overcome with the energy available at ambient
conditions.1 According to transition state theory, a catalyst thus reduces the acti-
vation barrier by lowering the Gibbs free energy of the transition state compared
to the uncatalyzed reference reaction. The transition state is therefore defined
as the saddle point in the trajectory between substrate and product state (see
Figure 2.2).

The application of thermodynamics to enzyme-catalyzed reactions was reviewed
by several experts in the field (Held and Sadowski 2016; Alberty 2005b). Some
aspects of thermodynamics applied to enzyme-catalyzed reactions have to be
highlighted in contrast to the thermodynamics of chemical reactions, mainly
because the former are usually conducted in buffered aqueuous conditions:

2.1.1.1. Species are not equal to reactants

In biochemical reactions it is convention to write the reactants, e.g. ATP, adeno-
sine triphosphate, in a shorthand form, which omits the charges. This is mainly
because for many biological compounds the distribution of the number of
molecules into the differently charged states is unknown, and because enzyme-
catalyzed reactions are usually conducted in pH-buffered conditions, where a
buffer substance, which is added in vast excess, is utilized to set and keep a
specific pH value in the reaction mixture.

This notational convention leads to the definition of “reactants” (e.g. ATP), in con-
trast to “species” (e.g. H3ATP−, H2ATP2−, etc.). In the definition of the transformed
equilibrium constant𝐾𝑒𝑞

′, which is referring to a specified, buffered pH value, the
reactant concentration is used, not the individual species concentration.

1Drawing from statistical mechanics, “available energies” should be understood according to the energy
states of the system being populated stochastically according to the Maxwell distribution. The probability
𝑝 of the system to be in a given state 𝑖 when compared to a reference state 𝑗, with the energy difference
∆𝜖 = 𝜖𝑖 − 𝜖𝑗 between those states, is 𝑝𝑖

𝑝𝑗
= 𝑒

−∆𝜖
𝑘𝐵⋅𝑇 , where 𝑘𝐵 is the Boltzmann constant, and 𝑇 is the

temperature. This algebraic form of relationship will reappear later, in transformed variables.

Scientific Background: Prolegomena 5
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Figure 2.2: Thermodynamic understanding of enzyme-catalyzed reactions. This illustration
shows the reaction of unspecified substrates to unspecified products. The energy level of the
products are lower by Δ𝑟𝐺0 compared to the substrates on a scale of Gibbs free energy 𝐺;
the reaction from substrates to products is thus thermodynamically favored, i.e. Δ𝑟𝐺0 < 0.
Nevertheless, the reaction trajectory has to pass a transition state, which, for the uncatalyzed
reference reaction, is located energetically too high to be significantly populated. The enzyme
catalyst lowers this activation barrier to an energetical level which can be achieved within
the experimental conditions. The difference between energy level of substrates and of
enzymatic transition state is the Gibbs energy of activation Δ𝐺#. Note that the trajectory
for the enzyme-catalyzed reaction is depicted simplified here, and thus the thermodynamics
of substrate binding and product release are omitted for clarity.
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2.1.1.2. Ionization states of reactants and enzymatic functional groups are relevant for
thermodynamic interpretation

It is possible to include the thermodynamic information available on ionization,
i.e. protonation or deprotonation steps, respectively, of compounds and of the
functional groups, i.e. amino acid residues, of the enzyme. One should be aware
that most of the compounds and functional groups used in enzyme-catalyzed
reactions exhibit changes in ionization, i.e. 𝑝𝐾𝑎 values, in the biologically most
relevant range of pH values (pH = 5–9). Those changes in ionization can interfere
with other effects of changing the pH value, and must not be mistaken for each
other. To complicate matters further, the 𝑝𝐾𝑎 value is influenced by the ionic
strength 𝐼 of the solution, and the local chemical environment, e.g. in terms of
the local dialectric constant, too.

2.1.1.3. Activities of species vary with experimental conditions

The original definition of many thermodynamic parameters is based on the ther-
modynamic activity 𝑎, not on the concentration 𝑐 of species. In dilute solutions
it is often found that the activity coefficient 𝛾 equals unity, and as 𝑎 = 𝛾 ⋅ 𝑐, the
concentration 𝑐 can be used as a sufficiently exact proxy of the activity 𝑎.

However, organic co-solvents, electrolytes, and high concentration of reactants
all influence the activity coefficient 𝛾, and care must be taken to sufficiently rule
out (or quantify and include) activity effects.

2.1.1.4. The equilibrium constant depends on temperature

Albeit 𝐾𝑒𝑞 is called an equilibrium constant, it is well-known that it changes with
temperature, i.e. that its derivative in respect to temperature is not zero. This can
be explained by examining its definition as:

𝐾𝑒𝑞 = 𝑒− ∆𝑟𝐺0
𝑅⋅𝑇 (2.1)

where 𝑅 is the gas constant, 𝑇 the absolute temperature, Δ𝑟𝐺0 is the Gibbs free
energy of reaction.

A graphical visualization of this relationship between𝐾𝑒𝑞 andΔ𝑟𝐺0 is provided in
Figure 2.3. With linear scaling an exponential function is observed, as expected,
which can be better understood in half-logarithmic presentation (Figure 2.4).

Scientific Background: Prolegomena 7
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The Gibbs energy can be further split into a temperature-dependent and a
temperature-independent term, using the definition:

Δ𝑟𝐺0 = Δ𝑟𝐻0 − 𝑇 ⋅ Δ𝑟𝑆0 (2.2)

where Δ𝑟𝐻0 is the change in enthalpy, and Δ𝑟𝑆0 the change in entropy of this
reaction, thus yielding:

𝐾𝑒𝑞 = 𝑒− ∆𝑟𝐻0
𝑅⋅𝑇 ⋅ 𝑒− (−𝑇⋅∆𝑆0)

𝑅⋅𝑇

= 𝑒− ∆𝑟𝐻0
𝑅⋅𝑇 ⋅ 𝑒∆𝑟𝑆0

𝑅 (2.3)

2.1.2. Conservation of masses and observed conversion for transferase reac-
tions

A transferase reaction can be described generically by the scheme:

𝐴𝐵 + 𝐶 ⇌ 𝐴𝐶 + 𝐵 (2.4)

By definition the compounds 𝐴𝐶 and 𝐵 shall be called products, and 𝐴𝐵 and 𝐶
substrates.

We find three chemical moieties present in this reaction, namely 𝐴, 𝐵, and 𝐶.
Thesemoieties are chemical structureswhich are not changed during reaction. In
the substrate state, themoiety𝐴 is bound to another chemicalmoiety𝐵, forming
the compound 𝐴𝐵. The reaction breaks the bond between 𝐴 and 𝐵, and forms
a new bond, i.e. between 𝐴 and 𝐶, to form product 𝐴𝐶.

For a conversion 𝑋, which refers to the conversion of a chemical moiety 𝐴
through this reaction, it is:

𝑋 = [𝐴𝐶]
[𝐴𝐶] + [𝐴𝐵] (2.5)

where [𝑁] denotes the concentration of compound 𝑁 at the current time point.

It is common to monitor a transferase-catalyzed reaction by observing the con-
version 𝑋 of the substrate of interest.

8 Scientific Background: Prolegomena
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Figure 2.3: Gibbs free energy of reaction vs. equilibrium constant. The Gibbs free energy
of reaction Δ𝑟𝐺0 is plotted vs. the equilibrium constant 𝐾𝑒𝑞, obtained via the relationship
Δ𝑟𝐺0 = −𝑅 ⋅ 𝑇 ⋅ 𝑙𝑛(𝐾𝑒𝑞), where 𝑅 is the gas constant, with 𝑅 = 8.314 kJ⋅mol−1, and 𝑇 is a
temperature of 25 °C, thus 𝑇 = 298.15 K. The Gibbs free energy of reaction is positive for
𝐾𝑒𝑞 < 1 (A), and negative for 𝐾𝑒𝑞 > 1 (B).

At start of the enzyme-catalyzed reaction, the researcher will usually leave the
initial concentrations [𝑁]0 of the products 𝐴𝐶 and 𝐵 at zero, i.e. [𝐴𝐶]0 = [𝐵]0 = 0.
The substrates 𝐴𝐵 and 𝐶 can be supplied in arbitrary concentrations and ratios.

From the chosen notation one finds that during the reaction course the system
will consist of four compounds (𝐴, 𝐵, 𝐴𝐵, and 𝐴𝐶), and that specific chemical
moieties, namely 𝐴, 𝐵, and 𝐶, will be conserved and only chemically re-arranged
in this reaction. This implies, by application of the law of conservation of masses,
the following constraints on the system:

[𝐴𝐶] + [𝐴𝐵] = [𝐴𝐵]0 (2.6)

[𝐵] + [𝐴𝐵] = [𝐴𝐵]0 (2.7)

[𝐴𝐶] + [𝐶] = [𝐶]0 (2.8)

where Equation 2.6 is the mass balance for moiety 𝐴, Equation 2.7 is the mass
balance for moiety 𝐵, and Equation 2.8 is the mass balance for moiety 𝐶.

In the state of chemical equilibrium, i.e. when all changes in concentrations came
to rest and the equilibrium concentration of compound 𝑁 is [𝑁]𝑒𝑞, the observed
conversion in respect to moiety 𝐴 will be:

𝑋𝑒𝑞 = [𝐴𝐶]𝑒𝑞
[𝐴𝐶]𝑒𝑞 + [𝐴𝐵]𝑒𝑞

(2.9)
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Figure 2.4: Equilibrium constant vs. Gibbs free energy of reaction. The linear relationship
between the logarithm of the equilibrium constant 𝐾𝑒𝑞 vs. Gibbs free energy of reaction

Δ𝑟𝐺0 is shown. Plotted data was obtained via the relationship 𝐾𝑒𝑞 = 𝑒− ∆𝑟𝐺0
𝑅⋅𝑇 where 𝑅 is the

gas constant, with 𝑅 = 8.314 kJ⋅mol−1, and 𝑇 is temperature, here at 25 °C with 𝑇 = 298.15 K.
Note the semi-log plotting and thus also the semi-log relationship between the two values.
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Considering the set of equations derived from conservation of masses, one can
rephrase this as:

𝑋𝑒𝑞 = [𝐴𝐶]𝑒𝑞
[𝐴𝐵]0

(2.10)

2.1.3. Equilibrium constant and Gibbs free energy of reaction of transferase
reactions

As mentioned before, any chemical reaction will come to rest at the minimum
Gibbs energy of the system. For the system introduced above, this leads to the
definition of the equilibrium constant as:

𝐾𝑒𝑞 = [𝐴𝐶]𝑒𝑞 ⋅ [𝐵]𝑒𝑞
[𝐴𝐵]𝑒𝑞 ⋅ [𝐶]𝑒𝑞

(2.11)

or, more generally:

𝐾𝑒𝑞 =
𝑛

∏
𝑖=1

[𝑁𝑖]𝑒𝑞
𝜈𝑛 (2.12)

where 𝑖 is an index to enumerate all 𝑛 compounds of the system, and 𝜈𝑛 is
the corresponding stoichiometric coefficient, which, as can be derived from the
system definition in Equation 2.4, is 𝜈 = +1 for products 𝐴𝐶 and 𝐵, and 𝜈 = −1
for substrates 𝐴𝐵 and 𝐶.

Drawing from Equation 2.1 and Equation 2.11, this means:

𝐾𝑒𝑞 = [𝐴𝐶]𝑒𝑞 ⋅ [𝐵]𝑒𝑞
[𝐴𝐵]𝑒𝑞 ⋅ [𝐶]𝑒𝑞

= 𝑒− ∆𝑟𝐺0
𝑅⋅𝑇 (2.13)

We can thus obtain the Gibbs free energy of reaction (or the change in enthalpy
and entropy, when conducting temperature-dependent experiments) frommea-
surements of the equilibrium concentrations of products and substrates.

A visualization of the general relationship between 𝐾𝑒𝑞 and Δ𝑟𝐺0 was presented
in Figure 2.4, relating also the absolute values of the variables with each other.
It is noteworthy to recall that e.g. a value of 𝐾𝑒𝑞 = 1000 means a thousand-fold
excess of themultiplied product concentrations ([𝐴𝐶]𝑒𝑞 ⋅[𝐵]𝑒𝑞) over themultiplied
substrate concentrations ([𝐴𝐵]𝑒𝑞 ⋅ [𝐶]𝑒𝑞), no matter of the exact system definition.
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For transferase reactions as the one discussed in this work, it was already
noted above that scientists commonly observe the conversion 𝑋 in regard to
chemical moiety 𝐴, instead of measuring all chemical compounds. This specific
relationships between𝐾𝑒𝑞 orΔ𝑟𝐺0 with the observed conversions𝑋 is visualized
in Figure 2.5.

Correct determination of Gibbs free energies of reaction becomes a more and
more pressing need, as this will for example allow to calibrate large-scale mod-
els of metabolism (Du, Zielinski, and Palsson 2018) and to draw meaningful
conclusions from this description (see, exemplarily, Noor, Bar-Even, et al. 2014).
The current lack of reliable data to calibrate those models is compensated by
the community by estimation of energies via component contribution methods
(Noor, Haraldsdóttir, et al. 2013), but clearly, an experimental determination
would be preferable.

2.1.4. The steady-state approximation of enzyme forms allows to elucidate
the mechanisms of enzyme catalysis by derived reaction velocity equa-
tions

Introduced by Michaelis and Menten in 1913 and based on the works of Henri
around 1900, one of the biggest advances in enzymological understanding of
reactionmechanisms is basedon the instantenous chemical equilibriumassump-
tion, which was reinterpreted as the quasi-steady-state approximation by Briggs
and Haldane in 1925.

Michaelis and Menten adhered to a strict thermodynamic understanding of
binding and dissociation of substrate and products to the free enzyme, probably
due to Michaelis background in acid dissociation studies. They measured the
dissociation constants of the specific enzyme complex forms, i.e. substrate- or
product-bound enzyme, by consideration of the initial rate of product formation,
relating the concentration of enzyme complex directlywith the observed reaction
velocity (Michaelis and Menten 1913).

Briggs and Haldane invalidated this approach by showing that the enzyme-
complex concentration (under the assumption of enzyme and enzyme-complex
concentrations being much smaller than substrate concentration) is mathemat-
ically confounded with the turn-over number 𝑘𝑐𝑎𝑡 (Briggs and Haldane 1925).1

1In Michaelis and Menten’s interpretation it was assumed to be only affected by the dissociation
constant of enzyme complex.
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Figure 2.5: Equilibrium constant and Gibbs free energy of reaction vs. conversion for a
transferase reaction. The relationship between the equilibrium constant 𝐾𝑒𝑞 and Gibbs free
energy of reaction Δ𝑟𝐺0 is shown for a given conversion 𝑋 = [𝐴𝐶]𝑒𝑞

[𝐴𝐵]𝑒𝑞+[𝐶]𝑒𝑞
for the system

𝐴𝐵 + 𝐶 ⇌ 𝐴𝐶 + 𝐵, where [𝐴𝐶]0 = [𝐵]0 = 0. A) and B) [𝐴𝐵]0 = 1 and [𝐶]0 = 1. C) and
D) [𝐴𝐵]0 = 1 and [𝐶]0 = 10. [𝑁]𝑒𝑞 denotes the concentration of compound 𝑁 in chemical
equilibrium of the system, and [𝑁]0 is the initial concentration of compound N. The value of
𝐾𝑒𝑞 for a specific conversion is derived from𝐾𝑒𝑞 = [𝐴𝐶]𝑒𝑞⋅[𝐵]𝑒𝑞

[𝐴𝐵]𝑒𝑞⋅[𝐶]𝑒𝑞
, where [𝐴𝐵]𝑒𝑞 = [𝐴𝐵]0−𝑋⋅[𝐴𝐵]0,

[𝐶]𝑒𝑞 = [𝐶]0 − 𝑋 ⋅ [𝐴𝐵]0, [𝐴𝐶]𝑒𝑞 = 0 + 𝑋 ⋅ [𝐴𝐵]0, and [𝐵]𝑒𝑞 = 0 + 𝑋 ⋅ [𝐴𝐵]0. The term
𝑋 ⋅ [𝐴𝐵]0 is equivalent to the extent of reaction 𝜉. The value of Δ𝑟𝐺0 for a specific conversion
is subsequently obtained via the relationship Δ𝑟𝐺0 = −𝑅 ⋅ 𝑇 ⋅ 𝑙𝑛(𝐾𝑒𝑞) with 𝑅 being the gas
constant, with 𝑅 = 8.314 kJ⋅mol−1, and 𝑇 being the temperature, with 𝑇 = 25 °C = 298.15 K.
Gray lines mark the observed conversion for 𝐾𝑒𝑞 = 1 in A) and C), which equals to Δ𝑟𝐺0 = 0.
Increasing the excess of 𝐶 effects thus a higher conversion for the same system.
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Putting this into current terminology, Briggs and Haldane therefore showed that
from initial rate measurements of a system:

𝐸 + 𝑆
𝑘1−⇀↽−
𝑘2

𝐸𝑆
𝑘3−→ 𝐸 + 𝑃 (2.14)

one obtains with the common mathematical procedure the Michaelis constant
𝐾𝑀 , which is 𝐾𝑀 = 𝑘2+𝑘3

𝑘1
, instead of the dissociation constant 𝐾𝑑 = 𝑘2

𝑘1
, which

Michaelis and Menten believed to have obtained. Thus, only when 𝑘3 ≪ 𝑘2, the
Michaelis constant 𝐾𝑀 indeed equals the dissociation constant 𝐾𝑑.

It is from this starting point of quasi-steady-state assumptions (𝑘3 ≪ 𝑘2), that
Cleland undertook to set up rate laws for different reaction mechanisms of
enzyme catalysis. By comparing the experimental data on initial rates with those
rate laws, generations of researchers determined the reaction mechanisms by
fitting contrasting explanations and excluding those for which no compelling
evidence could be obtained from their initial rate measurements.

2.1.5. The kinetics of enzyme-catalyzed reactions can be interpreted accord-
ing to transition state theory

As highlighted in the Introduction, the thermodynamic feasibility of a reaction
alone does not guarantee its spontaneity at specific ambient conditions. How-
ever, the energy level of the transition state, which is a molecular state in the
trajectory between substrate and product state, can be influenced by a catalyst.

Transition state theory states that it should be possible to determine the dif-
ference between Gibbs free energy of substrates and free enzyme, and the
transition state structure, i.e. the enzyme-substrate complex. This difference is
called Gibbs energy of activation Δ𝐺#. The Gibbs energy of activation should
then have a certain relationship with the rate constant 𝑘 of a specific reaction.

Inspired by statistical mechanics, Eyring and others derived for this relationship
what is nowadays known as the Eyring equation:

𝑘 = 𝜅𝑘𝐵 ⋅ 𝑇
ℎ 𝑒− ∆𝐺#

𝑅⋅𝑇 ; 𝜅 = 1 (2.15)

where 𝜅 is the transmission coefficient, 𝑘𝐵 is the Boltzmann constant, and ℎ is
the Planck constant. The transmission coefficient 𝜅 is determined by the amount
of substrate and enzyme molecules which achieved to reach transition state
structure and which proceed from there towards products (instead of “falling
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back” to the substrate structure). Traditionally, 𝜅 is assumed to be unity, and
therefore every set of substrate molecules which managed to resemble the
transition state structure can be expected to become products.

Therefore, one obtains under the assumption 𝜅 = 1:

Δ𝐺# = −𝑅 ⋅ 𝑇 ⋅ ln 𝑘𝐵 ⋅ 𝑇
ℎ ⋅ 𝑘 (2.16)

Anymeasured kinetic rate constant 𝑘 can thus be transformed into a correspond-
ing Gibbs energy of activation.

For a first-order reaction:

𝐴 𝑘−→ 𝐵 (2.17)

it is easy to relate the determined energies of activation to the half-life of reaction
(see Figure 2.6). For enzyme-catalyzed reactions, though, it is hardly acceptable
to assume first-order reactions over the whole time course. Only for single turn-
over kinetics, i.e. enzyme being in vast excess of substrate, or the initial linear
phase of reaction progress, a first-order kinetic can be assumed. The reaction
half-lifes of Figure 2.6 should thus be understood as values which have to be
treated further to obtained meaningful results for practical enzymatic reactions.

To obtain such realistic reaction half-lifes, the indicated 𝑡1/2 has to be multiplied
with the excess of substrate over enzyme-complex concentration. As this excess
might easily be > 10,000 for typical enzymatic reaction conditions, the value of
𝑡1/2 given in Figure 2.6 would then need to bemultiplied exemplarily by 10,000 to
obtain approximately the reaction half-life observed in the real-world enzymatic
reaction.
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Figure 2.6: Reaction half-life vs. Gibbs energy of activation. The reaction half-life 𝑡1/2 for a

first-order reaction 𝐴 𝑘−→ 𝐵 is plotted vs. the Gibbs energy of action Δ𝐺#, obtained via the
relationship 𝑡1/2 = 𝑙𝑛(2)

𝑘 . 𝑘 was obtained via the Eyring equation 𝑘 = 𝜅 ⋅ 𝑘𝐵⋅𝑇
ℎ ⋅ 𝑒− ∆𝐺#

𝑅⋅𝑇 where 𝑅
is the gas constant with 𝑅 = 8.314 kJ⋅mol−1⋅K−1, 𝑇 is set at 25 °C, i.e. 𝑇 = 298.15 K, 𝑘𝐵 is the
Boltzmann constant with 𝑘𝐵 = 1.381⋅10−23 J⋅K−1, ℎ is the Planck constant with ℎ = 6.626⋅10−34

J⋅s, and 𝜅 is the transmission coefficient and assumed to be 𝜅 = 1. The hatched area indicates
a physically unlikely space, as there is no enzyme known to exhibit such a fast turn-over.
Catalase, the fastest known enzyme, exhibits a turn-over number of 𝑘𝑐𝑎𝑡 = 6.6 ⋅ 107 M−1⋅s−1

(Jones and Suggett 1968), which equals Δ𝐺# ≈ 28 kJ⋅mol−1. The fastest imaginable enzyme-
catalyzed reaction would occur in a regime which is determined by diffusion limitation (the
speed of diffusion of substrates in, and products out of the enzymatic active site), with an
estimated 𝑘𝑑𝑖𝑓𝑓 ≈ 109 M−1⋅s−1 (Alberty and Hammes 1958), which would equal Δ𝐺# ≈ 16
kJ⋅mol−1. Note that, to evaluate the reaction half-life of an enzymatic Michaelis-Menten-like
reaction the indicated reaction half-life has to bemultiplied with the excess of substrate over
enzyme-complex concentration, which is typically in the range > 10,000.
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2.2. General rules-of-thumb for enzyme-catalyzed reactions

While the full thermodynamical theory may not have found full application in the
field of enzyme-catalyzed reactions yet, many rules-of-thumb which are in direct
connectionwith the underlying laws of thermodynamic have found their way into
the everyday’s toolbox of many researchers. Some of those rules-of-thumb shall
be highlighted here to develop a better feeling about enzymatic reactions.

The “RGT-Regel” / Q10 temperature coefficient and the Arrhenius equation One
of the most general rules-of-thumb is the Q10 temperature coefficient, known
as the “Reaktionsgeschwindigkeit-Temperatur-Regel” (“RGT-Regel”) or the “van’t
Hoff’s rule”, too:

𝑘𝑇 +10𝐾 = 𝑘𝑇 ⋅ Q10 (2.18)

This rule says that the velocity of reaction increases by a factor Q10 = 2–3 with
every temperature increase of 10 °C. Naturally, this rule becomes invalid at
temperatures outside the biological working range, i.e. when freezing or heat
denaturation occurs.

Similary, the Arrhenius equation:

𝑘 = 𝐴 ⋅ 𝑒− 𝐸𝑎
𝑅⋅𝑇 (2.19)

predicts increasing reaction velocities with increasing temperature, and resem-
bles somewhat the Eyring equation, although the Arrhenius equation is com-
monly understood as an empirical relationship, because the pre-exponential
factor 𝐴 lacks physical explanation.

Solubility increases with temperature In general, solubility of substances is ex-
pected to increasewith higher temperatures. However, thismight counteract the
requirements of many enzymes to operate at biologically relevant temperatures,
which is usually 37 °C maximum.

Solubility in water is increased when the compound is charged When a com-
pound is ionizable, nomatter whether protonable or deprotonable, it is generally
expected to be better water-soluble in its ionized form than in its uncharged
form.
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Reaction velocity increases with higher substrate concentrations Generally, the
reaction velocity in respect to the enzyme concentration, i.e. the velocity of prod-
uct formed, of any reaction can be expected to increase with higher substrate
concentrations. Note that this does not mean that the relative substrate con-
sumption, thus conversion in respect to the substrate, is expected to increase.

Reaction velocity can be decreased (inhibited) by substrate and/or product con-
centrations for some reactions The general increase in reaction velocity with
high substrate concentrations might in some cases be reverted at very high
substrate concentrations, or at least exhibits less increase per additional amount
of substrate, if the enzyme-catalyzed reaction is inhibited by this compound.
This not only applies to substrates, but even more commonly to products, as
negative feedback is a typical pattern developed in the regulation of biochemical
pathways.
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2.3. Principles of nucleoside phosphorylase-catalyzed reac-
tions

Nucleoside phosphorylases (NPs) catalyze the exchange of a nucleobase moiety
against a phosphate moiety (see Figure 2.7). An alternative interpretation of this
is transfer of the pentosyl residue, which gave rise to the name ”pentosyltrans-
ferases” (EC 2.4.2).

Thus, NPs belong to the family of transferases. Transferases generally catalyze
the re-arrangement of two molecules with respect to one specific chemical
moiety, as emphasized by the meta-nomenclature in Figure 2.7.

Nucleoside phosphorylase-catalyzed reactions are used to produce pentose-1-
phosphates (as intermediates for production of pharmaceutically interesting
products). Alternatively, they can be used in a coupled reaction, i.e. an enzy-
matic cascade employing the phosphorolytic as well as the synthetic step, for
glycosylation of an interesting nucleobase, i.e. coupling of the nucleobase of
interest to a sugar moiety. In those so-called transglycosylations, a preferentially
cheap nucleoside is acting as a “sugar donor”, and the nucleobase of interest is
glycosylated by the pentose-1-phosphate generated in situ (see Figure 2.7).

2.3.1. Nucleoside phosphorylases cannot be easily generalized due to their
variety

A particular complication in the field of NPs is their variety. NPs are known to
accept a wide variety of substrates, covering a surprisingly large chemical space,
reviewed in detail in Yehia et al. (2018). However, this does not apply to each of
them, but every specific NP differs slightly from the others.

Therefore, it is not possible to generalize that “NPs are able to catalyze the
conversion of compound X”. Exemplarily, the so-called PyNPs are catalyzing
the conversion of pyrimidine derivatives more efficiently than that of purine
derivatives; other NPs, which are named PNPs, are generally more efficient for
purine derivatives.

Although these NPs carry “purine” or “pyrimidine” in their names, both classes
usually show reactivity towards the unfavored substrates as well. The naming
should thus not be considered an absolute truth. However, the reactivity towards
the unfavored substrate might be drastically reduced in comparison to the
favored substrate.
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Figure 2.7: Reactions catalyzed by nucleoside phosphorylases. This scheme shows the
phosphorolysis reaction, i.e. the transfer of a phosphatemoiety Pi to an nucleoside, replacing
the nucleobase moiety B1 and inverting the stereochemistry of the C1 atom. The synthesis
reaction going in the other direction transfers a nucleobase moiety B2 to the pentose-1-
phosphate, by replacing the phosphate moiety Pi and inverting the stereochemistry again.
The coupling of both reaction is called a transglycosylation reaction. An abstract engineer-
ing notation of this chemical reaction is presented in shadowed boxes. Exemplarily, 2’-
deoxyribose is shown here for the glycosyl moiety, but other pentoses are accepted by
nucleoside phosphorylases as well. Intentionally, a biochemical notation as compounds
instead of a chemical notation as charged species is chosen here.

20 Scientific Background: Prolegomena



Robert T. Giessmann Yield and Kinetics of Nucleoside Phosphorylase Reactions

Further, there are significant differences between NPs from different organisms,
exemplarily the human PNP, which significantly converts inosine and guanosine,
but not adenosine; this is in contrast to bacterial PNPs which catalyze all men-
tioned substrates with rather uniform rates. Possible explanations for this on the
ground of structural biology are for example provided by Bennett et al. (2003).

Phrasing this insight negatively, this plurality / varietymeans that it is not possible
to make generally valid observations in the form of “the true transition state in
all nucleoside phosphorylases”, or “the true catalytic mechanism of all nucleo-
side phosphorylases”. Instead, there exists a variety of specific transition states
and mechanisms for NPs, one for each individual combination of enzyme and
substrate.

An upside of this plurality is, however, that it seems very likely that for every
conversion intended to realize in a process, there would be a perfectly suitable
enzyme in nature already. As it is usually possible in industrial production
processes to select the most suitable enzyme from a wide collection, limited
specifities or activities are generally not much of a concern for process design.
Especially NPs from thermophile organisms might be interesting in industrial
processes with respect to operational stability at elevated temperatures, high
pH values, and in the presence of co-solvents (Arco and Fernández-Lucas 2018).
For an illustration, see Figure 2.8.
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Figure 2.8: The benefits of nucleoside phosphorylases from thermophiles. This illustration
shows the benefits of using nucleoside phosphorylases (NPs) from thermophiles, i.e. or-
ganisms growing at elevated temperatures and often living in extreme milieus. Naturally,
those NPs are thermostable, i.e. they continue to operate even at elevated temperatures for
long times. The purification of NPs from thermophiles which are recombinantly expressed
in mesophile hosts is eased by the possibility of heat denaturation of host enzymes while
the NP stays intact. With thermostability often comes an increased resistance to organic
solvents, whichmight be used to increase solubility of hydrophobic substrates in the reaction
mixture. Similarly, alkaline conditions are often toleratedwell by thermostableNPs. Note that
thermostable NPs does not necessarily have to be derived from thermophile organisms, but
that they might be obtained by enzyme engineering as well. The illustration of an NP from a
thermophile organism here is the crystal structure of the purine nucleoside phosphorylase
from Thermus thermophilus (PDB id: 1ODJ).
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2.4. Reaction Engineering

The most fundamental task in reaction engineering is the optimization of perfor-
mance, which usually equals the yields obtained in a reaction. This is excellently
summarized in the quote:

“The main objective of chemical reaction engineering research is the
design and operation of an industrial reactor to conduct chemical
reactions more effectively at an industrial scale. Such efforts require
knowledge frommultiple disciplines and reaction kinetics is one of the
most fundamental knowledge needed.”

(Li 2017)

In the case of nucleoside phosphorylase-catalyzed reactions, yields up to 99%
were reported, but for special nucleosides of interest, e.g. 5-ethynyluridine, the
yields are generally low, i.e. < 50% (resultswhich have not undergone peer review:
Kamel, Rausch, et al. 2016). This low yield is clearly unsatisfactory to the industrial
user, and as nucleosides and nucleobases used in research settings are often
costly compared to other bulk chemicals, reaction engineering becomes relevant
at the small scale already.

From the facts presented in the Introduction and above, it should have become
clear that immutable thermodynamic parameters pose an upper limit to NP-
catalyzed reactions as for any reversible reaction. In this sense, reaction engi-
neering should be here understood to aim towards an increase of yield above
the thermodynamic limits of the reaction.

2.4.1. Themain requirement of successful reaction engineering is knowledge

To be able to conduct reaction engineering efficiently, a lot of knowledge
is required (see quote above). This is particularly difficult in the field of
biomolecules, as many physico-chemical parameters are not easily available
from databases. Exemplarily, traditional fields like petrochemistry already built
extensive databases, where most thermodynamic parameters can be looked up
easily for common conditions. This is not astonishing keeping in mind the vast
amounts of money and profits in the petrochemical system.

Due towide variety of biomolecules in nature, but only particular and very narrow
interests in their commercialization, these databases have not developed in their
desirable form for biotechnological systems yet. It will be therefore undertaken
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in the next Chapter to collect the scatteredmaterial from the literature to provide
a consistent and compact knowledge base.

Given that the corresponding data is available, one is able to calculate the ther-
modynamic behavior of any reaction of interest. A complete description of the
corresponding workflow is given e.g. by Stephanopoulos, Aristidou, and Nielsen
(1998), and demonstrated by Alberty (2004) for the nucleoside phosphorylase-
catalyzed reaction of the adenine-adenosine pair.

Using theGibbs energies as a “common currency”, it is possible to simultaneously
calculate e.g. the solubilities of compounds, their ionization states, etc. The
advantage of using an unified approach in form of the Gibbs energy should be
obvious. One of the major problems in the field is the missing Gibbs free energy
of formation for solvated 2’-deoxyribose, though.

2.4.2. Possible strategies to shift the reaction equilibrium towards products

The most straightforward solution to increase yield of the desired product might
be to shift the equilibrium by addition of one or both substrates, which will
increase the yield of desired product according to the equilibrium constant. How-
ever, this is generally not the economically preferred approach, as all compounds
employed in NP-catalyzed reactions are often price-intensive.

One has to embrace thus the fact that the equilibrium constant in homogenuous
reactions cannot be influenced by any means. This does not mean that hope is
lost, though. Merely, the task is to find ways to increase reaction yield despite a
holding equilibrium constant.

As was shown before, the equilibrium constant is defined on activities, not
sole concentrations. This opens possibilities to engineer the activity coefficients
instead. As introduced before, this could be achieved by addition of organic sol-
vents, electrolytes, or concentration-dependent thermodynamic activity effects.

In contrast to influencing the activity coefficients, it might be further possible
to exploit the dependencies of the equilibrium constant on temperature and
potentially on pH value, because differently charged species might show a differ-
ent equilibrium constant to the one measured in reference conditions assuming
reactant concentrations.

A further possibility is influencing the concentrations by introducing hetero-
geneuous reaction conditions bymeans of product precipitation, or othermeans
of in-situ product removal, e.g. coupling of undesired product into another reac-
tion. A successful example of this is the oxidation of liberated hypoxanthine into
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uric acid, which is easily precipitating from the reaction solution (Kalckar 1947).
For 7-methylguanosine it is reasoned that the liberated base 7-methylguanine
does not participate in the backwards reaction anymore because of the change in
charge upon base liberation (Kulikowska, Bzowska, et al. 1986). By either strategy,
undesired product is efficiently removed (or so to say: hidden) from the reaction
and the equilibrium therefore pulled into the desired direction.

