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ABSTRACT

In this work, two enzymes involving reactions of carbohydrate derivatives were in-
vestigated: the d-2-deoxyribose-5-phosphate aldolase from Escherichia coli (EcDERA,
EC 4.1.2.4) and the xylonolactonase from Caulobacter crescentus (CcXylC, EC 3.1.1.68).
The EcDERA catalyses the reversible aldol reaction from acetaldehyde and glycer-
aldehyde-3-phosphate to d-2-deoxyribose-5-phosphate, and the CcXylC catalyses
the hydrolysis of d-xylonolactone to d-xylonic acid. The CcXylC was characterised
using high-resolution mass spectrometry, and three-dimensional complex structures
of three EcDERA mutants and the CcXylC were determined using X-ray crystal-
lography. In addition, a simulation tool for visualising simple protein association
equilibria was developed.

The activity of the EcDERA was known to be affected by directed mutations, and
for the three investigated mutants, the mutations could be verified and their proba-
ble effects deduced from the crystal structures. Remarkably, unlike in any published
DERA crystal structure thus far, acetaldehyde and glyceraldehyde-3-phosphate were
seen in the active site and modelled with high certainty in one of the complex struc-
tures. These results shed light on why the EcDERA mutants have drastically differ-
ent activities compared to the wild-type.

The CcXylC was discovered to bind iron(II) specifically and with high affinity
and no other metal ions in significant amounts, except for some nonspecific copper.
Analysis of reaction kinetics with d-xylono- and d-gluconolactone showed that the
CcXylC requires the iron(II) ion to be active, but the presence of only iron(II) ions
speeds up the nonenzymatic reactions significantly as well. The complex structures
of the CcXylC showed that a substrate with a six-membered ring is bound to the
active site more strongly and more specifically than a five-membered ring. Reac-
tion mechanisms for the lactone form interconversion and the enzymatic reaction
were proposed based on the data. How the CcXylC would benefit from directed
mutations remains unknown until new research is done.

These discoveries are a few small steps towards the potential industrial exploita-
tion of these enzymes for production of reagents, materials and biofuels. The
EcDERA can be used for building carbon backbones with the aldol reaction, and
the CcXylC can be used in metabolic pathways that use d-xylose, a very abundant
sugar, as starting material. Both will be useful in the future when perfected and
made available in industrial scale.
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1 INTRODUCTION

1.1 CARBOHYDRATES

Carbohydrates and their derivatives are among the most common biomolecules.
They have various functions in nature, including energy storage (d-glucose, glyco-
gen and starch), supporting structures (cellulose and chitin) [1] and nucleic acids
(d-ribose in ribonucleic acid (RNA) and d-2-deoxyribose (DR) in deoxyribonucleic
acid (DNA)) [2]. They are formed most notably by photosynthesis in chloroplasts,
which turns carbon dioxide and water into carbohydrate and oxygen: [3]

n CO2 + n H2O hν−−→ −−→ (CH2O)n + n O2. (1.1)

Polymers of carbohydrates, or polysaccharides, are the most abundant biopoly-
mers in nature. Lignocellulose (plant dry matter) consisting of cellulose, hemicel-
luloses and lignin is the most abundant biomaterial and readily available nearly
everywhere as raw material and waste material from wood and crop industry. The
contemporary industrial focus is on developing methods for converting components
of lignocellulose to biofuels, other chemicals and polymers, which are currently de-
pendent on fossil sources [4].

Cellulose is the main component of lignocellulose, and it consists of repeating
glucose units connected by β-1,4-glycosidic bonds to form long linear chains. Hemi-
celluloses are more heterogeneous: other monosaccharides (including xylose, man-
nose and galactose) and their oxidised acid forms are also possible, and the chains
are generally shorter and more branched. Lignin consists of not carbohydrates, but
aromatic monolignols interlinked in an irregular manner. All these form together a
strong, solid medium stabilised by numerous hydrogen bonds and covalent bonds
between lignin and hemicellulose [5].

After d-glucose, the second most abundant monosaccharide in lignocellulose
from most sources is d-xylose [6, 7]. It is similar in structure and stereochemistry
to d-glucose, but the sixth carbon is absent. Structural formulae visualising this
are shown in Figure 1.1. d-Xylose is present in various hemicelluloses, including
xylan. Because hemicelluloses are short and amorphous, they can easily be hydrol-
ysed using acids, bases or hemicellulase enzymes and extracted from lignocellulose
[5]. A notable derivative of d-xylose is xylitol, a polyalcoholic sweetener, which is
formed by reducing the aldehyde group.

As carbohydrates are so abundant and various, it is expected that there are var-
ious enzymes acting on them in nature. Carbohydrates are used as precursors to
many necessary substances: for example, l-ascorbic acid (vitamin C) is synthesised
from d-glucose via a nine-step pathway in most animals but not humans [8, 9]. Both
enzymes considered in this work belong to such metabolic pathways. Also, notably,
oligo- and polysaccharides are commonly cleaved by various carbohydrate-active
enzymes [10].
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Figure 1.1: The linear forms and the cyclic pyranose forms of d-glucose and d-
xylose, the two most abundant monosaccharides. All the stereogenic centres that
are present in both are identical. The curly bond indicates that the stereogenic
centre can be in either configuration (α- and β-anomers).

1.2 D-2-DEOXYRIBOSE-5-PHOSPHATE ALDOLASE

The d-2-deoxyribose-5-phosphate aldolase (DERA) catalyses the aldol reaction (Fig-
ure 1.2) between acetaldehyde (donor substrate) and glyceraldehyde-3-phosphate
(G3H) (acceptor substrate) in nature [11]. The product is d-2-deoxyribose-5-phos-
phate (DRP), the furanose form of which is further converted into a deoxyribonu-
cleotide, a monomeric unit of DNA, by a subsequent action of three enzymes,
though this is not the preferred way of synthesising deoxyribonucleotides in na-
ture [12]. The reaction is an equilibrium reaction which the DERA catalyses in both
directions: the DRP can also be cleaved into acetaldehyde and G3H if they are not
present in solution. The cleavage of nonphosphorylated DR is catalysed by the
DERA as well (Publication I).

Figure 1.2: The aldol reaction catalysed by the DERA enzyme in nature [11]. The
DRP is shown in the open-chain form.
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The DERA is a class I aldolase. In general, the donor substrate binds to a catalytic
lysine at the active site forming a Schiff base intermediate (Figure 1.3) [13]. The
acceptor substrate binds to the active site for the aldol reaction. In contrast to other
such aldolases, the DERA is remarkably efficient and accepts aldehydes as both
donor and acceptor substrates [11] and can even chain multiple acetaldehydes [14].

The first structures of the Escherichia coli DERA (EcDERA, Enzyme Commission
number: EC 4.1.2.4) were presented by Heine et al. in 2001 [11], entries 1JCJ [15]
and 1JCL [16] in the Protein Data Bank (PDB) [17, 18]. The tertiary structure is a
triosephosphate isomerase (TIM) (α/β)8 barrel fold (Figure 1.4) where a barrel of
eight parallel β-strands is surrounded by eight α-helices, and there is also a ninth
α-helix at the N-terminus [19]. The active site is located at the central cavity in the
centre of the barrel. The catalytic lysine is K167, and the side chain is located at the
bottom of the cavity.

Figure 1.3: The net reaction of the Schiff base formation [20]. In the total reaction,
there are five intermediates which are not shown here. The primary amine in this
case is the catalytic lysine side chain of the DERA, and the aldehyde is acetaldehyde
(R = CH3).

Figure 1.4: The tertiary structure of E. coli DERA (PDB entry 1JCL [11, 16]). The
α-helices and β-strands of the TIM (α/β)8 barrel fold are labelled α1–α9 and β1–β8
respectively, in the order in which they appear in the amino acid sequence. The
catalytic lysine K167 is also shown as a stick model.

Certain mutations to the EcDERA have been discovered to significantly affect the
enzymatic activity. In Publication I, Voutilainen et al. have tested several one-point
mutations near the active site and two- and three-point combinations thereof. One-
point mutations were selected by their locations, and successive mutagenesis was
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done by manual selecton, saturation mutagenesis and prediction of substrate speci-
ficity using machine learning. Three mutants (N21K, T18Q, C47V/G204A/S239D)
were deemed interesting enough that their three-dimensional structures were cho-
sen to be determined by X-ray crystallography. Measured enzymatic activities of
these mutations on DRP cleavage (the reverse aldol reaction), DR cleavage and ac-
etaldehyde addition are shown in Table 1.1. The N21K mutation caused the DRP
cleavage activity to be halved, and the T18Q mutation caused it to disappear. The
C47V/G204A/S239D triple mutant had no DRP cleavage activity, negligible DR
cleavage activity and more than double acetaldehyde addition activity compared
to the wild-type.

Table 1.1: Approximate relative activities of EcDERA mutations on DRP cleavage,
DR cleavage and acetaldehyde addition. The values are relative to the activity of the
wild-type, approximated from Figures 3 and 6 in Publication I.

EcDERA mutant
DRP DR Acetaldehyde

activity activity activity
Wild-type 1 1 1
T18Q 0 0.4 0.4
N21K 0.5 1.1 0.9
C47V 0.7 0.2 1.1
G204A 0 0 1.7
S239D 0.3 1.3 0.7
C47V/G204A/S239D 0 0.1 2.7

1.3 XYLONOLACTONASE

The xylonolactonase (XylC) catalyses the hydrolysis of d-xylonolactone to d-xylonic
acid (Figure 1.5). The reaction belongs to a metabolic pathway from d-xylose to
d-xylonic acid [21]. Extending this pathway to produce 1,2,4-butanetriol [22, 23], α-
ketoglutaric acid [24] or glycolaldehyde and pyruvic acid [25] has been investigated
and experimented. These pathways would be effective methods of producing var-
ious substances from d-xylose, the second most abundant monosaccharide. 1,2,4-
Butanetriol is used as a reagent for the production of, for instance, polyurethane
foam, medicine and explosives [22], and it could be used as a fuel as well. α-
Ketoglutarate is an intermediate in the citric acid cycle and a precursor of glutamine
and glutamic acid. [26]. Glycolaldehyde can be used as a precursor to substances
such as ethylene glycol and glycolic acid, and pyruvic acid can be converted to lactic
acid and further into poly(lactic acid) (PLA) [27].

The XylC is related to more thoroughly researched gluconolactonases and be-
longs to the senescence marker protein 30 (SMP30) protein family. The SMP30 were
originally believed to be aging markers but were later discovered to catalyse the hy-
drolysis of d-gluconolactone [28]. It has been reported that in addition to d-glucono-
1,5-lactone, rat SMP30 also catalyses the hydrolysis of l-glucono-1,5-lactone, both d-
and l-gulono-1,4-lactone and both d- and l-gulono-1,4-lactone but not d-ribono-1,4-
lactone, d-mannono-1,4-lactone or d-glucoheptono-1,4-lactone [8]. Therefore, it is
not very substrate-specific, and the XylC likely is not either.
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The first structure of a SMP30 gluconolactonase from Xanthomonas campestris was
reported by Chen et al. in 2008 [29] (PDB entry 3DR2 [30]). It was identified as be-
longing to the family by sequence analysis. The closest homologues to the XylC
are the mammalian SMP30 gluconolactonases with about 30 % sequence identity,
the first structures of which were reported by Chakraborti et al. [28] in 2010 (PDB
entries 3G4E [31] and 3G4H [32]). The tertiary structure is a β-propeller consisting
of six twisted antiparallel β-sheets arranged in a cylinder (Figure 1.6) [29]. There is
a cavity at one end of the cylinder, and at the bottom of the cavity is the active site
and a metal binding site. The SMP30 gluconolactonases have been modelled with
either Ca2+ or Zn2+ in the metal binding site, coordinated by asparagine, aspartate
and glutamate side chains [28, 33]. However, in the Xanthomonas campestris glucono-
lactonase structure, the modelled Ca2+ is also coordinated by another asparagine
side chain [29]. In addition to Ca2+ and Zn2+, Mg2+ and Mn2+ have also been shown
to accelerate the enzymatic reaction and concluded to be able to bind to the metal
binding site [28].

Figure 1.5: The lactone hydrolysis catalysed by the xylonolactonase (XylC) [21]. d-
Xylonolactone exists as two forms in solution, of which the 1,4-lactone is more abun-
dant [34]. It has been reported that with d-gluconolactone, only the 1,5-lactone is hy-
drolysed to d-gluconic acid in solution [35], and this may apply to d-xylonolactone
as well. However, d-1,4-xylonolactone is reported as the natural substrate of the en-
zyme, and therefore both lactone forms are considered as possible substrates here.
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Figure 1.6: The tertiary structure of mouse SMP30 gluconolactonase (PDB entry
4GN7 [33, 36]), a homologue of the xylonolactonase. The antiparallel β-sheets of the
six-bladed β-propeller fold are labelled β1–β6 in the order in which the sheets ap-
pear in the amino acid sequence. As an exception, the first β-strand in the sequence
is in sheet β6. The modelled Ca2+ ion is shown as a white sphere, and the amino
acid residues (E18, N154, D204) coordinating to the Ca2+ are also shown.

1.4 AIMS OF THE STUDY

The aims of the study were to characterise the xylonolactonase from Caulobacter
crescentus (CcXylC, EC 3.1.1.68) using mass spectrometry (Publication II) and to
solve the three-dimensional structures of the CcXylC (Publication III) and the three
EcDERA mutants (N21K, T18Q, C47V/G204A/S239D) using X-ray crystallography
(Publication I). Complex structures would be desirable if obtainable so that the lig-
and binding could be studied. Also, once the CcXylC was observed to bind iron(II),
the effect of presence of iron(II) on the lactone hydrolysis was to be investigated.
The kinetics of the lactone hydrolysis reactions would also be analysed with mass
spectrometry.

Another goal was to develop a simulation program for visualising simple bind-
ing equilibria common with proteins (Publication IV). The hope is that such a sim-
ulation would be useful in education, experiment planning and result validation.
Equilibrium concentrations do not behave intuitively, which leads to misconcep-
tions and errors even in published results. With a simple and publicly available
simulation, it would be easy to check whether, say, the experimental behaviour of
the dimerisation of a protein matches the theoretical behaviour calculated using the
determined dissociation constant.
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2 THERMODYNAMICS OF PROTEIN ASSOCIATION

Like other chemical species, proteins form complexes by self-association (homo-
dimerisation) or by binding to other proteins, small molecules or ions. The binding
can occur either by weak interactions (hydrophobic interactions or hydrogen bond-
ing) or by chemical bonding (covalent or ionic bonding). The complex formation
is often vital for biological function: for instance, the d-xylonate dehydratase from
Caulobacter crescentus is inactive unless complexed with a Mg2+ ion [37, 38].

The association reaction is an equilibrium between free species A and B and their
complex AB:

A + B −−⇀↽−− AB. (2.1)

The association constant KA is the equilibrium constant of this reaction, and it is
defined in terms of the equilibrium concentrations:

KA =
[AB]
[A] [B]

. (2.2)

The more often used constant is the dissociation constant KD, the equilibrium con-
stant of the reverse reaction. It is practical because it has the same unit as the
concentration, and the value is physically meaningful.

KD =
1

KA
=

[A] [B]
[AB]

(2.3)

The equilibrium constants are in connection with the Gibbs free energy of the reac-
tion:

∆G = −RT ln (KA · c°) = RT ln
KD

c°
, (2.4)

where R is the molar gas constant, T is temperature and c° = 1 mol l−1. The equi-
librium constants are formally unitless and expressed in molar units, so the values
are taken in litres per mole (KA) or moles per litre (KD) and used as dimensionless
numbers as the numerus of the logarithm [39].

2.1 SELF-ASSOCIATION (HOMODIMERISATION)

In self-association, a protein (P) forms a dimer with itself. The reaction equation is

P + P −−⇀↽−− P2. (KD) (2.5)

This is always an equilibrium reaction: neither monomer nor dimer can be iso-
lated, and both are always present in solution. When the total concentration of
protein is equal to KD or, alternatively, the concentration of free protein monomer
is equal to 1

2 KD, exactly a half of the protein is in dimeric form. No protein is
categorically dimeric since the degree of dimerisation depends on protein concen-
tration. For example, if the KD of bovine β-lactoglobulin is 5.0 µmol l−1 (from
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KA = 2.0 · 105 l mol−1 [40]), the protein concentration must be at least 230 µmol l−1

(4.3 mg/ml) so that more than 90 % of the protein is in dimeric form (Figure 2.1).
More detailed mathematical consideration of this and the other following cases

is presented in Publication IV.

Figure 2.1: The proportional amounts of protein monomer (P, blue) and dimer
(P2, red) as functions of total protein concentration. The dissociation constant KD
is set at 5.01 · 10−6 mol l−1 (close to the experimental KD of bovine β-lactoglobulin
[40]), and the pie diagram shows the proportional amounts at the set value of total
protein concentration cP = 2.33 · 10−4 mol l−1. The diagram has been created with
the homodimerisation simulation applet described later in Section 2.5.

2.2 COMPLEX OR HETERODIMER FORMATION

In complex formation, a protein (P) and a ligand (L) form a complex PL. In het-
erodimerisation, L is another protein. The reaction equation is

P + L −−⇀↽−− PL. (KD) (2.6)

This is also an equilibrium reaction: there are always some concentrations of com-
plex, free protein and free ligand present in solution. If the total protein concentra-
tion is much less than the dissociation constant and the total ligand concentration
equals the dissociation constant, the equilibrium concentrations of P and PL are
equal. Alternatively, when the free ligand concentration equals the dissociation con-
stant, the concentrations are also equal, meaning that a half of the protein is in
complexed form. For example, if the human SMP30 gluconolactonase has dissocia-
tion constants 82 µmol l−1 and 566 µmol l−1 with Mg2+ and Ca2+ respectively [28]
and if the free concentrations of Mg2+ and Ca2+ are 500 µmol l−1 and 1 µmol l−1

respectively [28, 41–43], the enzyme is about 86 % saturated with Mg2+ but only
0.2 % saturated with Ca2+ (Figures 2.2 and 2.3).
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Figure 2.2: The proportional amounts of free protein (P, blue) and metal ion com-
plex (PL, red) as functions of free metal ion concentration. The dissociation constant
KD is set at 7.94 · 10−5 mol l−1, close to the experimental value for the SMP30–Mg2+

complex, and the pie diagram shows the proportional amounts at the set value of
[L] = 5.01 · 10−4 mol l−1, the reported free Mg2+ concentration in cellular medium
[28]. In these conditions, the protein is 86.3 % saturated, and so this complex would
exist in nature as well.