Drawing from a promising strategy in chemical engineering, it might also be pos-
sible to extract the desired product selectively by conventional or reactive extrac-
tion. Reactive extraction means the reaction of the desired product towards an
“protected” form, which is extracted into a typically organic phase. From this or-
ganic phase, which can be easily separated from the aqueuous reaction mixture,
the desired product is recovered by unprotection of the protected form in a sepa-
rate vessel. This processwas e.g. successfully applied to the reactive extraction of
N-acetylneuraminic acid by esterification with phenylboronic acid (Zimmermann,
Masuck, and Kragl 2008). Similarly to nucleosides, N-acetylneuraminic acid is a
heavily functionalized carbohydrate compound, making this already established
strategy highly attractive for further engineering.

Despite the promises of all of these strategies, it has to be kept in mind that the
intended engineering strategy has to stay compatible with the employed catalyst
which is an enzyme in this case. Therefore, the peculiarities of enzymes have
to be considered, regarding maximal temperatures, pH values, ionic strengths,
etc., as noted correctly by others (Taran et al. 2009). Classical enzymes from
mesophiles, e.g. Escherichia coli, are indeed known to inactivate rapidly at the
elevated temperatures and high pH values which would be desirable to enable
more efficient reactions of nucleosides and nucleobases.

2.4.3. Kinetic modelling as a tool for reaction engineering

As quoted before, kinetic models are the centerpiece of successful reaction
engineering. What means “kinetic” in this context, though? Not necessarily this
word refers to the intention to reveal the catalytic mechanism of the enzyme-
catalyzed reaction, but rather that a system of components is described in a
dynamic, i.e. time-dependent fashion. It is important to note that the focus of
all work should be that the model has to fit its purpose. Depending on the
complexity and interdependency of effects occuring in the industrial reaction,
this might lead to rather simple models or to systems of equation which are
mathematically hardly tractable.
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What is a “model”, then? In the context of this work, a model should be un-
derstood as a mathematical representation of a real-world system which (in
accordance1 with Voit 2000, p. 40f.):

1. “capture[s] the essence of the system under realistic conditions”, meaning
that it is “qualitatively and quantitatively consistent with key observation”

2. “be generally applicable” in the sense that it “must allow the investigator to
formulate model equations solely from [a graphical map of the system]”

These requirements can be fulfilled by a multitude of formulations, although
the second requirement is so intrinsicately linked to the question of “model
structure”, that it is debatable whether one can hold this requirement up. After
all, two different approaches emerge:

1. Data-driven, empirical models

2. Theory-driven, mechanistic models

Those were recently contrasted in a case study for the field of biotechnology
by Rio-Chanona et al. (2019), which gives an excellent overview of the two
approaches.

2.4.4. Empirical models

Empirical models do not rely on specific explanations of the underlying pro-
cesses, but reproduce the time-course of reaction progression from somewhat
arbitrary mathematical relationships (see Figure 2.9).

Interestingly, the IUBMB Recommendations declare that non-Michaelis-Menten
kinetics correspond to empiricalmodels, too (Nomenclature Committee of the In-
ternational Union of Biochemistry (NC-IUB) 1982). Exemplarily, the Hill equation
describes reaction progress without a specific mechanistic explanation. Other
popular mathematical relationships for empirical modellings are the general-
ized logistic functions as described by Richards (see exemplarily Richards 1959),
power-law like S-systems introduced by Savageau2 (Savageau 1969, reviewed for

1Voit formulates seven requirements, which, in the context of aiming for understanding of metabolism,
he only sees fulfilled in S-systems. I disagree with some of those requirements on the basis that the
modelling aim, i.e. the purpose of the model does not need to lie in description of metabolism, which is
also acknowledged by Voit but seems to be forgotten in the correponding section.
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Figure 2.9: Empirical approaches to kinetic modelling. This scheme shows exemplarily three
empirical approaches that can be used for kinetic modelling of enzyme-catalyzed reactions.
1) The general logistic function, or Richards’ curve, is the integrated form of a differential
equation to model growth. 2) A differential equation constructed in accordance with the
principles of S-systems, also known as power-law function, allows all state variables to
interact with all reaction rates. 3) Machine learning might be employed e.g. in the form of
an artificial neural network which is schematically depicted. Machine learning integrates a
large system of regressions of varying complexity and varies the weights of edges and within
nodes to find an optimal fit to training data, after which the investigator assumes to be able
to interpolate the real-world data correctly.
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its application in biochemical systems theory e.g. in Voit 2013) or black-boxed
models like artificial neural networks.

Real world applications of such empirical models in the field of enzyme-catalyzed
reactions include exemplarily 1) the use of ever more general mathematical
relationships for describing the enzymatic hydrolysis of wood-derived cellulose
(Holtzapple, Caram, and Humphrey 1984), employing what the authors term a
“hyperbolic” and an “exponential” model; 2) the application of a S-system and
a lin-log model on E. coli batch fermentations for recombinant overexpression
of aspartase (Wang, Ko, and Voit 2007); and 3) an artificial neural network for
optimizing the production of lutein (Rio-Chanona et al. 2019).

2.4.5. Mechanistic models

In contrast to empirical models, physics-driven “mechanistic” models are derived
from an underlying “mechanical” model according to a specific algorithm (see
Figure 2.10). For a given, often graphically illustratedmodel structure, one is thus
able to derive a specific set of equations.

The focus in deriving mechanistic models is placed much more on explainining
the underlying causes of a given observed time course, than to reproduce the
time course data in the most phenomenologically exact manner (Craver 2006).
This is done because of the belief that one will be able to extrapolate this
mechanisticmodel because of its underlying truth,1 whereas this is not very likely
for purely phenomenological models parametrized on a specific experimental
condition. This philosophical argument is the most prominent argument in favor
of mechanistic models when contrasted with empirical models as described
above.

Pure physics-driven models (called “differential-dynamical models” in publica-
tion II) are consisting of a system of ordinary differential equations which
correspond strictly to the mass actions derived from the model structure. It is
thus also possible to reconstruct the model structure from the ODE system.

To derive the models correctly it is actually necessary to use a directed hyper-
graph notation, as shown in Figure 2.10 (for a description of directed hyper-

2Depending on the interpretation, S-systems can be considered empirical, because the exponents can
vary from −∞ to +∞, including 0, which allows arbitrary inclusion of all system components into the rate
laws as well as arbitrary annihilation of interactions. Voit, however, considers S-systems as cleary rule-based
and therefore unambiguous in their set-up, as all those exponents are set to 0 which were not previously
noted in the graphical map of the system to interact with the reaction rate of interest.

1The problem, however, lies often in finding and/or discriminating potential model structures, which
are not known per se. Although it is debatable whether model structure is part of the mathematical model
or if it is an independent entity, it is commonly accepted to declare the used model structure as the true
mechanism under the given experimental conditions, if the model parameters are identifiable and the fit
to the experimental data is sufficient.
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Figure 2.10: Mechanistic approaches to kinetic modelling. This scheme shows the interpre-
tation of a real-world process in terms of a conceived idealized mechanical picture and
its mathematical interpretation. Inside a box (gray border), three particles, A, B, and C
are contained and possess stochastically distributed kinetic energies. They have different
masses, and might collide inelastically. A and B can form a complex after collision, and
react from this complex form to C. The rest of the scheme shows the development of a
graphical model structure from this mechanical picture and the derivation of equations.
The model structure is depicted in terms of a directed hypergraph which, for visualization
purposes, connects the corresponding nodes, i.e. particles, via directed edges, i.e. arrows,
to a dummy node (diamond) from which the directed hyperedge continues. Edges with
direction to the dummy node are coming from source nodes, and the edges with direction
from the dummy node are going to the target nodes of the hyperedge. As each hyperedge
has a rate constant as property (label 𝑘1 and 𝑘2), it is easy to derive the full set of differential
equations unambiguously from the visualized model structure. However, the researcher
might choose to apply simplifying assumptions subsequently, which change the appearance
of the differential equations, as depicted by a formulawhich resembles vaguely theMichaelis-
Menten rate law.
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graphs and their applications see Gallo et al. 1993). Under certain conditions
those pure physics-driven models become equivalent to what Voit calls “Gener-
alized Mass Action” models (Voit 2013).

Although the author of this work deems this philosophically venturous, it is
very popular to introduce simplifications, or “simplifying assumptions” to the
formulation of the rate laws, i.e. to the mathematical relationship, instead of
introducing them to the model structure itself. The prime example for this is
the quasi-steady state assumption (QSSA), i.e. “Michaelis-Menten assumptions”.
For Michaelis-Menten kinetics, these assumptions lead to a mathematical rep-
resentation which is valid only for a specific subset of the ordinary differential
equation, namely the “outer solution”. For elucidation of this connection, the
reader is referred to the excellent review of W. W. Chen, Niepel, and Sorger 2010.

2.4.6. Literature examples for kinetic modelling of enzyme-catalyzed multi-
substrate multi-product reactions

Whereas a plethora of single-substrate single-product Michaelis-Menten rate
laws can be found in literature, the kinetic modelling of multi-substrate multi-
product reactions is much more seldomly undertaken. Notable exceptions are
listed in the following.

Sudar et al. modelled a two-substrate two-product reaction, although one of
the products was gaseous carbon dioxide, thus leading inherently to complete
conversion (Sudar et al. 2018). They also considered enzyme inactivation and
enzyme inhibition due to a contaminant in one of the substrates and by one
co-factor, respectively. Otherwise, the investigated reaction appeared to not be
inhibited by any substrates or products.

Zimmermann et al. modelled reaction rates for a four compound system,
whereby reaction was facilitated by two coupled enzymatic reactions (Zimmer-
mann, Hennemann, et al. 2007). As both reactions were reversible reactions,
terms for forward and backward reaction were included, as well as including re-
actant inhibition terms for each enzyme. Finally, an optimized fed-batch process
was implemented.

Al-Haque et al. proposed a methodology for non-linear regression of experimen-
tal data to a known mechanism (Al-Haque et al. 2012) for a transferase reac-
tion, thus including two substrates and two products. Although the simplifying
assumption of steady-state kinetics was in place, and the modelling process
was optimized to identify the parameters, not all parameters could be uniquely
identified, and several parameters were strongly correlated.
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In the field of nucleoside phosphorylases, special importance is to be given
to Vita and colleagues. They determined a mechanism and the corresponding
parameters for uridine phosphorylase from E. coli, including explicitly the two
substrates and two products, aswell as reactant inhibitions, for both forward and
backwards reactions (Vita, Huang, and Magni 1983). One of the main outcomes
of their work in the context of this work is the result that the phosphorolytic step
is approximately 2-fold faster than the synthetic step; this is one of the questions
discussed in the outlook of publication II, and remains unelucidated for the
thermophilic enzymes yet.1

Similarly to Vita and colleagues, Porter investigated the mechanism of purine
nucleoside phosphorylase from calf spleen (Porter 1992), but did not compile
the finally used expression nor the derived constants in a unambiguous way.

Finally, an example for non-Michaelis-Menten kinetics of NPs is found in Modrak-
Wojcik et al. (2007), where the E. coli PNP-I shows clear non-Michaelis-Menten
behavior for the phosphorolysis of inosine at pH 7.

2.4.7. A comment on the relative importance of different enzyme parameters
in an industrial reactor setting

As fundamentally explained by Cornish-Bowden 2013, p. 43, illustrated for a
biotechnological example in Eisenthal, Danson, andHough (2007), and explicated
in detail in Carrillo, Ceccarelli, and Roveri (2010), the typically used performance
indicator 𝑘𝑐𝑎𝑡/𝐾𝑀 is in many cases not be the best indicator for optimizing a
typical biotechnologically relevant process.

Instead, inmost industrial reactor settings, the substrate concentration𝑆 is vastly
exceeding theMichaelis constant𝐾𝑀 , and therefore 𝑘𝑐𝑎𝑡 becomes the parameter
most relevant for performance of the process.

Only when operating at substrate concentrations lower than the 𝐾𝑀 value,
𝑘𝑐𝑎𝑡/𝐾𝑀 might be an interesting performance indicator. When considering com-
petitive inhibitions or reversible reactions, though, it is even more urgently
indicated to compare the performance of enzyme candidates by thorough in
silico experimentation under the intended operating conditions of the enzyme-
catalyzed process.

1Although this value might be different for each individual NP in principle, Stoeckler et al. 1997 have
found that human PNP also shows consistently higher 𝑘𝑐𝑎𝑡 values for the synthetic direction compared to
the phosphorolytic direction for inosine, guanosine and adenosine. It might be thus appropriate to speak
of a generalizable trend here.
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2.4.8. A comment on the graphical representation of models and simplifying
assumptions

A short highlight is to be given on the way models and the corresponding
equations are presented when communicating them in printed form.

To derive physics-driven models it is the author’s credo that the best represen-
tation are directed hypergraphs (see Figure 2.10). From them, the equations can
be unambiguously derived. An indicator for this unambiguity of representation
is the fact that this process can be easily automated in an algorithmic form, as it
is possible to represent directed hypergraphs into machine-readable formats.

In contrast, representations of enzymatic mechanisms as e.g. Cleland’s notation
(see Figure 2.11), require a vast amount of background knowledge to be able to
derive the intended mathematical relationship and are not machine-compatible
in its typical form.

Are notations like Cleland’s notation not, in the end, only optimized visualizations
of a specific set of simplifying assumptions? While this surely is the case, it is the
author’s belief that this set of simplifying assumptions, as well as the graphical
visualization of the mechanism intended to be investigated by the researcher,
should be a crucial part of every publication. If only themathematical relationship
is communicated with the simplifying assumptions already integrated in it, it is
impossible to recover the underlying mechanistic model structure free of doubt,
a state that is highly unfavourable.

In this respect it is highly hazardous, that typical graphical visualizations of
enzyme-catalyzed reactions are suggesting that for the system:

𝐸 + 𝑆 ⇌ 𝐸𝑆 → 𝐸 + 𝑃 (2.20)

the only correct mathematical relationship for the rate law would be:

𝑣 = 𝑑[𝑃 ]
𝑑𝑡 = 𝑘𝑐𝑎𝑡 ⋅ 𝐸0 ⋅ [𝑆]

𝐾𝑀 + [𝑆] (2.21)

Instead, the author of thiswork agrees fully with Savageau (1968), that the correct
representation of the model structure for Equation 2.21 would rather be:
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E

A

EA

B

EAB EPQ⇌

P Q

EQ
E

v=
k cat⋅E0⋅[ A]⋅[B]

K ia⋅Kb+Ka⋅[B]+K b⋅[A ]+[ A]⋅[B]

Figure 2.11: The Cleland notation of enzymemechanism is not equivalent to a valid graphical
systemmaps. This scheme shows a typical Cleland notation of an enzyme-catalyzed reaction
which is thought to consist of a sequential order with substrates A and B binding first to
the enzyme, resulting in the complex EAB. This enzyme complex is in instant equilibrium
with the complex EPQ, which then releases in sequential order the products P and Q.
The corresponding rate law is shown below, taken from Cleland 2009. In contrast to a
graphical system map as introduced before, it is not possible to derive the mathematical
relationship directly from the map, but a large amount of background knowledge is needed
to understand this graphical representation in the intended way and to be able to derive the
correct mathematical representation. Vice versa, it is not easily possible to derive the system
map from the mathematical representation.
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S P

E
E*

In this representation in the Systems Biology Graph Notation Process Design
Language (Rougny et al. 2019), all glyphs have definedmeaning1, and it becomes
rather clear that the conversion of S to P is actually modulated by a physically
unobservable activated enzyme form E* instead of the actual enzyme form E.

In the conceptualization of Michaelis-Menten kinetics, it has to be valid:

𝐸∗ = 𝐸0
𝐾𝑀 + [𝑆] (2.22)

because this makes it possible to derive the rate law based on pure physics as:

𝑑[𝑃 ]
𝑑𝑡 = 𝑘𝑐𝑎𝑡 ⋅ 𝐸∗ ⋅ 𝑆

= 𝑘𝑐𝑎𝑡 ⋅ 𝐸0
𝐾𝑀 + [𝑆] ⋅ 𝑆

= 𝑘𝑐𝑎𝑡 ⋅ 𝐸0 ⋅ 𝑆
𝐾𝑀 + [𝑆] (2.23)

In the eyes of the author of this work it is evident from the presented example in
Systems Biology Graph Notation how standardization of visual communication
in science will help to overcome overly ambiguous representations of thoughts,

1S and P are defined as “simple chemicals” (stadium shape), whereas E* is defined as an “unspecified
entity” (elliptic shape)), different from E which is a “macromolecule” (rectangular shape with rounded
corderns). S and P are linked by a “process” (square shape), with an incoming “consumption” arc from S,
an outgoing “production” arc towards P, and a “catalysis” modulation arc coming from E*. Note that the
amount of E* is not definable here, as it is formed by a complex mathematical relationship. All terms
within quotation marks are further defined and their scope defined in the specifications of the Systems
BiologyGraphNotation ProcessDesign Language (Rougny et al. 2019). Thismakes the graphical visualization
unambiguous.
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whether intended or not. Although the most instant progress will be seemingly
made with pragmatic solutions, thoughtful consideration based on theoretical
arguments will, in the end, be the only way to advance science significantly.
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3. Scientific Background: Literature Review

3.1. The discovery of nucleoside phosphorylases

3.1.1. A short history of the beginnings of research on nucleoside phosphory-
lases

In 1945 Herman Kalckar reported in a Letter to the Editor of the Journal of
Biological Chemistry that he had observed nucleoside phosphorylase activity
of an enzyme preparation from rat liver (Kalckar 1945). Prior to this discovery,
it was believed that the glycosidic bond in nucleosides was exclusively split by
nucleosidases, thus catalyzing the hydrolysis of nucleosides into free nucleobase
and carbohydrate. The first full paper on this newly discovered class of enzymes
by Kalckar in 1947 was already detailling the synthetic applications of this class
of enzymes: the isolated NP was employed for synthesis of ribose-1-phosphate,
and the purified pentose-1-phosphate was used subsequently for glycosylation
of a purine nucleobase (Kalckar 1947).

In this seminal paper, the focus was set on elucidation of the type of reaction
itself, which was not undisputed by that time. In the very same paper, however,
Kalckar already recognized the equilibrium nature of this reaction and deter-
mined the value of the equilibrium constant for inosine phosphorolysis.

Advancing this methodology to the less stable 2’-deoxyriboses, Kalckar and col-
leagues reported two years later on the synthesis of 2’-deoxyribose-1-phosphate
(Friedkin, Kalckar, and Hoff-Jørgensen 1949) and published in 1950 a series of
papers focusing on the chemistry of 2’-deoxyribose-1-phosphate including pu-
rification procedures (Friedkin and Kalckar 1950; Friedkin 1950; Hoff-Jørgensen,
Friedkin, and Kalckar 1950).

3.1.2. Mechanistic elucidations on nucleoside phosphorylases

It was in one of these papers, that Kalckar and colleagues broadened the focus
of their research from the position of chemical equilibrium to the elucidations
of the dependencies of the reaction velocity of reactant concentrations (Friedkin
and Kalckar 1950). This led to the first “Michaelis constants”, historically termed
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𝐾𝑆 (now: 𝐾𝑀 ) on this class of enzyme. However, Kalckar and colleagues kept
the phosphate concentration fixed at very high values (100 mM) and ignored the
influence of phosphate concentration on reaction velocity thus completely. Up
to this point in time, all studies have been conducted on purine nucleosides.

The first report on the observation of pyrimidine nucleoside phosphorolysis is
by Manson and Lampen in 1949, but is available only in form of a Proceedings
Abstract (Manson and Lampen 1949). It is not clear from the very short abstract
in how far Manson and Lampen were able to recognize the action of an isolated
nucleoside phosphorylase in their experiment.

One year later a first report on another nucleoside phosphorolysis reaction
appeared, in which Rowen and Kornberg investigated the phosphorolysis of
nicotinamide riboside, containing neither a pyrimidine nor purine moiety, but
a pyridine. They determined separate 𝐾𝑀 values for the investigated beef liver
enzyme preparation in respect to nicotinamide riboside, phosphate, and inosine
(Rowen and Kornberg 1951).1 Further, they investigated the inhibition of nicoti-
namide riboside phosphorylation by inosine, which led to the determination of
the first inhibition constant for NP-catalyzed reactions.2 Finally they showed a
strong effect of pH on this particular reaction.

In the spotlight of elucidating the catalytic mechanism of nucleoside phospho-
rylases, the very comprehensive elucidations of catalytic mechanism and its
kinetics by Vita and colleagues (Vita, Huang, and Magni 1983) and Porter (1992)
shall be highlighted here. Both publications show that delicate instrumental and
experimental set-ups are able to resolve even truly complex mechanisms. At the
same time, their communications serve as a reference to the vast amount ofwork
needed to characterize the kinetics of just one enzyme-substrate combination.

1Although the motive behind determining separate 𝐾𝑀 values of a multi-substrate multi-product
reaction and the practical utility of these numbers might be debatable.

2However, as Rowen and Kornberg have shown themselves, inosine is converted by the employed NP
as well. This is somewhat similar to Michaelis and Menten, who investigated the inhibition effect by adding
a product which could take part in the reaction as well. However, Michaelis and Menten’s reaction was
essential irreversible because of the large excess of water driving the reaction towards completion. Thus,
it might be argued that the inhibition constant of Rowen and Kornberg is not very exact in describing the
same effect as the one observed by Michaelis and Menten, but is confounded with the reaction of inosine
with ribose-1-phosphate.
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3.2. Current state of knowledge for utilizing nucleoside phos-
phorylases

As described before, the knowledge required for successful reaction engineering
is not yet collected in a database format amenable for rapid development
of engineering strategies. Instead, this knowledge is found in scattered form
either in primary literature, or compiled according to some properties in large
secondary literature collections, e.g. in the form of handbooks. However, even
chapters within the same handbook overlap and provide the same data in multi-
ple places, or, even worse, conflicting data on the same properties. Furthermore,
the evaluation criteria and the exact references of the reported values are not
always clear in those handbooks.

It is thus the aim of this chapter to compile the state of knowledge on thermo-
dynamic parameters. The purpose of this collection is to enable the thermody-
namic reaction control and further reaction engineering for utilizing nucleoside
phosphorylases in processes destined to produce pharmaceutically interesting
compounds.

However, first and foremost, the reader is urgently referred to Ould-Moulaye,
Dussap, and Gros (2002), in which the most extensive, yet concise compilation
of thermodynamic formation properties for nucleoside and nucleotide reactions
can be found. This reference is to date the best starting point for any thermody-
namic calculations.

3.2.1. Equilibrium constants of the NP-catalyzed reaction

Equilibrium constants for NP-catalyzed reactions are the key index to determine
the feasibility of reaction and to predict themaximal possible yields. The values of
the equilibrium constants formost canonical nucleobase-nucleoside pairs can be
found in literature. For noncanonical nucleobase-nucleoside pairs, which are of
special pharmaceutical interest, these values were seldomly determined before,
however.

The major source for equilibrium constants for any given reaction is the “Gold-
berg collection” (a series of database-like publications with the title “Thermo-
dynamics of Enzyme-Catalyzed Reactions”, often abbreviated as TECR-DB). Pub-
lished in successive editions in print (Goldberg, Tewari, Bell, et al. 1993; Goldberg
and Tewari 1994a; Goldberg and Tewari 1994b; Goldberg and Tewari 1995a;
Goldberg and Tewari 1995b; Goldberg 1999; Goldberg, Tewari, and Bhat 2007)
and also as an online database (Goldberg, Tewari, and Bhat 2004), Goldberg
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and colleagues collected and evaluated evidence on the value of equilibrium
constants for a multitude of reactions.

Alternatively, one might attempt to predict the Gibbs free energies of reaction
from first principles calculation, instead of measuring them experimentally. Al-
though possible in principle, the only report on doing so in regard to nucleoside
phosphorolysis reactions is found in the work of Isaksen, Hopmann, et al. (2016),
where Supplementary Table S1 gives Gibbs free energies of reactions. These
Gibbs free energies are, however, only calculated for the reaction towards the
deprotonated nucleobase, neglecting the subsequent re-protonation. This data
set is thus not really helpful for reaction engineering of NP-catalyzed reactions.

For convenience, exemplary data on the values of equilibrium constants is com-
piled in Table 3.1. Generally, the phosphorolytic reaction of purine nucleosides,
i.e. adenosine and inosine, exhibits lower 𝐾𝑒𝑞

′ values than the one the pyrimi-
dine nucleoside uridine. The spread of values found in literature is enormous,
however, and spans easily one to two orders of magnitude.

3.2.2. Acid dissociation constants of compounds and their influence on the
equilibrium

The chosen pH value might affect the transformed equilibrium constant 𝐾𝑒𝑞
′,

which does not consider charged species, but only reactant concentrations.

Exemplarily for this sometimes surprisingly large effect, as reported in
Lehikoinen, Sinnott, and Krenitsky (1989), the protonation states of phosphate
(𝑝𝐾𝑎 = 6.8 at 0.1 M ionic strength) and ribose-1-phosphate (𝑝𝐾𝑎 = 6.2 at 0.1
M ionic strength) become highly relevant in the biologically relevant range of
pH values, shifting the Gibbs free energy of reaction for the phosphorolysis of
inosine by up to 3 kJ⋅mol−1 (see Table 3.2).

To estimate the relevance of a potential effect of the pH value, it is necessary
to consider the acid dissociation constants of all involved compounds. They are
compiled for visual reference in Figures 3.1, 3.2 and 3.3.

From this visualization it becomes apparent that the nucleoside/nucleobase
pairs can exhibit different, non-trivial ionizations. Adenine and adenosine stay
in a constant charge state within the biologically relevant range of pH values,
defined as pH = 5–9 (Figure 3.1A). Although 5-fluorouracil and 5-fluorouridine
show an ionization step in the biologically relevant pH range, they exhibit nearly
similar acid dissociation constants (Figure 3.1B).
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Table 3.1: Exemplary literature equilibrium constants for nucleoside phosphorolysis reac-
tions. Indicated are the transformed equilibrium constants for the phosphorolysis reaction,
defined as 𝐾𝑒𝑞

′ = [𝐵][𝑃1𝑃]
[𝑁][𝑃 ] , where [𝐵] = concentration of free nucleobase, [𝑃1𝑃 ] = concen-

tration of pentose-1-phosphate, [𝑁] = concentration of nucleoside, [𝑃 ] = concentration of
phosphate, all in equilibrium state, but at specific pH and temperature values which can be
found in the indicated reference.

Substrate 𝐾𝑒𝑞
′ Reference

Ado 0.001 Chen 1978
0.005 – 0.007 Camici 1980
0.005 – 0.007 Senesi 1976
0.06 – 0.12 Sakai 1967

Ino 0.005 – 0.02 Lehikoinen 1989
0.018 – 0.020 Porter 1992
0.02 Jensen 1975
0.025 de Verdier 1963
0.03 – 0.18 Heppel 1952
0.038 Salamone 1982
0.048 Murakami 1975
0.13 Utagawa 1985

Urd 0.03 – 0.10 Bose 1974
0.44 Utagawa 1985
0.44 – 1.00 Sakai 1967
0.58 Vita 1983

Table 3.2: The transformed equilibrium constant can be influenced by pH value. Repro-
duction of data from Lehikoinen, Sinnott, and Krenitsky 1989 about the phosphorolysis of
inosine. Δ𝑟𝐺0 is calculated from the relationship: Δ𝑟𝐺0 = −𝑅 ⋅ 𝑇 ⋅ 𝑙𝑛(𝐾𝑒𝑞

′ ), with 𝑅 being the
gas constant with 𝑅 = 8.314 kJ⋅mol−1 and 𝑇 being the absolute temperature at 25 °C with
𝑇 = 298.15 K.

pH value 𝐾𝑒𝑞
′ Δ𝑟𝐺0 / kJ mol−1

5.0 186 -12.95
6.1 98 -11.37
7.3 45.7 -9.47
8.4 47.3 -9.56
8.4 46.4 -9.51
9.4 45.9 -9.49
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The effect of even slight chemical modifications of the nucleosides or
nucleobases can be exemplarified on the comparison of guanosine and 7-
methylguanosine (Figure 3.2A). The transition from the uncharged state to
the positively charged state is clearly influenced by the 7-methylation. Most
interestingly, this deprotonation happens already at neutral pH = 7 for 7-
methylguanosine.

Less drastic in shifting the acid dissociation constant is the 2-oxidation of hy-
poxanthine which yields xanthine (Figure 3.2B). However, this oxidation intro-
duces a stark difference in the acid dissociation constants of nucleoside and
nucleobase. While the nucleoside/nucleobase pair hypoxanthine/inosine shows
uniform ionization behavior at around pH = 9, the xanthine/xanthosine pair
shows ionization at pH = 7.5 and pH = 5.7, respectively. The difference of 2 pH
units is truly remarkable for a nucleoside/nucleobase pair, andmost interestingly
both ionization occurs inside the biologically relevant range of pH values.

As discussed before, also the ionization state of pentose-1-phosphate and the
free phosphate have to be considered. Both classes of compounds show acid
dissociation constants near neutral pH, with ribose-1-phosphate dissociating at
slightly lower pH values than inorganic phosphate (𝑝𝐾𝑎 = 6.4 versus 𝑝𝐾𝑎 = 7.2).

3.2.3. Gibbs free energy of activation of the NP-catalyzed reaction

As introduced before as the transition state theory, the kinetic rates of the NP-
catalyzed reaction should be principally predictable via the Gibbs free energy
of activation Δ𝐺#, which refers to the energetical state of the transition state
structure.

As this transition state structure is unique for each enzyme-substrate combina-
tion, it is not possible to give a value for Δ𝐺# which is valid for all NP-catalyzed
reaction.

The only valid approach towards determination of these values are individual ex-
perimentalmeasurements, although this is laborious. The second-best approach
might be the attempt to derive general trends for a substrate class on a given
enzyme, and to apply this trend to another enzyme. Neither approach has been
undertaken yet for nucleoside phosphorylases.
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Figure 3.1: Ionization conditions of some nucleoside/nucleobase pairs behaving uniformly
in the biologically relevant pH range. A) The nucleobase adenine (Ade) and its correspond-
ing 2’-deoxyribonucleoside adenosine (Ado) are present in an uncharged state in most of
the biologically relevant range of pH values (5–9). The nucleobase thymine (Thy) behaves
similarly. B) The nucleobase 5-fluorouracil (5F-Ura) and its corresponding ribonucleoside
5-fluorouridine (5F-Urd) show an ionization transition in the biologically relevant range of
pH values, but both nucleobase and nucleoside have a similar 𝑝𝐾𝑎 value, influencing the
ionization states uniformly. For each compound its ionization states are given schematically,
with an abrupt change at the acid dissociation constant 𝑝𝐾𝑎 of the compound. Note that this
is an unrealistic assumption, and that compounds exist in both ionization states in varying
ratios in the approximate area of pH = 𝑝𝐾𝑎 ± 1. The specific 𝑝𝐾𝑎 values employed here and
their references can be found in Table A.1. When no data about further acid dissociation
constants was available, the potential continuation of the charge state is indicated with
ellipsis points outside the ends of the bar.
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Figure 3.2: Ionization conditions of some nucleoside/nucleobase pairs in respect to
chemical modifications. A) The nucleobase guanine (Gua) and its corresponding 2’-
deoxyribonucleoside guanosine (Guo) are present in an uncharged state in most of the
biologically relevant range of pH values (5–9) and have similar 𝑝𝐾𝑎 values. The modified
nucleoside 7-methylguanosine (7Me-Guo) behaves drastically different, being mainly posi-
tively charged at pH < 7, which is a significant difference in comparison to guanosine. B) The
nucleobase hypoxanthine (Hyp) and its corresponding ribonucleoside inosine (Ino) show an
ionization transition at the far edge of biologically relevant pH values, but both nucleobase
and nucleoside have a similar 𝑝𝐾𝑎 value, influencing the ionization states uniformly. In
contrast, the nucleobase xanthine (Xan) and its corresponding ribonucleoside xanthosine
(Xao) deprotonate at lower pH values, and the 𝑝𝐾𝑎 values between Xan and Xao differ
drastically. The only difference betweenHyp and Xan is the additional 2-oxo group of Xan. For
each compound its ionization states are given schematically, with an abrupt change at the
acid dissociation constant 𝑝𝐾𝑎 of the compound. Note that this is an unrealistic assumption,
and that compounds exist in both ionization states in varying ratios in the approximate area
of pH = 𝑝𝐾𝑎 ± 1. The specific 𝑝𝐾𝑎 values employed here and their references can be found in
Table A.2.Whennodata about further acid dissociation constantswas available, the potential
continuation of the charge state is indicated with ellipsis points outside the ends of the bar.
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Figure 3.3: Ionization conditions of ribose-1-phosphate and inorganic phosphate. The ion-
ization states of ribose-1-phosphate (Rib1P) and inorganic phosphate are shown. Ribose-
1-phosphate shows a transition in its ionization state in the biologically relevant range of
pH values, as does inorganic phosphate. For each compound its ionization states are given
schematically, with an abrupt change at the acid dissociation constant 𝑝𝐾𝑎 of the compound.
Note that this is an unrealistic assumption, and that compounds exist in both ionization
states in varying ratios in the approximate area of pH = 𝑝𝐾𝑎 ± 1. The specific 𝑝𝐾𝑎 values
employed here and their references can be found in Table A.3. When no data about further
acid dissociation constants was available, the potential continuation of the charge state is
indicated with ellipsis points outside the ends of the bar.

3.2.3.1. Transition state structure in enzyme pocket.

The only direct evidence for an experimental study on the Gibbs energy of
activation which was identified by the author of this work is a publication by
the group of Schramm (Ghanem et al. 2008). Detection of the chemical step,
i.e. the transition state structure, was done by observation of the fluorescence
of enzyme-bound guanine. The experimental values for Δ𝐺# at 25°C are 60
and 58 kJ/mol for human and bovine PNP, respectively (note that the authors
give Δ𝐻# and Δ𝑆# as well).1 Unfortunate for the field, guanine is the only
canonical nucleobase which exhibits such a change in fluorescence, and studies
of other nucleoside-nucleobase conversions could thus not be conducted with
this methodology.