Figure 2.3: The proportional amounts of free protein (P, blue) and metal ion com-
plex (PL, red) as functions of free metal ion concentration. The dissociation constant
KD is set at 5.84 · 10−4 mol l−1, close to the experimental value for the SMP30–Ca2+

complex, and the pie diagram shows the proportional amounts at the set value of
[L] = 1.00 · 10−6 mol l−1, the upper bound of the reported range of free Ca2+ con-
centration in cellular medium [28]. In these conditions, the protein is only 0.2 %
saturated, indicating that this complex is not present in significant amounts in na-
ture.
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2.3 COMPETITIVE BINDING OF A LIGAND TO TWO RECEPTORS

When a ligand (L) can bind competitively to two receptors (P and P′) which can be
either different proteins or different binding sites in the same protein, the are two
equilibrium reactions:

P + L −−⇀↽−− PL, (KD) (2.7)

P′ + L −−⇀↽−− P′L. (K′
D) (2.8)

In the case that P and P′ are in the same protein, the receptors are assumed to be in-
dependent and successive reactions are disregarded. This model can be used to de-
scribe, for instance, how a ligand would bind competitively to the active sites of two
enzymes or how metal ions would bind into a protein specifically and nonspecifi-
cally. The receptor specificity constant, as defined by Eaton et al. [44], describes how
much complex PL exists compared to P′L:

αs =
[PL]
[P′L]

. (2.9)

For example, the β-synuclein has two binding sites for copper(II): primary (P)
with KD = 0.20 µmol l−1 and secondary (P′) with K′

D = 60 µmol l−1 [45]. In the
model used by Binolfi et al. [45], the binding sites have equal concentrations, and
let that be cP = cP′ = 300 µmol l−1, the concentration used in the experiments. As-
suming that the total Cu2+ concentration is cL = 13 µmol l−1 (from 0.85 µg ml−1

observed in the blood of deceased humans [46]) and that the two equilibrium reac-
tions are independent, the specificity constant is about 280 (Figure 2.4). However, P
is only 4.3 % saturated and P′ is less than 0.02 % saturated, indicating that copper is
slightly bound to the primary receptor in nature and only in insignificant amounts
to the secondary receptor. (Figure 2.5).

2.4 COMPETITIVE BINDING OF TWO LIGANDS TO A RECEPTOR

In this case, two ligands L and L′ bind competitively to a single receptor P. The
situation resembles the previous one, and the same thermodynamic laws apply, only
the protein species are replaced with ligand species and vice versa. The reaction
equations are

P + L −−⇀↽−− PL, (KD) (2.10)

P + L′ −−⇀↽−− PL′. (K′
D) (2.11)

This model can be used to describe how two ligands would compete over a binding
site. For example, consider that carbon monoxide and oxygen bind to hemoglobin
with dissociation constants KD = 1.3 · 10−9 mol l−1 and K′

D = 3.0 · 10−7 mol l−1

respectively (calculated from the reported kinetic parameters [47, 48]) and that the
hemoglobin concentration in the red blood cell is cP = 2.0 · 10−2 mol l−1 [47, 49].
With the ligand binding simulation, it can be determined that in order to reach a
healthy 95 % oxygen saturation, the concentration of oxygen must be cL′ ≈ 0.95cP =
1.9 · 10−2 mol l−1 (Figure 2.6). Competing binding simulation shows that the oxy-
gen saturation decreases to 90 %, the limit of hypoxemia, when the carbon monox-
ide concentration cL rises to 2.0 · 10−3 mol l−1, approximately 10 % of the oxygen
concentration (Figure 2.7).
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Figure 2.4: The specificity of receptor P over P′, defined in Equation (2.9), as a
function of total ligand L concentration. Receptor concentrations are cP = cP′ =
2.93 · 10−4 mol l−1, and the dissociation constants are KD = 2.00 · 10−7 mol l−1 and
K′

D = 5.84 · 10−5 mol l−1, all close to the experimental values by Binolfi et al. [45].
The pie diagram shows the proportional amounts of the protein species at cL =
1.26 · 10−5 mol l−1, close to the estimated concentration of copper in human blood
[46]. The specificity is at the highest when cL is small, approaching K′

D/KD ≈ 293
when cL approaches zero, and decreases to unity when cL is much greater than cP
and cP′ .

Figure 2.5: The absolute concentrations of the protein species as functions of total
ligand L concentration in a competing receptors situation. The initial concentrations
and dissociation constants are the same as in Figure 2.4, and the pie diagram shows
the same values as well. The experimental cL is low enough that only small amounts
of the complexes are present.
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Figure 2.6: The proportions of free protein (P, green) and complex (PL, blue) as
functions of total ligand L concentration. Total protein concentration is cP = 2.00 ·
10−2 mol l−1, close to the typical hemoglobin concentration in the red blood cell [47,
49]. The dissociation constant is KD = 2.93 · 10−7 mol l−1, close to the value for the
hemoglobin–oxygen complex [47, 48]. The pie diagram shows the proportions at the
set value of cL = 1.85 · 10−2 mol l−1, and the proportion of PL represents the oxygen
saturation in blood. Due to the granularity of the sliders in the simulation applet,
the desired value of 95 % was not obtainable, but since [PL] ≈ cL when cL < cP, the
95 % saturation must be reached at cL ≈ 0.95cP.

Figure 2.7: The proportions of free protein P (green) and two complexes PL (red)
and PL′ (blue) as functions of total ligand L concentration. The values for cP, cL′

and K′
D are taken from cP, cL and KD in Figure 2.6 respectively. The dissociation

constant KD is set at 1.26 · 10−9 mol l−1, close to the value for the hemoglobin–
carbon monoxide complex [47, 48]. The pie diagram shows the proportions at the set
value of cL = 2.00 · 10−3 mol l−1, and the proportion of PL′ represents the oxygen
saturation in blood. The oxygen saturation stays at the high level at low carbon
monoxide concentrations, but decreases to 90 % at cL and falls rapidly thereafter.
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2.5 SIMULATION APPLETS

The aforementioned reaction cases have been programmed into simulation applets
that run in a web browser. A screenshot of the ligand binding simulation is shown
in Figure 2.8. In each applet, the initial concentrations and dissociation constants
(parameters) are set with sliders, and changing them triggers JavaScript code to
update a graph of the equilibrium concentrations. The graph is implemented as a
Scalable Vector Graphics (SVG) object that can be scaled indefinitely or extracted as
a vector graphic file. In addition, instead of total concentration, the equilibrium con-
centration of free protein or free ligand can be selected as the adjustable parameter
in the homodimerisation or the ligand binding simulation respectively. Association
constants and Gibbs free energies of association at 25 °C corresponding to the set
dissociation constants are also shown. Molar masses of the proteins and ligands
can be set, and they will be ignored everywhere except in the calculation of mass
concentrations.

Figure 2.8: Screenshot of the ligand binding simulation applet.
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The graph displays the equilibrium concentrations of all protein species as func-
tions (curves) of one of the adjustable concentration parameters. In the homo-
dimerisation, ligand binding and competing receptors simulations, either total or
equilibrium concentrations of protein, ligand or ligand respectively can be set as the
x-axis. In the competing ligands simulation, the x-axis can be the total concentra-
tion of either protein P or ligand L. The y-axis can be either logarithmic or linear:
the logarithmic scale will show the curves in a fixed scale from 10−10 to 1, and the
linear scale will show the curves in an automatically adjusted scale in the competing
receptors simulation or the relative amounts of protein species in the others. It was
deemed that the relative scale from 0 to 1 would be useful when there is only one
protein species. However, in the competing receptors simulations, where there are
two different protein species, using the absolute scale was decided to be preferable.
In addition, in the competing receptors simulation, the receptor P specificity αs can
be plotted instead of the equilibrium concentrations, and it is always drawn in a
linear scale from 0 to the maximum value.

The slider setting of the parameter on the x-axis defines an inspection point.
It is marked in the graph as a brown vertical line whereas all other parameters are
marked as orange lines. At this point, the equilibrium concentrations of each species
are calculated separately from the graph creation and displayed in a table below the
graph. Also displayed are the corresponding mass concentrations in grams per litre
and the relative amounts of each species. The relative amounts are also shown in
the pie diagram in the graph. In the competing receptors simulation, the receptor
specificity at this point is shown as well.

There is also a curve fitting tool available in each simulation. Data can be input
as pairs of x and y values, and any of the displayed curves can be chosen to be least
squares fitted to the data. One or more of the parameters, excluding the one set
as the x-axis, must be set as free, and after clicking “Calculate”, the program finds
the optimal values for the free parameters that result in the minimal sum of squared
residuals. The other parameters are left at the values set by the user. The parameters
are restricted to the possible discrete values of the sliders, so the solution will always
be imprecise, and if the best solution is outside the range of some parameter, the
returned value will be at one of the extreme ends of the range. In addition to
the results being imprecise, the uncertainties of the values are not calculated, and
therefore the results should be taken as rough approximations.

The best fit can be searched in three ways: by searching the free parameter space
in two successive passes (coarse and fine), by searching the entire space in a single
pass or by searching the vicinity of the set values (initial guess). The first method is
fast but can potentially fail in exotic cases where the coarse search finds an incorrect
minimum and does the fine search in an incorrect part of the free parameter space.
The second method is more reliable, but since it checks a much larger number of
combinations, it is slow when there are many free parameters. The third method is
fast and reliable when the optimal values are close to the initial values, but if not, it
can potentially converge to an incorrect point. The two-pass method is the default
option, and it should work without fail in realistic cases.

The simulation applets are shared online. All the source files are available in
a GitHub repository [50], and the pages can be accessed via a GitHub page (url:
https://protsim.github.io/protsim) [51] using a web browser. The source files
can be freely used and modified by anyone as long as the terms of the GNU General
Public License [52] are complied with.

14

https://protsim.github.io/protsim


3 MATERIALS AND METHODS

3.1 SAMPLE PREPARATION

3.1.1 D-2-Deoxyribose-5-phosphate aldolase
The mutants of the EcDERA were prepared at VTT Technical Research Centre of
Finland Ltd as described in Publication I. Briefly, the encoding gene was cloned and
expressed in E. coli, appended with a hexa histidine tag and transferred into E. coli
cells with a pBAT4 vector. Mutations were done using a mutagenesis kit, and the
enzymes were expressed in E. coli strains and extracted using a HisTrap column.

The EcDERA mutants were received from VTT as various solutions: N21K as
1.2 mg/ml in 50 mM Tris buffer (pH 8.0), T18Q as 1.1 mg/ml in 50 mM Tris buffer
(pH 8.0) and C47V/G204A/S239D as 1.3 mg/ml in 50 mM sodium phosphate buffer
(pH 7.5). The N21K and T18Q mutants were used in crystallisation without any
buffer exchange or concentration. However, because the sodium phosphate was
deemed incompatible with organic buffers, the C47V/G204A/S239D mutant was
transferred to a 50 mM Tris buffer (pH 8.0) using a PD-10 desalting column (GE
Healthcare, Little Chalfont, England) and concentrated using a Vivaspin 2 concen-
trator (10 kDa molecular weight cut-off) (GE Healthcare, Little Chalfont, England).
The concentration of this solution was determined to be 3.2 mg/ml using 280 nm
ultraviolet absorbance in an Eppendorf BioPhotometer Model #6131 spectropho-
tometer (Eppendorf AG, Hamburg, Germany), and this concentrate was used in
crystallisation.

3.1.2 Xylonolactonase
The CcXylC was prepared at VTT as described by Boer et al. [27]. Briefly, the en-
coding gene was purchased as appended with a Strep-tag II, codon optimised in a
pBAT4 vector, expressed in E. coli cells and extracted with a DEAE FF 16/10 ion
exchange column. Two batches of CcXylC were received from VTT: the first was
1.6 mg/ml in 50 mM Tris buffer (pH 8.0), and the second was 5.1 mg/ml in 50 mM
Tris buffer (pH 7.5). Quick mass spectrometry tests resulted in identical spectra for
both, so no difference was made between them.

For the mass spectrometry measurements, the CcXylC was transferred to 10 mM
ammonium acetate solution (ultrapure in HPLC quality water) using a PD-10 desalt-
ing column. The concentration of this solution was determined using 280 nm ultra-
violet absorbance, and the solution was diluted to approximately 1 µM (0.03 mg/ml).
The first native mass spectrum was measured directly from this solution, and a sam-
ple for the denatured mass spectrum was prepared by mixing this solution, acetoni-
trile and acetic acid in final proportions 49.5 %/49.5 %/1.0 % (v/v). After bound
iron was observed in the native mass spectrum (discussed in Section 4.1.1), new
apo-enzyme solutions were prepared similarly, but at least 20 molar equivalents of
EDTA was added to the protein at least 15 minutes before desalting to remove any
metals. Apo-enzyme–metal samples were prepared by adding metal chloride to the
apo-enzyme solution at least 30 minutes before measurement.

15



For crystallisation, small amounts at a time of the CcXylC stocks were turned
into holo-form by adding 100 molar equivalents of FeSO4 and keeping the mixture
overnight. Then, they were desalted and eluated with 50 mM Tris buffer (pH 8.0) in
a PD-10 desalting column and concentrated using a Vivaspin 2 concentrator in a cen-
trifuge, resulting in various concentrations 5–11 mg/ml. The colour of the solution
always remained yellow, which indicated that the iron had remained in the solution
bound to the enzyme. These solutions were used as they were or sometimes diluted
for some experiments. The crystallisation experiments that ultimately resulted in
crystal structures were done with the second batch at 7 mg/ml (rectangular crystal
with d-xylose) and with the first batch at 8 mg/ml (the other three).

3.1.3 Lactone hydrolysis
The lactone hydrolysis samples were prepared by first mixing stock solutions of
xylitol, metal chloride (optional) and apo-enzyme (optional). Solvent was added so
that in the end the concentrations would be 1.0 mM, 10 µM and 0.5 µM respectively.
When both metal chloride and apo-enzyme were used, this mixture was kept still
for at least 30 minutes so that any complex formation would reach equilibrium.
Xylitol was used as an inert internal standard that would have a similar mass to the
reaction products and in such a concentration that it and the product acid would
have similar intensities in the mass spectra. Immediately before measurements,
freshly dissolved d-xylono-1,4-lactone or d-glucono-1,5-lactone (isomers as reported
in reagent containers) was added so that it would be diluted to 0.25 mM.

3.2 MASS SPECTROMETRY

3.2.1 Overview
Two mass spectrometers were used in the work: Esquire 3000plus quadrupole ion
trap (QIT) and Solarix XR Fourier transform ion cyclotron resonance (FT-ICR), both
by Bruker Daltonik GmbH, Bremen, Germany. Both instruments were equipped
with similar electrospray ionisation (ESI) ion sources. The sample solutions were
injected into the ion source using a glass syringe in a syringe pump. Measurement
parameters are presented in the Supporting Information of Publication II.

Mass spectrometry (MS) is an analytical method of separating and measuring
ions by their mass-to-charge ratios (m/z). It is a gas-phase method, so any sample
– typically in liquid phase – must be evaporated and ionised before being trans-
ferred into the mass spectrometer and detected. Ion separation and detection must
be done in vacuum to prevent the ions from colliding with gases [53]. There are var-
ious methods of ionisation: some, mainly electron ionisation (EI), typically cause the
sample molecules to fragment, whereas some, such as chemical ionisation (CI), elec-
trospray ionisation (ESI) and matrix-assisted laser desorption ionisation (MALDI),
exhibit little or no fragmentation. Depending on the ion source, the ions can be rad-
ical ions, fragmented ionic molecules, deprotonated molecules or molecules with
ionic adducts. There are also various mass analysers which separate and detect ions
of different mass-to-charge ratios by how they behave in electric or magnetic fields
or both [54].
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In ESI, liquid sample is pressed through a thin capillary, evaporated and ionised
in an electric field. One of the electrodes is at the spray nozzle, and thus the electric
field causes the ejected droplets to be charged. As the solvent evaporates from
the droplets, analyte molecules are left charged by deprotonation, protonation or
sometimes adduction of sodium or potassium ions, of which protonation is the
most common. Some ions will travel through an opening in the counterelectrode
and enter the mass spectrometer through another capillary and a skimmer. ESI does
not cause fragmentation to the analyte, and even weak interactions, as in protein
structures, are preserved. Since the evaporation of the solvent does not require a
high temperature, thermally labile analytes can be analysed. Therefore, ESI is a
suitable method for ionising various polar compounds that can be protonated or
deprotonated, including carbohydrates and proteins. [55]

A QIT mass analyser traps the ions in a three-dimensional electric field created
by three electrodes. Ions are transmitted through a buffer gas, typically helium,
at low pressure to cool them down. In the QIT, the ions end up in characteristic
trajectories dependent on their mass-to-charge ratios. Setting a radio frequency
(RF) voltage across the ends of the trap and increasing it causes the trajectories
to gradually become unstable and the ions to be ejected. As the RF amplitude is
increased, ions with gradually higher mass-to-charge ratios are ejected and are thus
separated in RF amplitude and time. Ions ejected through an opening in the far end
electrode are detected by an ion detector. [56]

An FT-ICR mass analyser also traps the ions but in a cylindrical cell with a com-
bination of electric and magnetic fields. High-velocity ions are decelerated with a
trapping electric field into a strong uniform magnetic field where they enter cir-
cular orbits with cyclotron frequencies dependent on their mass-to-charge ratios.
Then, the ions are excited with an excitation pulse between excitation plates, which
causes ions in the same orbit to bunch up. As the ions of the same m/z are in the
same phase, they will incude an sinusoidal voltage between receiver plates which
is detected and recorded. Multiple ions with different m/z values induce a signal
containing multiple frequencies with amplitudes proportional to the amounts of the
ions. The frequencies of the recorded signal are extracted with a Fourier transform,
resulting in a spectrum which is converted from frequency space to m/z space.
Thus, all ions in the sample are detected simultaneously. This method has high sen-
sitivity and high mass resolution, which makes it suitable for measuring very small
concentrations or very large molecules, including whole proteins. [57]

3.2.2 Xylonolactonase

The denatured and native mass spectra of the CcXylC were measured with the FT-
ICR MS using the solutions described in Section 3.1.2. The tests with apo-CcXylC
and metal ions were done in roughly 20 µM metal ion concentration. The affinity
of Fe2+ to the CcXylC was quantified by measuring a series with differing Fe2+ con-
centrations. The enzyme concentration was kept constant at approximately 1 µM,
and the Fe2+ concentration was varied from 7.8 nM to 16 µM so that, diluting from
16 µM, it was halved each time. The holo-form could not be observed below 125 nM
Fe2+, so there ended up being eight data points for the determination of the disso-
ciation constant.
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3.2.3 Lactone hydrolysis
The lactone hydrolysis reactions were followed with the QIT MS using the solutions
described in Section 3.1.3. The measurements were done in chromatogram mode
so that a line spectrum (a set of peak positions and intensities) was measured ap-
proximately once per second. Profile spectrum (full spectrum, set of ion counts as
a function of m/z) snapshots from measurements with xylono- and gluconolactone
are shown in Figure 3.1. The intensities of xylono- or gluconolactone, the corre-
sponding acid and xylitol over time were extracted from the raw data, and the times
were adjusted so that the starting points of the reactions were at zero. The intensi-
ties of product acid were divided by the intensities of xylitol, resulting in raw values
over time that were proportional to the concentration of the product acid. Theo-
retical curves of the reaction progress were fitted to the data points in GNU Octave
[58], yielding the rate coefficients of the reactions. The mathematics are described in
detail in the Supporting Information of Publication II.