A corresponding in silico study by the group of Schramm (Isaksen, Åqvist, and
Brandsdal 2016) compared the Gibbs energies of activation for human and
bovine PNP.2 The computational values were close to the indicated experimental

1It is noteworthy that the kinetic constants determined for this chemical transformation step are rather
high (154 and 316 s−1, for human and bovine PNP, respectively), compared to the catalytic constant 𝑘𝑐𝑎𝑡
determined by the same group for the overall reaction (40 and 20 s−1, respectively). This indicates that
further steps in the enzymatic mechanism are decreasing the rate, although they may not have to be
considered strictly rate-limiting. It is speculated in the corresponding publication that this additional rate
limitation is mainly due to slow reactant release.

2Another approach by the same group implemented only some residues of the catalytic site in gas phase
calculations (Silva, Hirschi, et al. 2011), but will not be discussed further here because of its limited scope.
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values.1 Two other substrates, namely inosine and adenosine, were studied as
well.

An aggregation of both data sets is presented in Table 3.3. From this very
limited data set one can conclude that the Gibbs energy of activation should
not differ much between bovine and human PNP. Further, the preference of
human PNP to convert guanosine or inosine is clearly reflected within the data,
with the non-preferred adenosine conversion showing a higher Gibbs energy
of activation. However, this might confound other effects, e.g. ionization issues
during substrate binding or product release, and should not be mistaken as a
statement about the energy level of the transition state structure.

As introduced above, it might be tempting to strike a generalization between
chemical structure of the compound and the Gibbs energy of activation for its
corresponding conversion, neglecting the influence of the enzymatic active site
altogether. The case of the guanosine/inosine preference over adenosine is a
prime example why this is dangerous. It is well known that bacterial PNPs do not
exhibit this preference (Bennett et al. 2003), and a simple transfer of substrate
trend determined for one enzyme to another enzyme is prone to fail already with
this easily anticipated example.2

Table 3.3:Gibbs energies of activation for the NP-catalyzed reaction. Indicated are the Gibbs
energies of activationΔ𝐺# for the reaction of indicated nucleosidewith dicationic phosphate
to yield monocationic 2-deoxyribose-1-phosphate and monocationic nucleobase, for the
computational experiment (data = “comp.”). The experimental value is derived froma fluores-
cencemeasurement of guanine bound to the enzyme, after undergoing the phosphorylation
reaction (data = “exp.”). HsPNP: human purine nucleoside phosphorylase; BtPNP: bovine
purine nucleoside phosphorylase.

Compound Δ𝐺# / kJ⋅mol−1 data enzyme Reference
Guo 60 exp. HsPNP Ghanem 2008

58 exp. BtPNP Ghanem 2008
53 comp. HsPNP Isaksen/Akvist 2016

Ino 54 comp. HsPNP Isaksen/Akvist 2016
Ado 85 comp. HsPNP Isaksen/Akvist 2016

1However, the reported experimental values in (Stoeckler et al. 1997), with which Isaksen, Åqvist, and
Brandsdal 2016 compare their in silico results, were actually 𝑘𝑐𝑎𝑡, not 𝑘𝑐ℎ𝑒𝑚 values. Assuming a quasi-
steady state instead of adhering to single-turnover kinetics, this limits the comparability.

2A similar example is the case of N7-methylated guanosine (7Me-Guo) in comparison with guanosine,
for which Bzowska, Kulikowska, and Shugar 1993 found: “With the enzyme from mammalian sources [...],
[7Me-Guo] is cleaved more rapidly than the parent Guo. With the enzyme from E. coli, the rate constant[...]
for [... 7Me-Guo ...] [is] somewhat lower than for the parent nucleoside[...]”.
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3.2.3.2. Gibbs energy of activation for the uncatalyzed reference reaction in water

When intentionally neglecting the chemical environment of the enzymatic active
site, this might allow to facilitate study of the transition state within an enzymatic
active site as well. In general, for this one might expect a trend in Gibbs energies
of activation in correlation to some properties of the chemical structure of
the substrate undergoing phosphorolysis, i.e. the nucleoside. Would a series
of derivatives not show a trend in Gibbs energies of activation which could be
transferred to NP-catalyzed reactions as well?

To investigate this one sets up a “reference reaction”, e.g. by conducting the
reaction in water,1 i.e. without interactions of a catalyst.

For the phosphorylation of nucleosides, however, no evidence for an uncatalyzed
reference reaction was provided experimentally yet, and therefore one has to
resort to computational studies so far:

The group of Schramm published DFT-optimized transition-state geometries for
the reaction of HPO2−

4 with non-charged purines, considering computationally
water solvation effects and empirical dispersion correction (Isaksen, Hopmann,
et al. 2016).

Similarly, the group of Schramm applied EVB calculations as described above,
yieldingmostly similar results for the Gibbs energy of activation in water (Isaksen,
Åqvist, and Brandsdal 2016).

Both data sets are aggregated into Table 3.4, and lead to three conclusions:

1. When comparing the results of varying methodologies for each substrate,
the absolute values for Gibbs energy of activation differ by a significant
amount (e.g. Δ𝐺#(𝐺𝑢𝑜) = 128kJ⋅mol−1 vs. Δ𝐺#(𝐺𝑢𝑜) = 140kJ⋅mol−1 for
Isaksen/Hopmann 2016 vs. Isaksen/Akvist 2016). As a difference in the order
of 10 kJ⋅mol−1 leads to significant changes in the reaction rate (see Figure
2.6), this deviation cannot be ignored if the data is intended to predict
reaction rates.

2. When considering eachmethodology separately, the differences when com-
paring different substrates agree rather well (e.g. Δ𝐺#(𝐺𝑢𝑜) − Δ𝐺#(𝐼𝑛𝑜) ≈
10kJ ⋅mol−1, regardless of the methodology), which might indicate a system-
atic error of one of the two methodologies.

1Similarly, it is also possible to define a reference reaction in the gas phase, an approach which was
e.g. chosen by Silva, Hirschi, et al. 2011. However, keeping in mind the importance of solvation and charge
effects, it can be argued that neglecting all water contributions might lead to meaningless results.
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3. The trends observed in the reference reaction inwaterwith eithermethodol-
ogy do not correlate with neither the trends of bacterial nor human/bovine
PNP (compare Table 3.3).

Apparently, the sole consideration of a reference reaction in water does not help
to predict the rate of reaction of the enzyme-catalyzed phosphorolysis. It seems
that either substantial effects were not included in the in silico studies or that
there are substantial interactions of the substrates with the enzymatic active site.

Table 3.4: Gibbs energies of activation for reference reaction in water. Indicated are the
Gibbs energies of activation Δ𝐺# for the reaction of indicated nucleoside with dicationic
phosphate to yield monocationic 2-deoxyribose-1-phosphate andmonocationic nucleobase.
The protonation step of the negatively charged nucleobase towards the uncharged nucle-
obase, which would be expected subsequently at physiological pH values, is not included.
All values are derived from computational experiments. The difference between the com-
pounds is rather similar when comparing different methodologies, whereas the absolute
value is not.

Compound Δ𝐺# / kJ⋅mol−1 Reference
Guo 128 Isaksen/Hopmann 2016

140 Isaksen/Akvist 2016
Ino 119 Isaksen/Hopmann 2016

130 Isaksen/Akvist 2016
Ado 128 Isaksen/Hopmann 2016

137 Isaksen/Akvist 2016

3.2.4. Lessons learnt from enzyme-catalyzed nucleoside hydrolysis

Nucleoside phosphorolysis is not the only reaction of nucleosides which is
catalyzed by enzymes. Indeed, nucleoside hydrolysis, i.e. the liberation of the
nucleobase moiety from the sugar moiety by attack of a water molecule, is one
of the reactions which was studied extensively to elucidate the interaction of
enzyme-catalysed rate of reaction and transition state structure (see the review
of Drohat and Maiti 2014, and references therein).

Next to the catalysis by an enzymatic environment, the hydrolysis of nucleosides
can also be catalyzed by acids. This led to numerous studies which compared
the “uncatalyzed” reference reaction of nucleoside hydrolysis with acids to the
enzyme-catalyzed reaction. Indeed, a linear free energy relationship could be
established between 𝑝𝐾𝑎 values and the rate constants for the acid-catalyzed
nucleoside hydrolysis, indicating a correlation between the protonation energy
and the Gibbs energy of activation for a series of 5-substitudes pyrimidines. This
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led to the formation of the hypothesis of nucleobase “leaving groupquality” being
the lone indicator for fast hydrolysis (Drohat and Maiti 2014).

This does not necessarily translate into the protonation energy being the main
factor within the enzymatic transition state, though. Obviously it is very challeng-
ing, however, to separate protonations of substrate and functional groups of the
enzyme, as both reside in the same aqueuous environment.

The transfer of the observed relationship between acid-catalyzed nucleoside
hydrolysis and enzyme-catalyzed nucleoside phosphorolysis has been indeed
already attempted. However, at least for N7-substituted guanosines, this rela-
tionship did not transfer well to nucleoside phosphorylases:

“There is no correlation between the rates for enzymatic phosphorol-
ysis and acid hydrolysis, indicating that for the enzymatic reaction[,]
labilization of the glycosidic bond is not the only, nor the predominant,
effect [...].”

(Bzowska, Kulikowska, and Shugar 1993)

3.2.4.1. Influence of ionizations on the transition state.

As shownbefore, to predict the kinetics of anNP-catalyzed reaction the transition
state structure defines the most important step. As it is intrinsically linked to
the structure of the enzyme pocket, i.e. the chemical environment around the
bound substrate varies with each enzyme. Even more importantly, not only the
substrate itself is subject to ionizations, but so is the chemical environment, i.e.
the protonation state of the amino acid residues of the enzyme.

When proceeding through the transition state structure, the electron density of
the substrates is redistributed, when chemical bonds are first broken and then
new bonds formed. This process of redistribution might require the stabilization
of intermittently occuring charges and/or (re-)protonation of the newly formed
products.1 When being released to the bulk solvent, the products will equilibrate
according to their acid dissociation constants. It is thus important to consider
the acidity in the bulk solvent as a reservoir for protonation / deprotonation
potential.

Evidence for this interaction between bulk solvent acidity, enzyme active site and
converted compounds can be found in the investigation of TcUP by the group of
Schramm, who reported:

1For the case of purine nucleoside phosphorylases, it is hypothesized that the purine base is losing an
electron, and needs to be thus deprotonated right after proceeding through the transition state towards
product state.
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“The pH-rate profiles obtained for the TcUP reaction show [that] cataly-
sis and binding of substrates decrease in the basic limb [i.e. at alkaline
environments] with a slope of −1, indicating that one group [i.e. one
amino acid residue of the enzyme] needs to be protonated for full
enzymatic activity. [...] [When] the leaving group [i.e. the purine base]
is not immediately protonated at 1-N [after having passed through the
transition state], [...] the product is an anionic nucleobase [...].

It is possible that the pHprofiles for TcUP report on the 3-Nprotonation
state of uridine, since its deprotonation at high pH would result in an
anionic nucleoside, requiring the stabilization of a dianionic leaving
group at the transition state, an unlikely possibility reflected in the loss
of 𝑘𝑐𝑎𝑡 at elevated pH.”

(Silva and Schramm 2011)

Similar effects of pH values on substrate ionizations and their influence on the
turnover number 𝑘𝑐𝑎𝑡 were observed byModrak-Wojcik et al. (2007). The authors
investigated the ionizations of phosphate and found that the presence of dian-
ionic HPO2−

4 (found at more alkaline conditions) promotes the turnover much
more than themonoanionic H2PO−

4 . Evidence of substrate-dependent pH effects
of varying magnitude can also be observed in the data presented as Figure S1 of
Zhou, Szeker, Janocha, et al. (2013). Here, the change of pH results in divergent
changes of rate of reaction depending on the substrate/enzyme combination.
This behavior can most likely be explained by the respective transition states,
most specifically by the enzymatic active site of ApMTAP in comparison to those
of DgPNP and GtPNP.

3.2.5. Solubilities of reactants

The rate of NP-catalyzed reactions is usually expected to correlate with the
concentrations of substrates, as substrate inhibition is seemingly not strong
enough to be relevant for these reactions. Naturally, however, the substrate
concentration cannot be increased above the solubility limit of the corresponding
substance. This may present a major obstacle in respect to optimal reaction
engineering, not only in terms of kinetics, but also for the titers, i.e. final concen-
trations of product, which should be high for an industrially competitive process.

Data on solubilities of nucleosides and nucleobases can be found e.g. from the
CRC handbook (Haynes 2016) and is compiled in Table 3.5. Generally, the free
nucleobase is less soluble than the corresponding nucleoside, which is reason-
able due to less hydrophilic functional groups in comparison to the nucleosides
which are rich in hydroxyl groups due to the attached sugar moiety.
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The solubility of phosphate is generally not a problem in typical reactionmixtures.
It can be decreased dramatically though by the addition of cations which form
an insoluble precipitate with phosphate. This precipitation is rather unspecific,
however, and might lead to the precipitation of the pentose-1-phosphates as
well, as exemplified by the purification of pentose-1-phosphates as barium or
hexylammonium salts (Kamel, Weiß, et al. 2018).

For convenience of the reader, solubility products of some rather insoluble
phosphate salts can be found compiled in Table 3.6. In theory, the solubility
product is related to the Gibbs energies of formation, so that it can be integrated
with other thermodynamic calculations.

“Selective precipitation” means to separate a range of salts using different
counter ions, due to the specific solubility products they have. This strategy also
allows to roughly set the maximal free phosphate concentration.1 It should be
kept in mind, though, that mixed salts might occur, as can be exemplified by the
presented magnesium salts.

Table 3.5: Exemplary solubilities of compounds involved in NP-catalyzed reactions. For each
compound the solubility in water at room temperature is given as its concentration in
mmol⋅L−1. The asterisk * denotes a data source from the secondary literature, i.e. a value
which was derived by compiling data from other primary literature. All nucleosides are at
least an order of magnitude better soluble than the corresponding nucleobases.

Compound solubility / mM Reference
Guo 0.35 Gordon 2011

1.8 CRC Handbook 2016*
Gua 0.067 Gordon 2011

0.45 CRC Handbook 2016*

Thd 226 Tewari 2004
223 CRC Handbook 2016*

Thy 28 Tewari 2004
12 Gordon 2011
27 CRC Handbook 2016*

Urd 2550 Tewari 2004
Ura 41 Szterner 2008

24 CRC Handbook 2016*

1As the solubility product is defined as 𝐾𝑠𝑝 = [𝑀𝑥+]𝑚 ⋅ [𝐴𝑦−]𝑛, one can deliberately decrease the free
phosphate concentration by increasing the concentration of free counter ion.
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Table 3.6: Solubility constants of various phosphate salts. For each salt the solubility constant
𝐾𝑠𝑝 in water at room temperature is given in its unitless form. For easier comparisons of
solubility products, one might wish to cancel the dependency on a specified phosphate
concentration, by considering a state in which concentration of free phosphate and counter
ions would be equimolar. This concentration, here termed 𝑐𝑚𝑎𝑥, is calculated from 𝐾𝑠𝑝 as
𝑐𝑚𝑎𝑥 = 𝐾𝑠𝑝

1/(𝑚+𝑛), as 𝐾1/(𝑚+𝑛)
𝑠𝑝 = [𝑀𝑥+] = [𝐴𝑦−]. All data from the CRC Handbook 2016.

Salt 𝐾𝑠𝑝 m + n 𝑐𝑚𝑎𝑥 / mM
Ca3(PO4)2 2.07 ⋅ 10−33 5 0.0003
Mg3(PO4)2 1.04 ⋅ 10−24 5 0.016
MgNH4PO4 2.5 ⋅ 10−13 3 0.06
Ba3(PO4)2 3.40 ⋅ 10−23 5 0.03
Li3PO4 2.37 ⋅ 10−11 4 2.2

3.2.6. Instability of reactants

A major problem in any process is instability of reactants or even instability of
the catalyst. This is especially true for bioprocesses.

To circumvent instabilities of products or substrates, one of the easiest counter-
measures is an increase in enzyme concentration, or regular addition of fresh
enzyme. As this increases the rate of reaction, it might be possible to finish the
reaction before significant decomposition of substrates and/or products occur.
Obviously, however, these might be not the economically desired solutions.

For further engineering, the following instabilities are of primary concern in NP-
catalyzed reactions:

3.2.6.1. Instability of enzyme

It is known that enzymes denature, reversibly or irreversibly, at extreme temper-
atures and pH values. In this work, this limitation was bypassed by the use of
thermostable nucleoside phosphorylases. The pyrimidine nucleoside phospho-
rylase from Geobacillus thermoglucosidasius used in publication II, is known to
be stable up to 60 °C and denatures completely within 6 hours at 70 °C (Szeker
et al. 2012); contrarily, only insignificant reaction rates are observed below 30 °C
(data not published), yielding an operation window between 30 and 60 °C. This
enzyme shows a broad pH tolerance of 6 to 10, but denatures at more extreme
pH values (data not published).
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3.2.6.2. Instability of pentose-1-phosphates.

Pentose-1-phosphates can be considered instable in aqueuous solutions, espe-
cially in acidic conditions. A detailed recent study on this subject was published
by Kamel, Weiß, et al. (2018). The following information is taken from there,
but generally this data is in accordance with previous reports on the stabilities
of pentose-1-phosphates (e.g. Kalckar 1945; Kalckar 1947; Friedkin and Kalckar
1950).

Generally, ribose-1-phosphate is more stable compared to deoxyribose-1-
phosphate. Nevertheless, at pH = 7, ribose-1-phosphate shows a half-life of
only 𝑡1/2 = 1 day at 80°C. Reducing the temperature is beneficial, with 𝑡1/2 =
14 days at 60°C, and full stability for at least 2 weeks at lower temperatures.
However, in acidic conditions at pH = 3 it decomposes at room temperature with
𝑡1/2 = 6 days.

Similarly, deoxyribose-1-phosphate decomposition is increased by high temper-
atures and by low pH values. In stark contrast to ribose-1-phosphate, the half-life
of deoxyribose-1-phosphate at pH = 7 is a sole 𝑡1/2 = 1 day at room temperature,
and even less at elevated temperatures or more basic conditions. At pH = 9,
however, it remains stable for > 14 days at room temperature.

3.2.6.3. Hydrolysis and deamination of nucleosides

Hydrolysis of nucleosides is known to occur in acidic conditions at elevated
temperatures. Although often termed “acid-catalyzed hydrolysis”, it is in the
author’s opinion more correct to speak about the instabilities of the cationic
species which can be found in acidic conditions. A lone proton cannot provide
a catalytic scaffold but solely protonates the corresponding compound. Inter-
estingly, similar instabilities can be found in very alkaline conditions for some
nucleoside/nucleobase pairs.

As described exemplarily in Shapiro and Danzig (1972), the hydrolysis of the
uncharged species of most nucleosides is neglectably slow, but the hydrolysis
reaction rate becomes significant formono- or dications. The occurrence of those
negatively charges species depends naturally on the 𝑝𝐾𝑎 values. Thus, when
lowering the pH value, the reaction rate of hydrolysis seems to accelerate.

In the pH range in which only the cationic form exists the hydrolysis rate is
uniform and can be tabulated easily as Gibbs energies of activation. Further can
the temperature dependence bemapped by tabulating entropies and enthalpies
of activation. It should be noted that those values then refer to the energetic
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activation barrier of the cationic forms, and do not reflect the hydrolysis rate of
the uncharged form.

Exemplarily, deoxycytidine can be protonated to its monocation at pH values
below its 𝑝𝐾𝑎 value, i.e. when 𝑝𝐻 < 𝑝𝐾𝑎 ≈ 3.9. In this pH range of sole existence
of the monocationic form, which for deoxycytidine is approximately pH = 1–3,
a uniform rate of hydrolysis was found by Shapiro and Danzig (1972). This and
other data on the derived Gibbs energy of activation of nucleoside hydrolysis for
specific species is compiled in Table 3.7 for the reader’s convenience.

Although these conditions, i.e. very low pH values and very high temperatures,
are unusual for any biological process, they might become relevant in reaction-
engineered industrial processes. Drawing from the previously discussed relation-
ship between Gibbs energies of activation and half-lifes of reaction, one can
quantitatively arrange the nucleoside hydrolysis reactions in order (see Table
3.8).

From the compiled data onemay observe that nucleoside hydrolysis can become
a severe challenge when working with 7-methyl-2’-deoxyguanosine (7Me-dGuo).
Even at relatively mediocre pH = 8 and 52 °C its half-life is just around 2 hours.
For dAdo and dGuo, non-neglectable hydrolysis rates are observed, but range
between 6 and 19 hours at pH = 4. Because of hydrolysis of both mono- and
dication, the decomposition rate of dAdo and dGuo ions is confounded and no
individual Gibbs energy of activation could be determined.

Finally, the adenine and cytosine nucleobase moieties might also deaminate to
hypoxanthine and uridine nucleobase moieties, respectively. However, reports
on the non-catalyzed reactions yield neglectable small rate constants, corre-
sponding to half-lifes of reaction of over 90 days (Frick, Neela, and Wolfenden
1987). Contaminations with deaminases, however, might drastically accelerate
this reaction and lead to problems within industrial reaction settings.
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Table 3.7: Energies of activation for some nucleoside hydrolysis reactions. Indicated are the
enthalpy and entropy of activation for the hydrolysis of the indicated species as determined
by the corresponding reference given in shorthand notation. The Gibbs energy of activation
Δ𝐺# is calculated at 25 °C from the enthalpy and entropy of activation according to the
relationship: Δ𝐺# = Δ𝐻# − 𝑇 ⋅ Δ𝑆# where 𝑇 is the absolute temperature with 𝑇 = 298.15
K. Superscript 0 indicates an uncharged species. The indicated value of pH range is the area
where the indicated species is themain constituent of differently charged species, andwhere
the indicated energies of activation are therefore relevant.

compound pH range Δ𝐻#/
kJ⋅mol−1

Δ𝑆#/
J⋅mol−1⋅K−1

Δ𝐺#/
kJ⋅mol−1

Ref.

dCyd+ 1–3 142 69 121 Shapiro 1972
5Br-dU0 2–7 136 43 123 Shapiro 1969
dUrd0 3–8 134 36 123 Shapiro 1969
Thd0 3–7 144 15 140 Shapiro 1969

Table 3.8: Reaction half-life for some nucleoside hydrolysis reactions. Indicated are the
reaction half-life, i.e. the time until half of the indicated nucleoside is hydrolysed in solution,
for some nucleosides at different pH values. As the pH value influences the frequency of
differently charged species, the main species is indicated, where possible. Superscript 0
indicates an uncharged species. For compounds which are consisting of a mixture of species
at the indicated pH, a asterisk * is given as superscript. The half-life of reaction 𝑡1/2 was

calculated via 𝑡1/2 = 𝑙𝑛(2)
𝑘 , while 𝑘 was obtained via the Eyring equation 𝑘 = 𝜅 ⋅ 𝑘𝐵⋅𝑇

ℎ ⋅ 𝑒− ∆𝐺#
𝑅⋅𝑇

where 𝑅 is the gas constant with 𝑅 = 8.314 kJ⋅mol−1⋅K−1, 𝑇 is the absolute temperature in
Kelvin, 𝑘𝐵 is the Boltzmann constant with 𝑘𝐵 = 1.381 ⋅ 10−23 J⋅K−1, ℎ is the Planck constant
with ℎ = 6.626 ⋅ 10−34 J⋅s, and 𝜅 is the transmission coefficient and assumed to be 𝜅 = 1. Data
is calculated from information derived from the corresponding reference.

compound pH range 𝑡1/2 𝑇 / °C Ref.
7Me-dGuo+ 3-5.5 24 min 52 Zoltewicz 1970
7Me-dGuo∗ 8 2 h 52 Zoltewicz 1970

dAdo∗ 4.4 6 h 70 Zoltewicz 1970
dGuo∗ 4 19 h 53 Zoltewicz 1970
dCyd+ 1–3 400 d 90 Shapiro 1972
dCyd0 6 1600 d 90 Shapiro 1972
5Br-dU0 2-7 1600 d 90 Shapiro 1969
dUrd0 3-8 2000 d 90 Shapiro 1969
Thd0 3-7 2⋅106 d 90 Shapiro 1969
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3.3. Current state of transglycosylation and pentose-1-
phosphate production processes

An overview of industrial processes is given in the book Industrial Biotransforma-
tions (Liese, Seelbach, andWandrey 2006). Surprisingly, only one process employ-
ing catalysis by NPs can be found in this collection of over 150 processes: the
transglycosylation of a collection of ribonucleosides1 as sugar donor and 1,2,4-
triazole-3-carboxamide as nucleobase to produce ribavirin (Liese, Seelbach, and
Wandrey 2006, p. 335). According to the information givenby Liese, Seelbach, and
Wandrey, this process, commercialized by Yamasa Corp. (Japan), uses enzymes
from Erwinia carotovora. The enzymes are applied as purified enzymes in an
aqueuous reaction medium at 60 °C. Although further details are missing, this
process at least produced on the kg scale, indicating a very likely profitability for
this pharmaceutically active ingredient.

3.3.1. The boundary conditions for commercializing biotransformation pro-
cesses

In this context it might be interesting to note a typical requirement towards a
successful industrial process: 50 to 100 g⋅L−1 final product concentration for pro-
duction of pharmaceuticals (Pollard andWoodley 2007). And indeed, on average,
“78% yield, final product concentration of 108 g/L and volume productivity of 372
g/L/day” were common performance indicators for the production of specialty
chemicals in 2011 (Vasic-Racki, Findrik, and Presečki 2011).

Especially for NP-catalyzed reactions, the final product concentration seems
hard to reach. The molecular weight of thymidine, a very lightweight nucleoside,
corresponds roughly to 240 Da, whereas a heavy-weight halogen-substituted
purine riboside is around 350 Da. A nucleoside concentration of 100 g⋅L−1 would
thus equal a concentration of 420 or 280 mM, respectively. This is hardly achiev-
able, when considering the solubilities of nucleosides and nucleobases (compare
Table 3.5).

And still, although biotransformation present challenges in respect to these
performance indicators, the “number of biotransformation processes that are
carried out on an industrial scale is almost doubling every decade” (Straathof
2006, p. 515).

Although it is often feared that enzymatic processes have the drawback of high
catalyst cost contributions, for already commercialized processes typical cost

1Indicated are uridine, orotidine, adenosine or guanosine as potential sugar donors.
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contributions of the enzyme are in the range of 1–10%, exemplarily 5% for the
production of p-fluoro-L-phenylalanine or 3% for the production of L-aspartic
acid (Rozzell 1999).

3.3.2. Strategies to increase operating time: stabilization of enzymes

Immobilization of nucleoside phosphorylases can help to increase the opera-
tional stability of the enzyme against high temperatures and alkaline conditions,
when comparing it to the freely soluble enzyme. Although the exact mechanisms
of this “protection” are not elucidated yet, this is a general trend observable in
the field of enzyme stabilization. The addition of stabilizing agents, e.g. glycerol,
might further help to increase operational stability.

Especially the groups of Ubiali (Pavia, Italy) and Miroshnikov (Moscow, Russia)
are active in the field of stabilization of nucleoside phosphorylases, primarily by
immobilization techniques.

Exemplarily, the increase in operational stability was demonstrated for the trans-
glycosylation of uracil arabinoside (araU) and adenine (Ade) to adenine arabi-
noside (araA), which itself is a pharmaceutically interesting agent. Operational
stability can be defined in this context as half-life of enzymatic activity.

In the work of I. Serra, Ubiali, et al. (2012), the authors investigated the stability
of soluble enzyme in very alkaline conditions (pH 10) and the temperature
dependence of inactivation. They demonstrated the stabilizing effect of 10–20%
glycerol, which led to an increase of the stability by approximately 6- to 12-fold,
respectively. Similarly, decreasing temperature from room temperature to 4 °C
increased stability approximately 4-fold. Immobilization of the enzyme to varying
support materials led to varying stabilizations from no effect to 20-fold increase
in stability. However, general enzyme stability was insufficient at pH = 10 to
operate the designed reactor continuously.

As enzyme stability is often found insufficient at elevated pH values, most studies
focus on operation at neutral conditions (pH = 7.5). A recent example for such
immobilizated enzyme reactors at neutral pH values is found in I. Serra, Daly, et al.
(2015), who operated their reactor continuously for oneweek. In a similar fashion
it is possible to immobilize enzymes on support materials which are contained
in HPLC-ready equipment, thus allowing “on-column reactions” by pumping the
reaction mixture through the HPLC column (Calleri et al. 2015). This kind of plug-
flow reactor was investigated with Design of Experiments (DoE) principles in a
further publication (Cattaneo et al. 2017).
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Further stabilization strategiesmight include resting cells, as exemplarily demon-
strated byMikhailopulo et al. (2017). Clearly, thermostable enzymes recommend
themselves for the operational stability at elevated temperatures. This is re-
flected by the on-going reports of newly discovered thermostable NPs, exem-
plarily by Liu et al. (2017).

3.3.3. Strategies to increase yield: Supply sugar donor in excess

A common strategy to increase yield is to supply the sugar donor in excess. For
most authors it was not clear that an increase of the sugar donor excess just
propagates itself into a higher yield according to the definition of the equilibrium
constant, and was therefore not reported as such. Exemplarily, the works of
Taran et al. and Zuffi et al. shall be contrasted here.

Author 1 seems to have developed “a better reaction” by reporting a yield of
85% 2-fluoroadenine arabinoside from the transglycosylation of araU and 2-
fluoroadenine (Taran et al. 2009). In contrast, Author 2 reports only 72% yield
(Zuffi et al. 2004).

Upon calculation it becomes clear, however, that the actual “thermodynamic per-
formance” does not differ between the author (see Appendix A.2): The difference
in observed yields is solely due to an increased excess of sugar donor (3:1 in
comparison to 1.5:1).

Similarly, cascade reactions may be used to “pull” or “push” the reaction without
being able to influence the equilibrium constant itself, but rather by acting on
the available reactant concentrations. This concept is used e.g. by Esipov et al.
(2016).

3.3.4. Strategies to increase yield: Modification of liberated nucleobase to
unreactive compound

A further strategy to increase yield is themodification of the liberated nucleobase
to a unreactive compound. This strategy is as old as the field, and was already
used by Kalckar and colleagues in the 1940s.

Mostly, xanthine oxidase is used to convert hypoxanthine or xanthine (and
seldomly guanine) to uric acid, which likely precipitates out of solution and
becomes thus unreactive. This pulls away one of the products, in this case the
nucleobase, and the equilibrium is thus pulled towards the products, leading to
increased titers of pentose-1-phosphate when compared to reactions without
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xanthine oxidase (Kalckar 1947; Friedkin and Kalckar 1950; Friedkin, Kalckar, and
Hoff-Jørgensen 1949; Hori, Uehara, and Mikami 1991; Hori, Uehara, and Mikami
1992).

Similarly, 7Me-Gua is a nucleobase which is seemingly not accepted by NPs and
thus unreactive (Kulikowska, Bzowska, et al. 1986). Although it must be therefore
impossible to produce this nucleoside by NP-catalyzed reactions, it is possible
to obtain 7Me-Guo or 7Me-dGuo via chemical methylation of Guo or dGuo,
respectively. Using 7Me-Guo or 7Me-dGuo as starting material, very efficient
transglycosylation reactions were reported (Rabuffetti et al. 2019; Kulikova et al.
2019; Drenichev et al. 2018; Ubiali, C. D. Serra, et al. 2012; Ubiali, Morelli, et al.
2015).

3.3.5. Strategies to increase yield: Reduce phosphate concentration to reduce
build-up of intermediates in transglycosylation processes

By the contribution of Alexeev et al. (2018) it is now theoretically understood
that the ratio of phosphate to sugar donor nucleoside and nucleobase of interest
should be low to maximize yields.

This behavior was also observed before, but often attributed wrongly to buffer
effects (ionic strength or interactions with substrates or products). Examples in
which reduction of phosphate equivalents led to increases in yield can be found
in Ubiali, Rocchietti, et al. (2004) and Krenitsky, Koszalka, and Tuttle (1981).

Although reduction of phosphate seems to be an attractive strategy at first, it has
to be kept in mind that phosphate is a crucial component of reaction. Without
phosphate, no reaction would occur in the first place; similarly, reducing the
phosphate concentration has to lead necessarily to reduced rates of reaction,
albeit a high rate of reaction is usually desired as well. An excellent discussion on
this account can be found in Krenitsky, Koszalka, and Tuttle (1981).
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4. Research Hypotheses

The general aim of this project was to create mathematical models of nucleoside
phosphorylase-catalyzed reactions, to predict reaction velocity (i.e. kinetics) and
final reaction yields (i.e. thermodynamics). More specifically, a model consisting
solely of elementary reaction steps was sought, to contribute to explanations
rather than descriptions.

To achieve this aim, further subtasks had to be tackled: the development of an
assay to enable exhaustive experimentation in the first place, the production
of software and implementation of data management procedures to be able to
evaluate the generated large amounts of data, the identification of enzymolog-
ically sound experimental conditions, the generation of a model structure con-
sidering microscopic kinetics while correctly predicting the macroscopic kinetics,
and determination of a parameter set which describes the experimental data
sufficiently well.

The following research hypotheses have driven this work:

H1. It is possible to develop a read-out for monitoring of nucleoside phos-
phorolysis by using optical methods, e.g. UV/Vis spectroscopy.

H2. It is possible to describe the dynamics of a nucleoside-phosphorylase
catalyzed reaction with a differential-dynamical model consisting of
only canonical ordinary differential equations.

H3. Nucleoside phosphorylase-catalyzed reactions are reversible reac-
tions with a specific equilibrium constant.

H4. Theequilibriumconstants of nucleosidephosphorylase-catalyzed reac-
tions differ from each other in a way which is related to the chemical
structures of the nucleoside/nucleobase pairs.
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5. Results

5.1. Development of an optimized analytical method

Previous research on nucleoside phosphorylase-catalyzed reactions in our lab-
oratory and many other laboratories was flawed by the fact that the analysis of
reactionmixtures had to be conducted with HPLC.While HPLC analysis is a highly
reliable technique to verify the intended outcome of a chemical reaction and can
be very accurate in determining the absolute concentration of analytes, it is a
rather time-consuming and laborious technique.

The taskwas thus to find a techniquewith higher user-friendliness, also in respect
with time from idea to result, finally enabling to conduct comprehensive, full
monitoring of reactions in high throughput.

5.1.1. Evaluating the possibility to determine the nucleoside/nucleobase ra-
tio by differences in extinction coefficients at neutral pH values

In 1963, Voet et al. showed that nucleosides and nucleobases have different
extinction coefficients, respectively (Voet et al. 1963). Thus, during the enzymatic
reaction, a change in absorption can be expected, and it would be thus possible
to relate ameasured absolute absorption to themixture composition. Given this,
it was expected to be possible to develop a UV/Vis spectroscopy-based assay.
Considering the aim to facilitate high-throughput, it was decided to measure the
absolute absorption of enzymatic reaction mixtures within a multiwell plate with
plate reader. This should allow thus to follow the enzymatic conversion from the
absorption readings.

When conducting the first experiments with a plate reader-based set-up, though,
no meaningful signals could be obtained (see Figure 5.1). In further rounds of
experiments it was confirmed that the pipetting errors during dilution and the
inaccuracies regarding well filling volumes made it impossible to measure exact
absorption values within a plate reader-based setup.
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Figure 5.1: Sensitivity of absolute absorption measurements to errors. The blank-corrected
absorption spectra of mixtures of thymidine (Thd) and thymine (Thy) in 50 mM Tris buffer
(pH = 7.5, measured at 25°C) are shown. A clear correlation between molar ratio and any
part of the spectra is missing. Literature review yields different extinction coefficients of
thymine and thymidine, therefore the missing correlation must be due to errors typical for
high-throughput equipment, i.e. transfer, dilution, and meniscus errors. Data: courtesy of
Niels Krausch; unpublished.
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5.1.2. Re-Discovery of pH-dependency of UV/Vis spectra of nucleosides and
nucleobases

Rethinking our strategy, our attention was drawn to a publication from 1945.
In this publication, Stimson et al. reported the effect of varying pH values on
a solution of nucleoside or nucleobase. Upon alkalinization, the spectral form
of the investigated nucleobase, i.e. thymine, appeared to stretch out to higher
wavelengths (Stimson and Reuter 1945).

We conducted initial experiments to verify this observation. Indeed, the absorp-
tion at higher wavelengths which appeared for thymine, but not for thymidine,
allowed to better discriminate between nucleoside and nucleobase (see Figure
5.2).

To convert this observation into an assay for the enzyme-catalyzed reaction,
dilution and alkalinization of the sampled reaction mixture was needed. Dilution
was needed to adjust the concentration of UV absorbing compounds into the
linear measurement range of the plate reader, whereas alkalinization induced
the spectral shift. As a positive side effect, the very basic pH of about 13 reliably
stopped the enzyme reaction aswell. Both of these requirementswere combined
by dilutions of the reaction mixture into NaOH solutions, which might be consid-
ered as a form of quenching. With this procedure, meaningful standard curves
could be obtained (see publication I, and below).

5.1.3. Evaluation of alkali-induced spectra is possible via single wavelength-
measures or via spectral unmixing when normalizing for the isosbestic
point

Having obtainedmeaningful spectra for standardmixtures of nucleoside and nu-
cleobase, there were two possibilities for evaluation of the spectra: 1) evaluation
of the absorption at a fixed wavelength, 2) spectral unmixing, which evaluates
the full wavelength range.

Additionally, to compensate for the inaccuracies stemming from the instrumen-
tal setup as mentioned above, normalization of all spectra to their isosbestic
pointswas implemented. The isosbestic point is awavelength atwhich no change
in absorption is observed, because all components of themixture have the same
extinction coefficient at this wavelength. It proved beneficial to determine the
isosbestic point from enzyme-catalyzed conversions, as this inherently kept the
total concentration of nucleoside and nucleobase fixed, whereas manual mixing
could not guarantee this.
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Figure 5.2: Change in spectral form of thymidine/thymine mixtures in alkaline conditions.
The blank-corrected absorption spectra of mixtures of thymidine (Thd) and thymine (Thy)
in 200 mM NaOH solution (pH = 13.3, calculated) are shown. A correlation between molar
ratio and parts of the spectra can be recognized. The isosbestic point of thymidine/thymine
mixtures can be suspected at around 280 nm, but the data is not sufficient to determine it.
Data: courtesy of Niels Krausch.
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The effect of normalization and of spectral unmixing are illustrated in Figure 5.3.
Normalization to the isosbestic point clearly helped to reduce the occurence of
apparent outliers, which were actually caused by volume errors.

Evaluation of the absorption at a fixed wavelength Traditionally, UV/Vis spectra
are evaluated at one specific wavelength, measuring the absolute absorption.
Given our method and analytes, the most informative wavelength for this is the
one at which the difference in absorptions, i.e. extinction coefficients, is maximal.
This point can be derived from a plot of differences between educt and product,
i.e. nucleoside and nucleobase, and was found to be in the area of 300 nm
(compare Figure 5.2). Additionally, the accuracy of this measurement could be
increased by normalizing to the isosbestic point, because this eliminates the
errors of dilution and filling volumes (compare Figure 5.3). This approach was
used in publication II.

Evaluation via spectral unmixing Spectral unmixing is a method which is rather
rarely applied in UV/Vis spectroscopy. Its disadvantages are 1) the need for
more elaborate data treatment and 2) the possibility of numerical failure of the
underlying algorithms. Its main advantage, however, is the consideration of the
full spectrum, and thus of all available information, thereby potentially reducing
errors during data acquisition. The accuracy of this approach can be increased
by normalizing to the isosbestic point as well. However, it is important to note
that while evaluation of the unnormalized data would become dramatically
problematic at a single wavelength,1 spectral unmixing is still able to resolve the
composition of those mixtures, even in the absence of an isosbestic point.2 This
could not be demonstrated within this work, though, because all investigated
nucleoside/nucleobase pairs featured an isosbestic point. Details on the spectral
unmixing approach are given in publication I.

5.1.4. The alkaline-induced spectral unmixing method is applicable to most
nucleoside/nucleobase mixtures

Because the alkaline-induced change of spectral form is a result from the de-
protonation and characteristic tautomerization of the aromatic systems in the

1This is because the reading would inherently be influenced not only by the composition of the mixture,
but also by the varying optical path length due to variations in well filling volumes.

2However, the fit ofmultiple spectrawithout a reference to the total concentration of compounds (which
is what the isosbestic point provides) results in less reliable results. Next to the parameter “composition”,
the parameter “total concentration” (also called “scaling”) has to be estimated as well. This increases the
overall uncertainty of the result, and it is thus preferred to scale to the isosbestic point if one is observed.
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Figure 5.3: Evaluating Thd/Thymixtures with UV/Vis spectroscopy in alkaline conditions. The
blank-corrected absorption spectra of mixtures of thymidine (Thd) and thymine (Thy) in 200
mM NaOH (pH = 13.3, calculated) were evaluated for either 1) their absolute absorption
(black squares), 2) their normalized absorption (green squares), or 3) via a spectral unmixing
algorithm. For 1), the absorption at 300 nm is plotted against the mole fraction of Thd. For
2), normalization is performed as Abs300/277, i.e. the absorption at 300 nm is divided by the
absorption at 277 nm, which equals the isosbestic point for this specific mixture. For 3), the
whole available wavelength range (250 to 350 nm) is evaluated by the spectral unmixing
algorithm, after normalization to the isosbestic point. The ideal relationship between actual
and predicted is indicated by a black line. Data: courtesy of Niels Krausch.

68 Results



Robert T. Giessmann Yield and Kinetics of Nucleoside Phosphorylase Reactions

nucleobase moieties, the principles described above are widely applicable to
most nucleoside/nucleobase mixtures.

However, these preconditions might not be fulfilled for every nucleo-
side/nucleobase pair. Regarding deprotonation and tautomerization, theremust
exist a deprotonatable position in the nucleobase and potentially an electronic
systemwhich candistribute the abstracted electrondensity. Exampleswhere this
is not given are 5,6-reducedpyrimidines or nucleobases inwhich tautomerization
is hindered by alkylation of originally deprotonable positions. In these cases, no
proton can be abstracted from the aromatic, i.e. UV/Vis absorbing system.

Similarly, it is helpful when employing this methodology to work with nucleo-
sides and nucleobases that are stable for long times in strongly alkaline con-
ditions. Examples for which instability in alkaline conditions is known are 7-
methylguanosine, 8-oxoguanosine or 2-fluoroadenosine. All of these nucleosides
are susceptible to glycosidic bond cleavage in alkaline conditions, and are thus
hydrolyzing in the assay conditions. This might lead to wrong conclusions about
the effect of the investigated enzyme.

Further discussion of this is provided in publication I.

5.1.5. Differences in the extinction coefficient of nucleoside/nucleobase pairs
allow continuous assays in high-throughput equipment* (not yet pub-
lished)

Although UV/Vis spectroscopy in a high-throughput environment failed to pro-
duce meaningful results for a set of calibration mixtures at first (see above), we
continued to investigate the possibility to implement a continuous assay, which
would allow on-line investigation of enzymatic activity in high throughput.

Preliminary experiments1 showed that this is possible indeed. The results are
presented in Figure 5.4 and show that it is possible to observe a reduction
in extinction which correlates with the conversion of thymidine to thymine, as
originally predicted from the literature review. The rate of this reaction corre-
lated, as expected, with the amount of enzyme added, and stability of a spectra
of pure thymine over time was checked separately to exclude evaporation or
degradation effects. It required the avoidance of any sample manipulation, and
by this the avoidance of any errors typical to high-throughput experimentation,
to detect this rather minute difference.

1Mixtures of 0.4 mM thymidine were buffered to a physiological pH value and the enzyme was added at
room temperature. Small aliquots of this mixture were pipetted into a UV-clear 96 well plate and overlayed
with mineral oil which exhibits only little UV absorbance. The plate was inserted into a plate reader pre-
heated to 40 °C, and successive measurements were conducted to follow the reaction progression.
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Figure 5.4: Online assay of an NP-catalyzed reaction by following absorption. A) The blank-
corrected absorption of a reaction mixture reduces over time due to the phosphorolysis
of thymidine to thymine with a high enzyme concentration. B) Blank-corrected absorption
spectra of a reaction mixture with low enzyme concentration over time. C) Blank-corrected
absorption spectra of a reaction mixture containing solely thymine and phosphate (no
enzyme added) over time. All solutions contain 10 mM phosphate, approximately 0.4 mM
of thymidine or thymine, respectively, in 50 mM MOPS buffer (pH = 7.5, measured at 25 °C).
Low enzyme concentration refers to 1/100 vol, high enzyme concentration to 1/20 vol. 100
uL of each reaction mixture were prepared at room temperature and immediately pipetted
into a well of an UV transparent 96-well plate (Greiner Bio-One, UV-STAR F-Bottom #655801)
and overlayed with 200 uL mineral oil (Sigma Aldrich, Mineral oil for molecular biology,
BioReagent, #M5904). The prepared plate was then transferred to a plate reader pre-heated
to 40 °C and measurements were started immediately. Between each absorption spectrum
measurement, a delay of 5 min was introduced, keeping the plate during this time in the
closed plate reader to heat the reaction mixtures to the set temperature. Data: courtesy of
Robert Giessmann.
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5.2. Development of a mathematical model for enzyme-
catalyzed nucleoside phosphorolysis

Given the ability to study any enzyme-catalyzed nucleoside phosphorolysis1 with
the newly developed UV/Vis spectroscopical assay, the next step was to set up
a model for the nucleoside phosphorylase-catalyzed reaction of nucleoside to
pentose-1-phosphate.

As the subject of study, the phosphorolysis of thymidine to thymine and
deoxyribose-1-phosphate was chosen (see Figure 5.5). The enzyme catalysis
was achieved by use of the well established thermostable pyrimidine nucleoside
phosphorylase from Geobacillus thermoglucosidasius (Kamel, Weiß, et al. 2018;
Krausch et al. 2019; Szeker et al. 2012; Zhou, Szeker, Janocha, et al. 2013;
Zhou, Szeker, Jiao, et al. 2015). However, the enzyme was deliberately used
at a temperature well below its optimal working temperature, i.e. at 40 °C
instead of 60 °C, to avoid evaporation from the reaction mixture and stay safe
of inactivation or degradation effects.

5.2.1. Employed modelling procedure

The employed procedure to generate a mathematical model of thymidine phos-
phorolysis is outlined in Figure 5.6. It was aimed for a canonical model, i.e. to set
up a system of ordinary differential equations which followed directly from the
employed model structure according to the law of mass action. This implies that
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Figure 5.5: Reaction scheme for the phosphorolysis of thymidine. The reaction of the
nucleoside thymidine (dThd) with inorganic phosphate (𝑃𝑖) is catalyzed by a pyrimidine
nucleoside phosphorylase (PyNP), towards the nucleobase thymine (Thy) and 2-deoxyribose-
1-phosphate (dRib1P). The reaction is reversible, whichmeans that both phosphorolysis (left-
to-right) and synthesis reaction (right-to-left) occur. A dynamic equilibrium will form after
some specific time.

1Actually it is possible to study other reactions involving the liberation of the nucleobase from the sugar
moiety, as well, e.g. nucleoside hydrolysis.
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all steps in the model structure are elementary reactions and that the model
thus presents the minimal system of reactions able to explain the underlying
experimental data.

Qualitative observations on the experimental data guide the model construction
For the first time, it was possible to run an exhaustive exploration of experimen-
tal conditions of the nucleoside phosphorolysis reaction. The experimental data
showed a clear trend to incomplete conversion, independent of the enzyme con-
centration. The conversion value was however clearly positively correlated with
phosphate excess, i.e. the equivalents of phosphate in respect to the amount of
nucleoside introduced into the reaction. Further, higher enzyme concentration
led to higher initial reaction rates (see Figure 5.7).

The incomplete conversion indicated that a reversible model had to be con-
structed, i.e. incorporating a forward and a backward reaction, which could
balance each other. This facet aligned well with the intended use of the model
for future description of transglycosylation reactions, which require that the
enzymes can act in the phosphorolytic as well as in the synthetic direction of
reaction (“forward” and “backward”).

Finding a differential-dynamic model structure that fits the individual experi-
mental data When deciding between different possible model structures, one
should keep inmind the identifiability of themodel parameters. Amodel is more
likely to be identifiable when the number of parameters is low, although this only
might be achieved at the expense of quality of fit.

Since from the enzymologist’s point of view the term “kinetic model” is rather
inapplicable (Cornish-Bowden, personal communication), the developed model
was designated a “differential-dynamic model” instead. This designation under-
lines that the model is consisting of ordinary differential equations (ODEs) in
connection with a specific model structure, and that it is describing a dynamic
process, i.e. that the model depends on elements of time.

First, it was investigated whether the indicated model structure (see Figure 5.8)
would be able to describe individually the data of each experimental conditions.
Therefore, an optimization of all model parameters by fitting with an weighted
least-squares objective function was conducted for each experiment. Indeed, all
experimental conditions could be described individually with this model struc-
ture (data not shown).
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Figure 5.6: The modelling procedure followed in this work. The employed modelling proce-
dure assumes the availability of an extensive data set, which, however, is naturally not always
given. A qualitative understanding of the trends in the experimental data allows to exclude
unsuitable model structures. The parameters of a suitable model structure are optimized to
individual experiments from the data set, to confirm the chosen model structure. When all
individual experiments can be described by the model structure, a consensus parameter set
is searched for across all experiments. If a well-performing consensus parameter set is iden-
tified, the combination of model structure and parameter set is checked for identifiability of
parameter values in respect to the available experimental data and calculated uncertainties.
As soon as this identifiability is given, a canonical model has been found.
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Figure 5.7: Gaining qualitative understanding of the relationships within the experimental
data. The first step towards modelling is gaining of qualitative understanding of the math-
ematical relationships, i.e. of the proportionalities between state variables. In this example,
experiments have the same initial concentration of nucleoside (5 mM), but varying initial
concentrations of phosphate (“low phosphate”: 2 mM phosphate, “high phosphate”: 80 mM
phosphate) and varying initial concentrations of enzyme (red marker: 0.0125 mM enzyme;
blue marker: 0.05 mM enzyme). From the low phosphate data one can conclude that the
reactions run towards the same final yield independent of the enzyme concentration. In both
cases a higher enzyme concentration leads to higher reaction rates, at least in the beginning.
Adapted from publication I.
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Figure 5.8: The generalizedmodel structure chosen for this work. Themodel is presented as
a directed hypergraph notation as introduced before. Empty circles indicate dummy nodes
which are used to indicate hyperedges, e.g. the hyperedge that maps its source nodes N,
E, and P, to its target node EC. This hyperedge carries the label 𝑘1, but the naming is an
arbitrary decision. E stands for free enzyme, N for nucleoside, P for inorganic phosphate, EC
for enzyme complex, B for free nucleobase, and S1P for pentose-1-phosphate.
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Determination of a consensus parameter set To determine a consensus solu-
tion, which can be expected to differ from the individually found solutions, all
model parameterswere optimizedby aweighted least squares objective function
across the full panel of experimental conditions. In conjunction with this consen-
sus parameter set k = (0.42, 0.17, 0.31, 7.6), the chosenmodel structure was able
to describe the whole range of experimental conditions well (see publication II).
An exemplary selection of experiments that are described with this parameter
set are found in Figure 5.9.

Multiple consensus parameter sets describe the experimental data equally well
As described above, a consensus solution for the given experimental data with
the proposed model structure could be found which performed equally well
across the whole panel of experimental conditions. This indicates that, generally,
the model structure is well suited to describe the experimental data in the
investigated design space.

However, even for this simple differential-dynamic model with 4 model param-
eters, the found consensus parameter set was not an unique solution. Other
parameter sets were found, which were very distinct in values, but described the
experimental conditions equally well (see Figure 5.10).

This phenomenon can be visually understood by comparing the solutions k, k*
and k** in Figure 5.10. Although clearly different parameter values are used,
the output of the model with each parameter set is within the uncertainty of
this and all other experiments. Thus, it is not possible to make statements
about superiority or inferiority of any parameter set compared to the others.
The experimental data simply does not provide enough information to derive
substantial evidence.

Design of a parameter set-discriminating experiment* (not yet published) All of
this evidence indicated that further experiments would be needed to be able to
identify a truly unique solution.

It was already assumed in the Outlook section of publication II that the largest
discriminative power would be found in experimental conditions resembling
the back reaction, which was not included in the investigated conditions due to
inaccessibility of deoxyribose-1-phosphate.

The value of those additional experiments could be confirmed by simulating
the outcome of the so-called synthetic reaction, i.e. employing 2-deoxyribose-
1-phosphate and thymine. Indeed, as can be seen from Figure 5.11, each of the
parameter setswould produce a significantly different outcome, the difference of
which would be larger than the experimental uncertainty. An optimization of the
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Figure 5.9: Experiments fitted collectively to the chosenmodel structure. The parameter val-
ues were optimized to fit all experiments collectively, thus creating the consensus parameter
set k = (0.42, 0.17, 0.31, 7.6). For this, each data point was weighted according to its inherent
variance (seepublication II for details). Someexemplary experimental conditions are shown.
Adapted from publication II, numbering of experiments accordingly.
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Figure 5.10: Multiple parameter sets describe an experiment equally good. The parameter
sets k, k*, and k** (see publication II for details on the specific parameter values) describe
this exemplary experimental data set equally well, as their differences can not be resolved
because of experimental uncertainties. Experimental data: courtesy of Niels Krausch.

experimental conditions, potentially even including optimization of the sampling
time points, can increase the discriminative power of such an experiment even
further.

However, due to the afore-mentioned low availability of 2-deoxyribose-
1-phosphate (which was the main motivation to start this project) these
experiments could not be conducted yet.

5.3. Thermodynamic understanding of enzyme-catalyzed nu-
cleoside phosphorolysis

During the process of model creation it became evident for the first time that the
nucleoside phosphorylase-catalyzed reaction is thermodynamically controlled
(see Section 3.4. of publication II).

However, the equilibrium constant is reaction specific, and thus needs to be
determined for each nucleoside/nucleobase pair of interest. In theory, it can be
derived from the Gibbs free energy of formations of all involved compounds, too,
but, as discussed before, those are largely unavailable for biochemicalmolecules,
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Figure 5.11: An experiment designed for discrimination of parameter sets. The conflicting
parameter sets k, k*, and k** can be discriminated by a simple experiment: initial concen-
trations of nucleobase Thy is 2 mM, initial concentration of 2-deoxyribose-1-phosphat is 2
mM. Enzyme is added at 0.0125 mM initial concentration, and the time course of reaction
followed over 24 hours. The parameter sets can be discriminated by comparing the obtained
experimental data with the in silico predictions.
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and, ultimately, it was more convenient to measure them using the developed
high-throughput UV/Vis assay (publication III).

The main conclusions from this line of work are:

1. Final yield is independent of the catalyst used. As the reaction is driven into
its thermodynamic equilibrium, the type of catalyst becomes meaningless.
All effects of kinetic rates are cancelled, if all educts and products are stable
in the reaction mixture.

2. The final yield might depend on reaction conditions. This could be the
temperature, but also pressure and ionic strength. This will be discussed
in more detail below.

5.3.1. Determination of equilibrium constants for 24 nucleoside phosphorol-
ysis reactions

To determine the equilibrium constants, 24 nucleoside phosphorolytic reactions,
including purine nucleoside phosphorylase- as well as pyrimidine nucleoside
phosphorylase-catalyzed reactions were studied.

Originally, it was expected to find a strong clustering according to the identity
of the chemical nucleobase moiety being classified as purines or pyrimidines, as
most successful transglycosylations are conducted from purine bases reacting
with pyrimidine nucleosides. Our data did not support that expectation unam-
biguously. Instead, a rather smooth transition between the calculated Gibbs
free energies of reaction could be observed between pyrimidine and purine
nucleosides (see publication III) .

5.3.2. Effects not yet considered in the determined equilibrium constants*
(not yet published)

Many biochemical compounds ionize around physiological pH values, and thus
that one compound is actually existent as a sum of differently charged species.
This fact gave rise to the definition of the transformed equilibrium constant 𝐾𝑒𝑞

′,
which explicitly considers the sum of differently charged species, i.e. the com-
pound concentrations, in its terms. This is in contrast to the chemical equilibrium
constant 𝐾𝑒𝑞, which would actually consider the charged species as inputs.

Furthermore, the chemical equilibrium constant is defined as a ratio of ther-
modynamic activities, but the transformed equilibrium constant is usually con-
sidering concentrations, thus neglecting the thermodynamic activity coefficient
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Figure 5.12: Gibbs free energy of reaction for pyrimidine and purine nucleoside phospho-
rolysis reactions. Generally, pyrimidine nucleoside phosphorolysis reactions have a higher
Gibbs free energy of reactionΔ𝑟𝐺0, but a rather smooth transition between pyrimidines and
purines can be observed. All reactions are endotherm, i.e. the Gibbs free energy of reaction
is positive, at the standard state, i.e. 25 °C. Data: courtesy of Felix Kaspar.
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𝛾. As ionization and thermodynamic activities can be influenced by pH value,
overall concentration of compounds, ionic strength, temperature, and others,
publication III reports the apparent transformed equilibrium constant 𝐾𝑒𝑞

′∗.

Studying the influence of all the potentially influencing factors would allow a
greater understanding of those systems across different experimental condi-
tions. An exemplary observation of such a phenomenon can be seen in Figure
5.13 where an unclear relationship between phosphate concentration and 𝐾𝑒𝑞

′

was found. For future reaction engineering it may prove crucial to include such
influencing factors into the calculations, or study them further as soon as devia-
tions from real-world data to predictions are observed.

5.3.3. Transition-state energy can be approximated from parameter values
of a differential-dynamic model* (not yet published)

The transition state theory states that the velocity of chemical conversion is
determinedby the the value of theGibbs energy of activationΔ𝐺#, i.e. the energy
difference from substrate state to transition state.1

For traditional determination of the Gibbs energy of activation, experimental
conditions for single-turnover kinetics are employed. In single-turnover exper-
iments the enzyme is supplied in large excess, and the conversion of minute
amounts of substrate is followed in extremely short time ranges, i.e. milliseconds
to seconds. Obviously, this requires large experimental effort and dedicated
instrumentation.

To circument this, it would be beneficial if differential-dynamic models can be
used to determine the Gibbs energy of activation. In traditional enzymology, it
is 𝑘𝑐𝑎𝑡 which is sought to be determined by single-turnover kinetics, neglecting
the reversible binding of substrate to free enzyme. Further, product release is
assumed to be neglecting, which might not always be the case. The apparent
𝑘𝑐𝑎𝑡, often termed 𝑘𝑜𝑏𝑠 or 𝑘𝑚𝑎𝑥 to respect this assumption, is then a combination
of chemical conversion and release of products.

The presented differential-dynamic model contains a similar parameter, namely
𝑘2, which represents the chemical conversion and release of products. Luckily, it
is 𝑘2 whichwas determinedwith high identifiability across themultiple parameter

1The energy of activation clearly varies depending on the definition of the substrate and the transition
state. Drawing from the theory, it would be most likely be more correct to consider as substrate state the
state in which the enzyme already bound the substrate. If one considers free substrate as starting state,
one assumes that binding of the substrate is energetically neglictible and instantaneous.
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Figure 5.13: Sensitivity of the apparent equilibrium constant to varying phosphate concentra-
tions. The phosphorolysis reactions of 2 mM thymidine with varying amounts of phosphate
(10–100 mM, as indicated) were monitored until equilibrium was reached. At this state
the conversion was measured and the apparent equilibrium constant 𝐾𝑒𝑞

′ was calculated.
The equilibrium constant shows an unclear relationship towards the varying phosphate
concentration. The variable ionic strength, which is caused by different concentrations of
phosphate, was partially compensated by balancing equimolarly with NaCl solution, i.e. 90
mM NaCl were present in 10 mM phosphate mixture, 80 mM NaCl in 20 mM phosphate,
etc. To catalyze the reaction, the thermostable PyNP “Y02” (BioNukleo GmbH, Berlin) was
added to the reaction mixture. The reaction was conducted in glycine/NaOH buffer (pH = 9,
measured at 25 °C) at 40 °C for a maximum of 24 hours. Data: courtesy of Felix Kaspar.
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sets, yielding 𝑘2 = 0.28–0.35 min−1 = (4.7–5.8) x 10−3 s−1. With the Eyring equation,
and assuming that the transmission coefficient1𝜅 = 1, this gives:

𝑘2 = 𝜅𝑘𝐵 ⋅ 𝑇
ℎ 𝑒− ∆𝐺#

𝑅⋅𝑇

Δ𝐺# = −𝑅 ⋅ 𝑇 ⋅ ln 𝑘2 ⋅ ℎ
𝑘𝐵 ⋅ 𝑇

= + 87 kJ mol−1

This result seems plausible in the light of the communicated Gibbs energies of ac-
tivation in the range of 60–80 kJ/mol for some purine nucleoside phosphorylases
with inosine, guanosine and adenosine (Ghanem et al. 2008; Isaksen, Åqvist, and
Brandsdal 2016).

However, this result clearly has to be validated with other substrates in future
experiments. If the hypothesis set up here is true, however, this means that it
is possible to determine accurate estimations of the Gibbs energy of activation
without measuring single-turnover kinetics. Instead, modelling of steady-state
kinetics would be sufficient, thus saving precious ressources.

Given the Gibbs energy of activation, it is possible to predict the rate of reaction
and even calculate rates of reaction when mixed substrate and mixed enzymes
are present in a reaction mixture.

1The transmission coefficient gives the ratio of activated transition state molecules for former educt
molecules, which will proceed towards the product state.
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6. Discussion

6.1. Theunderstandingof nucleosidephosphorylase-catalyzed
reactions as thermodynamically controlled reactions
revolutionizes the way reaction engineering can be
undertaken (hypothesis 3)

Although an understanding of nucleoside phosphorylase-catalyzed reactions as
reversible equilibrium reactions might seem intuitive to the physico-chemist,
this did seemingly not translate into enough interdisciplinary communication.
Instead, most of the current publications focused exclusively on a enzymological
perspective in trying to understand the rate of reaction, while trying to solve with
this the challenge of optimizing the reaction yield.

Quite contrary, the early literature from 1945 to 1950, contributed mainly by
Kalckar and Friedkin, reported extensive and explicit experimentation regarding
the equilibrium nature of this reaction. Approaches to the equilibrium from both
sides, i.e. in the phosphorolytic aswell as in the synthetic direction, were routinely
visualized and the equilibrium constant 𝐾𝑒𝑞 of the reaction under investigation
reported.

In the course of this work and in its on-going continuation, indeed it was found
that only from 𝐾𝑒𝑞, knowledge-driven reaction engineering can be undertaken.

6.1.1. A fixed time point-approach complicated understanding of nucleoside
phosphorylase-catalyzed reactions in the past

One of the first examples of using a fixed where one refrained from fixed end
time-point approach instead of monitoring the reaction towards its chemical
equilibrium, is a publication now almost forty years old (Utagawa, Morisawa,
Miyoshi, et al. 1980). In this contribution Utagawa and colleagues reported on
how they optimized a transglycosylation reaction of araU to araA in respect
to pH and temperature. It can be assumed that a fixed time point at 5 hours
was chosen for evaluation of reaction because preliminary experiments showed
full conversion until then. When revisiting their optimization for phosphate
concentration for another transglycosylation in another publication (Utagawa,
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Morisawa, Nakamatsu, et al. 1980, Figure 3), one can clearly recognize the influ-
ence of kinetics not being sufficiently fast to reach equilibrium at low phosphate
concentration, and the influence of thermodynamics which diminish the yields at
elevated phosphate concentrations. In contrast to the previous literature, these
are the first publications which did not contain the concept “equilibrium” as part
of the study. This, however, was obviously more a failure of communication
than a lack of understanding: in a subsequent publication five years later, the
same group explicitly showed the time course of reaction towards equilibrium
(Utagawa, Morisawa, Yamanaka, et al. 1985).

In subsequent years, the equilibrium concept was still occasionally explicated (ex-
emplarily Hori, Watanabe, and Mikami 1991), but often accompanied by graphs
which tried to illustrate a relationship between an independent variable (pH,
temperature, initial phosphate concentration) and the yield of reaction, instead
of illustrating a relationship of independent variable on initial rate of reaction, as
it is convention in the field of enzymology.

In the most current literature, which is mostly concerned with finding new en-
zymeswith the aim to improve process yield, notions of equilibriumweremissing
completely. Instead, the focus lies mostly on evaluation of transglycosylation
reactions in terms of conversion of the nucleobase of interest. A fixed time
point is found to be commonly used for evaluation of those reaction outcomes.
Depending on the kinetic properties of the reaction, this might luckily represent
the real equilibrium value or, if time did not allow for completion of the reaction,
a value well below equilibrium conversion, which makes evaluation and under-
standing of the underlying principles hard or even impossible.

6.1.2. The physico-chemical understanding did not translate yet into current
research practices

In 2018, Alexeev and colleagues published evidence that transglycosylation reac-
tions are reversible reactions which are controlled by the underlying equilibrium
constants (Alexeev et al. 2018). They similarly showed that the outcome of the
reaction is independent of total concentrations (meaning that equivalents, i.e.
relative concentrations, of substrates should be considered, not their absolute
concentrations). This re-discovered knowledge has not yet translated into appli-
cation in scientific research.

The future will show how important it is to consider also the influence of pH
value in regard to equilibrium constants. As discussed before, this influence was
already confirmed experimentally by Alberty (Lehikoinen, Sinnott, and Krenit-
sky 1989), who showed that the equilibrium of inosine phosphorolysis shifts
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to the product side in more acidic solutions. The importance of this effect is
also discussed by Alberty (2005a), who shows the immense influence of pH
on reactions involving ATP, and on other oxidoreductase (EC 1), transferase
(EC 2), and hydrolase (EC3) reactions. As nucleoside phosphorylases belong to
the class of transferases (EC 2), the influence of pH on reaction yield can be
expected to be uncovered in more and more future work, and will not surprise
the investigator with an understanding of nucleoside phosphorylase-catalyzed
as thermodynamically controlled reactions.

6.2. The equilibrium constant of phosphorolysis indicates
pyrimidine nucleosides as thermodynamically favored
products, but the distinction is not as explicit as assumed
previously (hypothesis 4)

The literature on transglycosylations is rich of references in which the con-
versions from pyrimidine nucleosides, usually uridine or thymidine, to purine
nucleosides, e.g. adenosine, are high-yielding processes. The opposite direction,
e.g. from adenosine to uridine, is only communicated in seldom cases. This is
most likely because the low yields of this reaction are unattractive to report.

Important exceptions from this rule are the conversions which start from inosine
or guanosine, which also show good yields. It is from the physico-chemical under-
standing and the determination of equilibrium constants for many purine and
pyrimidine nucleoside phosphorylations that this general trend is explainable.

6.2.1. The transition of Gibbs free energies of reaction is smooth between
purine and pyrimidine nucleoside phosphorylation reactions

The data collected by us on the Gibbs free energies of reaction Δ𝑟𝐺 for the
phosphorolysis of 24 nucleosides (publication III) shows a continuous transition
of Gibbs free energies from small (Δ𝑟𝐺 ≈ 2 kJ⋅mol−1 for 5-ethynyluridine) to high
values (Δ𝑟𝐺 ≈ 12 kJ⋅mol−1 for 2,6-diaminopurine riboside).

Drawing from the state of knowledge before the recent physicochemical under-
standing of this reaction, one of the conclusions on data about transglycosylation
reactions was that they would be successful only when proceeding from a purine
to a pyrimidine nucleoside.

Indeed, this expectation is supported by our data in principle. For the typical
pyrimidine sugar donors of successful transglycosylation reactions, which are
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thymidine and uridine, the Gibbs free energy of reaction of the phosphoroly-
sis reaction is low. This favors high conversion of sugar donor to pentose-1-
phosphates, which is the first prerequisite for high-yielding transglycosylation
reactions.

However, there is also evidence for successful transglycosylation reactions start-
ing from purine sugar donors, i.e. inosine and guanosine. The data presented
by us shows that inosine and guanosine indeed lend themselves as good sugar
donors from the physicochemical point of view, as the Gibbs free energy of reac-
tion for the corresponding phosphorolysis reaction is also low, when compared
to other purine nucleosides.