Figure 3.1: Representative profile spectra from the enzyme kinetics measurements
with (a) xylonolactone and (b) gluconolactone. The spectra were measured in nega-
tive polarisation mode, so all the species are deprotonated and their mass-to-charge
ratios appear ∼1.0 Da smaller than their neutral masses.

3.3 PROTEIN CRYSTALLISATION

3.3.1 Overview
All the crystallisation experiments were done using hanging drop vapour diffusion.
For each individual trial, 500 µl of precipitant solution (the reservoir) was first set
in a well of a 24-well crystallisation plate. A crystallisation droplet was prepared by
mixing equal volumes of protein solution and the precipitant solution on a thin glass
disc. The volumes of the droplets were 2 + 2 µl for the EcDERA and 1 + 1 µl for the
CcXylC. The glass disc was set upside down on top of the well, and the interface
was sealed with high vacuum stopcock grease. The progress of crystallisation was
monitored by visual observation with a microscope.
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In vapour diffusion, the solvent (water) of these two volumes of liquid will evap-
orate and condense so that the vapour pressure is reached and the difference in
concentration is eliminated. Water will effectively travel from the crystallisation
droplet to the reservoir until the droplet is concentrated to the same concentration
as the reservoir. Since the reservoir is much larger than the droplet, its concentration
does not decrease significantly. Over a long period of time, water vapour will also
slowly escape through the sealed interface, causing the droplet and the reservoir to
dry out. In the process, the concentration of protein also increases, and it becomes
insoluble. In suitable conditions, the solution ends up in a metastable state where
the protein begins to form crystals instead of precipitating. Formation of crystals
requires nucleation, or formation of critical nuclei, which can occur spontaneously
or be induced by introducing suitable solid matter into the crystallisation medium.
Crystal growth can also be initiated by seeding, or introducing microcrystals of pro-
tein that will grow in slightly metastable conditions. [59]

3.3.2 D-2-Deoxyribose-5-phosphate aldolase
It was known beforehand that the wild-type EcDERA could be crystallised using
polyethylene glycol (PEG) 3350, magnesium formate and buffer at pH 8.0 [60]. After
trying different PEGs and buffers and optimising the conditions, the N21K mutant
was directly crystallised using the 1.2 mg/ml protein solution and 18–20 % (w/v)
PEG 4000, 0.2 M magnesium formate and 0.1 M Tris buffer (pH 8.0) as the crystalli-
sation solution. The crystals were two-dimensional plates with largest dimensions
up to 300 µm (Figure 3.2a).

Figure 3.2: EcDERA crystals in crystallisation droplets. (a) N21K mutant crystals.
Crystallisation solution: 20 % (w/v) PEG 4000, 0.2 M magnesium formate, 0.1 M Tris
buffer (pH 8.0). Protein concentration was 1.2 mg/ml. (b) T18Q mutant crystals.
Crystallisation solution: 21 % (w/v) PEG 4000, 0.2 M magnesium formate, 0.1 M
Tris buffer (pH 8.0). Protein concentration was 1.1 mg/ml, and the crystals were
seeded by streak seeding. (c) C47V/G204A/S239D mutant crystals. Crystallisation
solution: 18 % (w/v) PEG 3350, 0.2 M magnesium formate, 0.1 M Bis-tris methane
buffer (pH 6.5). Protein concentration was 3.2 mg/ml, and the crystals were seeded
by streak seeding.
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The T18Q mutant required a larger PEG 4000 concentration (at least 23 %) to
crystallise, however the crystals then growed too fast and became disordered. The
crystals were broken and used in streak seeding: new droplets were prepared with
the same protein concentration and lower PEG 4000 concentrations, and they were
seeded by stirring the broken crystals with a dog hair and immediately streaking the
hair through the new droplets. In the same conditions but with 20–22 % PEG 4000,
clean crystals were obtained, some two-dimensional and some three-dimensional,
with largest dimensions up to 200 µm. (Figure 3.2b).

The C47V/G204A/S239D mutant, in the 3.2 mg/ml solution in Tris buffer, crys-
tallised as large needles in 21 % (w/v) PEG 3350, 0.2 M magnesium formate and
0.1 M Bis-tris methane buffer (pH 6.5). When these were broken and used for streak
seeding as described above, three-dimensional crystals with largest dimensions up
to 200 µm were obtained in the same conditions but with 17–18 % (w/v) PEG 3350
(Figure 3.2c).

3.3.3 Xylonolactonase
Suitable crystallisation conditions for the CcXylC were searched with Crystal Screen
by Hampton Research (HR2-110), and it yielded immediate hits. Needle crystals
were observed in condition 4 (2.0 M ammonium sulfate, 0.1 M Tris buffer, pH 8.5),
and clusters of crystals were observed in conditions 16 (1.5 M lithium sulfate, 0.1 M
HEPES buffer, pH 7.5) and 39 (2.0 M ammonium sulfate, 2 % (v/v) PEG 400, 0.1 M
HEPES buffer, pH 7.5). Optimisation of the conditions started from these, and
eventually small disordered crystals were obtained in 1.6 M ammonium sulfate and
0.1 M HEPES buffer (pH 7.5) by streak seeding. The protein concentration was ap-
proximately 7 mg/ml. The droplets were prepared in the cold room at 4 °C and
moved to storage at 20 °C after seeding. These crystals were used for streak seeding
in another experiment in otherwise the same conditions but varying ammonium
sulfate concentration 1.6–1.8 M, which yielded tiny needle crystals. Streak seed-
ing again with these in the same conditions but 1.5 M ammonium sulfate yielded
two-dimensional rectangular crystals with largest dimensions up to 200 µm. Also,
similar crystals were obtained by microseeding: in the preparation of the droplet,
instead of adding 1 µl of crystallisation solution, previous droplets with tiny nee-
dle crystals were diluted 1:320 with the crystallisation solution and used instead.
Cocrystallisation with substrate analogues was tried but had no visible effect on
crystallisation or the shape of the crystals, except that no crystallisation occurred in
presence of d-xylonolactone or d-xylonic acid. A picture of crystals similar to these
is shown in Figure 3.3a.

A different crystal form was also observed: in presence of PEG 400, the protein
crystallised as parallelogram-shaped two-dimensional plates. Direct crystallisation
in 1.6 M ammonium sulfate, 2 % (v/v) PEG 400, 0.05 M sodium malonate and 0.1 M
HEPES buffer (pH 7.5) yielded severely twinned crystals. Using these for streak
seeding and crystallising in the same conditions yielded clean parallelogram-shaped
crystals which were small but useable, with largest dimensions up to 150 µm. A
picture of these crystals is shown in Figure 3.3b. The protein concentration was
approximately 8 mg/ml, and these were also kept at 4 °C during preparation.
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Figure 3.3: CcXylC crystals in crystallisation droplets. (a) Rectangular crystals.
Crystallisation solution: 1.5 M ammonium sulfate, 0.025 M (s)-5-hydroxymethyl-2-
pyrrolidone, 0.1 M HEPES buffer (pH 7.5). Protein concentration was 7 mg/ml, and
the crystals were seeded by microseeding. (b) Parallelogram-shaped crystals. Crys-
tallisation solution: 1.6 M ammonium sulfate, 2 % (v/v) PEG 400, 0.05 M sodium
malonate, 0.1 M HEPES buffer (pH 7.5). Protein concentration was 8 mg/ml, and
the crystals were seeded by streak seeding.

3.4 X-RAY CRYSTALLOGRAPHY

3.4.1 Overview
When a coherent X-ray beam with a wavelength typically close to 1 Å (10−10 m) is
shot into crystalline material, it is diffracted. While most of the radiation passes
through the crystal, planes of atoms reflect fractions of it in a way characteristic
of the contents of the repeating unit cell. These reflections are detected with a
two-dimensional detector, and by repeating the irradiation in a range of angles, a
three-dimensional picture of the diffraction pattern of the crystal is built. This is
known as the reciprocal lattice which is reciprocally connected to the real lattice of
the crystal. [61]

The periodic real lattice is described as a periodic electron density function which
is written as a Fourier series or, in other words, a sum of complex sinusoidal func-
tions (structure factors) with different amplitudes, frequencies and phases. The
Fourier series is truncated at some high frequency based on the quality of the data,
and the corresponding wavelength is known as the high resolution limit or just res-
olution [61]. The quality is measured with parameters including data set complete-
ness, signal-to-noise-ratio I/σI and correlation coefficient CC1/2 between random
halves of the data [62]. The reciprocal lattice is the Fourier transform of this func-
tion, and so in theory the structural factors would be obtained by performing an
inverse Fourier transform on the reciprocal lattice [61]. In practice, the phases of the
reflections are impossible to measure, so they must be obtained indirectly. Phasing
in macromolecular crystallography is commonly done using molecular replacement,
where the phases are estimated using a preexisting homologous structure and are
improved as the structure is built to match the electron density [63].

The structure is refined manually in a graphical editor and computationally. By
visual inspection of the electron density, the structure can be modified to fit into it,
and ligands and water molecules can be added if appropriate electron density peaks
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are visible. Computational refinement methods modify the model to fit the electron
density better and to have the structure factors match the observed amplitudes,
meanwhile keeping restraints on the geometry (including bond lengths, bond angles
and torsion angles) of the model. [64]

The correlation between the structure factors and the observed amplitudes is
described by the R-factor which should be small, with values typically less than 0.2
with good-quality data. There are two R-factors in common use: Rfree is calculated
using a small fraction of the reflections that are ignored in structure refinement,
and Rwork is calculated using all the rest. Rwork will be improved if the model
is modified to fit the data better, but Rfree will cease to improve once the model
becomes overdetailed. Therefore, Rfree is a useful measure of the quality of the
model with respect to the data. [65]

There are also other measures of model quality. The uncertainty of atomic po-
sitions is described by the B-factor or the displacement parameter, and large val-
ues indicate large displacement or disorder. The Ramachandran plot [66] checks
whether the pair of torsion angles in the protein backbone are in certain favourable
regions. Nearly all should be, and a lot of outliers indicates that there are errors in
the model geometry. [65]

3.4.2 D-2-Deoxyribose-5-phosphate aldolase
The EcDERA mutant crystals were soaked in solutions containing substrates or sub-
strate analogues. Using a nylon loop, they were transferred to fresh droplets of
the respective crystallisation solution plus 0.1 M ligand and kept there for approxi-
mately two days. The tested ligands were acetaldehyde, ethylene glycol, propylene
glycol, glycerol, DR and DRP, all shown in Figure 3.4.

Figure 3.4: All the ligands that were used in the soaking experiments with the
EcDERA crystals. DR is shown in the pyranose and furanose forms which dominate
in aqueous solution. DRP is shown in the furanose form in which it appears in
solution, nucleotides and DNA.
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After the two-day soaking, the crystals were transferred to cryoprotective so-
lutions and stored in liquid nitrogen. The cryoprotective solutions were prepared
by replicating the crystallisation conditions but increasing the PEG concentration to
40 % (w/v). The crystals were removed from the soaking droplets with a nylon
loop, set in droplets of cryoprotective solution and immediately picked up in the
loops again to be stored in sample pucks in liquid nitrogen. The pucks were then
shipped to European synchrotrons.

Crystals of the N21K and T18Q mutants were measured at the ID30A-1 beamline
at the European Synchrotron Radiation Facility (ERSF) in Grenoble, France. The
samples were set up and measured automatically, and the images and autoprocessed
data were returned. The files created by EDNA_proc [62, 67, 68] were selected as the
data files for the structure calculations.

A crystal of the N21K mutant with DRP was also measured using the home
X-ray diffractometer at the Department of Chemistry. The instrument comprised a
Nonius FR591 rotating anode X-ray source by Bruker, a mar345dtb goniometer and
a mar345 detector by X-ray Research (currently marXperts). The sample was kept
at 100 K in a flow of air cooled down with liquid nitrogen. The measurement was
set up and the images were collected using the bundled mar345dtb software, and the
images were processed using XDS program package [68].

Crystals of the C47V/G204A/S239D mutant were measured at the i24 beam-
line at Diamond Light Source (DLS) in Oxford, England. The samples were sent
there and measured remotely. The autoprocessed files were downloaded, and those
created by xia2-3dii [62, 67, 69–71] were selected to be used.

All structure calculations were done in Phenix software suite [72]. Phasing was
done using molecular replacement with Phaser [73], using a structure of wild-type
EcDERA (PDB entry 1KTN [74]) as the starting model. Structure refinement was
done with phenix.refine [64] which used MolProbity [75] for structure validation. Vi-
sual observation and manipulation of the structure was done in Coot [76] and par-
tially in PyMOL [77]. Water molecules were added with the “Update waters” option
and later edited manually, and the weight optimisations were used in the final re-
finement cycles. Geometry restraints for the ligands were calculated using eLBOW
[78].

3.4.3 Xylonolactonase
The CcXylC crystals were first measured without ligands. Using conventional cry-
oprotectants – ethylene glycol, glycerol and sodium malonate – did not work well
because the crystals would only diffract to low resolution. A rectangular crystal
cryoprotected with a solution containing 3.25 M sodium malonate, 1.0 M ammo-
nium sulfate and 0.1 M HEPES buffer (pH 7.5) was transferred into a nylon loop,
stored in liquid nitrogen like the EcDERA crystals and successfully measured on the
ID30A-3 beamline at ESRF. Decreasing the ammonium sulfate concentration to 1.0 M
was necessary because it would precipitate when cooled down in liquid nitrogen.
The crystal diffracted to a resolution of 3.0 Å, enough for building a preliminary
structure while awaiting better data. The autoprocessing was unreliable due to an
incorrect parameter, so the images had to be processed with XDS.

After this, CcXylC complex crystals were prepared by using possible ligands as
cryoprotectants. d-Xylonolactone and a number of substrate analogues – d-xylose, 2-
piperidone, 2-pyrrolidone, γ-thiobutyrolactone, (s)-5-hydroxymethyl-2-pyrrolidone
and (r)-4-hydroxy-2-pyrrolidone (4H2PD) – were tested, all shown in Figure 3.5. The
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cryoprotective solutions consisted of 30 % (w/v) cryoprotectant, 1.0 M ammonium
sulfate and 0.1 M HEPES buffer (pH 7.5), and for the parallelogram-shaped crystals,
2 % (v/v) PEG 400 was also added. The crystals were transferred to droplets of
cryoprotective solution, kept there for a few seconds, picked up in nylon loops and
stored in liquid nitrogen. Already during the few seconds, it was noticed that the
crystals were unstable in presence of some ligands, including d-xylonolactone.

Figure 3.5: All the ligands that were tried as cryoprotectants with the CcXylC crys-
tals. d-Xylose is shown in the pyranose and furanose forms, and d-xylonolactone is
shown the 1,5- and 1,4-lactone forms, which dominate in aqueous solution.

The complex crystals were measured on the i04-1 beamline at DLS. Useable data
were obtained for both crystal forms in presence of d-xylose and the rectangular
crystals in presence of 4H2PD. Of the autoprocessed files, ones with the best statis-
tics were selected. For the rectangular crystal with d-xylose, files from xia2-dials [62,
67, 69–71], and for the other ones, files from autoPROC [62, 67, 68, 71, 79, 80] were
used for structure calculations.

The preliminary structure was calculated in Phenix. Molecular replacement was
attempted with the homologous mouse SMP30 gluconolactonase (PDB entry 4GN7
[33, 36]) in Phaser, but it could not find a solution. Thereafter, MR-Rosetta [81] was
tried, and it also failed, but a partial solution was opened in Coot and edited man-
ually to correct all mutations and to place the backbone to the calculated electron
density. Molecular replacement with this model in Phaser was successful, and after
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further editing and refining with phenix.refine, this preliminary structure could be
used for the molecular replacement for the higher-resolution structures.

For the complex structures, molecular replacement was done with Phaser, and
refinement was done with phenix.refine as with the EcDERA structures. The geome-
try restraints of the anomers of d-xylopyranose were already in the internal library,
whereas for 4H2PD they had to be calculated with eLBOW.
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4 RESULTS AND DISCUSSION

4.1 MASS SPECTROMETRY

4.1.1 Xylonolactonase
The denatured mass spectrum of the CcXylC (Figure 4.1) featured a typical charge
state distribution for denatured protein, and charge state deconvolution (Figure 4.2)
yielded the most abundant isotopic mass (31524.89 ± 0.10) Da (mean ± standard
deviation). This matches the theoretical mass of the apo-enzyme calculated using the
amino acid sequence, omitting M1. The native mass spectrum (Figure 4.3) featured
four observable charge states, and in addition to the apo-enzyme another significant
species was observed. The apparent mass difference, ∼53 Da, corresponds to the
binding of a Fe3+ ion (∼56 Da) and three fewer protons. Charge state deconvolution
of the native mass spectrum is shown in Figure 4.4.

The subsequent interest was whether iron and other metals would bind to the
apo-enzyme. The solution of EDTA-treated CcXylC was measured, and as expected,
only the apo-form was observed. Adding roughly 20 µM Fe2+ as iron(II) chloride
to the 1 µM enzyme caused the apo-form to be almost completely converted to the
complex and its signal to almost disappear (Figure 4.5). This was not, however, ob-
served with any other metal ion: with 20 µM Mg2+, Ca2+, Fe3+, Co2+, Ni2+ or Zn2+,
the mass spectrum was indistinguishable from the spectrum of the apo-enzyme, and
with 20 µM Cu2+, the spectrum became more complicated (Figure 4.6).

Figure 4.1: The denatured mass spectrum of the original CcXylC sample. The inset
shows the charge state 27+ magnified.
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Figure 4.2: Charge state deconvolution of the denatured mass spectrum (Figure 4.1)
of the CcXylC.

Figure 4.3: The native mass spectrum of the original CcXylC sample. The inset
shows the charge state 11+ magnified. Mass-to-charge ratios 2866.842 and 2871.744
correspond to the apo- and holo-forms of the enzyme respectively.

Figure 4.4: Charge state deconvolution of the native mass spectrum (Figure 4.3)
of the CcXylC. Masses 31524.14 Da and 31577.05 Da correspond to the apo- and
holo-forms of the enzyme respectively.
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Figure 4.5: Native mass spectrum of the experiment with roughly 1 µM CcXylC
and roughly 20 µM Fe2+. The inset shows the charge state 11+ magnified. The mass-
to-charge ratios 2871.691, 2873.429 and 2875.049 correspond to the holo-form of the
enzyme, holo-form plus water and holo-form plus two waters respectively.