Obviously, it is thus not the chemical structure of the nucleosides alone which
determines the value of the equilibrium constant. The determination of the
equilibrium constant stays therefore a crucial prerequisite of any future reaction
engineering.1Having quantified the exact values of “suitability as sugar donor” in
terms of the Gibbs free energy of reaction Δ𝑟𝐺, it becomes clear that the distinc-
tion between purine and pyrimidine nucleosides is not as sharp as previously
expected (compare e.g. inosine and 5-methyluridine which both exhibit Δ𝑟𝐺 ≈ 6
kJ⋅mol−1)

6.2.2. The influence of the ribose and deoxyribose moieties on the Gibbs free
energies of reaction is marginal

Modified carbohydrate moieties on the sugar donor tend to correlate with low
communicated yields in nucleoside phosphorylase-catalyzed reactions, although
the exact reasons for this behavior are not clearly elucidated yet. This may be
a kinetic as well as a thermodynamic effect, “kinetic effect” meaning the low
enzymatic activity regarding the modified substrate, whereas “thermodynamic
effect” means a Gibbs free energy of reaction which is unfavorable for the in-
tended reaction. Clearly, more research is needed to differentiate between these
effects unambiguously. Nevertheless, given the different chemical properties,
a difference in Gibbs free energies of reactions might be expected for varying
carbohydrate moieties.

However, the data frompublication IIIdoes not indicate such a disparity, though.
With the exception of 2-Fluoroadenine and 2-Chloroadenine (ΔΔ𝑟𝐺 ≈ 1.4
kJ⋅mol−1 for both), the differential Gibbs free energies of reaction between any

1As discussed before, inosine and guanosine phosphorolysis can be driven even further. Inosine
phosphorylation yields the nucleobase hypoxanthine, which can be converted to uric acid by xanthine
oxidase. Uric acid becomes unreactive either by precipitation or because it might not be accepted by the
corresponding nucleoside phosphorylases anymore. Similarly, the released guanine can be either oxidized,
or precipitated due to its low solubility. These in-situ side product removal strategies drive the reaction even
further, and made inosine and guanosine very attractive sugar donors in the past.
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pair of ribose- and deoxyribose-containing nucleosides is no larger than 0.7
kJ⋅mol−1.

Interestingly, the temperature dependency of the Gibbs free energy of reaction
seems to be influenced by the choice of ribose / deoxyribose moiety, though.

This effect might be investigated further by including other sugar moieties.
Regarding the temperature dependency it has to be kept in mind that the UV/Vis
spectroscopical method operated at its limits, and a closer investigation with e.g.
HPLC might be sensible here.

6.2.3. The obtained values correspond well to literature values from nucleo-
side phosphorylations and nucleoside hydrolysis

The results communicated in publication III compare generally well to the lim-
ited values available from literature (see Table 3.1). However, for some reactions
one has to acknowledge a wide range of communicated values in literature, the
reason of which yet has to be elucidated.

A further possibility to back-check on our data is by employing a thermodynamic
cycle utilizing independent data on different enzyme-catalyzed reactions (com-
pare the similar approach by Camici et al. (1980), and Figure 6.1).

Two reports on equilibrium nucleoside hydrolysis appeared in the Goldberg
reviews: the nucleoside hydrolysis of adenosine with a reported equilibrium
constant of 𝐾′

𝑐 = 53 (Camici et al. 1980); and the hydrolysis of inosine with a
reported equilibrium constant of 𝐾′

𝑐 = 106 (Parkin et al. 1991). This corresponds
to Gibbs free energies of reaction ofΔ𝑟𝐺 = - 9.6 kJ⋅mol−1 andΔ𝑟𝐺 = -11.7 kJ⋅mol−1,
respectively.

For the corresponding nucleoside phosphorolysis reactions, the results obtained
in publication III are: Δ𝑟𝐺 = 11.3 kJ⋅mol−1 for the phosphorolysis of adenosine,
and Δ𝑟𝐺 = 6.0 kJ⋅mol−1 for the phosphorolysis of inosine.

Constructing the thermodynamic cycle, we can take Δ𝑟𝐺 for one hydrolysis reac-
tion and subtract the corresponding energy of the phosphorolysis reaction from
it, finally yielding the Gibbs free energy of reaction for the dephosphorylation of
ribose-1-phosphate:
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Figure 6.1: Constructing a thermodynamic cycle to back-check the obtained results. If all
determined values are correct, a closed thermodynamic cycle is obtained by combination of
the reactions. Hydrolysis is hydrolytic splitting of the glycosidic bond between the indicated
nucleoside (Ado: adenosine, Ino: inosine). Phosphorolysis is the phosphorolytic splitting of
the glycosidic bond. Dephosphorylation is the hydrolytic splitting of the glycosidic bond
betweenphosphate and ribose-1-phosphate, leading to ribose (Rib). The direction of reaction
is indicated by the arrows. In a closed thermodynamic cycle, Δ𝑟𝐺3 = Δ𝑟𝐺1 − Δ𝑟𝐺2.

(nucleoside + H2O ⇌ nucleobase + ribose) Δ𝑟𝐺1

− (nucleoside + Pi ⇌ nucleobase + ribose-1-phosphate) −Δ𝑟𝐺2

= (H2O + ribose-1-phosphate ⇌ ribose + Pi) =Δ𝑟𝐺3

In an ideal thermodynamic cycle, both determinations would yield the same
value for the Gibbs free energy of reaction of ribose-1-phosphate hydrolysis,
but they are Δ𝑟𝐺 = -20.9 kJ⋅mol−1 and Δ𝑟𝐺 = -17.7 kJ⋅mol−1, respectively. For
comparison, the value from literature for this reaction is Δ𝑟𝐺 = -22.5 ± 0.6
kJ⋅mol−1 (Camici et al. 1980). The remaining deviations might be explained as a
combination of experimental errors and varying reaction conditions, but should
be considered when utilizing values of equilibrium constants for future predic-
tion.
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6.3. Creating a dynamic model of nucleoside phosphorolysis
helped to create awareness about fundamental facts
about the phosphorolysis reaction (hypothesis 2)

The model construction was challenging and full of unexpected learning, as
exemplified by the re-discovery of the thermodynamic reaction control of NP-
catalyzed reactions. It is argued in this work that this is not unique to this specific
instance of model construction, but that this is a general principle in modelling.
This is in accordance with Tummler et al. (2013), who themselves reference Klipp
et al. (2016):

“[Calibrated models] may be very informative and useful, and even
the path of model construction and discussion may lead to many new
insights into the investigated process.”

6.3.1. Clarity in the individual steps of modelling was the main factor for
success

In this part, the process of constructing the obtained mathematical model is
discussed. Although there is agreement that modelling of enzyme kinetics is
generally beneficial for reaction engineering (Vasic-Racki, Kragl, and Liese 2003;
Vasic-Racki, Findrik, and Presečki 2011), little is found in the literature about good
modelling practice for enzyme-catalyzed reactions. Thus, this chapter might be
understood as a guide through the modelling process as well. In retrospective,
the employed systematic approach was key to success in modelling of the
nucleoside phosphorylase-catalyzed reaction.

Phenomenological descriptionof the experimental data yields inherent fundamen-
tal relationships within the reaction system which must be fulfilled by modelling
The relationship between yield, choice of enzyme, substrates and reaction time
for a phosphorolysis reaction was not clarified when starting this project. Thus, it
was decided to obtain an extremely exhaustive range of experimental conditions
was driven by the idea to be able to identify correlations within the properties of
the nucleoside phosphorylase-catalyzed reaction.

Therefore, the experimental condition design was inspired by a full-factorial
Design of Experiments (DoE) scheme. Full-factorial DoE schemes have the advan-
tage to be able to resolve all contributing factors without confounding. Factors
in this DoE scheme were: 1) enzyme concentration, 2) absolute nucleoside con-
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centration, 3) absolute phosphate concentration. It was explicitly decided to not
include reaction time as a factor, but to record the full time-courses for each
condition, as the aim was not to generate a static, linear regression for which
DoE traditionally aims for, but a dynamic, non-linear model.

The phenomenological description of the experimental data yielded the follow-
ing observations:

O1. The conversion never reaches 100%, but always stays below.

O2. The time-course of conversion has a saturating shape.

O3. The conversion value in the saturated zone varies according to the experi-
mental conditions.

Observation O2. indicates that the saturated zone might be a case worth to
be considered separately. Determining proportionalities of conversion to experi-
mental conditions for the saturated zone by comparing experimental conditions
keeping all but the considered factor constant, observation 3 was refined with
the following descriptors:

O3.a. In the saturated zone, the enzyme concentration does not influence the
conversion at all.

O3.b. In the saturated zone, an increased phosphate concentration leads to
higher conversion.

O3.c. In the saturated zone, an increased nucleoside concentration leads to lower
conversion.

Finding a model structure according to the phenomenological descriptions Any
potential model structure was thus first evaluated according to the phenomeno-
logical descriptions obtained above. Here it was important to understand that
the observed performance indicator “conversion” 𝑋 was actually given by the
term 𝑋 = [𝐵]

[𝐵]+[𝑁] .

Considering potential model structures, the following model structures were
under consideration:

M1. A simple Michaelis-Menten structure fails the requirements, because its
structure is bound to reach 100% conversion.

M2. Two Michaelis-Menten structures (one forward, one backward reaction)
would principally meet the requirements, but would be physically meaning-
less when using only one𝐾𝑀 value for binding of phosphate and nucleoside
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alike. Additionally, this would be a very parameter-richmodel structure:𝐾𝑀
and 𝑘𝑐𝑎𝑡 for both reactions individually, plus empiric relationships of 𝐾𝑀 or
𝑘𝑐𝑎𝑡 on phosphate or nucleoside concentration.

M3. A Bi-Bi Cleland structure would meet the requirements, but can be
parameter-rich depending on the type of mechanism (Theorell-Chance,
Ping-Pong, Rapid Equilibrium Random) and on the inclusion of inhibition
constants.

These model structures M1–M3 would also already include simplifying assump-
tions in the form of steady-state kinetics. Further were considered:

M4. The full system of ordinary differential equations for the mechanisms of
model structures M1–M3, i.e. Michaelis-Menten or Cleland structures. How-
ever, these would contain evenmore parameters in form of themicroscopic
rate constants than the original steady-state formulations.

M5. The employed final model structure might be unlikely to correspond to the
“true” molecular mechanism, but fulfills all requirements and contains the
least number of parameters.

The decision for the final model structure was thus mainly influenced by the
low number of parameters, and acknowledging that “all models are wrong; the
practical question is how wrong do they have to be to not be useful” (Box and
Draper 1987, p. 74).

Checking the model structure for its ability to describe individual experiments It
is imaginable that there exist model structures which fulfill all phenomenological
requirements, but for which it is not possible to find parameters with which they
describe the obtained experimental data sufficiently well. Especially with reac-
tions whosemechanism is approximated at best, some unknown components of
the mechanism might introduce such a large deviation in specific experimental
condition regimes that there the model fails to describe the experimental data
sufficiently well.

To exclude this possibility of local failure, the parameters should be optimized
towards each individual time course to see that the model structure is able to
describe the experimental data at all.

In the case study of this work, the model structure was able to describe all
individual experiments sufficiently well, but generally two decisions are left to
the investigator in case this would not have been the case:
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D1. Discard this model structure.

D2. Discard this experimental condition.

Especially possibility D2. shall be highlighted here, which becomes important
if one finds a model structure which achieves good fit to many experimental
conditions, but fails largely for some other experimental conditions.

Similar to the definitions from the ICH guidelines of the Quality-by-Design initia-
tive, this might lead to definition of a design space for this model, which ideally
contains the control space in which the process is operated.

Luckily, the design space of our model was apparently situated completely
within the range of investigated experimental conditions. Certainly, however, the
developed model will fail, exemplarily at very low substrate concentrations or
when unincluded factors are changed, e.g. temperature, pH, or ionic strength.

So far, the design space of this model has not been evaluated by deliberate
search for boundary conditions where the model starts to fail, but this might
be the point of future work.

Finding a consensus parameter set for all experimental conditions Given the
design space of the model, it should be possible to describe all experimental
conditions within this design space by a single parameter set. Obviously, it can-
not be expected that the compromise parameter set describes each individual
experiment as well as the individual fit.1

An interesting performance indicator for this step is the goodness of fit which
is lost for an individual experimental condition when using the consensus pa-
rameter set instead of the parameter set optimized for this specific time course.
This performance indicatormight also help to define the design space unambigu-
ously.

Identifiability of the parameters considering the given experimental data Even
when a sufficiently well-describing parameter set has been found, this does not
inevitably entail that it was a unique solution which has been found. Uniqueness
should instead be evaluated by searching for global minima of the objective func-
tion, although this can be prohibitively expensive for computationally demanding
dynamic systems.

1This is, however, no failure but a mere expression of the overfitting of the individual experiment, which
should be avoided if the aim is to generate parameter sets which not only allow interpolation but also
extrapolation.
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A first approximation is usually conducted on the basis of the Fisher Information
Matrix, which linearizes the system, and yields a lower bound to the uncertainty
of the parameter set. In the case study of this work, however, the Fisher Infor-
mation Matrix failed to give reliable parameter bounds, most likely due to the
strong non-linearity of the system.

In this case it is preferable to calculate so-called 2D confidence intervals by
setting two parameters to points in a grid, keeping them fixed and allowing the
other parameters to minimize the cost function. In the case study of this work,
this helped to visualize the strong non-linearity by showcasing long “correlation
valleys” between some pairs of parameters.

6.3.2. Conclusions derived from the employed model

By investigating the System Dynamics of the employed model it is possible to
uncover dynamics inherent to the model. Often, those dynamics cannot be
recognized from first sight, but lie implicitly and tacit in the model structures.
Having invested much time in the set-up of a reliable model, it should be the
final step of each modelling project to explore the consequences by “tinkering”
with the model in silico.

For the case study of this work this led to the following conclusions:

It is possible to derive the equilibrium constant from the kinetic constants; by anal-
ogy, thismeans that the ratio of the kinetic constants is fixed aswell. Because of
the two formulations of the equilibrium constant, namely 𝐾𝑒𝑞 = [𝑃1𝑃]𝑒𝑞⋅[𝐵]𝑒𝑞

[𝑁]𝑒𝑞⋅[𝑃 ]𝑒𝑞
and

𝐾𝑒𝑞 = 𝑘1⋅𝑘2
𝑘−1⋅𝑘−2

, there is obviously no possibility to influence the kinetic constants
independently of the others.

As:

𝐾𝑒𝑞 = 𝑘1 ⋅ 𝑘2
𝑘−1 ⋅ 𝑘−2

= const.

an increase in e.g. 𝑘1, making the conversion of enzymatic complex to released
products faster, can happen only at the expense of the other parameters. If 𝑘1
is exemplarily increased by factor 10, the product 𝑘−1 ⋅ 𝑘−2 or, in analogy, 𝑘2 is
bound to decrease by factor 10 to keep the constant balanced.1

1This means, however, not that one can conclude in advance which of the both kinetic constants 𝑘−1,
𝑘−2, or 𝑘2 would be influenced by an increase in 𝑘1. All might decrease by the same factor, or one might
decrease more than the other, etc.
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Setting the path for future enzyme engineering, it will surely be most beneficial
to increase 𝑘2 when the phosphorolytic direction is desired, and 𝑘−1 for enzymes
which are intended to catalyze the synthetic direction. This is because,most likely,
those enzymes will be operating at the limit of their turnover number.

The enzyme concentration, more precisely the enzymatic activity, does not in-
fluence the process outcome, if sufficient time is allowed to reach equilibrium.
The employed enzymatic activity is important for processes with given fixed run
times, and can be optimized accordingly, as it determines the rate of reaction. By
cumulation the rate of reaction defines also the conversion at a specific time
point, by the relationship for this is not analytically determinable, as for the
system of ordinary differential equation no integrated form can be found.

Another implication of this conclucsion is that the maximal yield can be obtained
regardless of the introduced enzymatic activity, given that ample time is allowed
for the reaction to reach equilibrium. By analogy this further implicates that also
the type of enzyme and not only its Michaelis constant but also its turnover
number are irrelevant in the end, and the same yield will be achieved.1

6.4. Developing aUV/Vis spectroscopymethod formonitoring
of nucleoside/nucleobase conversions proved to be a ba-
sic necessity formaking this research successful (hypoth-
esis 1)

Modelling needs data. As was shown before, it is easiest to recognize relation-
ships inherent to the reaction system if experimental data is available for an
exhaustive number of experimental conditions, ideally in the form of a full
factorial design, which allows to separate and compare the effects of all factors
in a one-variable-at-a-time approach.

This is why a fast and inexpensive detection technique was the prerequisite for
the modelling efforts in this work. The developed UV/Vis spectroscopy method
proved to be essential and indispensable for this task, and is taken up by many
colleagues in our laboratory now.

1Note that this conclusion is only valid if enough time is allowed for the reaction to reach equilibrium.
Naturally, with very little enzymatic activity, this might take very long and is not desirable in terms of space-
time-yield.
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6.4.1. Why a discontinuous, and not a continuous assay of nucleoside
phosphorylase-catalyzed reactions?

In general, continuous assays are preferred in the field of enzyme kinetics. To
achieve continuousmonitoring, reactions are thus usually conducted in a sealed,
thermostated cuvette and are initiated within the spectrophotometer by adding
the enzyme with a special mixer. Neither was this equipment available in our
laboratory, nor does this allow a high-throughput of samples, as one cuvette is
fixed with one instrument and usually not amenable to robotic automation.

The advantages of the discontinuous assay by alkaline quenching, which are
1) stopping of the reaction which permits for delays between sampling and
measurement, and 2) increases the signal-to-noise ratio of the measured prop-
erty, which is the difference in absorption between nucleoside and nucleobase,
outweighed the advantages of the continuous assay for this project.

For futurework in high-throughput screens of very large volumes, the continuous
assay might prove to be an interesting alternative, as absolutely no hands-on
time is required to conduct the assay.

The major limitation of the current set-up of the continuous assay is, however,
the maximum working concentration of substrate, which is approximately 0.4
mM. Above this concentration, the detector is saturating at the wavelength of
maximal change, i.e. at 2̃70 nm.However, to screenbiotechnologically interesting
reaction conditions, it would be desirable to increase the substrate concentration
much further, e.g. by an order of magnitude, as a saturating substrate concen-
tration is criticial in determining the biotechnologicallymost relevant parameters
of the enzyme. At low substrate concentrations, the enzyme-catalyzed reaction is
mainly limited by the ability of the enzyme to bind substrate effectively, whereas
at higher concentration it is limited by the turnover number of the enzyme. This
corresponds figuratively to the ability to measure 𝐾𝑀 and 𝑘𝑐𝑎𝑡 at low and higher
substrate concentrations, respectively.

Furthermore, the temperature in the continuous assay cannot be increased
above 40 °C. However, this is at the lower range of biotechnologically interesting
conditions for enzymes from thermophiles. An increase up to 100 °C would be
more favorable. The choice of temperature was limited by the stability of the UV-
clear plate (manufacturer recommendation: 40 °C) and the maximum heating
temperature of the employed plate reader (manufacturer recommendation: 50
°C). It might be possible to stretch beyond this limitation by using different plates
and incubating the plate in a different instrument or a specialized incubator
and transferring the plate between the incubator and the plate reader, either
manually or in an automated fashion.
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Possibilities for further optimization of the continuous assay in terms of increas-
ing the substrate concentration are thus 1) measuring at another wavelength,
which however would reduce the signal-to-noise ratio, which already is critically
low; or 2) further reduction of the optical path length. We abstained from further
experimentation in this direction, as we expected anomalies in the path length
due to the overlay with mineral oil, which creates a liquid-liquid surface which
may exhibit unpredictable meniscus effects, but is necessary to avoid evapora-
tion at the elevated temperatures of interest. Without mineral oil, a reduction of
factor 2, i.e. transfer of 50 uL to the plate, did not result in full coverage of thewell
bottom, but to a sitting drop. A possibility might be here to employ surfactants
or plates with smaller wells to produce full well bottom coverage with reduced
path length due to the different height/width ratio.

6.4.2. Isosbestic point normalization significantly reduced errors

In theory, the optical / spectroscopicalmethods applied here are able to generate
signals about the absolute absorption, i.e. measuring the extinction coefficients
without any normalization. However, as the pathlength is known to be rather
variable in typical high-throughput environments general (Wright, Gall, and Kelly
1985; Lampinen et al. 2012), this is rather unsafe for the chosen methodology.

Generally, normalization to the isosbestic point circumvents this source of error
at the expense of errors introduced by the normalization itself which might arise
from instrumental random error or systematic errors, e.g. by mis-calibration of
the wavelength, thus missing the isosbestic point and normalizing to a nearby
point.

Inherently, isosbestic point normalization requires that the mixture under inves-
tigation exhibits an isosbestic point. For transglycosylations which feature four
UV/Vis active compounds, a common isosbestic point of all compounds could
not be observed yet. This limits the usability of this technique to the monitoring
of a single nucleoside-nucleobase conversion so far. However, e.g. nucleoside
hydrolysis (EC 3.2.2.) is another enzymatic reactions featuring such a conversion,
which is still monitored laboriously by HPLC and is surely to be conducted with
UV/Vis spectroscopical assays in the future.
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7. Conclusions

Science of nucleoside phosphorylase processes was trapped in an improper
understanding of the relationship between experimental conditions and the final
yields achieved in the process. Fixed time-point experimentation instead of mon-
itoring the reaction until its equilibrium state led to uninformative experiments
at best, but more often resulted in confusing andmisdirecting lines of reasoning.

Within this state of the art, the learnings due to the modelling process overthrew
the dogma of seeking for better enzymes, enzyme ratios or reactant concentra-
tions, and generated a set of conclusions which led our research into a different
direction.

The re-discovered physico-chemical understanding of NP-catalyzed reactions as
reversible equilibrium reactions laid the foundation to satisfactorily explain the
previously confusing relationship between experimental conditions and final
yields.

User-friendly analysis methods greatly benefit the exhaustive investigation of
phenomena. Not being able to measure one’s samples immediately and the
need for extensive preparations before analysis prevents researchers to tackle
challenging problems joyfully. Whenever a high-threshold method like HPLC is
spotted in a workflow, it should be undertaken to remove this bottleneck first.

Today’s science problems are best to be tackled by an interdisciplinary perspec-
tive. If it is not possible to acquire a single expert with all of the required
interdisciplinary knowledge, it is necessary to build a team which assembles
the required knowledge together. In this example, this would mean skills to 1)
overexpress and purify the enzymes, 2) conduct the enzyme reactions, 3) having
knowledge of potential pitfalls in enzymatic reactions and of the best-practices
in the field of enzymology, 4) being able to model the obtained data in a dynamic
fashion, 5) derive the right conclusions from the final model, 6) determine the
thermodynamic parameters, and 7) use the knowledge of thermodynamics to
conduct knowledge-driven reaction engineering. It would, however, never be
sufficient for every single team member just to contribute their own knowledge
when being asked for it; each member has to acquire enough of the others’
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knowledge, even if it is only superficial. Only this allows to understand each
other’s motivations, follow the other’s conclusions and ask the right questions.

Manyprocesses in the life sciences are not governedby linear regressions between
variables, but by non-linear systems. Althoughmany systems in the life sciences
can be treated with linear statistical methods within narrow bounds, this ap-
proach often fails when trying to extrapolate too far from the linearized region.
This is because within certain narrow bounds also non-linear systems behave
linearly and can be analyzed accordingly, but the underlying causes and effects
are actually not understood. Considering the algebraic complexity of the finally
derived formulas for yield prediction, it seems unlikely that it would have been
possible to find those formulas by traditional regression analysis. With a physico-
chemical understanding of the system, though, they are easily derived.

Interdisciplinary data will allow knowledge-driven reaction engineering when
framed in a common currency It is with the common currency of Gibbs free
energies, that it is possible to conduct knowledge-driven reaction engineer-
ing. Reconciling thermodynamics with kinetics is possible when embracing a
view influenced by statistical mechanics. This ultimately leads to recognition of
enzyme-catalyzed reactions behaving according to universal, unifying concepts
of catalysis. Considering data like solubility constants, acid dissociation constants,
enzyme-reactant dissociation constants, Gibbs free energies of formation and
Gibbs energies of activation, an integrated picture can be set-up.
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8. Outlook

The results obtained in this work will allow the field to progress towards earnest
reaction engineering. Framed in the right perspective, the question is not any-
more how the enzymes can be engineered to obtain higher yields – the question
will be how efficient, i.e. fast, it is possible to achieve the given equilibrium yield.

Continuing on this path, the question will be soon: how can one overcome
the given equilibrium? As these questions will all be grounded on the physico-
chemical understanding, it will be possible for the first time to compare different
processes in a fair way, judging their efficiency of achieving the thermodynami-
cally ideal yield instead of judging the obtained yield of nucleobase conversion
only.

The following lines of research are envisioned to be followed in the future (with
the expected time horizon in years; and the value of this study from very high
(++) over necessary routine works (0) to waste of resources (--) marked behind
each case):

Research on thermodynamic equilibrium phenomena Future research will eluci-
date the dependency of equilibrium constants on the pH value, ionic strengths,
interaction with multivalent metals, etc. (Depending on the compounds under
investigation: ++ to --; 1–3 years)

Finally, the body of evidence will have grown large enough to enable the cali-
bration of quantum chemical models and therefore quantitative prediction of
equilibrium constants for most new nucleoside phosphorolysis reactions (++; ≈
5 years).

Gibbs free energies of reaction can be principally calculated from the Gibbs free
energies of formation, but one of the major problems in the field is the missing
Gibbs free energy of formation for solvated 2-deoxyribose. This hinders many
round-trip calculations. This problem will be tackled by calculations involving
the determination of Gibbs free energies of reaction of nucleoside (deoxy)ribose
transferase (NDT)-catalyzed reactions. The engineering of ribose-incorporating
NDTs and the simultaneous application of ribose, deoxyribose and base as
well as in separate measurements for each carbohydrate moiety will enable a
sufficiently exact estimation of the Gibbs free energy of formation for solvated
2-deoxyribose. (++; 5 years)
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The field of enzyme-catalyzed nucleobase conversions will focus more andmore
on nucleotide synthesis. After many contradictory results regarding the equilib-
rium constant of the phosphorylation steps (++; 3–5 years), the field will recog-
nize that control of the Mg2+ concentration is critical for obtaining meaningful
results (0; 5–10 years). This is because the availability of free Mg2+ influences the
thermodynamics of the enzyme-catalyzed reaction indirectly, asMg2+-nucleotide
complexes have a lower Gibbs free energy of formation 𝐺𝑓 than uncomplexed
nucleosides. Further, the scientists will re-discover that the corresponding theory
of interaction of Mg2+ with e.g. ATP, and the correct means to control the free
Mg2+ concentration, were already described by Alberty and Cornish-Bowden.

Finally, an encyclopedic database will be set up which collects the thermody-
namic data on biomolecules in a machine-actionable form. This will not only
greatly advance the engineering of enzyme-catalyzed reactions, but will also
enable more successful metabolic engineering. (++; 10 years)

Research on kinetic phenomena In the perspective of biotechnologically rel-
evant process conditions, the search for the best enzyme will focus on the
𝑘𝑐𝑎𝑡 value only, as the influence of the 𝐾𝑀 value is marginal at high substrate
concentrations. (++; 3 years)

Detailled studies on the specific transition states for selected enzyme/substrate
combinations will be conducted to derive general mechanistic understandings of
the transition state. However, their value is limited, as these studies have to be
re-conducted for each enzyme/substrate combination. (-; 1–10 years)

Finally, the kinetics of enzyme inactivation, substrate/product decomposition,
and also of substrate/product precipitation will be investigated thoroughly to
fully predict the process performance over time, and to optimize the process
efficiently in silico. (0; 5 years)

Research on further issues Although the nucleoside phosphorylase-catalyzed
reaction can cleave selectively the N-glycosidic bond, there is evidence that the
formation of this bond can be promiscuous regarding the N-position of the
nucleobase which is linked to the carbohydrate moiety. Literature examples are
available for the canonical nucleobase guanine (Müller, Hutchinson, and Guen-
gerich 1996), and for the tricyclic so-called ethenoguanines (Ye et al. 2014) or
M1G (pyrimido[1,2-𝛼]purin-10(3H)-one) derivatives (Chapeau and Marnett 1991).
This selectivity will be investigated in the light of thermodynamic versus kinetic
reaction control, as some positions will show fast glycosylation kinetics, but are
thermodynamically suboptimal. (0; on-going research)
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Finally, similar to the report on reactive extraction of N-acetylneuraminic acid by
esterification with phenylboronic acid (Zimmermann, Masuck, and Kragl 2008),
it will be undertaken with this or similar approaches to overcome the inherent
equilibrium limitations of the glycosylation or transglycosylation process. Due
to yet unknown partition coefficients of the corresponding nucleosides or nu-
cleotides of interest for organosolvent/water systems, this is an approach which
will only be taken for highly-priced compounds with unfavorable equilibrium
positions. Nevertheless, with nucleosides being similarly heavily functionalized
carbohydrate compound as N-acetylneuraminic acid, it is not unlikely that this
strategy will prove beneficial for selected conversions (++; 5 years, possibly only
in patents).
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10. The Ten Theses

The following theses are intended to be understood as a condensed summary
of the scientific progress achieved in this work. As the logic of scientific discovery
requires, all of these theses are intended to be formulated in a falsifiable fashion,
in accordance with Karl Popper: “a few stray basic statements contradicting a
theory will hardly induce us to reject it as falsified. We shall take it as falsified
only if we discover a reproducible effect which refutes the theory.” (Popper 2002,
p. 66)

1. It is possible to derive a linear relationship between the UV/Vis absorption
of nucleoside/nucleobase mixtures in aqueous solutions, when the nucle-
obase moiety contains an aromatic system.

2. The feasibility of this linear relationship for sufficiently exact quantitation of
the composition of the nucleoside/nucleobase mixture has to be evaluated
experimentally for each nucleoside/nucleobase pair.

3. A dynamic model consisting of elementary reaction steps describes the
reaction progress in timewith sufficient quality for the investigated reaction.

4. It will be possible to reduce the parameter uncertainty of the final model
testing the “backwards” reaction, i.e. the synthetic reaction.

5. The Gibbs free energy of reaction of nucleoside phosphorolysis reactions
can be expected to be in the range 0–15 kJ⋅mol−1.

6. The difference in Gibbs free energy of reaction when exchanging the carbo-
hydrate moiety between ribose and 2-deoxyribose ranges below 2 kJ⋅mol−1.

7. Agreeing on thermodynamic parameters as the “common currency” for fu-
ture reaction engineering will ease the process design of enzyme-catalyzed
reactions significantly.

8. Micro-reaction techniques will prove to be themost efficient way of tackling
the reaction engineering problems that will need to be addressed in the
near future, if the aim is to develop highly efficient processes employing
nucleoside phosphorylases.

9. The shortcomings of a capitalist system with national borders is revealed
by not being able to provide common goods to the whole world population
in a fair way; although being tackled as a Sustainable Development Goal by
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the UN, the allocation of clean water to all humans will be the first point of
failure of this system at some point in the near future.

10. Carbon sustainability in terms of net zero carbon dioxide emissions can be
established even within a capitalistic systemwith national borders by a well-
organized global emission trading scheme similar to the EU ETS, i.e. a “cap
and trade” approach, by including negative carbon dioxide emissions and
by setting the cap of allowed carbon dioxide emissions to 0.