Figure 4.6: Native mass spectrum of the experiment with roughly 1 µM CcXylC
and roughly 20 µM Cu2+. The inset shows the charge state 12+ magnified. The mass-
to-charge ratios 2627.722, 2632.796 and 2648.961 likely correspond to the apo-form
of the enzyme, apo-form plus copper and apo-form plus two coppers respectively.
This is discussed in more detail in the text.
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With 20 µM Cu2+, new signals of protein species appeared in the spectrum, and
dimeric charge states could be observed (Figure 4.6). In the inset of the figure, the
neutral mass of the signal probably corresponding to the apo-enzyme (m/z 2627.722,
neutral mass 31520.58 Da) is ∼4 Da lower than expected. The second strong signal
at m/z 2632.796 (neutral mass 31581.46 Da) matches the expected apparent mass
increase of ∼61 Da when a Cu2+ ion is bound (∼63 Da minus two fewer protons),
but the third strong signal at m/z 2648.961 (neutral mass 31775.44 Da) does not
exactly match the binding of four Cu2+ ions, which would have a neutral mass of
∼31764 Da. There are four cysteines in a protein monomer, and the copper ions
were likely bound to them. This was not investigated further as it was deemed an
uninteresting result.

In the spectrum of the CcXylC and 20 µM Fe2+, other interesting forms of the
holo-enzyme were observed. In the inset of Figure 4.5, the signals at m/z 2873.429
and 2875.049 correspond to the apo-form plus a Fe2+ ion and one and two water
molecules respectively. It would be expected that all water molecules are extracted
from the enzyme in the ionisation process and in high vacuum, but in this case they
are coordinated to the iron strongly enough that they remain partially bonded. Sim-
ilar behaviour has been reported before, for instance by Borchers et al. [82], where
a water molecule remains bonded to the E. coli cytidine deaminase. Since Fe3+ ions
in solution did not bind to the enzyme, the conclusion is that the iron exists as Fe2+

in the structure and is oxidised into Fe3+ in the mass spectrometer if both water
molecules are extracted. Alternatively, if the Fe2+ is oxidised into Fe3+ in the ionisa-
tion process, it loses the coordinated waters but remains bonded to the enzyme in
gas-phase.

For each of the eight native mass spectra of the CcXylC–Fe2+ samples (Figure 4.7),
the equilibrium concentrations of apo- and holo-forms were calculated. The inten-
sities of all apo- and holo-form signals (including the signals with bound water)
were calculated using DataAnalysis 5.0 software by Bruker and summed. Assuming
that the intensities were proportional to concentrations, the fractional saturations
BC (relative amounts of holo-enzyme) were calculated. Using them and the total
concentrations of enzyme and Fe2+, concentrations of free Fe2+ were also calculated.
The titration curve (Figure 4.8) was created by plotting the fractional saturations
over the concentrations of free Fe2+.

This complex formation is the reaction described in Section 2.2. The model used
in this calculation, modified from the simple form used in the simulation, accounts
for the maximum saturation level Bmax which would be unity in the ideal case. The
equation is

BC ≡ [PL]
cP

=
Bmax [L]
KD + [L]

, (4.1)

where [PL] and [L] are the equilibrium concentrations of the holo-enzyme and free
iron respectively, cP is total enzyme concentration and KD is the dissociation con-
stant. Unweighted orthogonal regression in Origin Pro 2018 software [83] yielded
KD = (5.0 ± 1.3) · 10−7 mol l−1 and Bmax = 0.966 ± 0.009 with a 95 % level of confi-
dence.
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Figure 4.7: Charge states 11+ of the native mass spectra of the titration of CcXylC
with Fe2+. This shows the trend that the equilibrium of apo- and holo-enzymes
shifts to the holo-enzyme when the amount of iron in solution is increased. The
Fe2+ concentrations in the bottom-right are the approximate total concentrations of
iron chloride added to each sample. The enzyme concentration was equal in each
case and approximately 1 µM.
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Figure 4.8: The titration of the CcXylC with Fe2+. The crosses are the data
points calculated from the mass spectra shown in Figure 4.7. The line is the fit-
ted theoretical curve of Equation (4.1) with parameters KD = 5.0 · 10−7 mol l−1 and
Bmax = 0.966.

4.1.2 Lactone hydrolysis
When the lactone hydrolysis reaction progressions were followed while measuring
them, it was immediately noticed that presence of apo-enzyme did not accelerate
the reaction and that both metal ions and holo-enzyme did accelerate it significantly.
The calculated rate coefficients of the reactions are shown in Table 4.1. Also shown
are reaction half-lives calculated from the rate coefficients.

Table 4.1: Measured pseudo-first-order rate coefficients and half-lives of the lac-
tone hydrolysis reactions. The values of the rate coefficients and the half-lives are
confidence intervals with a 95 % level of confidence. The substrates are the isomers
both reported in the reagent containers and known to be the dominant forms in
aqueous solution [34, 84].

Substrate
CcXylC Fe2+ Rate coefficient Half-life

(µM) (µM) (s−1) (min)
d-xylono-1,4-lactone — — (3.5 ± 0.5) · 10−5 330 ± 40
d-xylono-1,4-lactone — 10 (8.3 ± 0.5) · 10−5 138 ± 8
d-xylono-1,4-lactone 0.5 10 (2.7 ± 0.2) · 10−3 4.3 ± 0.3

d-glucono-1,5-lactone — — (2.6 ± 0.3) · 10−4 45 ± 5
d-glucono-1,5-lactone — 10 (4.0 ± 0.6) · 10−4 29 ± 4
d-glucono-1,5-lactone 0.5 10 (2.4 ± 0.2) · 10−3 4.8 ± 0.4

The hydrolysis of xylonolactone without any metals occurred slowly with a half-
life of 330 min. Presence of 10 µM Fe2+ accelerated the reaction approximately two-
fold to a half-life of 138 min, indicating that the metal ion catalyses some step in the
reaction. Presence of 0.5 µM holo-enzyme accelerated the reaction almost 80-fold
to a half-life of 4.3 min, indicative of enzymatic catalysis. With the holo-enzyme,
there is also approximately 9.5 µM free Fe2+ in solution, so the effect of free Fe2+ is
present as well. Likewise, the hydrolysis of gluconolactone had a half-life of 45 min
without any metals, and presence of 10 µM Fe2+ or 0.5 µM holo-enzyme accelerated
the reaction 1.5-fold and almost 10-fold to half-lives of 29 min and 4.8 min respec-
tively. It is remarkable that whereas the nonenzymatic reactions of gluconolactone
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were much faster, the enzymatic reactions of both xylono- and gluconolactone were
nearly equally fast. From the determined rate coefficients of the enzymatic reac-
tions, estimates of enzyme specificity constants (kcat/Km) [85] were calculated, and
they were (5400 ± 900) M−1 s−1 and (4900 ± 900) M−1 s−1 for the reactions with
xylonolactone and gluconolactone respectively.

The hypothesis arising from these data is that the bare metal ion affects the
interconversion of the lactone forms. There are two lactone forms, 1,4-lactone and
1,5-lactone. It has been reported that glucono-1,5-lactone is hydrolysed to gluconic
acid in aqueous solution whereas glucono-1,4-lactone is not, and the lactone forms
interconvert without a gluconic acid intermediate [35]. This is assumed to apply for
the forms of xylonolactone as well. Also, the 1,5-lactone, as a six-membered ring,
appears to fit better to the active site of the enzyme (discussed in Section 4.2.2), and
so it should be the primary substrate.

The proposition is that the interconversion occurs via a bicyclic intermediate that
is stabilised by the metal ion. Xylonolactone exists primarily as 1,4-lactone [34], and
so it must be converted to 1,5-lactone, which is then hydrolysed to xylonic acid
either enzymatically or nonenzymatically. Presence of metal ions accelerates the
interconversion. In contrast, gluconolactone exists primarily as 1,5-lactone [84], so
the hydrolysis occurs faster, but even then the product is formed faster when the
lactone form interconversion is accelerated. The reaction equation is presented in
Figure 4.9.

Figure 4.9: Proposed reaction mechanism of the hydrolysis of d-xylonolactone. d-
Xylono-1,4-lactone and d-xylono-1,5-lactone interconvert via a bicyclic intermediate
stabilised by a bivalent metal ion (M2+, here Fe2+), and d-xylono-1,5-lactone is hy-
drolysed to d-xylonic acid either enzymatically or nonenzymatically. The hydrolysis
of d-gluconolactone to d-gluconic acid is analogous.
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4.2 X-RAY CRYSTALLOGRAPHY

4.2.1 D-2-Deoxyribose-5-phosphate aldolase
Several crystals of the EcDERA diffracted to a resolution less than 2 Å. The struc-
tures that were deemed to be interesting enough for publication (Publication I) were
N21K mutant with ethylene glycol (best resolution of all), N21K mutant with DRP
and C47V/G204A/S239D mutant with DRP. Also, a structure of T18Q mutant with
acetaldehyde is considered here. Data of these structures are presented in Table 4.2.

All the EcDERA structures have the same space group P 1 21 1 and nearly the
same unit cell dimensions, and the crystal packings are the same. The asymmetric
unit (ASU) contains two protein chains, and the tertiary structure is the expected
TIM (α/β)8 barrel fold. The protein backbones and the amino acid side chains have
strong electron density, except for some side chains on the surface.

Table 4.2: Data of the considered EcDERA crystal structures. Numbers in paren-
theses refer to the diffraction shell of the highest resolution.

EcDERA mutant N21K N21K T18Q C47V/G204A/S239D
PDB entry 6Z9J [86] 6Z9I [87] — 6Z9H [88]
Ligand ethylene glycol DRP acetaldehyde DRP
Beamline ESRF ID30A-1 home source∗ ESRF ID30A-1 DLS i24
Wavelength (Å) 0.9660 1.5418 0.9660 0.9688
Space group P 1 21 1 P 1 21 1 P 1 21 1 P 1 21 1
a, b, c (Å) 60.5, 52.8, 80.7 61.9, 53.3, 81.2 61.8, 53.4, 80.8 62.2, 53.4, 80.8
α, β, γ (°) 90, 111.2, 90 90, 110.2, 90 90, 110.7, 90 90, 110.7, 90

Resolution (Å)
31.31–1.50 19.27–1.86 38.48–1.64 39.41–1.72

(1.55–1.50) (1.97–1.86) (1.70–1.64) (1.78–1.72)
Observations 136475 (12275) 142080 (18431) 111495 (10585) 89923 (9206)
Unique observations 74834 (7258) 39746 (5999) 59167 (5691) 51138 (5131)
Completeness 98.3 % (96.0 %) 94.9 % (90.2 %) 97.6 % (94.7 %) 96.9 % (97.8 %)
I/σI 10.0 (1.1) 10.5 (2.3) 8.9 (1.5) 8.5 (2.1)
CC1/2 0.999 (0.637) 0.994 (0.710) 0.997 (0.641) 0.983 (0.503)
Rmerge 0.035 (0.540) 0.106 (0.550) 0.046 (0.442) 0.087 (0.462)
Rmeas 0.050 (0.764) 0.125 (0.664) 0.065 (0.625) 0.123 (0.653)
Rwork 0.1594 0.1611 0.1574 0.1818
Rfree 0.1867 0.2087 0.1977 0.2266
Mean B factor (Å2) 24.32 17.14 23.31 23.58
Monomers per ASU 2 2 2 2
Protein atoms 3864 3833 3827 3775
Water molecules 569 765 703 577
Ligand atoms 9 16 4 8
Ramachandran —

favourable 97.37 % 97.56 % 97.36 % 97.76 %
outliers 0 % 0 % 0 % 0 %

RMSD† of bond —
lengths (Å) 0.007 0.006 0.006 0.008
angles (°) 0.931 0.792 0.801 0.944

∗ Nonius FR591 rotating anode X-ray source, mar345dtb goniometer, mar345 detector
† Root mean square deviation
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The N21K mutant structure with ethylene glycol has no trace of ligands at the
active site. The mutation is well visible in the electron density, and its location is
at the mouth of the central cavity, indicating that it has a role in regulating the
accessibility of the active site (Figure 4.10). A surface model of the cavity is shown
in Figure 4.11a. Since the N21K mutant has a decreased DRP cleavage activity,
the asparagine in the wild-type probably forms a hydrogen bond to a phosphate
oxygen, stabilising the transition state and speeding up the reaction. This would
have little effect on DR cleavage and acetaldehyde addition activities, which is the
case according to the activity data (Table 1.1).

In the N21K mutant structure with DRP, the reaction products of DRP cleavage
– acetaldehyde and G3H – are observed in the active site (Figure 4.11a–c). The
acetaldehyde is bound to the amino group of the catalytic K167 as a Schiff base,
resembling an ethylidene group ( –– CH – CH3). The G3H is bound to the side chains
of the active site via water molecules and several hydrogen bonds. The mutated
N21K side chain is too far to form bonds with the G3H. In the crystal structure, the
G3H is observed in only one of two protein chains, and in the other one only the
acetaldehyde is visible.

An interesting detail are bound magnesium ions in the crystal structures. While
building the models, blobs of electron density in octahedral coordination were no-
ticed at the interface between protein chains. These could not be water molecules
due to the geometry, and so they were deduced to be magnesium ions from the
magnesium formate that was used in crystallisation. An example of a histidine
coordinated to such a magnesium ion is shown in Figure 4.11d.

Figure 4.10: The EcDERA N21K mutation. (a) The electron density of the N21K
side chain. Hydrogen bonds are formed from the amino group to water molecules
and a peptide oxygen in a symmetry pair. Lengths of the hydrogen bonds are in
ångströms. The electron density (blue) is the 2FO − FC map, contoured at 1σ level.
(b) The location of the N21K mutation in the tertiary structure. The view is down
the central cavity, and the catalytic K167 side chain is also shown. N21K is located
at the mouth of the cavity.
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Figure 4.11: (a) The G3H bound to the surface of the active site of the EcDERA
N21K mutant. (b) The G3H and the Schiff base form of acetaldehyde (labelled EDO
as in the structure in PDB [87]) bound to the active site. View from the end of the
aldehyde group and the catalytic K167. The G3H and EDO have refined occupancies
of 72 % and 56 % respectively, and S238 has two alternative conformations, of which
the one closer to the phosphate group has an occupancy of 63 %. Lengths of the
bonds are in ångströms. The electron density (blue) is the 2FO − FC map, contoured
at 1σ level. (c) Same, view from the end of the phosphate group. (d) A magnesium
ion bound to a histidine on the interface of two neighbouring protein chains in the
crystal. The model is of the N21K mutant without ligands.

The mutation of the T18Q mutant is also well visible in the electron density (Fig-
ure 4.12). It is located at the active site, and the glutamine side chain is larger than
threonine, which is visible in Figure 4.11b. Since the T18Q mutant has a severely
lower activity compared to the wild-type, the larger side chain of the glutamine
probably hinders the binding of ligands to the catalytic K167. At the active site,
there is visible electron density of a Schiff base form of acetaldehyde (Figure 4.13a).
Because the structure was decided to not be published, the model was not refined
to full detail and the Schiff base was not built into the model.
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Figure 4.12: The EcDERA T18Q mutation. (a) The electron density of the T18Q
side chain. Hydrogen bonds are formed from the amino group to water molecules
nearby. Lengths of the hydrogen bonds are in ångströms. The electron density (blue)
is the 2FO − FC map, contoured at 1σ level. (b) The location of the T18Q mutation
in the tertiary structure. The view is down the central cavity, and the catalytic K167
side chain is also shown. T18Q is located at the active site close to K167.

Figure 4.13: Acetaldehyde bound as a Schiff base to the catalytic K167 of the
EcDERA. The electron density (blue) is the 2FO − FC map, contoured at 1σ level.
The difference map is the FO − FC map, contoured at +3σ level (green) and −3σ
level (red). (a) In the model of the T18Q mutant. The ligand has not been modelled,
but electron density corresponding to two carbon atoms is visible. (b) In the model
of the C47V/G204A/S239D mutant. The modelled Schiff base (labelled EDO as
in the structure in PDB [88]) has a refined occupancy of 90 % and strong electron
density.

An acetaldehyde is also visible in the active site of the C47V/G204A/S239D mu-
tant (Figure 4.13b), and the mutations are also well visible (Figure 4.14). However,
since the mutant is supposed to be inactive towards DRP, there should be little
aceteldehyde in solution, but the electron density is unambiguous. Perhaps some
acetaldehyde has been formed by nonenzymatic cleavage of DRP over the soak-
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ing time and been able to enter the active site. The G204A mutation is located at
the mouth of the central cavity, and the larger hydrophobic side chain and a small
change in the loop conformation probably prevent DRP and DR from entering the
cavity, which explains why the DRP and DR cleavage activities were observed to
disappear. The S239D mutation is located farther away from the mouth of the cavity
but affects the conformation of the loop and introduces more negative charge near
the binding site of the phosphate group of DRP, thereby hindering the DRP binding.

Figure 4.14: The EcDERA C47V/G204A/S239D mutations. Lengths of the hy-
drogen bonds are in ångströms. The electron density (blue) is the 2FO − FC map,
contoured at 1σ level. (a) The electron density of the C47V side chain. (b) The elec-
tron density of the G204A side chain. (c) The electron density of the S239D side
chain. (d) The locations of the mutations in the tertiary structure. The view is down
the central cavity, and the catalytic K167 side chain is also shown. C47V and G204A
are located at the active site, and S239D is located at the mouth of the cavity.

The C47V mutation is located near the active site. In the structure of the N21K
mutant with DRP, the Schiff base of acetaldehyde is in such an orientation that the
C – H of the sp2 carbon could form a weak hydrogen bond with the cysteine. How-
ever, the carbon–sulfur distance is 4.1 Å in chain A and 4.0 Å in chain B (Figure
4.15a–b), so the bond is very weak. It is shorter than the carbon–carbon distance of
the hydrophobic interaction with valine in the C47V/G204A/S239D mutant struc-
ture though (Figure 4.15c–d), so the cysteine may stabilise the Schiff base slightly.
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No electron density for a ligand bound between the cysteine and the catalytic lysine,
as reported by Dick et al. [89], is observed. In addition, since valine has a larger side
chain than cysteine, the mutation should make the cavity of the active site smaller
in volume. Solvent-accessible volumes and mouth areas of the cavities were cal-
culated using the CASTp 3.0 web server [90], and the values (Table 4.3) indicate
that the C47V/G204A/S239D mutant has a smaller cavity than the other considered
mutants and the wild-type on average. However, the deviation between individ-
ual chains is large and explained by variations in loop conformations rather than
mutated side chains. Cavity surfaces are visualised in Figure 4.16. These findings
do not explain why this C47V mutation causes the DR cleavage activity to decrease
significantly. Perhaps the C47 participates in the enzymatic reaction in a way not
indicated by these data.

Figure 4.15: Comparison of C47 and C47V in the active site of the EcDERA.
The electron density (blue) is the 2FO − FC map, contoured at 1σ level. The dif-
ference map is the FO − FC map, contoured at +3σ level (green) and −3σ level
(red). (a) N21K mutant with DRP, chain A. (b) N21K mutant with DRP, chain B. (c)
C47V/G204A/S239D mutant with DRP, chain A. (d) C47V/G204A/S239D mutant
with DRP, chain B. The sulfur of the cysteine can form a hydrogen bond to a water
molecule or a weak hydrogen bond to the Schiff base, though the bond lengths are
so long that the hydrogen bonds are very weak. In comparison, the hydrophobic
interactions with the mutated valine have a longer equivalent distance.
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Table 4.3: Solvent-accessible volumes and mouth areas of the central cavities of
each chain of the solved EcDERA mutant structures and two wild-type structures.
The C47V/G204A/S239D mutant has a smaller cavity than the others on average,
but with such a small sample size the difference is not statistically significant. The
mouth areas, logically dependent on conformations at the mouth, also seem to be
only weakly correlated with the cavity volumes, indicating that there is significant
random variation. The values have been calculated with the CASTp 3.0 web server
[90] with a probe radius of 1.0 Å.

EcDERA mutant N21K N21K
PDB entry 6Z9J [86] 6Z9I [87]
Protein chain A B A B
Cavity volume (Å3) 146.007 174.846 227.878 168.759
Mouth area (Å2) 37.104 48.210 36.257 34.771

EcDERA mutant T18Q C47V/G204A/S239D
PDB entry — 6Z9H [88]
Protein chain A B A B
Cavity volume (Å3) 199.786 125.152 144.444 94.370
Mouth area (Å2) 36.847 23.689 33.184 26.934

EcDERA mutant Wild-type Wild-type
PDB entry 1JCL [11, 16] 1P1X [19, 91]
Protein chain A B A B
Cavity volume (Å3) 125.251 162.348 274.400 155.507
Mouth area (Å2) 28.887 32.607 59.498 50.719

Figure 4.16: Surface models of (a) the largest and (b) the smallest cavity of
the EcDERA structures considered in Table 4.3. (a) Wild-type (PDB: 1P1X [19,
91]), solvent-accessible cavity volume 274.400 Å3. (b) C47V/G204A/S239D mutant,
solvent-accessible cavity volume 94.370 Å3. The latter one has a much smaller cavity
volume not only because of mutated side chains, but changes in loop and side chain
conformations. The pictures have been taken from the model viewer of the CASTp
3.0 web server [90].
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4.2.2 Xylonolactonase
Complex structures of three CcXylC crystals are considered: rectangular crystal with
d-xylose, parallelogram-shaped crystal with d-xylose and rectangular crystal with
4H2PD. Data of these structures, and also the low-resolution preliminary structure,
are presented in Table 4.4.

The two visibly different crystal forms also exhibit different space groups, unit
cells and packings. Disregarding the preliminary structure, which may have been
processed to unnecessarily low symmetry due to low data resolution, the rectangu-
lar and parallelogram-shaped crystals have space groups C 2 2 21 and P 1 21 1 as
well as orthorhombic and monoclinic unit cells respectively. The protein monomers
are packed differently in the two different lattices as shown in Figures 4.17 and
4.18. The expected six-bladed β-propeller fold is present, and there is no signifcant
difference in backbone conformation between the two crystal packings.

Table 4.4: Data of the considered CcXylC crystal structures and the unpublished
preliminary structure. Numbers in parentheses refer to the diffraction shell of the
highest resolution.

Structure / PDB entry Preliminary 7PLB [92] 7PLC [93] 7PLD [94]
Crystal form rectangle rectangle parallelogram rectangle
Ligand none d-xylopyranose d-xylopyranose 4H2PD
Beamline ESRF ID30A-3 DLS i04-1 DLS i04-1 DLS i04-1
Wavelength (Å) 0.96770 0.91587 0.91587 0.91587
Space group P 1 21 1 C 2 2 21 P 1 21 1 C 2 2 21

a, b, c (Å) 87.2, 79.6, 96.5 85.8, 171.0, 79.1 45.8, 82.2, 159.2 87.7, 171.7, 79.2
α, β, γ (°) 90, 116.9, 90 90, 90, 90 90, 97.7, 90 90, 90, 90

Resolution (Å)
47.92–3.00 85.58–1.73 158.24–2.15 85.97–1.70

(3.18–3.00) (1.79–1.73) (2.23–2.15) (1.76–1.70)
Observations 50983 (8155) 121864 (11959) 115401 (11849) 131593 (12969)
Unique observations 21347 (3491) 61016 (6025) 59670 (6048) 65883 (6493)
Completeness 89.1 % (91.1 %) 100.0 % (99.9 %) 93.5 % (95.2 %) 99.7 % (98.9 %)
I/σI 7.0 (1.7) 9.2 (1.1) 3.9 (1.0) 9.2 (1.0)
CC1/2 0.986 (0.613) 0.998 (0.564) 0.991 (0.660) 0.999 (0.538)
Rmerge 0.119 (0.620) 0.049 (0.719) 0.100 (0.551) 0.048 (0.784)
Rmeas 0.149 (0.768) 0.069 (1.017) 0.141 (0.779) 0.068 (1.109)
Rwork 0.2164 0.1807 0.1978 0.1936
Rfree 0.2696 0.2178 0.2502 0.2343
Mean B factor (Å2) 37.39 28.34 28.58 27.30
Monomers per ASU 4 2 4 2
Protein atoms 8845 4504 8829 4457
Water molecules 63 553 611 579
Ligand atoms 0 147 89 86
Ramachandran —

favourable 88.33 % 97.73 % 97.71 % 97.37 %
outliers 2.54 % 0 % 0 % 0 %

RMSD of bond —
lengths (Å) 0.008 0.003 0.003 0.006
angles (°) 1.418 0.692 0.630 0.815
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Figure 4.17: The unit cell of the rectangular crystal, space group C 2 2 21. There
are eight copies of the asymmetric unit, each coloured differently. The protein
monomers are arranged in orthogonal vertical planes that are packed together with
a horizontal offset of half a monomer’s size.

Figure 4.18: The unit cell of the parallelogram-shaped crystal, space group P 1 21 1.
There are two copies of the asymmetric unit, each coloured with two different
colours to aid legibility. The asymmetric unit of the model file contains the green
and yellow chains or, by symmetry, the orange and purple chains. All the displayed
chains are roughly in the same plane. Compared to the packing of the rectangular
crystal (Figure 4.17), the chains are not orthogonally ordered in the planes, and the
offset between planes is not a fraction of monomer size but more coincidental.

The bound iron is observed in the active site, and it is bound to the side chains
of E18, N146 and D196. Also, two water molecules and a ligand or a third water
molecule are bound to the iron. The coordination geometry is octahedral with little
distortion. The occupancy of each modelled iron ion was refined, and the occupan-
cies ranged from 47 % to 93 %. The presence of iron was verified by dissolving
crystals in water, desalting, transferring to ammonium acetate solution and measur-
ing a native mass spectrum (Figure 4.19) as described earlier.

The two structures with d-xylose contain several d-xylopyranose molecules both
on the surface and in the active sites. In all six active sites, a β-d-xylopyranose is co-
ordinated to the Fe2+ via the number 1 hydroxyl group and in a specific orientation
(Figure 4.20). The electron densities are strong enough that they could be modelled
with high certainty and 100 % occupancy. On the surface, both α- and β-anomers

42



are observed, and they also have strong and specific electron densities (Figure 4.21).
The β-anomer in the active site is also shown in Figure 4.22a as a surface model.

Figure 4.19: Charge state deconvolution of the native mass spectrum measured
from dissolved CcXylC crystals. The species with the most abundant masses
31524.47 Da, 31577.32 Da, 31595.49 Da and 31615.36 Da are the apo-enzyme, holo-
enzyme, holo-enzyme plus water and holo-enzyme plus two waters respectively.
The proportional amount of holo-enzyme is more than 90 %.

Figure 4.20: The β-d-xylopyranose (XYP) bound to the active centre. The number
1 hydroxy group is coordinated to the Fe2+ ion, and hydrogen bonds are formed
to neighbouring waters and side chains. Lengths of the hydrogen bonds are in
ångströms. The electron density (blue) is the 2FO − FC map, contoured at 1σ level.
(a) In the structure of the rectangular crystal, resolution 1.73 Å. (b) In the structure
of the parallelogram-shaped crystal, resolution 2.15 Å. The hydrogen atoms have
not been modelled in the lower-resolution structure.
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Figure 4.21: The d-xylopyranose anomers bound to the surface of the CcXylC in
the crystal structure. Lengths of the hydrogen bonds are in ångströms. The electron
density (blue) is the 2FO − FC map, contoured at 1σ level. (a) β-d-Xylopyranose
(XYP) and hydrogen bonds to neighbouring waters and the protein molecule. (b) α-
d-Xylopyranose (XYS) and hydrogen bonds to neighbouring waters and the protein
molecule. For clarity, the W28 in the foreground is shown as a line model and
without the electron density.

Figure 4.22: Surface models of the CcXylC complex structures. (a) The β-d-
xylopyranose (XYP) bound to the active site, as shown in Figure 4.20a. (b) Two
4H2PD molecules (labelled 7UK as in the structure in PDB [94]) bound to the active
site and to the mouth of the cavity, as shown in Figure 4.23.

In the 4H2PD structure, five 4H2PD molecules were modelled: one in the active
site of one of the two chains, two at the mouths of the central cavities (one per chain)
and two on the surface of the enzyme. A surface model of the ones in the cavity is
shown in Figure 4.22b. The 4H2PD in the active site was deduced to be coordinated
to the Fe2+ ion via the carbonyl oxygen even though the electron density of only
half of the molecule could be observed (Figure 4.23a). The 4H2PD was modelled
in two orientations as separate conformations, and their refined occupancies are
26 % and 34 %. This nonspecific orientation suggests that the five-membered ring
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may not be as favourable a substrate as the six-membered ring of β-d-xylopyranose,
and thus the six-membered 1,5-lactones would be preferred substrates over the five-
membered 1,4-lactones. The electron density in the active site of the other chain was
insufficient for modelling more than a water molecule coordinated to the Fe2+ ion.
The 4H2PD molecules at the mouths of the central cavities are packed against the
ring system of W211 and likely stabilised by hydrophobic interactions (Figure 4.23b).
These ones as well as the 4H2PD molecules on the surface have strong electron
densities and occupancies of 100 % in the model.

This information on substrate binding allowed hypothesising the mechanism of
the enzymatic reaction. The assumption is that d-xylonolactone is coordinated to
the iron in the same orientation as the d-xylose in the crystal structure, except the
carbonyl system will have slightly different geometry. The reaction must be acid-
or base-catalysed like the nonenzymatic reaction, and a possible base would be the
slightly basic amide group of N101. In the proposed mechanism (Figure 4.24), the
coordination to the iron makes the carbonyl carbon more electrophilic, and a water
molecule attacks it from the more exposed side near N101. The opposite side is
obscured by hydrophobic side chains. The base extracts a proton from the water
molecule, leaving a hydroxyl group. Then, the C – O bond of the ester group is
opened, leaving a negative charge in the now terminal oxygen. By a proton transfer,
the charge is transferred to the carboxyl group, and the carboxyl group extracts the
proton from the base, resulting in d-xylonic acid which can again leave the active
site. The reverse reaction is possible, but the equilibrium favours the acyclic acid.

Figure 4.23: 4H2PD molecules (labelled 7UK as in the structure in PDB [94]) bound
to the CcXylC. Lengths of the hydrogen bonds are in ångströms. The electron den-
sity (blue) is the 2FO − FC map, contoured at 1σ level. The difference map is the
FO − FC map, contoured at +3σ level (green) and −3σ level (red). (a) The 4H2PD
modelled in the active centre. It is coordinated to the Fe2+ ion via the carbonyl oxy-
gen in two orientations that have been modelled as alternative conformations. The
electron density is so weak that only the planar system around the carbonyl group
can be seen reliably. The orientation which forms a hydrogen bond to R99 has an
occupancy of 34 %, and the other one has an occupancy of 26 %. (b) The 4H2PD
packed against the ring system of W211 at the mouth of the active site. The electron
density is strong enough that the 4H2PD could be modelled in a specific orientation
and with an occupancy of 100 %.
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Figure 4.24: The proposed mechanism for the enzymatic d-xylono-1,5-lactone hy-
drolysis. The lactone is coordinated to the iron in the active centre via the carbonyl
oxygen, which makes the carbonyl carbon more susceptible to a nucleophilic at-
tack by a water molecule. A base (B), perhaps the amide oxygen of N101, then
deprotonates the intermediate, and the ester bond is cleaved. Thereafter, the neg-
ative charge is transferred to the carboxyl group, the base returns the proton, and
d-xylonic acid is formed. The hydrolysis of d-glucono-1,5-lactone to d-gluconic acid
is homologous.
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5 CONCLUSIONS

The crystal structures of the three EcDERA mutants displayed subtle differences in
geometry and chemical environment, which gave some insight to why the muta-
tions affect the enzymatic activity. In the structure of the N21K mutant with DRP,
the reaction products of the cleavage of DRP were observed, acetaldehyde bound
into the catalytic lysine as a Schiff base and G3H hydrogen bonded to the central
cavity. To date, this is the only published structure in PDB where these reaction
products have been modelled. Bound acetaldehyde was also present in the struc-
tures of the T18Q and C47V/G204A/S239D mutants. These results will hopefully
be useful for yet improving the efficiency of the enzyme by further planned mutage-
nesis and for potentially utilising the EcDERA in industrial synthesis. An effective
way of catalysing carbon–carbon bond formation would be invaluable in synthesis
of numerous molecules with carbon backbones, for example 3-hydroxybutyric acid,
the monomer of polyhydroxybutyrate (PHB), a biodegradable polyester [95].

The CcXylC was observed to bind iron as Fe2+ specifically, that is, there is a single
metal binding site. The binding affinity was high, with a dissociation constant of
0.50 µM. Fe3+ and other metals did not bind in observable amounts, except for
Cu2+ which was most probably bound nonspecifically on the surface of the protein.
The metal binding site was well observed in the crystal structures of the CcXylC,
and the presence of iron was shown by measuring a native mass spectrum of the
crystals. It would be interesting to test the homologous SMP30 gluconolactonases
with native mass spectrometry and to see whether they bind metals similarly. It
would be expected since the metal binding site is conserved, however, quite opposite
results have been reported. The dissociation constants for Mg2+, Ca2+, Mn2+ and
Zn2+ that Chakraborti et al. [28] have reported were determined by enzymatic assay,
an indirect analysis method. Native mass spectrometry, as a direct method, would
show the bound metal ions unambiguously.

The complex crystal structures showed that β-d-xylopyranose and 4H2PD bound
to the active site. Since the β-d-xylopyranose had strong electron density, 100 % oc-
cupancy, specific orientation and several hydrogen bonds, it is a better substrate
analogue than the 4H2PD which had weaker electron density, two modelled ori-
entations and fewer hydrogen bonds. Thus, the six-membered ring binds better to
the active site than the five-membered ring, and the enzyme probably catalyses the
hydrolysis of 1,5-lactone rather than 1,4-lactone. This is in agreement with previous
reports of how d-gluconolactone is hydrolysed by acid–base catalysis.

Kinetic analysis of the lactone hydrolysis reaction indicated that presence of Fe2+

ions accelerates the nonenzymatic reaction and that the enzymatic reaction is nearly
equally fast with both d-xylono- and d-gluconolactone. The determined kcat/KM
ratios were sensible and in about the same order of magnitude as those reported by
Chakraborti et al. [28] for the SMP30 gluconolactonase in presence of Mg2+, Ca2+,
Mn2+ or Zn2+, again determined by enzymatic assay. The suggested mechanism
of lactone form interconversion and 1,5-lactone hydrolysis explains these findings.
However, without detecting the intermediate by mass spectrometry or spectroscopic
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methods, the mechanism and the structure of the intermediate remain uncertain.
Also, the proposed mechanism of the enzymatic reaction is only speculative, but it
could be tested by mutating the N101 and other amino acids at the active site and
repeating the experiments with the mutants.

While the results on the CcXylC were in part contradictory to previously pub-
lished research, they give new valuable information on the enzymatic function.
Knowing how the substrates bind to the active site, it is possible to do directed mu-
tagenesis experiments, as has been done with the EcDERA, to potentially increase
enzymatic activity or alter the substrate specificity. On the other hand, as the homol-
ogous SMP30 gluconolactonases reportedly accept various carbohydrate lactones as
substrates, the CcXylC could potentially be used to hydrolyse other carbohydrate
lactones as well. This was not investigated in this work, however, with anything else
than d-xylono- and d-gluconolactone. These results and possible subsequent new
research will undoubtedly help with eventual industrial-scale implementation of the
metabolic pathways from d-xylose to various useful substances and production of
new biomass-based reagents, materials and possibly fuels.
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Abstract
In this work, deoxyribose-5-phosphate aldolase (Ec DERA, EC 4.1.2.4) from Escherichia coli was chosen as the protein
engineering target for improving the substrate preference towards smaller, non-phosphorylated aldehyde donor substrates, in
particular towards acetaldehyde. The initial broad set of mutations was directed to 24 amino acid positions in the active site or in
the close vicinity, based on the 3D complex structure of the E. coliDERA wild-type aldolase. The specific activity of the DERA
variants containing one to three amino acid mutations was characterised using three different substrates. A novel machine
learning (ML) model utilising Gaussian processes and feature learning was applied for the 3rd mutagenesis round to predict
new beneficial mutant combinations. This led to the most clear-cut (two- to threefold) improvement in acetaldehyde (C2) addition
capability with the concomitant abolishment of the activity towards the natural donor molecule glyceraldehyde-3-phosphate
(C3P) as well as the non-phosphorylated equivalent (C3). The Ec DERA variants were also tested on aldol reaction utilising
formaldehyde (C1) as the donor. Ec DERA wild-type was shown to be able to carry out this reaction, and furthermore, some of
the improved variants on acetaldehyde addition reaction turned out to have also improved activity on formaldehyde.

Key points
• DERA aldolases are promiscuous enzymes.
• Synthetic utility of DERA aldolase was improved by protein engineering approaches.
• Machine learning methods aid the protein engineering of DERA.

Keywords DERA . Aldolase . Protein engineering . Machine learning . Crystal structure determination . C–C bond formation .

Biocatalysis

Introduction

Aldolases are enablers of industrial biocatalysis as they can
promote carbon-carbon (C–C) bond formation, which is one
of the essential reactions in synthetic chemistry. Aldol reac-
tion can be catalysed by the lyase (EC4) or transferase class
(EC2) of enzymes, found in the metabolic pathways in all
three domains of life (archaea, bacteria, eukarya). Aldolases
catalyse the reversible formation of C–C bonds by the aldol
addition of a nucleophilic donor, typically a ketone enolate,
onto an electrophilic aldehyde acceptor (Scheme 1).

Aldolase type of enzymes have been found to be promis-
cuous capable of using a broad range of aldehydes as accep-
tors, whereas the donor compound is often structurally
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invariable. Hence, aldolases can be classified according to
their donor specificity to, e.g. acetaldehyde-dependent aldol-
ases. Another way to classify these enzymes relates to the
different catalytic mechanisms to activate the nucleophilic
component. The class I aldolases do not require any cofactor,
but exhibit a conserved lysine residue in the active site which
forms a Schiff base intermediate with the donor compound to
generate an enamine nucleophile.