118 The Ten Theses



Robert T. Giessmann Yield and Kinetics of Nucleoside Phosphorylase Reactions

A. Supporting Material

A.1. Tables on the acid dissociation constants

Table A.1: Acid dissociation constants of some compounds behaving uniformly in the bio-
logically relevant pH range. Nucleobases and their corresponding nucleosides are grouped
together and separated by horizontal lines. A compound with superscript 0 indicates the
uncharged species. The asterisk * denotes a data source from the secondary literature, i.e.
a value which was derived by compiling data from other primary literature. For values from
(Alberty 2005b), the dependence of 𝑝𝐾𝑎 from ionic strength 𝐼 can be found in the reference
at 𝐼 = 0, 0.1, 0.25 M.

state at pH < 𝑝𝐾𝑎 𝑝𝐾𝑎 state at pH > 𝑝𝐾𝑎 Reference

Ade+ 4.3 Ade0 CRC handbook 2016*

Ade+ 4.2 Ade0 Alberty 2005b

Ade0 9.83 Ade− CRC handbook 2016*

Ado+ 3.47 Ado0 Alberty 2005b

Ado+ 3.6 Ado0 CRC handbook 2016*

Ado0 12.4 Ado− CRC handbook 2016*

Thy+ <1 Thy0 (no published evidence)

Thy0 9.82 Thy− Heidelberger 1964

Thy0 9.9 Thy− Shugar 1952

Thy0 9.94 Thy− CRC handbook 2016*

Thy− >13 Thy2− Shugar 1952

Thy− 13.96 Thy2− Ganguly 1994

5F-Ura0 7.98 5F-Ura− Wempen 1961

5F-Urd0 7.57 5F-Urd− Wempen 1961
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Table A.2: Acid dissociation constants of some compounds in respect to chemical modifi-
cations. Nucleobases and their corresponding nucleosides are grouped together and sepa-
rated by horizontal lines. A compound with superscript 0 indicates the uncharged species.
The asterisk * denotes a data source from the secondary literature, i.e. a value which was
derived by compiling data from other primary literature.

state at pH < 𝑝𝐾𝑎 𝑝𝐾𝑎 state at pH > 𝑝𝐾𝑎 Reference

Gua+ 3 Gua0 Kulikowska 2004*

Gua0 9.3 Gua− Kulikowska 2004*

Guo+ 2.17 Guo0 Zoltewicz 1970

Guo+ 2.2 Guo0 Kulikowska 2004*

Guo0 9.2 Guo− Kulikowska 2004*

Guo0 9.26 Guo− Ganguly 1995

7Me-Guo+ 6.94 7Me-Guo0 Zoltewicz 1970

Hyp+ 2 Hyp0 Kulikowska 2004*

Hyp0 8.7 Hyp− CRC handbook 2016*

Hyp0 8.9 Hyp− Kulikowska 2004*

Ino0 1 Ino0 Kulikowska 2004*

Ino0 8.9 Ino− Kulikowska 2004*

Ino0 8.96 Ino− Christensen 1970

Xan+ 0.8 Xan0 CRC handbook 2016*

Xan0 7.4 Xan− CRC handbook 2016*

Xan0 7.7 Xan− Kulikowska 2004*

Xan− 11.1 Xan2− CRC handbook 2016*

Xao− 1.1 Xao0 Shugar 2004

Xao0 5.7 Xao− Shugar 2004

Xao0 5.7 Xao− Roy 1983

Xao− 12.31 Xao2− Ganguly 1995
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Table A.3: Acid dissociation constants of ribose-1-phosphate and inorganic phosphate. A
compound with superscript 0 indicates the uncharged species. The asterisk * denotes a data
source from the secondary literature, i.e. a value which was derived by compiling data from
other primary literature. For values from (Alberty 2005b), the dependence of 𝑝𝐾𝑎 from ionic
strength 𝐼 can be found in the reference at 𝐼 = 0, 0.1, 0.25 M.

state at pH < 𝑝𝐾𝑎 𝑝𝐾𝑎 state at pH > 𝑝𝐾𝑎 Reference

Ribose-1-P− 6.69 Ribose-1-P2− Alberty 2005b*

Ribose-1-P− 6.2 Ribose-1-P2− Lehikoinen 1989

H3PO4
0 2.16 H2PO4

− CRC handbook 2016*

H2PO4
2− 7.21 HPO4

2− CRC handbook 2016*

HPO4
2− 12.32 PO4

3− CRC handbook 2016*

A.2. Calculating the influence of increased sugar donor ex-
cess on conversion yield

The transglycosylation of araU and 2-fluoroadenine (2F-Ade) to 2-fluoroadenine
arabinoside (ara2F-Ade) and liberated uracil nucleobase (Ura) can be considered
in idealized state1 as:

𝐾𝑒𝑞 = const. =
[ara2F-Ade]𝑒𝑞 ⋅ [Ura]𝑒𝑞
[araU]𝑒𝑞 ⋅ [ara2F-Ade]𝑒𝑞

(A.1)

When only yield, i.e. conversion of nucleobase, is communicated in the literature,
we might want to apply the estimations:

[ara2F-Ade]𝑒𝑞 = [ara2F-Ade]0 +[ara2F-Ade]0 ⋅ 𝑋 (A.2)

[Ura]𝑒𝑞 = [Ura]0 +[ara2F-Ade]0 ⋅ 𝑋 (A.3)

[araU]𝑒𝑞 = [araU]0 −[ara2F-Ade]0 ⋅ 𝑋 (A.4)

[ara2F-Ade]𝑒𝑞 = [ara2F-Ade]0 −[ara2F-Ade]0 ⋅ 𝑋 (A.5)

where [ara2F-Ade]0 ⋅ 𝑋 is equivalent to the extent of reaction 𝜉.

1neglecting the phosphate and pentose-1-phosphate contribution to the equilibrium constant
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In Reaction 1, initial concentrations of [araU]0 = 75 mM and [ara2F-Ade]0 = 50
mM were used (with a phosphate concentration of 30 mM). A conversion of 72%
2F-Ade was found (Zuffi et al. 2004).

In contrast, in Reaction 2, the reaction was started with [araU]0 = 15 mM and
[ara2F-Ade]0 = 5 mM (with a phosphate concentration of 5 mM). The authors
found a 2F-Ade conversion of 85% (Taran et al. 2009).

For Reaction 1, we obtain thus:

𝐾𝑒𝑞 = [ara2F-Ade] ⋅ [Ura]
[araU] ⋅ [ara2F-Ade]

= (0 mM + 0.72 ⋅ 50 mM) ⋅ (0 mM + 0.72 ⋅ 50 mM
(75 mM − 0.72 ⋅ 50 mM) ⋅ (50 mM − 0.72 ⋅ 50 mM)

≈ 36 ⋅ 36
39 ⋅ 14

≈ 2.4

For Reaction 2, we find:

𝐾𝑒𝑞 = [ara2F-Ade] ⋅ [Ura]
[araU] ⋅ [ara2F-Ade]

= (0 mM + 0.85 ⋅ 5 mM) ⋅ (0 mM + 0.85 ⋅ 5 mM)
(15 mM − 0.85 ⋅ 5 mM) ⋅ (5 mM − 0.85 ⋅ 5 mM)

≈ 4.3 ⋅ 4.3
10.7 ⋅ 0.7

≈ 2.4

Apparently, it was not the equilibrium constant𝐾𝑒𝑞 which changed, but solely the
sugar donor excess. An increase of sugar donor excess from 1.5:1 (Reaction 2) to
3:1 (Reaction 1) was the sole reason of observing an increased yield.
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Abstract: Efficient reaction monitoring is crucial for data acquisition in kinetic and mechanistic
studies. However, for conversions of nucleosides to their corresponding nucleobases, as observed in
enzymatically catalyzed nucleoside phosphorylation reactions, the current analytical arsenal does
not meet modern requirements regarding cost, speed of analysis and high throughput. Herein, we
present a UV/Vis spectroscopy-based assay employing an algorithm for spectral unmixing in a 96-well
plate format. The algorithm relies on fitting of reference spectra of nucleosides and their bases to
experimental spectra and allows determination of nucleoside/nucleobase ratios in solution with
high precision. The experimental procedure includes appropriate dilution of a sample into aqueous
alkaline solution, transfer to a multi-well plate, measurement of a UV/Vis spectrum and subsequent
in silico spectral unmixing. This enables data collection in a high-throughput fashion and reduces
costs compared to state-of-the-art HPLC analyses by approximately 5-fold while being 20-fold faster
and offering comparable precision. Additionally, the method is robust regarding dilution and sample
transfer errors as it only considers spectral form and not absolute intensity. It can be applied to all
natural nucleosides and nucleobases and even unnatural ones as demonstrated by several examples.
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1. Introduction

Nucleoside modifying enzymes such as nucleoside phosphorylases are broadly applied for
the synthesis of nucleoside analogs and pentose-1-phosphates [1–3]. Nucleoside phosphorylases
catalyze the reversible phosphorolytic cleavage of the nucleobase from the nucleoside while facilitating
formation of the corresponding pentose-1-phosphate (Scheme 1).

However, current approaches to the monitoring of these reactions have inherent drawbacks.
Conventional assays are usually HPLC-based and require considerable experimental effort in
sample preparation, financial investment into equipment and running costs, and long analysis
times. UV/Vis-spectroscopy-based assays have also been employed for the monitoring of nucleoside
phosphorylation reactions in the past and have often relied on the detection of change in extinction at a
specific wavelength [4,5]. Downfalls of these approaches typically include dilution errors, problematic
signal-to-noise ratios and a very limited range of suitable substrates.
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Scheme 1. General nucleoside phosphorylation reaction.

Previously, we extended an existing assay for 2’-deoxythymidine phosphorylation reactions by
normalization to the isosbestic point [6]. This enabled us to determine 2’-deoxythymidine/thymine
ratios from aqueous mixtures and thus collect a large dataset with low experimental effort. Therein,
the normalization allowed for correction of dilution errors and straightforward transfer of the assay to
multi-well plates, which facilitated high-throughput experimentation.

In revisiting our data set, we envisioned that it should be possible to extend the recognition of
the conversion ratio from a dual-wavelength observation to consideration of the full spectra and thus
expand the scope of possible substrates and improve accuracy. Related concepts are known in the
literature as hyperspectral imaging or spectral unmixing and are employed widely in fields such
as remote sensing, fluorescence microscopy or in the food industry [7–10]. Following the literature
terminology, we herein refer to our approach as spectral unmixing. Spectral unmixing relies on the
concept of a linear combination of absorption spectra. When the spectra of pure compounds are known,
any mixture can be generated from the pure spectra by addition and multiplication. Vice versa, any
spectrum of a mixture of two compounds with known reference spectra can be traced back to a ratio of
its individual constituents [11].

In this study, we systematically investigated the absorption spectra and pH-dependent spectral
shift of all natural nucleosides and their bases and several examples of modified nucleosides, established
suitable working conditions and implemented a spectral unmixing algorithm for data analysis. We
demonstrate the accuracy and broad scope of our method, present its application to several enzymatic
nucleoside phosphorylations and provide the freely available implementation of our Python algorithm
for spectral unmixing and data treatment [12].

2. Materials and Methods

2.1. Chemicals

All nucleosides and nucleobases in this study were purchased from Sigma Aldrich, TCI or
Carbosynth. All other chemicals were obtained from Carl Roth at the highest available quality. Water
used was deionized to 18.2 MΩ·cm with a Werner water purification system. NaOH solutions were
prepared with deionized water.

2.2. Enzymes

The enzymes used in this study were pyrimidine nucleoside phosphorylase (Py-NPase, EC 2.4.2.2,
NCBI sequence accession number WP_041270053.1) and purine nucleoside phosphorylase (Pu-NPase,
EC 2.4.2.1, NCBI sequence accession number WP_064551770.1) from Bacillus thermoglucosidasius (DSM
No.: 2542). The N-terminally His6-tagged enzymes were purified from Escherichia coli BL21 following
IPTG-induced overexpression. Purification was achieved via Ni-NTA affinity chromatography as
described previously [13,14] and purity was assessed by SDS-PAGE and determined to be > 90%.
Afterwards, the enzymes were desalted against 2 mM KH2PO4 buffer (pH 7, 25 ◦C) by an ÄKTA system
with a pre-equilibrated HiPrep 26/10 Desalting Column, and stored until use at 4 ◦C at concentrations
of 1.61 and 6.63 mg/mL, respectively, as judged by NanoDrop analysis (calculated with 1 AU at 280 nm
= 1 mg/mL).
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2.3. Recording of Spectra

Spectra were recorded from 250 to 350 nm in steps of 1 nm on a BioTek PowerWave HT plate
reader using UV/Vis-transparent 96-well plates (UV-STAR F-Bottom #655801, Greiner Bio-One). The
measurement was generally performed directly after the experiment, but overnight storage of diluted
alkaline samples in sealed Eppendorf tubes did not impede results. Sample storage in the 96-well plate
is not recommended as we generally observed issues such as solvent evaporation causing sample
precipitation after several hours already.

2.4. Investigating the pH Dependence of Spectra

The pH dependence of the UV/Vis absorption spectra of all nucleosides and nucleobases in this
study was investigated between pH 7 and 13 in steps of 1 pH unit. The experiment was conducted
with a roughly 100 µM (for pyrimidine nucleosides) or 80 µM (for purine nucleosides) solution of the
respective compound in 200 mM K2HPO4 as pH-buffer. The pH was adjusted with NaOH and HCl to
the desired pH value, and aliquots of 200 µL were taken from the solution and transferred directly into
a 96-well plate for measurement. K2HPO4 buffer was previously determined to have no effect on the
UV absorption spectra of any of the nucleosides investigated here.

2.5. Enzymatic Reactions

Enzymatic reactions were prepared from stock solutions of nucleoside substrate, buffer, phosphate
and water and preheated to the reaction temperature before the reaction was started by the addition
of enzyme solution (2–10 µL). Reactions were typically performed with 2 mM substrate and 10 mM
phosphate in 50 mM glycine-NaOH buffer at pH 9.0 (measured at 25 ◦C) in a total volume of 500 µL.
Temperature and enzyme concentration were adjusted according to the requirements of the experiment.

2.6. Enzyme Reaction Sampling

Enzyme reaction sampling was conducted as described recently [6]. Briefly, from reactions
with 2 mM substrate, 30 µL (for pyrimidine substrates) or 20 µL (for purine substrates) of sample
were drawn and pipetted into NaOH (generally 100 mM, exceptions are mentioned in Table 1) in a
separate Eppendorf tube (final volume of 500 µL). Quenching of the enzyme reaction was achieved
via brief shaking of the sample tube. Subsequently, 200 µL of the diluted sample was transferred
into a well of a 96-well plate for measurement. Whenever different substrate concentrations were
used, sample and NaOH volumes were adjusted accordingly to yield the same final concentration of
UV-active compounds.

2.7. Spectral Unmixing

Spectral unmixing was performed by the formula:

x = argminx


Yk −

M∑
i=1

xiYi


2, (1)

with:

x = representation of the molar fractions of compounds for sample k in a vector form x =

[x1, x2, . . . , xM−1, xM] (in this study: x = [x1, x2])
Yk = experimentally determined spectrum for sample k,
M = number of compounds (in this study: M = 2),
xi = molar fraction of compound i, and
Yi = spectra of pure compound i, normalized to the corresponding isosbestic point of the mixture (see
below),
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where argminx f (x) gives the molar fractions x for which f (x) yields the smallest value (i.e., f (x) is
minimized).

Table 1. Spectral properties of the nucleosides and their bases at pH 13.

Compound
λmax

Nucleoside
[nm]

λmax
Base
[nm]

Isosbestic
Point for Base
Cleavage [nm]

Upper Limit of
Range for

Fitting [nm]

Pyrimidines

Uridine 262
281

271 310
2’-Deoxyuridine 262 272 310

5-Methyluridine + 267
290

277 320
2’-Deoxythymidine $ 266 278 320

5-Fluorouridine * 269
281

282 325
2’-Deoxy-5-fluorouridine * 268 280 325

5-Bromouridine 276
290

283 330
2’-Deoxy-5-bromouridine 275 282 330

5-Iodouridine * 281
291

283 340
2’-Deoxy-5-Iodouridine * 279 282 340

5-Ethynyluridine * 285
298

262, 288 340
2’-Deoxy-5-ethynyluridine * 284 262, 288 340

Cytidine # 271
281

271 310
2’-Deoxycytidine # 271 271 310

Purines

Adenosine 259
268

267 310
2’-Deoxyadenosine 259 267 310

Guanosine 264
273

279 310
2’-Deoxyguanosine 264 279 310

Inosine 252
262

263 320
2’-Deoxyinosine 252 263 320

* pH 13.3 (equal to 200 mM NaOH), # pH 13.7 (equal to 500 mM NaOH), + equivalent to 2’-hydroxythymidine, $

equivalent to 2’-deoxy-5-methyluridine and commonly referred to as thymidine

The molar fractions of each compound were restricted to real-world solutions, i.e., 0% to 100%, by
applying the bounds:

0 ≤ x ≤ 1 (2)

and demanding that the individual molar fractions must sum to 100%, i.e., applying the constraint:

M∑
i=1

xi = 1 (3)

The minimization was conducted by the least_squares implementation of the freely available
Python package, lmfit [15]. Similarly, the standard errors of the estimated molar fractions were
estimated by lmfit. If not stated differently, fitting was performed from 250 nm to the respective
compound-specific upper limit listed in Table 1. The developed Python software for data treatment
and analysis is available online [12].

2.8. Normalization of Spectra to Accommodate Concentration Differences

For a given nucleoside–nucleobase pair, there usually exists an isosbestic point at λi, j, at which
the absorbance stays constant throughout all arbitrary mixtures of the pure compounds i and j (see
title graphic or [6] for visualization). The blank-corrected reference spectra and the blank-corrected
spectrum to fit were normalized to this isosbestic point λi, j, via division by the absorption at this
wavelength:

Yi =
µraw,i − µblank

Abs(µraw,i − µblank)λi, j

(4)

with:

Yi = the normalized spectrum of compound i,
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µraw,i = raw spectrum of compound i,
µblank = raw blank spectrum of NaOH solution,
Abs(µraw,i − µblank)λi, j

= the absorption of the blank-corrected spectrum at wavelength λi, j.

2.9. Statistical Analyses

The coefficient of determination (R2) for analysis of actual vs. predicted data (Section 3.3) was
calculated as follows:

R2 = 1−
SSres

SStot
(5)

where:

SSres = residual sum of squares of all data points;
SStot = total sum of squares of all data points;

with:

SSres =
n∑

i=1

(yi − x)2 (6)

SStot =
n∑

i=1

(yi − xi)
2 (7)

with:

yi = predicted molar fraction of the data point i of the data set (i.e., all data points for one compounds,
considering both replicates), in percent,
x = average of all actual molar fraction values of the data set (equal to 50%), in percent,
xi = actual molar fraction value for the data point i, in percent,
n = total number of data points in the data set,

where “actual” refers to the intended (designed) molar fraction in the sample and “predicted” refers to
the molar fraction as estimated by the algorithm.

The root mean square deviation (RMSD) for evaluation of fine-tuning of the algorithm (Section 3.5)
was calculated as follows:

RMSD =

√∑n
i=1(yi − xi)

2

n
(8)

with definitions as above.
Both methodologies can be inspected as openly available Python code from the Supporting

Materials and at the external online repository [16].

2.10. HPLC Analysis of Samples

HPLC analysis of samples was performed with an Agilent 1200 Series HPLC system, employing
a Phenomenex Kinetex Evo C18 100 Å column (250 mm × 4.6 mm) running a linear gradient
of 3–40% acetonitrile in 20 mM NH4Ac over 10 min, as described previously [14]. Detected
substances were matched with reference compounds and quantification was achieved via previously
recorded calibrations.

3. Results

3.1. Nucleoside–Nucleobase Pairs Show Discriminable UV/Vis Spectra under Alkaline Conditions

Under neutral pH conditions, the spectra of most nucleosides and those of their free nucleobases
show only insignificant differences in shape and absorption maximum. However, their spectral forms
change with varying pH (Figure 1 and Figure S1).
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Figure 1. (a,b) pH dependence of UV/Vis-absorption spectrum of 2’-deoxythymidine and thymine,
respectively, between pH 7 (red) and pH 13 (purple). (c–e) Overlap of the individual spectra of
2’-deoxythymidine and thymine in mixture. The black line represents the experimental spectrum and
the hatched areas are the contributions of thymine (red) and 2’-deoxythymidine (blue).

For the exemplary 2’-deoxythymidine/thymine pair, we investigated the pH-dependent change
of spectral properties by subjecting solutions of pure 2’-deoxythymidine and thymine to UV/Vis
spectroscopy at pH values ranging from 7.0 to 13.0 (Figure 1a,b), as these are the feasible limits of
the reaction dictated by the stability of the generated pentose-1-phosphates [6,17]. Although the
absorbance of 2’-deoxythymidine generally decreases with increasing pH, the overall shape of its
spectrum and its absorption maximum at 266 nm are not affected (Figure 1a). In contrast, the spectrum
of thymine displays a characteristic shift towards increased absorption at higher wavelengths as it
broadens significantly and its maximum is shifted to 287 nm (Figure 1b).

A similar behavior was also observed for all other investigated nucleoside–nucleobase pairs
(Figure S1). The spectral shape, pH needed for deprotonation-induced spectral shift and the pH range
of stable spectra varied significantly between nucleosides. Consequently, the pH value for analysis
of certain nucleosides had to be adjusted to accommodate their behavior in alkaline solution. The
spectral properties of all nucleosides in this study are given in Table 1. Interestingly, we found slight
but persistent differences between the spectra of ribo- and 2’-deoxyribonucleosides regarding spectral
shape and λmax (Table 1).

We observed different absorption spectra for each nucleoside and its corresponding base in
alkaline solution. This led us to the conclusion that the differences in individual absorption spectra
under alkaline conditions are sufficient to discriminate between nucleoside and free nucleobase in a
mixture via spectral unmixing.

3.2. Spectral Unmixing Can Resolve the Composition of Nucleoside–Nucleobase Mixtures

We further investigated the prime precondition for linear spectra unmixing, the fact that mixtures
(based on molarity, i.e., molar fractions) yield the corresponding linear combination of the spectra
of their individual constituents, by measuring the pure spectra of 2’-deoxythymidine and thymine
as well as an equimolar mixture of both compounds at pH 13 (Figure 1c). The spectrum of the 1:1
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mixture shows an intermediate shape representing the average of both spectra via linear combination.
To confirm our hypothesis, we further analyzed mixtures of 2’-deoxythmidine and thymine in a 9:1
(Figure 1d) and 1:9 (Figure 1e) ratios, respectively. Similarly, these mixtures could be decomposed with
the linearly combined reference spectra of the pure compounds (data not shown).

3.3. The Accuracy of Spectral Unmixing Holds up Excellently across All Possible Mixture Compositions

To prove the accuracy of our methodology, we recorded spectra for six different mixtures (0–100%
molar fractions, in 20% steps) of three nucleoside–nucleobase pairs, including one natural and one
unnatural pyrimidine as well as one purine (Figure 2).
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Figure 2. Actual vs. predicted plots for (a) 2’-deoxythymidine, (b) 5-fluorouridine and (c) adenosine
(molar fractions of the nucleobase). Samples were prepared in duplicate as 2 mM mixtures before
dilution in 100 mM (2’-deoxythymidine, adenosine) or 200 mM NaOH (5-fluorouridine). R = H,
ribose or 2’-deoxyribose. R2: coefficient of determination, for the calculation, see the Materials and
Methods section.

The results demonstrate that the spectral unmixing algorithm resolves mixtures of nucleosides
and their bases with excellent accuracy (R2 > 0.99). Conveniently, this approach inherently adjusts for
experimental errors such as pipetting inaccuracies during alkaline dilution or transfer to the microtiter
plate that affect the optical pathlength, since the results only depend on the spectral form and not
the absolute intensity. Furthermore, by working under strongly basic conditions, one can bypass
common issues such as poor solubility of nucleosides and nucleobases, that are known to be especially
problematic for purines (guanosine/guanine, inosine/hypoxanthine) and halogenated nucleosides
(5-fluorouridine/5-fluorouracil).

Additionally, we also compared our method to state-of-the-art HPLC analysis. Therefore, we
subjected the 2’-deoxythymidine/thymine mixtures used for the generation of the dataset from above
to HPLC. The results of both methods were in excellent agreement and differed less than 1.5 percentage
points from each other (Table 2).

Table 2. Comparison of HPLC and our UV/Vis-based assay for analysis of 2’-deoxythymidine/thymine
mixtures (molar fractions of the nucleobase).

Actual
[%]

Predicted [%] Difference [%]
(UV/Vis-Assay - HPLC)HPLC UV/Vis Assay

0 0 ± 0 1.47 ± 1.02 +1.47
20 21.08 ± 0.02 20.47 ± 0.25 −0.60
40 40.89 ± 0.15 39.46 ± 0.09 −1.43
60 60.03 ± 0.05 58.99 ± 0.38 −1.04
80 79.38 ± 0.19 78.91 ± 0.13 −0.46

100 99.67 ± 0.36 99.85 ± 0.15 +0.18



Methods Protoc. 2019, 2, 60 8 of 13

3.4. Spectral Unmixing Empowers Practical Applications in Enzymatic Conversion Research

With this versatile tool in hand, we monitored the reaction progress of a number of nucleoside
phosphorylation reactions with different substrates and enzymes, showcasing its broad applicability
(Figure 3 and Figure S2).
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Figure 3. Phosphorylation reactions of selected pyrimidine nucleosides catalyzed by Py-NPases were
monitored via spectral unmixing. (a) Scheme of the general reaction. (b–e) Examples with R = H, Me, F
or Ethynyl. All reactions were performed with 2 mM nucleoside, 10 mM K2HPO4, 16 µg/mL Py-NPase
in 50 mM glycine buffer at pH 9 and 60 ◦C. Lines between the datapoints were inserted as a guide to
the eye.

As shown in Figure 3, the assay allowed the observation of the reaction progress from initial rate
kinetics towards the equilibrium. Previous recording of reference spectra for the substrate and product
of the reaction enabled direct application of the method and quick data acquisition and analysis. Similar
results were obtained for the phosphorolytic cleavage of the purine nucleosides 2’-deoxyadenosine
and 2’-deoxyinosine (Figure S2). It is noteworthy, that the exact molar extinction coefficients did not
need to be determined at any time, as normalization to the isosbestic point of reference spectra and
experimental spectra corrected for them. These examples demonstrate the capabilities of our method
for straightforward monitoring of enzymatic nucleoside phosphorylation reactions with natural and
modified substrates.

3.5. The Spectral Unmixing Algorithm Can be Fine-Tuned to Specific Areas of Interest

When investigating mixtures in extremely high or low composition regimes (for example < 5%
molar fraction of the nucleobase) we could typically observe slight deviations of < 0.5 percentage points
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from actual to predicted values (Figure 4). To identify the source of error in a structured manner, we
herein adhere to the ISO definition of accuracy (“trueness”) and precision (“cloneness”) of the result.Methods Protoc. 2019, 2, x FOR PEER REVIEW 10 of 14 
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Figure 4. Actual vs. predicted plots of 2’-deoxythymidine/thymine in the low percentage range (given
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1 and 2, respectively) or from 275–310 nm (red squares, RMSD = 0.29 pp and RMSD = 0.24 pp for
replicate 1 and 2, respectively). The outlier in replicate 1 is shown in grey and was not considered for
RMSD calculation. pp: percentage points.

Thus, we first investigated precision of the measurements by the specific used equipment.
Successive measurements of the same multi-well plate yielded deviations in the range of 0.3 percentage
points, an error which cannot be influenced by our algorithm but is determined by the type of
equipment, in our case a plate reader for UV/Vis spectroscopy. Successive calls of the algorithm on
the same data performed with neglectable standard errors (<10−5 percentage points; data not shown).
This underlines the high precision of our algorithm but points to limitations of the instrumentation
which have to be addressed by the individual researcher.

Secondly, to improve the accuracy of the algorithm’s predictions in this region, we selected only a
part of the full recorded spectra for fitting. In this case, we limited the region for evaluation to the
range of 275–310 nm, which comprises the information-rich region starting from the isosbestic point.
This increased the accuracy in this composition range by almost 50% as judged from the RMSD (full
spectrum: RMSD = 0.52 pp, 275–300 nm: RMSD = 0.26 pp, considering replicate 1 and 2; Figure 4).

4. Discussion

In this contribution, we show that spectral unmixing is a feasible method for monitoring base
cleavage reactions with natural and modified nucleosides.

4.1. The Prerequisites of Spectral Unmixing are Met by All Nucleoside–Nucleobase Pairs

The prerequisites of spectral unmixing are (i) absorption in the UV/Vis region, (ii) differentiable
UV/Vis spectra of nucleoside and nucleobase in alkaline solutions, (iii) stability of the compounds in
alkaline solution and (iv) linear combination of their individual spectra in mixture. All of these were
met universally across the investigated nucleosides in the present study (Figure 1, Figure 2 and Figure
S1). This shows that our methodology can be generalized and will likely be applicable to almost all
nucleosides and nucleobases.

Special cases for which prerequisites (i) and (ii) may not be fulfilled are non-aromatic nucleobases
such as 5,6-reduced pyrimidines or base in which tautomerization is hindered by N-alkylation. This is
because the spectral shift of the free nucleobase under basic conditions originates from its deprotonation
and tautomerization to an aromatic system [18]. The nucleobase protons generally have a pKa < 12 due
to their partial phenolic character and are thus easily abstracted in alkaline solution [19]. Some modified



Methods Protoc. 2019, 2, 60 10 of 13

nucleobases, such as 5-halogenated uracils, even display two deprotonation steps between pH 7 and
13, which are enabled by the electron-withdrawing substituent. On the other hand, N1-substitution
(such as in pyrimidine nucleosides) inhibits the tautomerization of the base across the N1 position,
and thus increases the pKa value of the amine protons outside the limits of aqueous solutions for
nucleosides (pKa > 14). Thus, the UV absorption properties of nucleobases are typically indistinct from
their corresponding nucleosides at natural pH, while a characteristic spectral shift of the nucleobase
occurs under strongly basic conditions (pH > 12). This trend has been reported by early studies in the
field [18,20,21] and was confirmed and exploited in this paper.

Regarding prerequisite (iii), all nucleosides in this study were found to be stable at high pH values,
enabling measurement in alkaline solution. However, this may not be the case for all nucleosides.
Particularly, instable nucleosides such as 7-methylguanosine, 8-oxoguanosine or 2-fluoroadenosine
might not be stable enough over sufficiently long time periods to enable reliable measurement under
the proposed conditions. Thus, nucleosides not included in this study may need to be evaluated on a
case-to-case basis.

Finally, although spectral unmixing yields a higher precision at very alkaline pH, we want to
stress that analysis of nucleoside/nucleobase mixtures via spectral unmixing is principally possible
over the whole pH range, depending on the application, substrates and required precision. This opens
further routes for direct and continuous measurements of biocatalytic reactions.The concept of spectral
unmixing is introduced into UV/Vis spectroscopy of nucleoside/nucleobase mixtures.

To the best of our knowledge, the concept of spectral unmixing has not been applied in UV/Vis
spectroscopy of nucleoside/nucleobase mixtures previously. Related concepts are, however, known
in the field as shoulder correction or deconvolution of spectra, both of which refer to least squares
curve fitting [18,22]. In other areas of biology and chemistry, spectral unmixing is being applied
already, such as in flow cytometry, chemometrics and chromatography [23–25]. Compared to one- or
two-wavelength detection methods, the data generated with our proposed methodology demands
increased computational effort, which can be handled by a conventional personal computer, and
presents a challenge in terms of data organization, for which we present a possible data management
scheme in the Supporting Information.

4.2. Previous Assays in the Field

Although multi-variate/multi-dimensional methodologies are seldomly applied in UV/Vis
spectroscopy, there are multiple examples of assays which have previously been applied in this
field. For example, UV-spectroscopy has recently been employed to qualitatively monitor enzymatic
ribosylation reactions of artificial nucleobases [26].

Beyond that there are several other non-HPLC-based assays for the monitoring of nucleoside
phosphorylations found in the literature [27]. In general, these are either (i) based on fluorescence of
selected artificial nucleobases and their corresponding nucleosides, such as 4-thiopyrimidines [28],
8-azapurines [29–31] or tricyclic ribosides [26,29,32], or based on the only natural fluorescent nucleobase
guanine [33]; (ii) coupled assays employing the in situ coupling of a reaction of interest with the
oxidation of hypoxanthine to uric acid (monitored UV/Vis spectrophotometrically at 293 nm) via
xanthine oxidase [34] or with pyrophosphatase (monitored colorimetrically with malachite green) [35];
or (iii) one-wavelength detection methods for uridine and thymidine [4,5] or guanosine [36].

All of these assays are limited in regard to the chemical space that can be probed with them, as
they are only applicable to a handful of nucleosides and thus, are very specific. For universal assaying,
HPLC is necessary and consequently, widely used in the field. Our method, on the other hand, can
be used for all natural and a wide range of modified nucleosides and thus relieves the constraints of
existing assays regarding substrate selection.
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4.3. Improvements and Adaptations of the Assay

We found our algorithm to be precise, yet flexible enough to allow investigations across the full
range of possible mixtures of any nucleoside and its free base (and thus for monitoring the full reaction
progress of nucleoside base cleavages).

Overall, our method is reliable across the full range of mixtures with errors in the range of
1–2 percentage points when using the full spectrum and single measurements. In the case of
2’-deoxythymidine and thymine (Figure 4), accuracy at low base/nucleoside ratios could be improved
by selecting a certain wavelength range for fitting. Nonetheless, differences in the 0.3 percentage
point range remained between measurements due to our specific experimental instrumentation and its
inherent inaccuracy, even with excellent signal-to-noise ratios in the range of 50–100 (e.g., signals of
0.394 ± 0.005 AU over a blank of 0.032 ± 0.005 AU at the isosbestic point of 2’-deoxythymidine base
cleavage at 278 nm). If precision beyond this is required, it could thus be recommendable to employ
repeated measurements or adapt the instrumental setup. Conveniently, the necessary optimization
and validation can be automatized with our methodology by employing liquid handling systems to
generate mixtures of interest and mathematical algorithms for selection of optimal wavelength regimes.

5. Conclusions

Herein, we provide a highly valuable tool for all researchers working in the field of
nucleoside–nucleobase conversions. These conversions can be followed whether they are being
catalyzed chemically or enzymatically, and are independent of whether they are hydrolytic,
phosphorolytic or other processes. Our approach eliminates the need for HPLC in one-step base
cleavage reactions by a 20-fold reduction of data acquisition time and a 5-fold decrease in cost while
offering comparable accuracy. The proposed method allows high experimental throughput and
ultimately, encourages scientists to broadly probe their enzymes’ working space. Thus, effects of
reaction pH, temperature, enzyme and substrate concentrations, as well as the influence of impurities
or other reagents can easily be investigated, using only minimal resources and time.

Supplementary Materials: The following are available online at http://www.mdpi.com/2409-9279/2/3/60/s1 and
https://doi.org/10.5281/zenodo.3245012, Figure S1: pH dependence of the UV/Vis-absorption spectra of the other
nucleosides in this study, Figure S2: Phosphorylysis of 2’-deoxyadenosine and 2’-deoxyinosine by Pu-NPase. The
reactions were performed with 2 mM nucleoside, 10 mM K2HPO4, 16 µg/mL Pu-NPase in 50 mM glycine buffer at
pH 9 and 60 ◦C.
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Abstract: Pyrimidine-nucleoside phosphorylases (Py-NPases) have a significant potential to contribute
to the economic and ecological production of modified nucleosides. These can be produced via
pentose-1-phosphates, an interesting but mostly labile and expensive precursor. Thus far, no dynamic
model exists for the production process of pentose-1-phosphates, which involves the equilibrium
state of the Py-NPase catalyzed reversible reaction. Previously developed enzymological models are
based on the understanding of the structural principles of the enzyme and focus on the description of
initial rates only. The model generation is further complicated, as Py-NPases accept two substrates
which they convert to two products. To create a well-balanced model from accurate experimental
data, we utilized an improved high-throughput spectroscopic assay to monitor reactions over the
whole time course until equilibrium was reached. We examined the conversion of deoxythymidine
and phosphate to deoxyribose-1-phosphate and thymine by a thermophilic Py-NPase from Geobacillus
thermoglucosidasius. The developed process model described the reactant concentrations in excellent
agreement with the experimental data. Our model is built from ordinary differential equations and
structured in such a way that integration with other models is possible in the future. These could
be the kinetics of other enzymes for enzymatic cascade reactions or reactor descriptions to generate
integrated process models.