Deoxyribose-5-phosphate aldolases (DERA, EC 4.1.2.4)
are a class I aldolase that catalyses in vivo the reversible ad-
dition of the donor molecule, acetaldehyde (C2), to the accep-
tor molecule, glyceraldehyde 3-phosphate (C3P). DERA is
known to be promiscuous in its substrate range as it accepts
a wide variety of different acceptor molecules (Chen et al.
1992; Gijsen and Wong 1994). In addition, at the donor site
o f DERA enzyme ace t one , f l uo roa c e t one and
propionaldehyde (propanal) have been reported to function
(with strongly reduced reaction rates) besides the acetalde-
hyde (Barbas et al. 1990; Chen et al. 1992). An interesting
and unique feature, particularly in terms of synthesis reactions,
is the ability of DERA to catalyse sequential acetaldehyde
addition (Gijsen and Wong 1994). Here, the first aldol addi-
tion reaction creates an aldehyde product, which functions as
an acceptor for the subsequent DERA-catalysed
stereoselective aldol reaction to add another aldehyde donor
substrate. This cascade reaction has been utilised for addition
of two equivalents of acetaldehyde to one equivalent of
chloroacetaldehyde in the preparation of (3R,5S)-6-chloro-
2,4,6-trideoxyhexose, a chiral precursor for the sidechain of
the statin drugs (Oslaj et al. 2013). The capacity of wild-type
DERA to catalyse aldol addition is, however, rather low. To
increase the aff ini ty of the E. col i aldolase for
chloroacetaldehyde acceptor and stability against high acetal-
dehyde concentrations, researchers at DSM applied a directed
evolution approach (Jennewein et al. 2006). By screening for
and combining beneficial mutations, they succeeded in iden-
tifying an improved variant with 10-fold improved productiv-
ity in E. coli under industrially relevant conditions.

Advances in computational chemistry combined with pro-
tein engineering strategies have most recently opened new
possibilities for more efficient design of enzymatic catalysts
for chemical reactions (Linder 2012; Kiss et al. 2013;Mak and
Siegel 2014; Jindal et al. 2019). The aim of this work was to
engineer DERA aldolase to accept smaller non-
phosphorylated acceptor substrates in the aldol addition reac-
tion with acetaldehyde. The work included evaluating first the

most suitable DERA aldolase for the protein engineering
work, by expressing, purifying and characterising a set of
DERA enzymes of different origin. After that, we used differ-
ent types of mutagenesis approaches in combination with a
novel machine learning model to create DERA variants in
three mutagenesis rounds, which were screened using a panel
of different substrates. Crystal structures of some of the most
interesting DERA variants were also solved to provide more
insight.

Materials and methods

Cloning, protein expression and purification of
different DERAs

Seven DERA encoding genes from different organisms (1.
DERA [UniProt P0A6L0]-coding gene [deoC] from E. coli,
2. DERA [NCBI Reference Sequence: WP_047758083.1] -
coding gene fromGeobacillus, 3. DERA [SwissProt Q5SJ28]
-coding gene from Thermus thermophilus, 4. DERA [UniProt
E0CX06] -coding gene from Coccidioides immitis, 5. DERA
[UniProt Q03Q50]-coding gene from Lactobacillus brevis, 6.
DERA [GenBank CRG82919.1]-coding gene from
Talaromyces islandicus and 7. DERA [NCBI Reference
Sequence: XP_003188826.1]-coding gene from Aspergillus
niger) were cloned and expressed in E. coli. All of them were
codon optimised for E. coli and synthesised with an N-
terminal 6x His-tag by Integrated DNA Technologies as so
called G-blocks. Histidine tag was added to the N-terminus as
it has been shown that the C-terminal tail of EcDERA has a
role in the catalytic activity (Schulte et al. 2018). For the
codon-optimised nucleotide sequences, see “GenBank acces-
sion numbers” section. The synthetic DNA blocks were
cloned into the pBAT4 vector (Peränen et al. 1996) linearised
with NcoI and XhoI restriction enzymes. The synthesised in-
sert contained 60 bp overlapping regions in both 5′ and 3′ ends
to the vector to allow cloning with Gibson assembly method
(Gibson et al. 2009) using Gibson assembly® master mix
(New England Biolabs). After assembly, the mixtures were
transformed into chemical competent XL1-blue E. coli cells.

Single point mutations of E. coli DERA (Ec DERA) were
made with Q5®site-directed mutagenesis kit (New England
Biolabs) (list of primers is shown in Table S1) and verified by
sequencing (Source BioScience or Microsynth). Some amino
acid positions were mutated by using degenerated primers to

Scheme 1 Aldolases catalyse the
reversible formation of C–C
bonds by the aldol addition of a
nucleophilic donor, typically a
ketone enolate, onto
anelectrophilic aldehyde acceptor
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generate a selection of amino acid mutations in one PCR re-
action. For example, position L20 was mutagenised using
forward primer 5 ′-GTTGATGGACSDNACCACTC
TGAACG-3′ to generate mutations L20R, Q, E, H, V, D, G
simultaneously. Nucleotide code S stands for G or C and D
stands for A, G or T.

Double mutants (containing two point mutations/gene) and
some of the triple mutants (containing three point mutations/
gene) of Ec DERA were generated in a similar manner as for
the single mutants by using already existing single mutant in
question as the template in the PCR mutagenesis. The triple
mutant variants suggested by machine learning were ordered
as synthetic DNA blocks from Integrated DNA Technologies,
similarly to the wild-type DERA genes described above.
Saturation mutagenesis was done by PCR using so called
22c-trick (Kille et al. 2013). The method reduces codon re-
dundancy from often-used saturation mutagenesis method
using codon NNK.

DERA variants were expressed in E. coli BL21(DE3)
strain in LB-medium containing 100 μg/ml ampicillin.
DERA wild-type enzymes from different organisms and
E c DERA mu t a n t s N 2 1K a n d t r i p l e m u t a n t
C47V/G204A/S239D, which were crystallised for 3D
structure determination, were cultivated in 50-ml scale
and all other Ec DERA mutants were cultivated in 3-ml
or 10-ml scale. The expression strains were cultivated for
6–8 h in 37 °C after which the expression was induced with
0.5 mM IPTG, and after 16-h incubation at 30 °C, cells
were harvested (10 min at 4000×g). For cell lysis, the cells
were re-suspended in B-PER Bacterial Protein Extraction
Reagent (Thermo Scientific) supplemented with protease
inhibitor (cOmplete mini, EDTA-free, Roche), lysozyme
(Sigma Aldrich), and DNAse (Roche). After incubation
(1 h, RT) and centrifugation (10 min at 4000×g), the su-
pernatant (crude cell extract) was loaded to a column for
purification. The samples from the 50-ml cultivations were
loaded on to a HisTrap FF Crude 1-ml column (GE
Healthcare) equilibrated with 20 mM sodium phosphate,
0.5 M NaCl, 10 mM imidazole, pH 7.4. The column was
washed with the equilibration buffer, and bound protein
was eluted with a linear gradient from 10 to 500 mM im-
idazole. DERA containing fractions were pooled and the
buffer was changed to 50 mM Tris-HCl pH 7.5 by
EconoPac (BioRad) desalting columns. The protein purity
was verified with SDS-PAGE.

The Ec DERA mutants were purified from the small-scale
cultivations (3 ml and 10 ml) with 0.2-ml HisPur™ Ni-NTA
Spin Columns (Thermo Scientific) according to manufac-
turer’s instructions and the buffer was exchanged with PD-
10 (GEHealthcare) desalting columns. The protein concentra-
tions were determined bymeasuring the absorbance at 280 nm
and calculated using the theoretical epsilon based on the ami-
no acid sequence (monomer).

Cloning, protein expression and purification of
Klebsiella pneumoniae 1,3-propanediol
oxidoreductase (Kp PDOR)

Klebsiella pneumoniae 1,3-propanediol oxidoreductase (Kp
PDOR; UniProt Q59477) encoding gene dhaT with a N-
terminal 6× His-tag was codon optimised for E. coli and syn-
thesised by Integrated DNA Technologies and cloned into the
pBAT4 vector in a similar manner as described above for
DERA. For the codon-optimised nucleotide sequence, see
“GenBank accession numbers” section. Expression of Kp
PDOR was done in E. coli BL21(DE3) by cultivating the Kp
PDOR expression vector containing strain in 50-ml volume in
250-ml shake flasks in LB-medium (100 μg ampicillin/ml)
similarly as for DERA described above. Purification of Kp
PDOR was also done in the same way as for DERA. The
purified fractions of Kp PDOR were pooled and the buffer
was exchanged with EconoPac desalting columns to 50 mM
Tris-HCl pH 7.5, 2 mM DTT, 1 mM MnCl2.

Following DRP and DR cleavage reactions by DERA
enzymes

The cleavage of the natural DERA substrate, deoxyribose 5-
phosphate (DRP), was measured using 2-deoxyribose 5-phos-
phate sodium salt (Sigma-Aldrich) as a substrate in a coupled
enzyme system with triosephosphate isomerase (TPI) and glyc-
erol 3-phosphate dehydrogenase (GPD) from rabbit muscle
(Sigma-Aldrich) in ambient temperature. DERA activity on
DRP liberates glyceraldehyde-3-phosphate, which is reduced to
glycerol-3-phosphate by the supplementary enzymes TPI and
GDH. The latter reaction consumes NADH, which can be de-
tected by spectrophotometer. The reaction mixture contained
0.1μMpurified DERAwild-type or variant, 5 mMDRP, 3 units
of TPI, 2 units of GPD and 0.3 mMNADH in 50 mMTris-HCl,
pH 7.5, supplemented with 5 mM MgCl2. The reaction was
initiated by addition of DRP and followed by measuring the
decrease of absorbance at 340 nm using a Varioskan microtiter
plate reader (Thermo). DERA activity on non-phosphorylated
substrate 2-deoxy-D-ribose (DR, Sigma-Aldrich) was assayed
similarly in a coupled enzyme system with 4 units of alcohol
dehydrogenase (ADH) from Saccharomyces cerevisiae (Sigma-
Aldrich) using 50 mM DR and 2 μM purified DERA wild-type
enzyme or variant, and 0.3 mMNADH in 50 mM Tris-HCl, pH
7.5, supplemented with 5 mM MgCl2. Cleavage of DR by
DERA liberates acetaldehyde, which is converted to ethanol by
ADH in NADH consuming reaction.

Sequential aldol addition reaction of acetaldehyde by
DERA enzymes

The sequential aldol addition of acetaldehyde was monitored
by incubating 5 μM DERA with different amounts (10–50
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mM) of acetaldehyde in 50 mM Tris-HCl buffer pH 7.5 in
ambient temperature for 20 h. The reactions were stopped by
addition of acetonitrile (20 μl of reaction mixture + 80 μl of
acetonitrile), clarified by centrifugation and analysed with a
UPLC system (Waters) equipped with photodiode array de-
tector. An Acquity BEH Amide column (2.1 × 100 mm, 1.7
μm,Waters) was used in 40 °C with 0.6 ml/min flow rate. The
solvents used in the UPLC were eluent A: 50% acetonitrile/
50% H2O and 10 mM ammonium acetate pH 9 and eluent B:
95% acetonitrile/5% H2O and 10 mM ammonium acetate pH
9. The column was equilibrated with 99.9% B, and 5 μl of
sample was injected and eluted with program as follows: 0–
0.4 min isocratic 99.9% B, 0.4–0.5 min gradient to 60% B,
0.5–2.0 min gradient 30% B and 2–5 min isocratic 99.9% B.
The acetaldehyde concentration was followed by adsorption
at 285 nm, and the formation of the aldol addition product by
adsorption at 217 nm.

Aldol addition of formaldehyde and acetaldehyde by
DERA enzymes

The addition reaction of formaldehyde and acetaldehyde was
monitored by incubating 5 μM DERA with 2 mM formalde-
hyde and 2 mM acetaldehyde in 50 mM Tris-HCl buffer pH
7.5 in ambient temperature. The reaction was stopped by ad-
dition of 2,4,-dinitrophenylhydrazine (2,4-DNPH) and aceto-
nitrile, which also initiated the derivatisation reaction (Allen
1930). For derivatisation, typically 25 μl of the DERA reac-
tion mixture was transferred to an Eppendorf tube containing
70 μl of 2,4-DNPH mixture (5 μl of saturated 2,4-DNPH,
65 μl acetonitrile, and 30 mM phosphoric acid). The
derivatisation reaction was allowed to proceed at 22 °C for
1 h or overnight in + 4 °C. After derivatisation, the samples
were clarified by centrifugation and injected to an Acquity
BEH UPLC C18 column (2.1 mm × 50 mm, 1.7 μm,
Waters) equilibrated with 70% H2O, 30% acetonitrile and
eluted with isocratic elution with the equilibration buffer using
0.5 ml/min flow rate. The derivatised aldehydes were detected
by measuring the absorbance at 360 nm (Allen 1930).

Identification of the aldol addition product of
formaldehyde and acetaldehyde

Propanediol oxidoreductase is an NAD-dependent enzyme
that oxidises 1,3-propanediol (1,3-PD) to generate 3-
hydroxypropionaldehyde (3-HPA). Kp PDOR was incubated
with 30 mM 1,3-PD, 5 mMNAD, in 50 mM Tris-HCl buffer,
containing 2 mM DTT and 1 mM MnCl2, pH 7.5 in ambient
temperature. The aldehydes in the reaction were detected by
reversed-phase UPLC after derivatisation with 2,4-DNPH as
described above.

The mass of the product of DERA catalysed addition reac-
tion of 10mM formaldehyde and 10mMacetaldehyde after 2-

h incubation at 22 °C was analysed by LC-MS using a C18
column. After derivatisation with 2,4-DNPH, the reaction was
separated using 75:25 water plus 1% formic acid/acetonitrile.

Analysis of DERA catalysed aldol addition products by
NMR spectroscopy

NMR experiments were carried out at 22 °C in 50 mM Na-
phosphate buffer, pH 6.8, containing 10% of D2O (Aldrich).
Bruker Avance III NMR spectrometer equipped with a QCI
H-P/C/N-D cryoprobe was used. In 1D 1H experiments, the
water signal was suppressed by 4-s-long volume selective
presaturation (so-called NOESY presaturation) using
Bruker’s pulse program noesygppr1D. For 2D COSY,
TOCSY, HSQC and HMBC standard Bruker pulse programs
with water signal presaturation were used. In TOCSY, the
mixing time (DIPSI2) was 80 or 120 ms, and in HSQC, adi-
abatic inversion pulses were used and the 1H decoupling was
achieved by adiabatic CHIRP sequence. The long range
1H,13C coupling constant in HMBC was set to 8 Hz. The
chemical shifts were referenced to internal TSP (3-
propionic-2,2,3,3-d4 acid sodium salt, Aldrich). The spectra
were processed with Topspin 3.5, pl 7 software (Bruker).

Circular dichroism spectroscopy to determine the
thermostability

Temperature-induced unfolding of the purified DERA pro-
teins from different organisms was measured by circular di-
chroism (CD) spectroscopy. The purified DERAs were dilut-
ed in 10 mM Tris-HCl buffer, pH 7.5 to 3 μM concentration.
CD spectra were recorded from 240 to 190 nm using a 1 mm
cell and a bandwidth of 1 nm with Chirascan CD spectropho-
tometer (Applied Photophysics, UK) at 20 °C. The unfolding
curves were measured at 222 nm by gradually increasing the
sample temperature with a gradient of 2 °C/min until a tem-
perature of 90 °C was reached.

Development of machine learning (ML) models for
DERA mutant screening

A novel ML model was used to automatically predict sub-
strate specificities of DERA mutants based on Gaussian pro-
cesses, as summarised in Fig. 1. See the Supplementary ma-
terial Text S1 for a more detailed description of theMLmodel.

X-ray crystallography of Ec DERA variants

The three-dimensional structures for two Ec DERA variants
were determined by X-ray crystallography. The N21K mu-
tant, as a 1.2-mg/ml solution in 50 mM Tris-HCl buffer, pH
8.0, could be crystallised directly from the buffer. The
C47V/G204A/S239D mutant, as 1.3-mg/ml solution in
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50 mM sodium phosphate buffer, pH 7.5, precipitated imme-
diately in all conditions, and therefore, it was transferred to
50 mMTris-HCl, pH 8.0 buffer for crystallisation using a PD-
10 desalting column and concentrated to 3.2 mg/ml.
Concentration was done in a centrifuge using a Vivaspin 2
column with 10 kDa molecular weight cut-off.

Both protein samples were crystallised using hanging-drop
vapour diffusion. The N21K mutant was crystallised directly
from a crystallisation solution with 18–20% PEG4000, 0.2 M
magnesium formate and 0.1 M Tris-HCl pH 8.0. The
C47V/G204A/S239D mutant formed large, rugged needles
in 21% PEG3350, 0.2 M magnesium formate and 0.1 M
Bis-Tris, pH 6.5, which were crushed and used in streak
seeding, which produced good crystals in the same conditions
but 17–18% PEG3350. Prior to X-ray diffraction measure-
ments, crystals were soaked in solutions equivalent to their
respective crystallisation solutions plus 0.1 M ligand, D-2-
deoxyribose-5-phosphate (DRP), for 2 days.

Crystals were measured at European synchrotrons. They
were mounted in nylon loops in cryoprotectant solutions
equivalent to their respective crystallisation solutions but with

40% PEG, stored in liquid nitrogen and sent to the synchro-
trons for remote measurement. Crystals of the N21K mutant
were measured on the ID30A-1 beamline at the European
Synchrotron Radiation Facility (ESRF), and crystals of the
C47V/G204A/S239D mutant were measured on the I24
beamline at Diamond Light Source (DLS). Autoprocessed
MTZ files generated by EDNA_proc and xia2-3dii programs
were selected for structure determination for crystals mea-
sured at ESRF and DLS, respectively.

In addition, a large crystal of the N21K mutant was
measured using the home X-ray diffractometer: Nonius
FR591 rotating anode X-ray source by Bruker, mar345dtb
goniometer system and mar345 image plate detector by
X-ray Research (marXperts). The crystal was transferred
to a cryoprotectant solution with 40% PEG4000, 0.2 M
magnesium formate and 0.1 M Tris-HCl, pH 8.0 and
placed into the sample holder in a nylon loop, where it
was cooled down to constant 100 K in cold nitrogen
stream. The detector was set to the minimum allowed
distance of 150 mm, equivalent to 1.86 Å resolution limit.
A data set was collected, and the crystal diffracted beyond

Fig. 1 Illustration on the machine learning (ML) framework used in this
work. The DERAprotein structure is encoded as a contact map (a), which
is combined with multiple node and edge substitution matrices to
compute a graph kernel (b). We performed multiple kernel learning

(MKL) (c) to find an optimised kernel to be used in Gaussian process
predictive model (d). The kernel matrix measures variant similarities
informative for substrate specificity. The substrate specificity predictive
model is trained using experimental data
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the resolution limit. Images were processed with XDS
program package (Version November 1, 2016).

All structure determination calculations were done with
PHENIX software suite (Moriarty et al. 2009; Chen et al.
2010; Adams et al. 2010). Phasing was done using
phenix.phaser (McCoy et al. 2007) molecular replace-
ment, and previously published wild-type DERA structure
(PDB entry 1KTN, no article published) was used as ini-
tial model. Mutations were done manually in Coot
(Emsley et al. 2010) after molecular replacement.
Structures were then refined using phenix.refine
(Afonine et al. 2012). Water molecules were first added
using the “Update waters” option and later checked and
corrected manually. Appropriate ligands were placed in
the active sites, and the aldehydes bound as Schiff base
were connected to the amino group of the catalytic lysine
with appropriate geometry restraints. Presence of partial
DRP in the N21K mutant structures was further confirmed
by calculating Polder maps (Liebschner et al. 2017). For
the final refinement rounds, weight optimisation options
were enabled.

GenBank accession numbers

The nucleotide sequences of codon-optimised DERA and
PDOR-coding genes used in this study can be found in
the GenBank with the following accession numbers:
MT702750 for DERA-coding gene from E. coli ,
MT702753 for DERA-coding gene from Geobacillus,
MT702754 for DERA-coding gene from Thermus
thermophilus, MT702748 for DERA-coding gene from
Coccidioides immitis, MT702749 for DERA-coding gene
from Lactobacillus brevis, MT702752 for DERA-coding
gene from Talaromyces islandicus, MT702751 for
DERA-coding gene from Aspergi l lus niger and
MT682136 for Klebsiella pneumoniae dhaT gene.

Results

Selecting the most suitable DERA enzyme for the
protein engineering work

Several known DERA enzymes of bacterial and fungal origin
were initially considered as a target enzyme for the protein
engineering work. For the proper comparison, we decided to
express in E. coli the DERA aldolases from E. coli,
Geobacillus sp., Thermus thermophilus, Lactobacillus brevis,
Coccidioides immitis, Aspergillus niger and Talaromyces
islandicus. The characterisation data of the purified enzymes
is shown in Table 1. All seven DERAs were shown to be
promiscuous, accepting both the natural substrate DRP and
the non-phosphorylated version, DR. Moreover, acetaldehyde
was also shown to be an acceptor substrate for all the
characterised DERAs (as measured in the addition reaction).
As high expression level and good thermostability were also
considered to be relevant properties, E. coli (Ec) DERA was
chosen as the target for our mutagenesis work.

Setting up the analytics for the DERA-catalysed
reactions

The activity measurements for DERA wild-type and mutants in
the cleavage direction, e.g. cleavage of the natural substrate DRP
and the non-phosphorylated substrate DR,were carried out based
on the methodology described in the literature. These methods
are applicable also with crude cell extracts (data not shown), but
we decided to purify the enzymes to be able to accurately com-
pare the specific activities of the different DERA variants (in-
cluding different DERAs and Ec DERA mutants).

The assay for acetaldehyde addition activity was set up for
LC using an amide column in alkaline conditions. It was no-
ticed that during the course of the DERA reaction, a product
peak appeared (Fig. S1), which could be detected by absorption

Table 1 Characterisation of seven purified DERA enzymes, expressed in E. coli and purified with a His-tag

Microbial source
of the DERA enzyme

Yield of purified protein
from 50-ml cultivation

Relative activity
on 5 mM DRPa

Relative activity
on 50 mM DRa

Relative activity
on 30 mM acetaldehydea

Tm (°C)b

E. coli 12 mg 1 1 1 65 ± 1

Aspergillus niger 2.1 mg 0.3 1.0 0.4 48 ± 1

Talaromyces islandicus 2.5 mg 0.3 0.6 0.9 47 ± 1

Geobacillus sp. 3.8 mg 0.4 1.4 1.4 75 ± 1

Thermus thermophilus ~ 1 mg 0.1 0.7 0.7 ≥ 90

Coccidioides immitis 1.4 mg 0.3 0.8 1.1 39 ± 1

Lactobacillus brevis 1.7 mg 0.6 0.3 1.2 38 ± 1

DRP deoxyribose-5-phosphate, DR deoxyribose
a Activities are presented relative to E. coli DERA activities
b Thermostability (Tm) of the purified protein was determined with CD spectroscopy
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at 217 nm. Themain product of DERA activity on acetaldehyde
has been shown to be an aldol addition product of three acetal-
dehyde molecules in a sequential reaction, where DERA first
adds two acetaldehydes to form an C4 aldehyde (3-
hydroxybutanal), which is then once more coupled with acet-
aldehyde into a C6 product, 2,4,6-trideoxyhexose. This product
cyclises spontaneously to a hemiacetal and is thus removed
from the reaction (Gijsen and Wong 1994). The C6 product
formation from the DERA-catalysed reactions could not be
quantified in the LC assay due to the fact that 2,4,6-
trideoxyhexose is not commercially available as a standard.
However, the identification of the formed cyclic
trideoxyhexose product was verified by NMR. In the NMR
experiments, several products from the enzymatic reaction were
observed. After identifying the different spin systems from
TOCSY spectra, their structures were determined by standard
2D NMRmethods and the chemical shifts were compared with
those published in Dick et al. (2016). The main products were
the first aldol addition product 3-hydroxybutanal (17%) and the
second aldol addition product that has undergone a spontaneous
cyclisation to two anomers of pyranose rings (73% and 10%).
In addition, a very small amount of crotonaldehyde was detect-
ed, a condensation product from two acetaldehyde molecules,
that has been reported to be a side-reaction product of DERA
(Dick et al. 2016).

Acetaldehyde addition reaction was carried out using acetal-
dehyde as a sole substrate, i.e. acetaldehyde acts both as acceptor
and donor substrate. In the literature, very high acetaldehyde
concentrations (e.g. 300–500mM) are often used to demonstrate
the synthesis of 2,4,6-trideoxyhexose with DERA. However,
high acetaldehyde concentrations have also been shown to inhibit
the DERA activity (Jennewein et al. 2006; Dick et al. 2016;
Bramski et al. 2017). The conditions for the enzymatic acetalde-
hyde addition reaction were thus chosen so that roughly saturat-
ing substrate concentration of 30 mM was used. The acetalde-
hyde standards were reproducible in our LC method; however,
the acetaldehyde concentrations in the presence of DERA, mea-
sured before or after incubation, were noisier. This was assumed
to be because of covalent binding of the acetaldehyde to the
enzyme protein (Dick et al. 2016).

In order to analyse DERA-catalysed addition reaction of
acetaldehyde with another aldehyde, activity assay based on
derivatisation of the aldehydes with 2,4-DNPH in acidic con-
ditions, followed by a reversed-phase LC separation with UV
detection, was set up. This method allowed detection of the
aldehyde substrates as well as formed aldol addition products
present in the DERA reactions.

About the DERA protein engineering approaches in
this work

Engineering of the substrate specificity is often attempted
through rational mutagenesis, targeted near the active site or

the substrate binding area. Even though the 3D structure of Ec
DERA is available in high resolution and also in complex with
the natural substrate DRP (Heine et al. 2001), it was challeng-
ing to rationally design mutations towards improved activity
on small non-phosphorylated aldehydes. On the other hand,
directed evolution including randommutagenesis to the whole
gene, or even random mutagenesis to a targeted area, puts a
stress on screening of the activities in high throughputmanner.
In the present study, we used targeted mutagenesis during the
1st round to create single amino acid mutants of Ec DERA.
The most beneficial mutants were then combined based on
activity data to create double and triple mutants.
Furthermore, saturation mutagenesis at certain amino acid
spots was also carried out. Finally, during the 3rd round, dou-
ble or triple point mutants were created using machine learn-
ing algorithm predictions, explained in more details in
Supplementary section and below. Altogether, roughly 150
Ec DERA mutants were characterised during the course of
the work.

Site-directed mutagenesis to make single amino acid
mutations to Ec DERA (1st round)

Altogether, 69 single Ec DERA mutants, targeting 24 amino
acid positions, were created with site-directed mutagenesis,
expressed in E. coli as His-tagged proteins, and purified with
Ni-NTA spin columns. The amino acid positions to be
mutagenised were chosen mainly by examining the high-
resolution crystal structure in complex with the native Ec
DERA substrate, DRP (Heine et al. 2001; PDB id. 1JCL). In
addition, sequence alignments of DERAs from different ori-
gins were utilised to find conserved amino acids and possible
targets for consensus mutations. Moreover, the online tool
HotSpot-Wizard (Bendl et al. 2016) and literature were
utilised when selecting the residues to be mutated. Most of
the mutations were targeted in close vicinity (maximum 4 Å
distance) of the active site and the substrate binding pocket
(Fig. 2). The activities of the purified Ec DERA variants were
measured with three different substrates: DRP and DR for the
cleavage reaction and acetaldehyde for the aldol addition re-
action. Altogether, 30 variants having single-point mutations
had clearly reduced specific activity (20% or less) towards the
natural substrate DRP as compared with the wild-type enzyme
(Figs. 3 and 4 and S2). Of these 30 Ec DERA variants, five
showed additionally improved activity on acetaldehyde aldol
addition, i.e. the Ec DERA mutants G204A, S239E, L17G,
G171A and G171S (Fig. S2).

Ec DERA variants containing two or three amino acid
mutations (2nd round)

Altogether, 62 double or triple Ec DERA mutants were
created by (a) manually combining the most interesting
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single mutations and (b) by using saturation mutagenesis
on selected spots, as described in more details under
Materials and methods section. In the manual combina-
tion, one of the selection criteria used was to pick muta-
tions that affected the acetaldehyde addition activity. The
Ec DERA variants included 34 double or triple mutants,
which were combined from the single mutants based on
the activity data. In addition, 28 double mutants were
created using saturation mutagenesis on amino acids
C47, I166 and S238. In each case, these mutants were
made on top of the Ec DERA variant N21K. The rational
in picking the spots for the saturation mutagenesis was
that these three amino acid positions C47, I166 and
S238 were found to affect favourably to the acetaldehyde
addition reaction (Fig. 3). Moreover, C47 has been previ-
ously shown to be a target for inactivation by aldehydes
(Dick et al. 2016) and based on the Ec DERA wild-type
complex structure. In addition, S238 is hydrogen bonded
to the phosphate group of the natural substrate DRP.
Overall, several interesting variants having low activity
on both DRP and DR substrates and improved acetalde-
hyde addition activity were discovered among all the
screened double and triple Ec DERA variants in the 2nd
mutagenesis round, e.g. N21K/C47V, N21K/C47L,
N21K /C47F , N21K /C47S , a nd N21K /S238G .
Additionally, the Ec DERA variants S239/V206I/L17H,
S239/V206I/I166M, and S239D/V206I showed reduced
activity on DRP and improved acetaldehyde addition ac-
tivity (Figs. 4 and S3). It should be also noted that in most
cases, no additivity effect of point mutations in terms of
activity data could be detected.

Ec DERA variants created using machine learning (3rd
round)

A novel machine learning (ML) model to automatically pre-
dict substrate specificities of DERA mutants based on
Gaussian processes was developed. Our goals were to train
the specificity prediction functions from specificity observa-
tions and use these subsequently for screening new potential
Ec DERA variants. See the Supplementary material Text S1
for a technical description of the development and training of
the ML model.

A machine learning model was trained using the data from
the available EcDERAmutants, consisting of (i) the 69 single
point mutants and (ii) the 62 double or triple point mutants, in
total 131 mutants. Each mutant had measured data on DRP,
DR and acetaldehyde specificity. The ML model was trained
to predict all three substrate specificities. In Fig. S4, the
trained combinations of substitution models are shown. The
DRP model ended up using six different substitution models
whereas the DR model used five, with amino acid interaction
features having most predictive information. The acetalde-
hyde model only used four substitution models with contact
energy and packing features having highest weights.

The predicted and measured activity data of the Ec DERA
mutants are shown in Fig. S5. The ML model achieved cross-
validation test correlation on the first two rounds of 0.57 for
DRP, 0.81 for DR and 0.54 for acetaldehyde, respectively.
The 131 data points were sufficient for the ML model to
explain the substrate specificity of each of them.

After this, we screened in silico all possible Ec DERA
variants with 1–3 amino acid mutations using the ML model,

Fig. 2 The 3D structure of covalent complex of E. coliDERA with DRP
(PDB id. 1JCL Heine et al. 2001). Mechanistically relevant water mole-
cule is shown as light-blue sphere. Residues N21, C47, I166, G171,

G204, S238 and S239, which had the most beneficial effects, mutated
in the study are shown in orange. The Schiff-base forming lysine (K167)
is shown in green
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Fig. 3 Heatmap displaying the 2-
deoxyribose 5-phosphate (DRP)
and 2-deoxyribose (DR) cleaving
activities and acetaldehyde addi-
tion activities of all Ec DERA
single point relative to the wild-
type enzyme (wt)
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in total 48,000 new variants. These were sorted based on the
predicted acetaldehyde specificity, subtracted with DRP spec-
ificity to find the most probable candidates with high acetal-
dehyde but low DRP specificity. From the top 50 best esti-
mated variants, 18 mutants were manually chosen for in vitro
mutagenesis experiments.

The results of these 18 Ec DERA variants (containing two
or three point mutations) showed that all except three had
improved activity on acetaldehyde addition, and five of the
variants had more than two-fold improved acetaldehyde addi-
tion activity (Figs. 4 and 6). In addition, for all 18 Ec DERA
mutants, the DR and DRP activity was almost completely
abolished (Figs. 4 and 6). The Fig. S6 shows the correlations
of the 18 final variants, which indicate a 0.99 correlation for
DRP and DR due to their successful specificity removal and a
0.96 correlation between estimated and measured acetalde-
hyde specificity.We note that one should not directly compare
these correlations to the cross-validation correlations due to
active selection procedure of the 3rd round variant.

Crystal structure analysis

The crystal structures of two variants of Ec DERA were de-
termined, in order to elucidate mutation-induced changes in
the 3D protein structure. The crystal structure of Ec DERA

N21K variant, which had lowered specific activity on DRP,
and wild-type like activity on DR and acetaldehyde, was de-
termined with and without the ligand, D-2-deoxyribose-5-
phosphate (DRP). In addition, the crystal structure of one of
the best Ec DERA variants, C47V/G204A/S239D, having
improved activity towards acetaldehyde and basically no ac-
tivity on DRP or DR, derived from the 3rd mutagenesis
around, was determined from the crystal soaked with DRP.
Diffraction resolutions for all three structures were high (1.5 to
1.9 Å) and the crystallographic R-factors were very low
(Table S2), indicative of high quality 3D structures in each
case. The determined three 3D structures were superimposed
with the crystal structures of the Ec DERA wild-type without
(pdb code 1p1x, 1.0 Å resolution) and with a ligand complex
(1-hydroxy-pentane-3,4-diol-5-phosphate)(1jcl, 1.1 Å resolu-
tion), to analyze mutant-induced changes in the 3D structures.

The complex structure of EcDERAN21Kmutant revealed
binding of the reaction product from DRP cleavage, i.e.
glyceraldehyde-3-phosphate (C3P), to the acceptor site in
one of the two protein molecules in the asymmetric unit
(Fig. 5a). A similar conformational change in the loop around
residue S238 in both the Ec DERA N21K mutant and wild-
type structures can be seen upon glyceraldehyde-3-phosphate
binding, when uncomplexed and complexed crystal structures
are compared. In addition, in both N21K crystal structures,

Fig. 4 Summary of the substrate specificities of Ec DERA variants on
deoxyribose-5-phosphate (DRP), deoxyribose (DR) and acetaldehyde
(rows) over three mutagenesis rounds (columns), demonstrating that the
ML-optimised mutants have abolished activities on DRP and DR, and

increased acetaldehyde specificity. The white circles indicate specificities
of individual DERA variants, and the shaded violin plots indicate
smoothed vertical histograms (i.e. overall number as percentages from
the total number of mutants)
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there are slight (about 0.2 to 0.4 Å) movements in the posi-
tions of altogether three active site loops containing residues
G171, G204 and L20, respectively, when compared with the
wild-type DERA crystal structure. The N21K mutation is lo-
cated in the third loop. These small movements slightly nar-
row the access to the active site of the N21K variant and may
thus contribute to the decreased activity against DRP in many
of the N21K containing double mutants tested in this work.

The structure of Ec DERA C47V/G204A/S239D variant
was determined from crystals after soaking with DRP. The
crystal structure showed a presence of a very small covalent
adduct to the catalytic amino acid K167 in both molecules in
the asymmetric unit. The electron density map showed elon-
gated electron density corresponding to approximately two
carbon atoms. In the refinement, it was modelled as an imine
group representing a reaction intermediate. No binding of
DRP or glyceraldehyde-3-phosphate could be detected. This
could imply that binding of the DRP is clearly diminished in
the C47V/G204A/S239D variant (Fig. 5b). The conforma-
tional differences in this variant as compared with the Ec
DERA wild-type structure are clearly detectable. The confor-
mation of the loop containingmutation G204A has pushed the
position of its Cα atom by 1.0 Å towards active site, thus
narrowing it. In addition, there are clear changes in the loop
structure containing the S239D mutation. Because the resi-
dues of this loop participate in phosphate binding (of
glyceraldehyde-3-phosphate acceptor), the S239D mutation
would probably decrease binding of DRP both by introducing
a negatively charged amino acid residue (phosphate being also
negatively charged) and by narrowing the active site entrance.
On the other hand, the C47Vmutation, located relatively close
to the catalytic K167 residue (about 5 Å), has caused only
minimal alteration in the position of this amino acid residue,
as it is located in the middle of β-strand.

Further substrate promiscuity testing of Ec DERA
variants

The goal of the protein engineering work was to improve the
substrate specificity towards smaller, non-phosphorylated al-
dehydes over glyceraldehyde-3-phosphate. Acetaldehyde is a
two-carbon aldehyde, and the only shorter aldehyde is form-
aldehyde, which is the simplest existing aldehyde.We decided
to test also formaldehyde as acceptor in the DERA reaction
catalysed by Ec DERA variants. The reference test with the
wild-type Ec DERA enzyme indicated that this was already
able to add formaldehyde to the acetaldehyde donor. The ver-
ification of the aldehyde addition reaction was carried out
using the reversed-phase chromatography after derivatisation
with 2,4-DNPH. Here, the product by EcDERA catalysis was
found to elute with an identical retention time to the product of
Kp PDOR catalysed oxidation of 1,3-propanediol (Fig. S7),
which is known to be 3-hydroxypropionaldehyde (3-HPA)
(Johnson and Lin 1987). Furthermore, the mass m/z
255.0729, which is identical to 2,4-DNPH derivatised 3-
HPA, was detected in the reaction, also suggesting 3-HPA to
be formed byEcDERA from formaldehyde and acetaldehyde.
Moreover, the DERA products of formaldehyde with acetal-
dehyde were identified as 3-hydroxypropionaldehyde (30%)
and the corresponding hydrate (70%) by 1D and 2D NMR
experiments. The 1H NMR spectrum of the products and the
product structures are shown in Fig. S8. Interestingly, the
DERA addition reaction products of acetaldehyde with itself
were not observed here at all.