Keywords: enzymatic reaction; reversible reaction; dynamic modelling; pyrimidine-nucleoside
phosphorylase; spectroscopic assay; process kinetics; ODE model

1. Introduction

Pyrimidine-nucleoside phosphorylases (Py-NPases) are highly versatile enzymes used for the
production of pharmaceutically relevant nucleoside derivatives and pentose-1-phosphates. Generally,
nucleoside phosphorylases catalyze, in the presence of phosphate, the reversible conversion of
a nucleoside to the corresponding pentose-1-phosphate and nucleobase (Figure 1). Due to the
low yields of modified nucleosides or pentose-1-phosphates via conventional synthetic chemistry,
nucleoside phosphorylases have become attractive tools in their biocatalytic preparation [1–3]. Recently,
thermophilic Py-NPases have attracted increased interest, as they combine several favorable properties,
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such as long shelf life due to their thermal stability, an excellent tolerance towards harsh reaction
conditions, high turnover rates, and a broad substrate spectrum [4,5].
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Figure 1. Schematic and chemical illustration of an enzymatic nucleoside phosphorylation. (a) 
Schematic drawing of the proposed mechanics for an enzymatic nucleoside phosphorylation reaction 
as basis for the generation of the differential–dynamical model. Enzyme (E), nucleoside (N), and 
phosphate (P) react in a three-particle collision towards the enzyme complex (EC), which decays 
without other intermediates into enzyme, pentose-1-phosphate (S1P), and free nucleobase (B). Both 
reactions can occur in the other direction, as well; (b) chemical structures of an enzymatic 
phosphorylation using the example of the enzyme pyrimidine-nucleoside phosphorylase 
(Py-NPase; E) catalyzed reaction of the nucleoside deoxythymidine (N) and ortho-phosphate (P) to 
the free nucleobase thymine (B) and deoxyribose-1-phosphate (S1P). 

However, their industrial use is hampered by a lack of models which integrate the 
understanding of their behavior in enzymatic reactions over the full time course towards the 
reaction’s dynamic equilibrium. Previous research has focused on either: 1) Integrated processes, 
mainly with transglycosylation and/or product removal reactions, which renders modelling of the 
complete process unfeasible because of its complexity; or 2) Michaelis–Menten conditions, i.e., 
reactions in which one of the substrates (typically phosphate) is present in excess over the other 
substrate, and only initial rates are measured (reviewed in [6]). This is because the Michaelis–Menten 
assumptions are only fulfilled in the quasi-linear range of conversion at the very start of the 
enzymatic reaction. Only in this time frame one can observe a constant conversion rate. Invariably, 
this only allows for the investigation of the dependence of the initial rate of the reaction on the 
concentration of a substrate and does not permit the evaluation of the whole time-course [6].  

In industrial applications, the stoichiometric and quantitative conversion of substrates is highly 
anticipated. These requirements are only met when the reaction approaches its thermodynamic 
equilibrium, hence giving maximum product yield. Counteracting the accessibility of deoxyribose-1-
phosphate is the fact that the equilibrium for nucleoside phosphorylation reactions is strongly in 
favor of the substrates (Keq = 0.03–0.10 for pyrimidines [7,8], and Keq = 0.01–0.02 for purines [9,10]). To 
increase the concentration of desired products, it is therefore necessary to push the equilibrium, e.g., 
by increasing the phosphate concentration. Despite the clear need for a Py-NPase model describing 
those industrially relevant conditions, there has been no report of a suitable model so far. 

Models of ordinary differential equations (ODEs) derived from elementary reaction steps and 
from law of mass action kinetics (“differential–dynamical models”) present an attractive solution to 
many biotechnological problems. Their modularity allows for the combination of models of different 
scales, such as the progression of an enzyme reaction with a substrate feeding profile. Differential–
dynamical models have been used to describe, for example, enzymatic cellulose hydrolysis (reviewed 
in [11]), the production of enantiopure amines from a racemic mixture [12], the continuous 
production of lactobionic acid from lactose [13], or symmetric two-educts/one-product carboligations 
[14]. The rate laws of differential–dynamical models are usually derived from an underlying 
mechanical model. This enables chemical reaction engineering across different conditions and scales 
[15]. The ultimate promise of differential–dynamical models is the model-based design of dynamic 
experiments [16], which are favorable for biotechnological applications [17] and allow the in silico 
predictability of economic production processes [18], even for processes where the experimental 
information is scarce [19]. 

In this work, we present experimental data deduced from the reaction monitoring of small-scale 
Py-NPase reactions via a UV/Vis spectroscopy-based assay. Subsequently, we report the 

Figure 1. Schematic and chemical illustration of an enzymatic nucleoside phosphorylation.
(a) Schematic drawing of the proposed mechanics for an enzymatic nucleoside phosphorylation
reaction as basis for the generation of the differential–dynamical model. Enzyme (E), nucleoside
(N), and phosphate (P) react in a three-particle collision towards the enzyme complex (EC), which
decays without other intermediates into enzyme, pentose-1-phosphate (S1P), and free nucleobase
(B). Both reactions can occur in the other direction, as well; (b) chemical structures of an enzymatic
phosphorylation using the example of the enzyme pyrimidine-nucleoside phosphorylase (Py-NPase; E)
catalyzed reaction of the nucleoside deoxythymidine (N) and ortho-phosphate (P) to the free nucleobase
thymine (B) and deoxyribose-1-phosphate (S1P).

However, their industrial use is hampered by a lack of models which integrate the understanding
of their behavior in enzymatic reactions over the full time course towards the reaction’s dynamic
equilibrium. Previous research has focused on either: (1) Integrated processes, mainly with
transglycosylation and/or product removal reactions, which renders modelling of the complete
process unfeasible because of its complexity; or (2) Michaelis–Menten conditions, i.e., reactions in
which one of the substrates (typically phosphate) is present in excess over the other substrate, and
only initial rates are measured (reviewed in [6]). This is because the Michaelis–Menten assumptions
are only fulfilled in the quasi-linear range of conversion at the very start of the enzymatic reaction.
Only in this time frame one can observe a constant conversion rate. Invariably, this only allows for the
investigation of the dependence of the initial rate of the reaction on the concentration of a substrate
and does not permit the evaluation of the whole time-course [6].

In industrial applications, the stoichiometric and quantitative conversion of substrates is highly
anticipated. These requirements are only met when the reaction approaches its thermodynamic equilibrium,
hence giving maximum product yield. Counteracting the accessibility of deoxyribose-1-phosphate is the
fact that the equilibrium for nucleoside phosphorylation reactions is strongly in favor of the substrates
(Keq = 0.03–0.10 for pyrimidines [7,8], and Keq = 0.01–0.02 for purines [9,10]). To increase the concentration
of desired products, it is therefore necessary to push the equilibrium, e.g., by increasing the phosphate
concentration. Despite the clear need for a Py-NPase model describing those industrially relevant
conditions, there has been no report of a suitable model so far.

Models of ordinary differential equations (ODEs) derived from elementary reaction steps and from
law of mass action kinetics (“differential–dynamical models”) present an attractive solution to many
biotechnological problems. Their modularity allows for the combination of models of different scales,
such as the progression of an enzyme reaction with a substrate feeding profile. Differential–dynamical
models have been used to describe, for example, enzymatic cellulose hydrolysis (reviewed in [11]),
the production of enantiopure amines from a racemic mixture [12], the continuous production of
lactobionic acid from lactose [13], or symmetric two-educts/one-product carboligations [14]. The rate
laws of differential–dynamical models are usually derived from an underlying mechanical model. This
enables chemical reaction engineering across different conditions and scales [15]. The ultimate promise
of differential–dynamical models is the model-based design of dynamic experiments [16], which are
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favorable for biotechnological applications [17] and allow the in silico predictability of economic
production processes [18], even for processes where the experimental information is scarce [19].

In this work, we present experimental data deduced from the reaction monitoring of
small-scale Py-NPase reactions via a UV/Vis spectroscopy-based assay. Subsequently, we report
the development of a differential–dynamical model for the Py-NPase-mediated biocatalytic preparation
of deoxyribose-1-phosphate from thymidine.

2. Materials and Methods

2.1. Materials

All chemicals used in this study were of analytical grade and used without further purification.
The water used in all solutions was deionized to 18.2 MΩ·cm with a water purification system from
Werner. Deoxythymidine was purchased from Carbosynth. Thymine and phosphate (KH2PO4) were
purchased from Sigma–Aldrich. Tris (2-Amino-2-(hydroxymethyl)propane-1,3-diol) was of buffer
grade and purchased from Carl Roth.

Tris buffer was prepared as a 50 mM solution, and the pH was adjusted to 9.0 using 1 M HCl.
Phosphate was prepared as a 1 M stock solution in 50 mM Tris buffer, and the pH was subsequently
adjusted to 9.0 using 1 M NaOH. Deoxythymidine, and thymine stock solutions were prepared in
different concentrations (ranging from 1 to 10 mM) by adding 50 mM of Tris buffer (of pH 9.0; the
final pH of the prepared solution was found to be 9.0 as well) and treated with ultrasound to facilitate
full dissolution.

The enzyme under investigation was a Py-NPase (EC 2.4.2.2, NCBI sequence accession number
WP_041270053.1) from Geobacillus thermoglucosidasius (DSM No.: 2542). After IPTG-induced recombinant
overexpression, the N-terminally His6-tagged Py-NPase was purified from E. coli BL21 using Ni-NTA
affinity chromatography, as described previously [20]. Purity was determined by SDS-PAGE analysis
and found to be >90%. Subsequently, the enzyme was dialyzed against 2 mM potassium phosphate
buffer, pH 7.0 (measured at 25 ◦C), and stored until use at +4 ◦C at a concentration of 3.69 mg/mL,
as judged by NanoDrop analysis (calculated with 0.48 absorption units (AU) at 280 nm = 1 mg/mL).
One unit (1 U) of enzyme activity was defined as the conversion of 1 µmol of deoxythymidine per
minute in a 1 mL assay mixture of 2 mM deoxythymidine and 75 mM phosphate in 50 mM Tris buffer
at a reaction temperature of 40 ◦C and at pH = 9.0 (measured at 25 ◦C), as determined by the method
described later. The molecular weight of the enzyme was 47.6 kDa, as calculated from its amino acid
sequence. The used enzyme preparation had an activity of approximately 0.46 U/mg.

UV/Vis transparent 96-well plates (UV-STAR F-Bottom #655801, purchased from Greiner Bio-One)
were used to host the solutions for UV/Vis spectroscopy.

2.2. Experimental

Phosphate and deoxythymidine concentrations were varied in the range of 2–80 mM and 0.8–5 mM,
respectively, in the assay mixture. The final enzyme concentration in the assay mixture was in the
range of 12.5–50 µg/mL. This corresponds to an enzyme monomer concentration of 0.26–1.05 µM, as
calculated from its molecular weight.

Reaction mixtures were prepared in 1.5 mL microreaction tubes. Appropriate amounts of
phosphate and deoxythymidine stock solutions were added to an appropriate amount of the 50 mM
Tris solution. All components were mixed by vortexing, and the microreaction tube preheated for at
least 5 min in an Eppendorf ThermoStat Plus. Subsequently, an appropriate amount of enzyme stock
solution was added to the tube, which was mixed by slight inversions. At given timepoints, a 60 µL
sample was removed from the microreaction tube and injected immediately into 940 µL of a 0.2 M
NaOH solution in a separate tube to stop the reaction and to dilute the sample simultaneously. After
vortexing, 300 µL of the diluted mixture was transferred into UV/Vis transparent 96-well plates. When
the concentration of UV/Vis absorbing compound, i.e., deoxythymidine or thymine, was varied, the
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sampling volume was adjusted as appropriate to give a constant final concentration of approximately
60 µM UV/Vis absorbing compounds in the alkaline dilutions to generate a UV/Vis absorption in
the linear range, i.e., 0–1 absorption units (AU) at 260 nm. The ratio of substrate and product was
determined by fitting the spectral 300/277 nm ratio (see below).

UV/Vis absorption spectra were recorded with a PowerWave HT or Synergy MX (BioTek Instruments,
Bad Friedrichshall, Germany) in the range of 250–350 nm in 1 nm steps. Spectra were corrected for
blanks, i.e., a 0.2 M NaOH solution, recorded within each set of measurements.

2.3. Spectroscopic Determination of Deoxythymidine/Thymine Ratio

The deoxythymidine/thymine ratio was determined with a spectrophotometric assay, modified
from [21]. In an extension to previous versions of this assay, the spectra were normalized to the
isosbestic point of deoxythymidine-thymine mixtures as suggested by [22], which we determined to be
at 277 nm. This increased robustness against random dilution errors [23], as they commonly appear in
high-throughput experimentation.

Briefly, the spectrum was first blank-corrected by subtracting a spectrum of 0.2 M NaOH, and
was subsequently divided by its absorption at the isosbestic point to normalize the spectrum at
this position to “1”. Then, the normalized absorption at 300 nm was considered as a proxy of the
deoxythymidine/thymine ratio.

Thus, the measured absorption ratio Abs300/277 = Abs300/Abs277 was fitted by a linear relationship
without intercept:

Abs300/277(experimental) = x×Abs300/277(deoxythymidine) + (1− x)×
Abs300/277(thymine),

(1)

where x is the mole fraction of deoxythymidine in the mixture. From pure compound spectra,
we determined Abs300/277(deoxythymidine) = 0.005115 and Abs300/277(thymine) = 0.772973.

The algorithms and data treatment functions were implemented in Python 2.7 [24] and Python
3.6 [25]. A snapshot of the software code and the data set used for this work is openly available on
zenodo.org and in the Supplementary Material [26–29].

2.4. Modelling of the Py-NPase Catalyzed Reaction

The model was implemented as a system of ordinary differential equations in SymPy [30].
The system of equations was wrapped by python-sundials [31] and subsequently integrated by
SUNDIALS-CVODE [32]. Parameter estimation was conducted via the lmfit interface [33]. The
experimental data handling was performed by in-house Python software, which is equally available
from the sources mentioned above.

2.4.1. Cost Functions

In the parameter estimation of the dynamic system (i.e., time courses of the reactions),
a weighted-least squares cost function Z was used:

Z(k) =
∑Q

i=1

1
Var(xi)

× (c(yi) − c(xi))
2 , (2)

where k is the parameter set used for calculation of the modelled concentrations; Var(xi) is the variance
of the i-th data point; c(yi) is the modelled concentration of nucleoside for i-th data point; c(xi)

is the nucleoside concentration as calculated from the experimentally determined mole fraction of
deoxythymidine for i-th data point, multiplied with c0(xi)

, i.e., the designed nucleoside concentration
at t = 0; and Q is the total number of data points.
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For the determination of weights, the 95% confidence interval of data points was set to 5 percentage
points of the determined mole fraction as judged by inspection of calibration plots (Figure S1):

Var(xi) =

( √
ε

z0.975
× xi

)
× c0(xi)

, (3)

where ε = 0.05 gives the absolute error of the analysis method, and z0.975 = 1.96 gives the standard
score to include 95% of values.

2.4.2. Definition of the Differential–Dynamical Model

A schematic visualization of the mechanical model is shown in Figure 1a, with specification into
its chemical meaning in Figure 1b. The underlying mechanics of our differential–dynamical model at
the process scale can also be represented indirectly by Scheme 1:
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Scheme 1. Reaction equation of an enzymatic nucleoside phosphorylation. Enzyme (E), nucleoside
(N), phosphate (P), enzyme complex (EC), pentose-1-phosphate (S1P), free nucleobase (B), reaction rate
constants (k1, k−1, k2, k−2) as defined by Equations (7)–(10).

All steps indicated in the representation of the mechanics are considered elementary step reactions,
and, applying law of mass action, the reaction rate equations are derived as the following system of
ordinary differential equations:

d[N]

dt
=

d[P]
dt

= −r1 + r−1 (4)

d[E]
dt

= −
d[EC]

dt
= −r1 + r−1 + r2 − r−2 (5)

d[S1P]
dt

=
d[B]
dt

= +r2 − r−2 (6)

where [N] is the concentration of nucleoside (i.e., deoxythymidine), [P] is the concentration of phosphate,
[E] is the concentration of free enzyme, [EC] is the concentration of enzyme complex, [S1P] is the
concentration of pentose-1-phosphate (i.e., deoxyribose-1-phosphate), and [B] is the concentration of
nucleobase (i.e., thymine), with the following rates:

r1 = k1 × [E]×[ N] × [P] (7)

r−1 = k−1 × [EC] (8)

r2 = k2 × [EC] (9)

r−2 = k−2 × [E]×[ S1P] × [B] (10)

3. Results

3.1. The Absorption Spectrum of Thymine but Not Deoxythymidine Changes at Alkaline Conditions

The evaluation of enzymatic deoxyribose-1-phosphate forming reactions requires the fast detection
of substrates and products. The detection of nucleoside and its corresponding nucleobase by HPLC,
and thus the indirect determination of pentose-1-phosphate, has been the standard method to date
(e.g., [8,34]). However, it is very time-consuming and laborious and therefore not suitable for use in
high-throughput screenings.
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We intended to measure the deoxythymidine/thymine ratio by following wavelengths at regions
where thymine absorbs at high pH, but deoxythymidine does not, based on an early report [21], and
the more recent employment of an UV/Vis assay based on this principle [35]. These are wavelengths
>290 nm [36–38]. To correct for varying path lengths which are commonly observed in high-throughput
environments based on microtiter plates, and, thus, to make the assay more robust, we normalized
the spectra to their isosbestic point, i.e., the point where no change in absorption is observed for any
mixture of deoxythymidine and thymine.

To verify this concept experimentally, spectra of pure deoxythymidine, thymine, and mixtures of
both were recorded after dilution in NaOH (Figure 2). We then calculated the composition of mixtures
from the Abs300/277 ratios as described in Materials and Methods. The composition of the full range of
mixtures (0–100%, in 10% steps) could be estimated with high accuracy, and the absolute errors between
the predicted and actual composition of the mixtures were approximately constant (Figure S1). With this
high-throughput tool in hand, we pursued our investigation of a Py-NPase-catalyzed phosphorylation
reaction and set out to describe our experimental data in a suitable model.
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Figure 2. Comparison of absorption spectra of deoxythymidine and thymine in alkaline dilutions.
Absorption spectra of deoxythymidine and thymine were recorded as described in Materials and
Methods in an alkaline dilution at pH 13. The isosbestic point of deoxythymidine/thymine mixtures at
277 nm and the point for determination of the deoxythymidine/thymine ratio at 300 nm are indicated
on the x axis. (a) The spectra of pure deoxythmidine (red curve) and pure thymine (blue curve) differ
significantly when measured in an alkaline dilution. The Abs300/277 ratios of pure deoxythymidine
(Abs300/277(deoxythymidine) ≈ 0.77) and pure thymine (Abs300/277(thymine) ≈ 0.01) are indicated on
the y axis. The exact values are given in Materials and Methods. Both spectra are shown normalized to
the isosbestic point at 277 nm; (b) comparison of absorption spectra of pure deoxythmidine, thymine,
and indicated mixtures, measured in an alkaline dilution. Abs300/277 increases linearly with increasing
thymine mole fraction (given as percentage; from red to blue).

3.2. Model and Experimental Data Are in Excellent Agreement

Py-NPase-catalyzed phosphorylic cleavage reactions are reversible reactions proceeding towards
a dynamic equilibrium. Therefore, the reaction trajectory until equilibrium does not only depend
on physical parameters, like temperature and pressure, but also on enzyme concentration, the
concentration of substrates, or the presence of products. In order to investigate this enzymatic
reaction under biotechnologically relevant conditions, we performed 48 experiments with varying
concentrations of enzyme, nucleoside, and phosphate (see Table S1). For our experimental conditions,
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i.e., reaction times of 24 h at pH 9.0 and 40 ◦C, we ensured that the enzyme remained active and
deoxyribose-1-phosphate did not degradate (see Figure S2).

To describe the recorded data, a differential–dynamical model was set up. This model allows for
the simulation of the concentrations of substrates, products, and enzyme forms over an arbitrarily long
time-course. The enzyme reaction can reach a dynamic equilibrium and assumes equal contribution of
both substrates to reaction rates and level of equilibrium, as dictated by the underlying law of mass
action. We conducted local optimization of the parameters k = (k1, k−1, k2, k−2)T (given in unitless
numbers for simplicity and in transposed vector form for brevity) to find a parameter set which
described the data well. The parameter set we found to perform best on our experimental data is k =

(0.42, 0.17, 0.31, 7.6)T. The explicit form (k1 = 0.42 (mM)−2 min−1; k−1 = 0.17 min−1; k2 = 0.31 min−1;
k−2 = 7.6 (mM)−2 min−1) will be omitted from here on for reasons of brevity.

In the tested range of enzyme and substrate concentrations, we found an excellent agreement
between experimental data and our model with this parameter set (Figure 3). The predictions of our
models were consistent and evenly distributed around the experimental data points over the whole
time course of 24 h (Figures S3 and S4). We could not detect any particular trend of prediction errors
towards phosphate, deoxythymidine, or enzyme concentrations. Thus, we conclude that our model is
well balanced in the range of experimental conditions described here.
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model for the forward reaction only, and all parameter sets describe the forward reaction reasonably 
well, we chose to communicate the parameter set k with lowest value of cost function Z. 

Figure 3. Exemplary fits for experimental data at low and high phosphate concentrations.
(a) Experimental data and model predictions for conditions with low phosphate-to-deoxythymidine
ratio (2 mM : 5 mM), and varying enzyme concentrations (red: High enzyme concentration, Experiment
#13; blue: Low enzyme concentration, Experiment #12). Though the speed of reaction differs in
the beginning, both reactions reach the same equilibrium during the time course of the experiment.
Error bars represent 95% confidence intervals for the experimentally determined concentrations;
(b) experimental data and model predictions for conditions with high phosphate-to-deoxythymidine
ratio (80 mM : 5 mM), and varying enzyme concentrations (red: High enzyme concentration, Experiment
#21; blue: low enzyme concentration, Experiment #20). The two conditions differ in their speed and
low enzyme concentration is not sufficient to reach equilibrium. Error bars represent 95% confidence
intervals for the experimentally determined concentrations. See Table S1 for experimental condition
numbers as given in this figure legend (“Experiment #”).

3.3. Multiple Parameter Sets Can Be Used for the Description of the Phosphorolysis Reaction

We performed global optimizations with basin-hop and differential evolution algorithms, as well
as large-scale local optimizations from widely distributed initial parameter set guesses to find the
best global parameter set. We found multiple parameter sets to describe the experimental dataset
with almost similar accuracy. Except for k2, which is almost constant, some alternative parameter
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sets, e.g., k* = (0.18, 0.12, 0.35, 5.5)T or k** = (1.4, 0.94, 0.28, 4.6)T, differ drastically from the optimal
parameter set k = (0.42, 0.17, 0.31, 7.6)T. However, the cost functions are insignificantly different, with
Z(k) = 2.9 × 103, Z(k*) = 3.0 × 103, and Z(k**) = 3.2 × 103 (all values in (mM)2). In practice, this can
be attributed to the lacking difference in goodness-of-fit for comparison of simulations for k and the
alternative parameter sets, as visualized in Figure 4.
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As the forward reaction is described reasonably well with multiple parameter sets, we cannot
decide for any parameter set from our experimental data. This is caused by low sensitivities of the
uncertain parameters in regard to our experimental data. As the scope of this work is fulfilled by
a model for the forward reaction only, and all parameter sets describe the forward reaction reasonably
well, we chose to communicate the parameter set k with lowest value of cost function Z.

3.4. The Value of the Thermodynamic Equilibrium Constant Is Constant across Methods of Determination

Finally, we investigated the behavior of the thermodynamic equilibrium constant across all
experimental conditions. The thermodynamic equilibrium is approached when there is no observable
change in the concentration of the enzyme complex, [EC]:

d[EC]

dt
= 0 . (11)

For our model, this yields two forms to express the equilibrium constant: Either (1) by considering
the concentrations of substrates and products at equilibrium:

Keq =
Beq × S1Peq

Neq × Peq
, (12)

or (2) by considering the parameter values:

Keq =
k1 × k2

k−1 × k−2
. (13)

Estimating the equilibrium constant from the values found in the parameter estimation, one
obtains Keq = 0.10. The value of the equilibrium constant is approximately the same for alternative
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parameter sets, e.g., k* and k**, emphasizing the principal agreement between multiple parameter sets
with the given experimental data.

Similarly, it is possible to derive the equilibrium constant from the equilibrium concentrations
of products and substrates, giving a median value of Keq = 0.10, similar to the value calculated from
kinetic parameters (Figure 5).
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Figure 5. Equilibrium constant determined at different phosphate concentrations. Equilibrium
constants of the 48 experiments under varying conditions (see Table S1) as determined from the
deoxythymidine/thymine ratios of the 24 h data point as described in Materials and Methods.
For concentrations of >2mM phosphate, the experimentally determined values from the 24 h data
points are evenly distributed around the value calculated from the parameter estimation (Keq = 0.10).
For experiments with lower phosphate concentrations (dark purple circles), the equilibrium constant is
significantly off the calculated value from the parameter sets. The median of all experiments is equal
to the value calculated from the parameter estimation. Colored circles: Keq calculated from the 24 h
data points, purple to yellow: Increasing initial phosphate concentration; blue dashed line: Keq = 0.10,
as calculated from the parameter estimation.

4. Discussion

To the best of our knowledge, this study presents the first ODE model of an enzymatic two-substrate
two-product process. For biotechnological production processes, it is desired to reach equilibrium
state conditions to maximize the product yield. For the description of such processes, ODE models
are required. In this contribution, we developed such a differential–dynamical model, which places
a process perspective onto the enzymatic nucleoside phosphorylation reaction, and which is, regardless
of its simplicity, in excellent agreement with our experimental data.

4.1. Model Structure

Contrary to Cleland’s interpretation of multi-substrate/multi-product enzyme reactions [39–41],
which considers multiple enzyme complex intermediates, we modeled the production process as
consecutive law of mass actions, and only included one enzyme complex intermediate. Further,
we explicitly decided to simplify a probable ordered binding mechanism [10] towards a three-particle
collision. In our eyes, these simplifications are justified by the excellent agreement between the
experimental data and our model (Figure 3 and Figure S3).

Further elegance of our model is found in its pluggability of equations, which allows for the easy
introduction or decommissioning of individual reaction steps. Further, it does not need to rely on
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steady-state assumptions, although it is easy to integrate these. Finally, it is easier to provide explicit
and precise description of, e.g., inhibitory actions into mechanistic models.

To date, our model does not include terms for the decay of enzyme activity or the degradation of any
chemical species. We base these decisions on reports of the exceptional stability in alkaline conditions
of deoxyribose-1-phosphate [34] and ribose-1-phosphate [42], as well as on the report of stable enzyme
activity over days for thermophilic pyrimidine- [20] and purine-nucleoside phosphorylases [43] at
even higher temperatures than those used in this study.

4.2. Plausibility of Our Results

To check the correctness of our results, we compared the equilibrium constant (1) from literature
and (2) derived from our parameter sets or (3) determined by the equilibrium concentrations of the
latest data points. As shown in the Results section, (2) and (3) accord with each other. The values
for the equilibrium constant of the Py-NPase catalyzed reaction can be approximated by considering
examples from literature [9,10,44,45], being in the similar order of magnitude for related reactions but
differing in temperature, buffers, and exact specifications of base and sugar moiety. For a reaction with
similar substrates at not too distant experimental conditions, the equilibrium constant was found to be
Keq = 0.102 at 37 ◦C and pH 7.4 [7]. This equals the equilibrium constant determined in this work.

Searching for experimental conditions that could discriminate between multiple parameter sets,
we found major differences between the parameter sets to be only visible in kinetic study of the
backward reaction. Exemplarily, parameter set k** would show significantly faster conversion of
deoxyribose-1-phosphate than parameter set k, as k−1 is significantly larger. The parameters k−1

and k2 can be understood to correlate with the kcat values of the phosphorolysis and synthesis
reaction, respectively. Previous work [9] included the progress curve of one phosphorolysis and the
corresponding synthesis reaction, and the initial reaction rates can be estimated from the graph given
there, being of approximately similar speed. This argument favors k over k**, but for k and k* the
situation is less clear. Further research needs to be conducted to resolve this ambiguity.

4.3. Limitations and Domain of Validity of the Model

The stability of deoxyribose-1-phosphate and enzyme activity over the assay duration is
key to correct conclusions from the experimental data. In addition to reports from literature on
pentose-1-phosphate and enzyme stability [20,34,42,43], we performed a control experiment via
a coupled read-out, providing evidence for fulfilling these preconditions (Figure S2).

This also clearly points out the domain of validity of the model: In its current form, it applies only
in the direction of phosphorolytic cleavage at pH 9.0 and 40 ◦C for time frames up to 24 h. Outside
of this region, one should act on the assumption that corrections will be necessary not only for the
temperature- and pH-dependence of the kinetic constants but also in the model structure regarding
enzyme inactivation and reactant degradation, especially of deoxyribose-1-phosphate (Figure S3).

4.4. Application of Our Results to Production Processes

In the perspective of process control, our model has the potential to describe reactions in
a time-resolved fashion, integrating knowledge which was previously not put into equations. The
literature is rich in references of successful production processes with nucleoside phosphorylases,
but these are typically focused on transglycosylations [35,46–48]. These processes are coupling two
nucleoside-phosphorylase reactions, using pentose-1-phosphate as an intermediate in situ; however,
for these processes, a prediction of time-resolved process performance was usually not undertaken.

A major advantage of a dynamic model is the ability to optimize processes before or during the run
time. Exemplarily, one might want to minimize the amount of consumed enzyme for a batch-process
with fixed run time. Our model allows for the calculation of the final yield and required enzyme
amount for a fixed run-time, given constraints like, e.g., the solubility of substrate or limiting excess of
phosphate (which, for the synthesis of pentose-1-phosphates, is typically used in 1- to 2.5-fold excess
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to ease down-stream processing). Similarly, one can calculate the run-time required to reach, e.g., 90%
of equilibrium, given an amount of enzyme, substrate, and phosphate. These predictions are the basis
of a cost-efficient production.

5. Conclusions and Outlook

The determination of the deoxythymidine/thymine ratios with UV/Vis spectroscopy is a fast and
cost-effective method for assaying Py-NPase reactions. With this method in hand, we were able to
set-up a model capable of describing the time course of Py-NPase reactions for the biotechnological
production of deoxyribose-1-phosphate under diverse experimental conditions.

From this, we strive for the predictability of multi-step enzymatic reactions to produce nucleic
acid derivatives. Our results pave the way for a significant improvement of production processes
towards the synthesis of pharmaceutically interesting nucleosides.

Whenever available, time-resolved information on reaction progress can be used to parametrize
the presented model structure. We believe that dynamic modelling will enable efficient process
control and reaction engineering, especially when fully parametrized differential–dynamical models
for nucleoside phosphorylation reactions are shared within the community.

Especially in multi-enzyme reactions, it will be necessary to integrate terms for undesired
reactions, e.g., for product degradation or enzyme inactivation. Our model structure allows for an
easy integration of additional terms (“coupling of models”). This would be much less feasible for
traditional representations of enzyme kinetics, e.g., in Michaelis–Menten or Cleland notation.

After all, more studies on equilibrium constants and the relationship of kinetic rates at varying
experimental conditions, e.g., temperatures or pH values, will be necessary to elucidate the mechanisms
of this enzymatically catalyzed reaction further. Dynamic experiments, i.e., varying, for example,
the temperature or concentration of reactants, can be next steps for the evaluation and refinement of
our results.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/7/6/380/s1
and https://doi.org/10.5281/zenodo.3243519, Figure S1: Further mixtures of deoxythymidine/thymine, and
“predicted vs actual” plot, Table S1: Experimental conditions in this study, Figure S2: Degradation progress of
deoxyribose-1-phosphate at elevated temperatures, Figure S3: Fits of all experiments, Figure S4: Comparison of
inter-day controls.
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30. Meurer, A.; Smith, C.P.; Paprocki, M.; Čertík, O.; Kirpichev, S.B.; Rocklin, M.; Kumar, A.; Ivanov, S.; Moore, J.K.;
Singh, S.; et al. SymPy: Symbolic computing in Python. PeerJ Comput. Sci. 2017, 3, e103. [CrossRef]

31. Verdier, O.; Tenfjord, R. Python–Sundials. Available online: https://github.com/olivierverdier/python-
sundials (accessed on 24 May 2019).

32. Hindmarsh, A.C.; Brown, P.N.; Grant, K.E.; Lee, S.L.; Serban, R.; Shumaker, D.E.; Woodward, C.S. SUNDIALS.
ACM Trans. Math. Softw. 2005, 31, 363–396. [CrossRef]

33. Newville, M.; Stensitzki, T.; Allen, D.B.; Ingargiola, A. LMFIT, version 0.9.12. [Software]. Available online:
https://doi.org/10.5281/zenodo.11813 (accessed on 11 June 2019).

34. Kamel, S.; Weiß, M.; Klare, H.F.T.; Mikhailopulo, I.A.; Neubauer, P.; Wagner, A. Chemo–enzymatic synthesis
of α–D–pentofuranose–1–phosphates using thermostable pyrimidine nucleoside phosphorylases. Mol. Catal.
2018, 458, 52–59. [CrossRef]

35. Ubiali, D.; Rocchietti, S.; Scaramozzino, F.; Terreni, M.; Albertini, A.M.; Fernández–Lafuente, R.; Guisán, J.M.;
Pregnolato, M. Synthesis of 2′–deoxynucleosides by transglycosylation with new immobilized and stabilized
uridine phosphorylase and purine nucleoside phosphorylase. Adv. Synth. Catal. 2004, 346, 1361–1366.
[CrossRef]

36. Stimson, M.M.; Reuter, M.A. The Effect of pH on the spectra of thymine and thymine desoxyriboside. J. Am.
Chem. Soc. 1945, 67, 847–848. [CrossRef]

37. Shugar, D.; Fox, J.J. Spectrophotometric studies op nucleic acid derivatives and related compounds as
a function of pH. Biochim. Biophys. Acta 1952, 9, 199–218. [CrossRef]

38. Fox, J.J.; Shugar, D. Spectrophotometric studies on nucleic acid derivatives and related compounds as
a function of pH: II. Natural and synthetic pyrimidine nucleosides. Biochim. Biophys. Acta 1952, 9, 369–384.
[CrossRef]

39. Cleland, W.W. The kinetics of enzyme–catalyzed reactions with two or more substrates or products: I.
Nomenclature and rate equations. Biochim. Biophys. Acta 1963, 67, 104–137. [CrossRef]

40. Cleland, W.W. The kinetics of enzyme–catalyzed reactions with two or more substrates or products: II.
Inhibition: Nomenclature and theory. Biochim. Biophys. Acta 1963, 67, 173–187. [CrossRef]

41. Cleland, W.W. The kinetics of enzyme-catalyzed reactions with two or more substrates or products: III.
Prediction of initial velocity and inhibition patterns by inspection. Biochim. Biophys. Acta 1963, 67, 188–196.
[CrossRef]

42. Halmann, M.; Sanchez, R.A.; Orgel, L.E. Phosphorylation of D–ribose in aqueous solution. J. Org. Chem.
1969, 34, 3702–3703. [CrossRef]

43. Zhou, X.; Szeker, K.; Janocha, B.; Böhme, T.; Albrecht, D.; Mikhailopulo, I.A.; Neubauer, P. Recombinant
purine nucleoside phosphorylases from thermophiles: Preparation, properties and activity towards purine
and pyrimidine nucleosides. FEBS J. 2013, 280, 1475–1490. [CrossRef] [PubMed]

44. Kalckar, H.M. The enzymatic synthesis of purine ribosides. J. Biol. Chem. 1947, 167, 477–486. [PubMed]
45. Yamada, E.W. Uridine phosphorylase from rat liver. Methods Enzymol. 1978, 51, 423–431. [CrossRef]
46. Zhou, X.; Szeker, K.; Jiao, L.Y.; Oestreich, M.; Mikhailopulo, I.A.; Neubauer, P. Synthesis of 2,6–dihalogenated

purine nucleosides by thermostable nucleoside phosphorylases. Adv. Synth. Catal. 2015, 357, 1237–1244.
[CrossRef]



Processes 2019, 7, 380 14 of 14

47. Zhou, X.; Yan, W.; Zhang, C.; Yang, Z.; Neubauer, P.; Mikhailopulo, I.A.; Huang, Z. Biocatalytic synthesis
of seleno, thio and chloro–nucleobase modified nucleosides by thermostable nucleoside phosphorylases.
Catal. Commun. 2019, 121, 32–37. [CrossRef]

48. Cattaneo, G.; Rabuffetti, M.; Speranza, G.; Kupfer, T.; Peters, B.; Massolini, G.; Ubiali, D.; Calleri, E. Synthesis of
adenine nucleosides by transglycosylation using two sequential nucleoside phosphorylase–based bioreactors
with on–line reaction monitoring by using HPLC. ChemCatChem 2017, 9, 4614–4620. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



III





Thermodynamic Reaction Control of Nucleoside Phosphorolysis

Felix Kaspar,+a, b Robert T. Giessmann,+a Peter Neubauer,a Anke Wagner,a, b,* and
Matthias Gimpela
a Bioprocess Engineering, Department of Biotechnology, Technische Universität Berlin, Ackerstraße 76, ACK24, D-13355 Berlin,

Germany
Tel.: +49 30 314 72183
E-mail: anke.wagner@tu-berlin.de

b BioNukleo GmbH, Ackerstraße 76, D-13355 Berlin, Germany

+

The authors contributed equally

Manuscript received: September 24, 2019; Revised manuscript received: November 15, 2019;
Version of record online: January 7, 2020

Supporting information for this article is available on the WWW under https://doi.org/10.1002/adsc.201901230

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

Abstract: Nucleoside analogs represent a class of important drugs for cancer and antiviral treatments.
Nucleoside phosphorylases (NPases) catalyze the phosphorolysis of nucleosides and are widely employed for
the synthesis of pentose-1-phosphates and nucleoside analogs, which are difficult to access via conventional
synthetic methods. However, for the vast majority of nucleosides, it has been observed that either no or
incomplete conversion of the starting materials is achieved in NPase-catalyzed reactions. For some substrates,
it has been shown that these reactions are reversible equilibrium reactions that adhere to the law of mass
action. In this contribution, we broadly demonstrate that nucleoside phosphorolysis is a thermodynamically
controlled endothermic reaction that proceeds to a reaction equilibrium dictated by the substrate-specific
equilibrium constant of phosphorolysis, irrespective of the type or amount of NPase used, as shown by several
examples. Furthermore, we explored the temperature-dependency of nucleoside phosphorolysis equilibrium
states and provide the apparent transformed reaction enthalpy and apparent transformed reaction entropy for
24 nucleosides, confirming that these conversions are thermodynamically controlled endothermic reactions.
This data allows calculation of the Gibbs free energy and, consequently, the equilibrium constant of
phosphorolysis at any given reaction temperature. Overall, our investigations revealed that pyrimidine
nucleosides are generally more susceptible to phosphorolysis than purine nucleosides. The data disclosed in
this work allow the accurate prediction of phosphorolysis or transglycosylation yields for a range of pyrimidine
and purine nucleosides and thus serve to empower further research in the field of nucleoside biocatalysis.

Keywords: nucleosides; nucleoside phosphorylase; nucleoside phosphorolysis; equilibrium constant; temperature

Introduction

Nucleosides serve as drugs against a variety of cancers
and viral infections.[1] Thus, their cost- and time-
efficient preparation is of high interest. However, the
synthesis of nucleosides and nucleoside analogs via
conventional synthetic methods comes with several
challenges posed by regio- and stereochemical com-
plexity, functional group sensitivity and, consequently,
heavy reliance on protecting groups.[2] Biocatalytic
methods are a valuable alternative as pyrimidine and

purine nucleosides can be synthesized with high
selectivity in sustainable enzyme-catalyzed
processes.[3] Here, the use of nucleoside phosphory-
lases (NPases) has been firmly established and these
enzymes are widely applied for the synthesis of
nucleosides and their analogues.[3]

NPases catalyze the phosphorolysis of nucleosides
to pentose-1-phosphates, as well as the corresponding
reverse reaction (Scheme 1). They are generally classi-
fied as either pyrimidine nucleoside phosphorylases
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(Py-NPases) or purine nucleoside phosphorylases (Pu-
NPases), depending on their substrate spectra.[4]

The use of NPases as biocatalysts in organic
chemistry offers the advantage of using mild aqueous
reaction conditions, a broad substrate spectrum regard-
ing sugar and base moieties, as well as perfect regio-
and stereoselectivity at the C1’ position. Employing
these enzymes, pentose-1-phosphates can be obtained
as important synthetic intermediates from the acces-
sible pool of nucleosides[5,6] which have been shown to
be highly valuable precursors for the synthesis of base-
and sugar-modified nucleosides.[7–9] Furthermore,
NPases are widely used for the synthesis of nucleoside
analogues in transglycosylation reactions.[10–12]

Current research activities mainly focus on kinetic
aspects of individual NPase-catalyzed reactions.
Hence, kinetic data for a variety of NPases are
available. To increase the final yield of phosphorolysis,
mainly the choice of enzyme,[13,14] enzyme
immobilization[15] or enzyme engineering[16,17] have
been investigated. Nonetheless, NPases generally fail
to facilitate full conversion.[18] A recent report by
Alexeev and coworkers has shed more light on the
cause of this phenomenon and showed that the
thermodynamic properties of the nucleosides involved
in the reaction influence the yields of NPase-catalyzed
reactions.[19]

Since nucleoside phosphorolysis is a reversible
reaction (Scheme 1), there is a point, where the rates of
the forward and the backward reactions are equal and
no apparent change in concentrations is observed. In
this equilibrium state, the reaction quotient defined as
the quotient of the concentrations of the products and
the substrates can be derived from the law of mass
action and is generally referred to as the apparent
equilibrium constant K’.[20] The following expression
results for nucleoside phosphorolysis reactions:

K0 ¼
B½ � P1P½ �

N½ � P½ �
(1)

where K’ is the apparent equilibrium constant of
phosphorolysis, B½ � is the equilibrium concentration of
the free nucleobase [mM], P1P½ � is the equilibrium
concentration of the pentose-1-phosphate [mM], N½ � is
the equilibrium concentration of the nucleoside [mM]

and P½ � is the equilibrium concentration of inorganic
phosphate [mM].

This equilibrium constant exists irrespective of the
(bio)catalyst used and K’ values for some substrates in
NPase-catalyzed reactions have been reported.[19,21–26]
Thus, according to the law of mass action, only the
reaction conditions influence the final equilibrium
concentrations and not the enzyme used for catalysis.
Alexeev and colleagues[19] recently employed this
dependency in their method for accurate yield predic-
tion of nucleoside transglycosylation reactions based
on the equilibrium constants of the individual reac-
tions. Ultimately, this allows for thermodynamic
reaction control by adjusting the concentrations of the
starting materials to facilitate an optimal yield.

In this work we provide extensive evidence for the
universal interpretation of nucleoside phosphorolysis
reactions as thermodynamically controlled endother-
mic equilibrium reactions that adhere to the law of
mass action. To this end, we performed and monitored
several biocatalytic nucleoside phosphorolysis reac-
tions. We demonstrate that nucleoside phosphorolysis
proceeds to a reaction equilibrium dictated by the
substrate-specific equilibrium constant of phosphorol-
ysis, irrespective of the type or amount of NPase used.
Furthermore, we show that the equilibrium constant is
temperature dependent. Therefore, we determined the
equilibrium constants of phosphorolysis of 24 nucleo-
sides at different temperatures and derived the apparent
transformed enthalpies and entropies. The resulting
data show that pyrimidine nucleosides are generally
more susceptible to phosphorolysis than purine nucleo-
sides. Additionally, our enthalpy and entropy data
allow calculation of equilibrium constants at different
temperatures as well as prediction of phosphorolysis
yields, as demonstrated herein.

Results and Discussion
Maximum Conversions of Nucleosides in Phosphor-
olysis Reactions are Independent of the Applied
Biocatalyst
Previous research activities have focused on the
discovery of new enzymes[13,14] or enzyme immobiliza-
tion strategies[15] to increase the obtained yield for

Scheme 1. Generalized biocatalytic nucleoside phosphorolysis reaction. A nucleoside is subjected to phosphorolytic cleavage of the
nucleobase, yielding a pentose-1-phosphate and a free nucleobase.
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nucleoside phosphorolysis and transglycosylation reac-
tions. Based on the thermodynamic characteristics of
these reactions, however, we anticipated that the
maximum conversion in phosphorolysis reactions
would behave independently of the enzyme used.

To investigate the impact of different NPases on the
equilibrium states of nucleoside phosphorolysis reac-
tions, we initially performed the phosphorolysis of
uridine (1) with Escherichia coli uridine phosphorylase
(E. coli UP), E. coli thymidine phosphorylase (E. coli
TP), Bacillus subtilis Py-NPase (B. subtilis Py-NPase)
and two commercially available thermostable Py-
NPases (Py-NPase Y01 and Py-NPase Y02). All
enzymes readily accepted this substrate and reaction
completion could be observed after 5 to 80 min using
10 μg ·ml�1 of the respective enzymes (Figure 1A).
Using 5 equivalents (eq.) of phosphate with respect to
the nucleoside substrate, a maximum conversion of
55% was achieved regardless of the enzyme used.

To exclude any concentration effects of the enzyme
preparations, we additionally conducted the phosphor-
olysis of 1 with different concentrations of Py-NPase
Y02 (Figure 1B). Higher enzyme concentrations led to
faster reaction completion. However, irrespective of
the amount of the enzyme used, the same equilibrium
as previously observed was reached.

To eliminate the possibility of enzyme inactivation
preventing the completion of the reaction, we per-
formed the phosphorolysis of 1 with Py-NPase Y02
and added additional enzyme after apparent reaction
completion (Figure 1C).

This experiment resulted in no change of reactant
concentrations after addition of more enzyme, confirm-

ing that this reaction was not terminated by means of
inhibition and/or enzyme inactivation.

This evidence confirms that the phosphorolysis of
uridine (1) is a thermodynamically controlled equili-
brium reaction which is consistent with previous
reports.[19,21–24,27] From the data collected, the apparent
equilibrium constant of phosphorolysis K’ under these
conditions was 0.15, as calculated from equation (1).

To broadly confirm the thermodynamic reaction
control of nucleoside phosphorolysis, we investigated
the conversion of other nucleosides by NPases. We
observed a similar behavior for the phosphorolysis of
the pyrimidine nucleosides 2’-deoxyuridine (2), 5-
fluorouridine (3) and 2’-deoxy-5-fluorouridine (4),
employing the same Py-NPases (Figure 2A–2C). As
observed for uridine (1), the choice of enzyme had no
effect on the equilibrium conversions. Pyrimidines 2–4
displayed very similar apparent equilibrium constants
to 1 (0.20 for 2, 0.14 for 3 and 4).

To extend this investigation to purine nucleosides,
we performed the phosphorolysis of two natural
(adenosine, 5, and 2’-deoxyadenosine, 6) and two
modified purine nucleosides (2-chloroadenosine, 7,
and 2-chloro-2’-deoxyadenosine, 8) with three different
NPases (thermostable Pu-NPases N01 and N02 and
E. coli Pu-NPase). Similar to the pyrimidine nucleo-
sides mentioned above, the choice of the enzyme had
no effect on the equilibrium concentrations of these
reactions (Figure 2D–2G). Here, the equilibrium con-
versions with 5 eq. of phosphate were significantly
lower, in the range of 20%. Calculation of the apparent
equilibrium constants of phosphorolysis yielded values

Figure 1. Enzymatic phosphorolysis of uridine (1). A Phosphorolysis of 1 with five different Py-NPases. B Phosphorolysis of 1
with Py-NPase Y02 using different enzyme concentrations. C Phosphorolysis of 1 with Py-NPase Y02 employing spiking of
enzyme upon apparent reaction completion. All reactions reach the same equilibrium, regardless of the enzyme or its amount used
for catalysis. Reactions were performed with 2 mM nucleoside substrate and 10 mM K2HPO4 in 50 mM MOPS buffer at pH 7.5 and
37 °C in a total volume of 500 μL. 10 μg ·ml�1 of the respective enzyme were used in A and 10–40 μg ·ml�1 Py-NPase Y02 were
used in B. The reaction in C was started with 40 μg ·ml�1 (20 μg total enzyme) Py-NPase Y02 and 10 μg of the enzyme were added
at 10 min and 15 min each, indicated by the arrows. Reactions in A were performed in duplicate and the standard deviation (SD) is
shown as error bars.
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around 0.01, which is consistent with previous reports
for 5.[19,28]

Interestingly, Py-NPases Y01, Y02 and B. subtilis
Py-NPase performed roughly equally well with uridine
(1) compared to 2’-deoxyuridine (2), whereas our data
nicely reflect the inverse substrate specificity of E. coli
UP and TP, as reported previously.[29,30] E. coli UP
showed excellent activity with uridine (1) but signifi-
cantly diminished activity with the 2’-deoxy analogue
2. E. coli TP, on the other hand, displayed only low

activity with 1 but facilitated remarkably quick
reaction completion with 2 (Figure 1A and 2A).

Notably, although it is commonly believed that Pu-
NPases should be specific to purine nucleosides, they
generally also catalyze the phosphorolysis of pyrimi-
dine nucleosides. Compared to corresponding Py-
NPases they usually exhibit >2,000-fold lower
turnover rates. Nonetheless, given the thermodynamic
reaction control of nucleoside phosphorolysis, Pu-
NPases should still be expected to complete the
phosphorolysis of their unfavored substrates, despite

Figure 2. Enzymatic phosphorolysis of pyrimidine and purine nucleosides. The phosphorolysis of A 2’-deoxyuridine (2), B 5-
fluorouridine (3), C 2’-deoxy-5-fluorouridine (4), D adenosine (5), E 2’-deoxyadenosine (6), F 2-chloroadenosine (7) and G 2-
chloro-2’-deoxyadenosine (8) was performed in duplicate with 2 mM nucleoside substrate, 10 mM K2HPO4 and 10 μg ·ml�1 of the
respective enzyme (except for the phosphorolysis of 3 with Pu-NPase N02, where 600 μg ·ml�1 were used) in 50 mM MOPS buffer
at pH 7.5 and 37 °C in a total volume of 500 μL. Note the different time scales. Error bars show the SD.
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their kinetic handicap. Consequently, for the phosphor-
olysis of the pyrimidine 5-fluorouridine (3), even the
use of the thermostable Pu-NPase N02 proved success-
ful in reaching the thermodynamic equilibrium (Fig-
ure 2B). In this case, a 60-fold higher amount of
enzyme had to be employed and the reaction took
considerably longer than with any of the Py-NPases
under the same reaction conditions. Thus far, to the
best of our knowledge, only the phylogenetically
peculiar Plasmodium falciparum Pu-NPase has been
reported to perform the phosphorolysis of a pyrimidine
nucleoside.[31] Here, we not only show for the first time
that the thermostable Pu-NPase N02 accepts pyrimi-
dine substrates such as 3, but also achieves reaction
completion given sufficient time. This strikingly
emphasizes the non-significance of the enzyme ki-
netics for the ultimate reaction outcome, as it is
possible to drive these phosphorolysis reactions into
their chemical equilibrium even with an extremely
small enzyme activity, in a range commonly consid-
ered negligible.

Thus, all nucleoside phosphorolysis reactions we
investigated behaved according to the law of mass
action and reached maximum product concentrations
after a variable run time. Despite differences in
reaction speed, the maximum conversion yields in the
equilibrium are dictated by a characteristic and
substrate-specific equilibrium constant which was
shown to be independent of the type and amount of
enzyme used. It may be reasonable to assume that this
holds true for all nucleosides that are subjected to
phosphorolysis. Important exceptions from this are
nucleosides that are not converted by NPases because
of issues such as excessive steric demands or severely
unfavored transition states which prevent transforma-
tion.

Higher Reaction Temperature yields Higher Con-
version of Nucleosides by NPases
The absolute values of the equilibrium constants of
phosphorolysis of the nucleosides discussed above
were all found to be well below 1. This means that
they describe endothermic reactions, which are not
favored under standard conditions. Consequently, we
anticipated a temperature-dependence of K0 and set out
to investigate the effect of higher reaction temperatures
on the equilibrium states of nucleoside phosphorolysis.
Profiting from the use of the thermostable NPases Y02
and N02, we were able to perform the phosphorolysis
of 24 nucleosides, including 12 pyrimidine and 12
purine nucleosides, at temperatures of 40 to 70 °C. To
prevent decomposition of the produced pentose-1-
phosphates, which is known to happen rapidly at high
temperatures and neutral pH values,[5] we increased the
reaction pH to 9. Under these conditions, both enzymes
displayed excellent activity with all substrates 1–24

and allowed efficient reaction completion and monitor-
ing. Consistent with our initial assumptions, we
observed a trend towards higher conversions at higher
temperatures. For example, under these conditions the
phosphorolysis of 2’-deoxy-5-fluorouridine (4; Fig-
ure 3A) showed equilibrium conversions in the range
of 51% at 40 °C and values around 55% at 70 °C. A
similar behavior could be observed for all nucleosides
investigated which confirms that the phosphorolysis of
1–24 are thermodynamically controlled endothermic
reactions (Table S1).

The difference between the equilibrium conversions
determined at pH 9 (this section) and the ones
determined at pH 7.5 (see above) were insignificant
(compare Figure 1 and Figure 2 with Table S1).
Although a difference between them might be expected
from the definition of the biochemical equilibrium, it
seems that pH only minorly influences the equilibrium
constant by changing the contribution of charged
species.

Figure 3. Examples of nucleoside phosphorolysis thermody-
namic data processing. A Raw data of the phosphorolysis of 4
at different temperatures. The reactions were performed with
2 mM nucleoside substrate, 10 mM K2HPO4 and 16 μg ·ml�1

Py-NPase Y02 in 50 mM glycine buffer at pH 9 and 40–70 °C
in a total volume of 500 μL. B Transformed and fitted data for
the derivation of ΔRH’* and ΔRS’*. Raw data were processed via
equation (1) and then fitted with equation (2).
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Pyrimidine Nucleosides are Generally more Suscep-
tible to Phosphorolysis than Purine Nucleosides

From the described data, we derived K’ at various
temperatures and determined the transformed apparent
reaction enthalpy ΔRH’* and transformed apparent
reaction entropy ΔRS’* via fitting of the data to:

K0 ¼ e�
DRG0

RT ¼ e�
DRH 0*�TDR S0*

RT (2)

where ΔRG’ is the transformed apparent Gibb’s free
energy of phosphorolysis [J ·mol�1], T is the temper-
ature [K], R is the universal gas constant
(8.314 J ·mol�1 ·K�1), DRH

0* is the transformed appa-
rent enthalpy of phosphorolysis [J ·mol�1], ΔRS’* is the
transformed apparent entropy of phosphorolysis
[J ·mol�1 ·K�1], and the definitions from above.

Here, we carried out direct determinations through
a non-linear fit to prevent error propagation by
linearization (Figure 3A and 3B; see Table S1 for all
derived values for ΔRH’* and ΔRS’*; note that we
communicate transformed thermodynamic values, as
they were measured at constant pH and do not consider
charged species, and explicitly abstain from referring
to our results as “standard” values, but apparent ones,
as they were not measured under standard biochemical
conditions).

The knowledge of ΔRH’* and ΔRS’* then allowed
access to the transformed apparent Gibb’s free energy
ΔRG’ of these phosphorolysis reactions at different
temperatures. The Gibb’s free energy of phosphorol-
ysis ΔRG’ at 40 °C of pyrimidine nucleosides was found
to be in the range of 1.2–5.5 kJ ·mol�1, which is
notably lower than for the investigated purine nucleo-
sides that display values of 5.7–12.6 kJ ·mol�1 (Fig-
ure 4A). These values correspond to apparent equili-
brium constants K’ in the range of 0.12–0.62 for
pyrimidine nucleosides and 0.01–0.11 for purine
nucleosides. Accordingly, noticeably different equili-
brium conversions can be observed across these
nucleosides, with pyrimidines generally featuring high-
er equilibrium conversions than purines, as dictated by
their respective equilibrium constants (Figure 4B).

The practical value of our collection of ΔRH’* and
ΔRS’* data lies within their use for the prediction of the
equilibrium phosphorolysis conversion of the nucleo-
sides investigated here. Using equation (2), the equili-
brium constants of phosphorolysis of any of the
nucleosides investigated here can easily be obtained
for any given temperature. Employing then:

½B� ¼ ½P1P� ¼
K0ð½N�0 þ ½P�0

2ðK0 � 1Þ
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðK0½N�0 þ K0½P�0Þ2 � 4ðK0 � 1ÞK0½N�0½P�0

p

2ðK0 � 1Þ

(3)

where N½ �0 is the initial concentration of the nucleoside
[mM], P½ �0 is the initial concentration of phosphate
[mM] and definitions from above yields the concen-
trations of the free nucleobase and pentose-1-
phosphate with variable initial concentrations of
nucleoside and phosphate. Thus, conversions of these
nucleosides can be predicted. To ease these calcula-
tions, we provided an Excel spreadsheet that is freely
available from the externally hosted online supplemen-
tary material.[32]

To verify the predictions available through equa-
tion (3), we performed the NPase-catalyzed phosphor-
olysis of uridine (1) and adenosine (5) at pH 9 and
40 °C with different concentrations of phosphate (Fig-
ure 5). For example, pyrimidine 1 reached a conversion
of 80% with 20 eq. of phosphate whereas for purine 5
we only observed a conversion of 37% under the same
conditions, which is consistent with the predictions
obtained via our collection of ΔRH’* and ΔRS’* data
(Table S1). This emphasizes the practical value of the
knowledge of the equilibrium constants of phosphor-
olysis of these nucleosides, as they allow for accurate
prediction of phosphorolysis yields to optimize the
reaction conditions.

Conclusion
In the present work, we broadly demonstrated that
nucleoside phosphorolysis catalyzed by NPases is a
thermodynamically controlled endothermic reversible
equilibrium reaction. Therefore, maximum yields for
each substrate are independent of the NPase used, as
demonstrated by several examples, and can be pre-
dicted via the substrate-specific apparent equilibrium
constant K’. We anticipate that this holds true for all
nucleosides that can be subjected to phosphorolysis.
Furthermore, we presented data on the temperature-
dependency of the equilibrium constants of phosphor-
olysis of 24 nucleosides that display characteristic
behavior. The available data allow for the calculation
of K’ at any given temperature and enable accurate
prediction of phosphorolysis or transglycosylation
yields for a range of pyrimidine and purine
nucleosides.[33] Subsequently, the equations described
by Alexeev et al.,[19] the thermodynamic data reported
in this study, as well as the tools provided herein (see
external supplementary material)[32] serve to facilitate
streamlined reaction engineering of NPase-catalyzed
reactions by in silico yield prediction and thermody-
namic reaction control.[33]

Since our findings show that maximum yields in
NPase-catalyzed reactions can be achieved independ-
ently of the enzyme applied, we believe that efforts to
influence the yield of these reactions by varying the
enzyme are unlikely to bear fruit. Instead, extending
the toolbox of available NPases to improve kinetic
parameters to reach reaction equilibrium faster or to
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convert challenging substrates such as arabinosyl
nucleosides, fluorinated glycosides or bulky nucleo-
bases will certainly prove beneficial.

Lastly, the quantification of effects of reaction
conditions such as ionic strength, different salts, pH
and chelating agents on the equilibrium states of
nucleoside phosphorolysis may be explored experi-
mentally by future studies.

Experimental Section
General Remarks
All chemicals were of analytical grade or higher and purchased,
if not stated otherwise, from Sigma Aldrich (Steinheim,
Germany), Carbosynth (Berkshire, UK), Carl Roth (Karlsruhe,
Germany), TCI Deutschland (Eschborn, Germany) or VWR
(Darmstadt, Germany). All nucleosides (Figure S1) and nucleo-
bases were used without prior purification. Water deionized to
18.2 MΩ ·cm with a Werner water purification system was
used. For the preparation of NaOH solutions deionized water
was used.

Figure 4. Gibb’s free energy of phosphorolysis and conversion of nucleosides. A Gibb’s free energy of phosphorolysis determined
via equations (1) and (2) from the equilibrium concentrations of nucleoside phosphorolysis reactions with 2 mM nucleoside
substrate, 10 mM K2HPO4 and 16 μg ·ml�1 Py-NPase Y02 or 66 μg ·ml�1 Pu-NPase N02 in 50 mM glycine buffer at pH 9 in a total
volume of 500 μL performed at 40–70 °C. Error bars quantify the uncertainty of the prediction at 25 °C calculated via equation (4).
B Equilibrium conversion of nucleosides in a phosphorolysis reaction at 40 °C and pH 9 employing 5 eq. of phosphate and
equilibrium constant K

0

(also see Table S1). [a] Rib= ribosyl, dRib=2’-deoxyribosyl, [b] extrapolated from experimental data for
ΔRH’* and ΔRS’*, [c] experimental data (conditions as above), [d] calculated from data for 50–70 °C since data for 40 °C were
excluded from analysis (see Supplementary Material for full dataset).
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Enzymes
Enzymes were either purchased from BioNukleo GmbH (Berlin,
Germany) or Sigma Aldrich (see Table S2). Enzymes provided
by BioNukleo were E-PyNP-0001 (Py-NPase Y01; EC 2.4.2.2),
E-PyNP-0002 (Py-NPase Y02; EC 2.4.2.2), E-PNP-0001 (Pu-
NPase N01; EC 2.4.2.1), E-PNP-0002 (Pu-NPase N02; EC
2.4.2.1), E-UP-0001 (Escherichia coli uridine phosphorylase;
E. coli UP; EC 2.4.2.3), E-TP-0001 (E. coli thymidine phos-
phorylase; E. coli TP; EC 2.4.2.4) and E-PNP-04 (E. coli purine
nucleoside phosphorylase; E. coli Pu-NPase; EC 2.4.2.1).
Enzymes were desalted against 2 mM KH2PO4 (pH 7.0, meas-
ured at 25 °C) buffer and stored at 4 °C at concentrations listed
in Table S2. Bacillus subtilis pyrimidine phosphorylase (B. sub-
btilis Py-NPase; EC 2.4.2.2) was obtained from Sigma Aldrich
and prepared as a 1 mg ·ml�1 solution in 2 mM KH2PO4 buffer
(pH 7.5, measured at 25 °C) prior to use.

The activity of the stock solutions of Py-NPase Y02 and Pu-
NPase N02 was assessed by the UV/Vis spectroscopy-based
method described recently (also see below).[34] Reactions were
performed with 1 mM of nucleoside substrate in 50 mM glycine
buffer and 50 mM K2HPO4 at pH 9 and 40 °C. One unit (U) is
defined as the conversion of 1 μmol of substrate per minute. For
Py-NPase Y02 and Pu-NPase N02 an activity of 40 U ·mg�1

(65 U ·ml�1) and 57 U ·mg�1 (379 U ·ml�1) for their natural
substrates uridine (1) and adenosine (5), respectively, was
determined.

Phosphorolysis of Pyrimidine and Purine Nucleo-
sides
Enzymatic nucleoside phosphorolysis reactions were prepared
from stock solutions of nucleoside, phosphate, buffer and water
in 1.5 mL reaction tubes (Sarstedt, Nümbrecht, Germany) and
started by the addition of the enzyme. Reactions were

performed in duplicate with 2 mM nucleoside and 10 mM
K2HPO4 in 50 mM MOPS buffer (pH 7.5, measured at 30 °C) in
a total volume of 500 μL. Prior to the addition of enzyme
solution, reactions were preheated to 37 °C. Unless stated
otherwise, final enzyme concentrations of 10 μg ·ml�1 were
used for all enzymes and substrates. For the phosphorolysis of
5-fluorouridine (3) with Pu-NPase N02, 600 μg ·ml�1 of enzyme
were employed.

To investigate possible effects of the enzyme concentration,
uridine (1) was subjected to phosphorolysis using 10–
40 μg ·ml�1 of Py-NPase Y02. To exclude possible enzyme
inactivation effects, 1 was also subjected to phosphorolysis with
40 μg ·ml�1 of Py-NPase Y02 (20 μg total enzyme) and 10 μg of
the enzyme were added after apparent reaction completion at
10 min and 15 min each. To validate the predictions of
phosphorolysis conversion with different phosphate concentra-
tions, 2 mM of 1 and 5, respectively, were converted with
40 μg ·ml�1 Py-NPase Y02 or 40 μg ·ml�1 Pu-NPase N02 in
50 mM glycine buffer at pH 9 and 40 °C with 5, 10, 20 or
40 mM (2.5, 5, 10 or 20 eq.) K2HPO4. The reactions were
monitored, and equilibrium samples were taken after 10, 15 and
20 min.

Monitoring of Enzyme Reactions
Sampling, data collection and analysis were carried out as
described previously.[34] Briefly, samples of 30 μL (for pyrimi-
dine nucleosides) or 20 μL (for purine nucleosides) were
withdrawn from the reaction mixture and pipetted into 100 mM
NaOH solution (200 mM NaOH solution for 3, 4 and 13–16) to
give a final volume of 500 μL of diluted alkaline sample. From
this mixture, 200 μL were pipetted into wells of a UV/Vis-
transparent 96-well plate (UV-STAR F-Bottom #655801,
Greiner Bio-One). The UV/Vis absorption spectra of these
alkaline samples were recorded from 250 to 350 nm to
determine the nucleoside/nucleobase ratio via spectra unmixing.
All data presented in this study can be obtained from an
external online repository[32] along with the software for spectral
unmixing and metadata treatment detailed in our previous
work.[34,35]

Temperature Dependence of the Equilibrium Con-
stant
Equilibrium constants for the phosphorolysis of 24 nucleosides
(1–24) were determined at pH 9 and at 40, 50, 60 and 70 °C. All
reactions were performed with 2 mM nucleoside substrate and
10 mM K2HPO4 in 50 mM glycine buffer at pH 9. Unless stated
otherwise, 16 μg ·mL�1 (0.6 U ·mL�1) Py-NPase Y02 (for
pyrimidine nucleosides) or 66 μg ·mL�1 (3.7 U ·mL�1) Pu-NPase
N02 (for purine nucleosides) were applied. For inosine (23) and
2’-deoxyinosine (24) 330 μg ·mL�1 of Pu-NPase N02 were used
and for 5-iodouridine (13) and 2’-deoxy-5-iodouridine (14)
32 μg ·mL�1 of Py-NPase Y02. All reactions were performed in
duplicate at temperatures from 40–70 °C in steps of 10 °C. Three
samples were taken from each reaction once equilibrium was
reached to confirm reaction completion. The time points used
for sampling are given in Table S3. In total, 576 data points
were recorded. Outliers that either displayed an elevated
baseline due to UV absorption of the 96-well plate or differed

Figure 5. Predicted (pred.) and experimental (exp.) phosphor-
olytic conversion of uridine (1) and adenosine (5). Reactions
were performed with 2 mM substrate and 5, 10, 20 or 40 mM
(2.5, 5, 10 or 20 eq.) K2HPO4 and 40 μg ·ml�1 Py-NPase Y02 or
40 μg ·ml�1 Pu-NPase N02 in 50 mM glycine buffer at pH 9 and
40 °C in a total volume of 500 μL. Samples were taken after 10,
15 and 20 min to confirm equilibrium. The datapoints show the
average of the three equilibrium data points. The predictions
were calculated with equation (3) using K’ (T) obtained through
the ΔRH’* and ΔRS’* data for these substrates.
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more than 1.5 percentage points from the other two data points
within a sample set of a given temperature and reaction mixture
were excluded from data interpretation. Consequently, 519 data
points were considered for further evaluation. Data treatment
and fitting was carried out with Origin ProLab 9. All data, as
well as all subsequent calculations can be inspected as freely
available data from an external online repository.[32] For each
data point, K’ was calculated via equation (1) and transformed
apparent reaction enthalpy ΔRH’* [J ·mol�1] and transformed
apparent reaction entropy ΔRS’* [J ·mol�1 ·K�1] were fitted
directly to all available datapoints for a substrate with
equation (2). Similarly, ΔRG’ was calculated with equation (2)
assuming that the apparent values ΔRH’* and ΔRS’* are
independent of the reaction temperature in the considered range.
The errors ΔΔRH’* [J ·mol�1], and ΔΔRS’* [J ·mol�1 ·K�1] were
derived from the fit and ΔΔRG’ was calculated via Gaussian
error propagation:

DDRG0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DDRH0*2 þ T2DDRS0*2

p
(4)

with definitions from above.
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