After this, altogether, 140 Ec DERA variants were assayed
for addition activity on formaldehyde and acetaldehyde. Of
these, six Ec DERA variants were found to have improved
activity as compared with the wild-type enzyme (Fig. S9).
Two of the mutants had single mutations, two were double

Fig. 5 The superimposition of the crystal structures of the Ec DERA
wild-type and two variants around the active site as stick models. Ec
DERA wild-type structures as uncomplexed and complexed form are
shown in grey. The covalently bound 1-hydroxy-pentane-3,4-diol-5-
phosphate is in purple. a The superimposition with the uncomplexed

and complexed form of Ec DERA N21K variant. Variant structures in
uncomplexed and complexed forms are shown in green and bound ligand,
glyceraldehyde-3-phosphate, in purple. b The superimposition with the
uncomplexed form of Ec DERA C47V/G204A/S239D variant. The var-
iant structure is shown in green and the mutated residues are in cyan.
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and two triple mutants. The relatively small number of Ec
DERA variants with higher activity on formaldehyde addition
to acetaldehyde as compared with the wild-type enzyme was
not surprising, as both the screening and the machine learning
prediction algorithmwere set up tomaximise the acetaldehyde
addition reaction.

Discussion

Deoxyribose-5-phosphate aldolases (DERAs) are acetalde-
hyde-dependent, Class I aldolases catalysing in nature a re-
versible aldol reaction between an acetaldehyde donor (C2
compound) and glyceraldehyde-3-phosphate acceptor (C3
compound, C3P) to generate deoxyribose-5-phosphate, DRP
(C5 compound). The interesting feature is the substrate pro-
miscuity as DERA enzymes have been shown to accept a wide
range of aldehydes as acceptor molecules, thus offering a bio-
catalytic alternative for a (stereo)selective synthesis of C–C
bonds. Substrate specificity on the donor substrate side is
stricter but recent biodiversity screen has revealed that some
DERAs also display nucleophile substrate promiscuity
(Hernández et al. 2018; Chambre et al. 2019). Furthermore,
DERA enzymes can carry out a tandem reaction with acetal-
dehyde as a sole substrate, leading to formation of a C6 prod-
uct, 2,4,6-trideoxyhexose, which cyclises spontaneously and
is removed from the reaction. DERA enzymes have been
utilised in large-scale synthesis of pharmaceutical intermedi-
ates, i.e. statin precursors and pyranoid building blocks, as
well as preparation of different types of deoxysugars, deoxy-
ketoses and deoxy-sialic acid (Haridas et al. 2018). Despite of
being promising enzymes for application purposes, there are
still some challenges related to their usage. In particular, en-
zyme inactivation under synthesis conditions represents a ma-
jor obstacles (Jennewein et al. 2006; Dick et al. 2016; Bramski
et al. 2017), and thus, variants having improved substrate
binding towards non-natural substrates and/or resistance to-
wards high aldehyde concentrations are desired.

The 3D structures of several DERA enzymes have been
solved, and there are also a few complex structures available.
These have revealed that despite of relatively low sequence
identity, all DERA enzymes have the ubiquitous TIM (α/β)8-
barrel fold where the catalytic amino acids as well as other
amino acid residues around the active site seem to be relative-
ly well conserved (Heine et al. 2001; Haridas et al. 2018). The
DERA reaction proceeds via Schiff base formation between
an active site lysine residue (K167 in EcDERA) and the donor
acetaldehyde substrate. The active site of DERA is located in a
deep binding cleft, where the donor acetaldehyde binds to the
bottom of the cleft and the acceptor glyceraldehyde-3-
phosphate to the upper part, near the cleft entrance. Binding
of the substrates to the active site cleft is mediated through
hydrogen bonds, either directly or through water molecules.

Concerning the acceptor site, the hydrogen bonds are particu-
larly directed to the phosphate group of the native substrate
(glyceraldehyde-3-phosphate) (Heine et al. 2001; Heine et al.
2004). Based on the published Ec DERA complex structures,
residues specific for phosphate-binding are the backbone am-
ide groups of S238 and G205 and via a water molecule the
residues G204, V206, S239 and G171. Residue K172 pro-
vides both a counter-charge and forms a hydrogen bond (via
a water molecule) with the phosphate group (Heine et al.
2001).

In this work, we wanted to study the substrate specificity of
DERA with various protein engineering approaches, includ-
ing also machine learning methods. We set as our goal to
improve the overall performance of DERA on utilising non-
phosphorylated short aldehydes (C3 and C2). Initially, we
characterised seven different purified DERA wild-type en-
zymes of bacterial and fungal origin and found that several
of them were promiscuous and could also accept non-
phosphorylated aldehydes as the acceptor substrate
(Table 1). E. coli (Ec) DERA was chosen for the protein en-
gineering work as it showed relatively good promiscuous ac-
tivity towards the desired reactions and had high expression
level and good thermostability (Table 1). Additionally, high-
resolution complex structures ofEcDERA exist both with and
without bound substrate (Heine et al. 2001; Heine et al. 2004),
and some mutagenesis studies to change its substrate prefer-
ence have also been carried out, thus providing a good starting
point for semi-rational mutagenesis approaches.

DERA mutagenesis to alter the substrate specificity was
targeted to the active site of the enzyme (Fig. 2). Initially,
Web server HotSpot-Wizard, 3D structures of Ec DERA
(Heine et al. 2001; PDB id. 1JCL) and literature were utilised
when selecting the amino acid residues to be mutated. First
mutagenesis round DERA variants were made as single amino
acid mutants, and in the 2nd mutagenesis round, beneficial
mutations were combined. Furthermore, saturation mutagen-
esis at certain amino acid spots was also carried out. The 3rd
round of mutagenesis was carried out using machine learning
(ML)-guided approach. The specific activities of the purified
EcDERA variants were measured initially with three different
substrates: (1) DRP (cleavage reaction), (2) DR (cleavage re-
action), (3) acetaldehyde (aldol addition reaction using acetal-
dehyde both as the donor and acceptor substrate). Altogether,
roughly 150 purified Ec DERA mutants, having one to three
point mutations, were characterised during the work. Several
of the Ec DERA variants showed clear change in their sub-
strate spectra (Figs. 3, 4, 6 and S4–S5). The most promising
variants had substantially reduced, or completely abolished
activity particularly towards the natural substrate (DRP),
while showing activity on acetaldehyde addition reaction.
Interestingly, we also discovered that most of the tested
DERA wild-type enzymes could also accept, besides alde-
hyde, formaldehyde (C1 aldehyde) as the acceptor molecule.
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This prompted us to test the Ec DERA variants on formalde-
hyde (C1) utilisation (i.e. aldol addition reaction between ac-
etaldehyde and formaldehyde). The results demonstrated that
some of the mutants had also altered preference towards form-
aldehyde (C1 aldehyde), the following six variants being the
most potent: L17H, N21D, G171T, N21R/R207E, V206I/
S239R, N21R/D206I/S239R and E67D/N206I/S239R (Fig.
S9). Interestingly, the acetaldehyde and formaldehyde activi-
ties did not always correlate, and none of the 3rd round vari-
ants (from the ML-guided mutagenesis) that had clear prefer-
ence for acetaldehyde did not perform particularly well when
formaldehyde was offered as an acceptor aldehyde. On the
other hand, as discussed more thoroughly below, this also
demonstrates the power of the ML-guided mutagenesis com-
bined with screening.

During the work, a sample-efficient machine learning
method for designing the optimal mutation strategy for protein
engineering was developed. The proposed Gaussian process
model is a principled statistical model that excels in moderate
to low data settings. The model learns the posterior distribu-
tion of specificity functions from observations, while simulta-
neously performing feature learning for added interpretability
of substitution model choices. The Gaussian process model
excelled at interpolation and moderate extrapolation of the
DERA structure. The results from the 3rd round of Ec
DERAmutagenesis guided with machine learning (ML) algo-
rithm aiming at high activity on acetaldehyde addition reac-
tion, and low activity on DRP and DR substrates is shown in
Fig. 6. As can be seen, all 18 variants tested had basically
abol ished act ivi ty towards the nat ive DRP (i .e .
glyceraldehyde-3P acceptor) as well as towards the non-
phosphorylated DR substrate (i.e. toward glyceraldehyde ac-
ceptor). Moreover, 15 out of 18 variants tested had increased
target specificity towards the C2 acceptor aldehyde. Thus, our
ML model was able to successfully extrapolate from the

characterisation data novel mutant combinations with desired
specificity. The usage of the ML model enhanced the muta-
genesis work by a dramatic improvement over the convention-
al mutant selection procedures and these type of methods are
clearly useful to speed up the protein engineering work.

The five best Ec DERA variants having clearly improved
substrate specificity towards acetaldehyde (Fig. 6) were (1)
C47V/G204A/S239D, (2) N21S/C47E/G204A, (3)
C47V/G204A/S239E, (4) C47V/G204A and (5)
N21K/C47V/G204A. By examining all our mutant data, we
conclude that mutations to the amino acid residues N21, C47,
I166, G171, G204, S238 and S239 seemed to have the most
beneficial effects on changing the substrate specificity (Figs.
3, 6, S2-S3). Most of these residues (i.e. G171, G204, S238
and S239, N21) are according to the structural data (by others
and us, see also below) involved in binding the phosphate
group of the glyceraldehyde-3-phosphate acceptor substrate.
Residue I166 is located more distant to the active site, in the
loop underlying the active site lysine residue K167. The rea-
son for I166 mutations affecting to the substrate specificity is
not clear; however, others have also noted that mutations to
this spot affect the substrate binding (Jennewein et al. 2006).
Furthermore, the conserved residue C47, which is located at
the bottom of the active site cleft, seems to be able to form in
some circumstances covalent adducts with aldehydes leading
to enzyme inactivation (Dick et al. 2016; Bramski et al. 2017).
All our best five mutants on acetaldehyde addition reaction
contained a mutation C47V and it is plausible that this muta-
tion promoted the enzymatic reaction by relieving the alde-
hyde inhibition. Interestingly also, the DERA from the hyper-
thermophile Archaea Aeropyrum pernix has naturally a Valine
residue at this position (C47 in Ec DERA) (Sakuraba et al.
2003).

In order to further rationalise our protein engineering re-
sults, we determined the crystal structures of the two Ec

Fig. 6 The characterisation data
of the 18 Ec DERA variants
containing two or threemutations,
created by optimisation with
machine learning algorithm.
Cleaving activities on 2-
deoxyribose 5-phosphate (DRP)
and 2-deoxyribose (DR) and on
acetaldehyde addition activity are
shown as relative activities
compared with the wild-type Ec
DERA (WT)
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DERA variants C47V/G204A/S239D and N21K as ligand
complexes and compared these to the solved Ec DERA
wild-type structures, as explained in more details under
Results section (Fig. 5 and Table S2). We conclude that when
aiming for improved binding of small non-phosphorylated
aldehydes, mutations that narrow the substrate binding cleft
near the entrance and/or affect to the binding of the substrate,
in particular the phosphate group seem to be important.
However, as evident from our variant data, purely rational
design of the mutants remains challenging, and the substrate
specificity improvement clearly benefited from saturation mu-
tagenesis combined with ML-guided mutagenesis ap-
proaches. Overall, we could demonstrate that the synthetic
utility of DERA enzyme may be substantially increased using
protein engineering approaches.
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ABSTRACT: Caulobacter crescentus xylonolactonase (Cc XylC, EC 3.1.1.68) catalyzes an intramolecular ester bond hydrolysis over
a nonenzymatic acid/base catalysis. Cc XylC is a member of the SMP30 protein family, whose members have previously been
reported to be active in the presence of bivalent metal ions, such as Ca2+, Zn2+, and Mg2+. By native mass spectrometry, we studied
the binding of several bivalent metal ions to Cc XylC and observed that it binds only one of them, namely, the Fe2+ cation,
specifically and with a high affinity (Kd = 0.5 μM), pointing out that Cc XylC is a mononuclear iron protein. We propose that
bivalent metal cations also promote the reaction nonenzymatically by stabilizing a short-lived bicyclic intermediate on the lactone
isomerization reaction. An analysis of the reaction kinetics showed that Cc XylC complexed with Fe2+ can speed up the hydrolysis of
D-xylono-1,4-lactone by 100-fold and that of D-glucono-1,5-lactone by 10-fold as compared to the nonenzymatic reaction. To our
knowledge, this is the first discovery of a nonheme mononuclear iron-binding enzyme that catalyzes an ester bond hydrolysis
reaction.

Metal cations are essential for the catalytic activity of
several enzymes; thus, their accurate identification,

binding affinity determination, and coordination characteristics
are essential in the understanding of enzyme function.1 High-
resolution native mass spectrometry (MS) is a powerful
method to characterize metal ion binding to folded proteins
with a high accuracy.2 When we used native MS to characterize
the xylonolactonase from Caulobacter crescentus (Cc XylC), we
observed unexpectedly that it binds only the Fe2+ cation with a
high affinity and specificity, suggesting that the previous
understanding of the metal ion binding to this enzyme is
inadequate.
Cc XylC uses D-xylonolactone as a substrate and produces D-

xylonic acid.3 D-Xylonolactone exists as two isomers, 1,4- and
1,5-lactones, which can interconvert via a short-lived bicyclic
intermediate.4,5 Therefore, it is difficult to estimate whether
1,4- or 1,5-lactone would be a preferable substrate for Cc XylC.
However, the crystal structures of the homologous SMP30
protein have shown well-ordered electron densities for the six-
membered ring ligands, suggesting that the binding of 1,5-
lactone would be preferable also for Cc XylC.6 Also, Jermyn
has found that 1,5-lactone is a true substrate for the
homologous gluconolactonase from Pseudomonas f luorescens.4

This lactonase-catalyzed reaction is the second step in the
oxidative, nonphosphorylative D-xylose (Dahms or Weimberg)
pathway in bacteria. The Dahms pathway can also be utilized
for the production of several platform chemicals such as
ethylene glycol, glycolic acid, lactic acid, and 1,4-butanediol
starting from xylose-rich biomass fractions.3 On the basis of the
amino acid sequence homology, Cc XylC is a member of the
senescence marker protein 30 (SMP30) protein family, which
includes several aldonolactonases. The amino acid sequence
search within the Protein Data Bank (PDB) results in a few

enzyme structures, which possess homologous sequences.
These include, for example, SMP30 gluconolactonases (31−
34% identity), luciferin-regenerating enzyme (33% identity),
Xanthomonas campestris gluconolactonase (30% identity), and
Linaria vulgaris diisopropylfluorophosphatase (26% identity).
All solved SMP30 family members share an overall tertiary
structure consisting of a six-blade β-propeller with a central
channel, where a bivalent metal ion is tri- or tetracoordinated
by asparagine, aspartate, or glutamate side chains. Ca2+, Zn2+,
and Mg2+ metal ions have been used in the crystal structure
refinements.6−10 Thus, the previous studies suggest that this
enzyme family is capable of binding different bivalent metal
cations. To obtain further information about the metal ion
binding of Cc XylC, we chose to use native MS, since it allows
the metal binding stoichiometry, affinity, and specificity to be
directly observed.
The mass spectra of Cc XylC were measured by using a high-

resolution Fourier transform ion cyclotron resonance (FT-
ICR) instrument (Bruker Solarix XR), equipped with an
electrospray ionization (ESI) source. The elemental formula
obtained from the amino acid sequence of Cc XylC (omitting
the initial methionine residue) is C1422H2158N378O422S7, and
the corresponding theoretical most abundant isotopic mass is
31 524.76 Da. The mass spectrum of the denatured Cc XylC
(Figure S1) gave the most abundant mass of 31 524.89 ± 0.10
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Da (mean ± standard deviation), averaged over the observed
charge state distribution, consistent with the theoretical value.
In the denatured state, no metal ion binding to Cc XylC was
observed, as expected. In contrast, when Cc XylC was
measured in the native state, an additional signal was
surprisingly observed at 31 577.49 Da in the deconvoluted
mass spectrum. The mass difference of ∼53 Da corresponds to
the binding of a single Fe3+ ion (theoretical mass 31 577.67 Da,
assuming a formal removal of three hydrogens upon iron ion
binding). This was an unexpected observation, since no iron
binding has been suggested for the other SMP30 family
lactonases in any previous studies. To obtain a spectrum of the
apoprotein, the protein sample was treated with ethyl-
enediaminetetraacetic acid (EDTA) (at least a 20-fold molar
excess) to chelate any metal ions before sample desalting.
Following the EDTA treatment, only the 31 524.56 Da signal
remained in the spectrum (Figure 1A).

To study whether the iron binding to Cc XylC was specific,
the binding of six other metals was also tested. The initial
metal binding tests were done by adding either Mg2+, Ca2+,
Fe2+, Fe3+, Co2+, Ni2+, Cu2+, or Zn2+ at 10 μM to apo-Cc XylC
(EDTA-treated) at 1 μM. All metal ions were added as their
analytical grade chloride salts, dissolved in 10 mM ammonium
acetate solution. Native MS measurements indicated that only
Fe2+ was bound strongly and specifically to Cc XylC, while the
other metals did not show even weak binding, except Cu2+, for
which the native MS showed that up to four Cu2+ ions were
able to bind to the protein. The Cu2+ binding most likely
occurs through the four free cysteine residues and not to the
active site of the enzyme.
Also, two minor signals corresponding to the additional

binding of one and two water molecules to the iron-complexed
holo-form of Cc XylC were observed (Figure 1A). These
waters are likely coordinated to the metal ion and remain
bound during the ionization process. Such water molecules are
rarely detected in the gas phase (except in some small metal

coordination complexes), due to their low enthalpy of
dehydration, but have been previously detected, for example,
for an Escherichia coli deaminase transition-state analogue
complex.11 As the bound iron ion was observed as Fe3+, even
though Fe2+ was originally added to the solution, we also tested
if Fe3+ was capable of binding to the protein. Since no binding
was observed with Fe3+, it is clear that iron binds to Cc XylC
only in the oxidation state +2 but undergoes a rapid oxidation
to +3 in the electrospray process. A similar behavior has been
observed earlier with the heme-binding proteins.12 It was also
observed that the iron oxidation during the electrospray
process does not occur when water molecules are coordinated
to the Fe2+ cation (Figure 1A).
To determine the iron binding affinity of Cc XylC, 1 μM

apoenzyme was titrated with Fe2+ (up to 16 μM), and the
fractional saturation was monitored. The fitting of the data to
the specific, one-site binding model yielded a Kd value of (5.0
± 1.3) × 10−7 M and Bmax of 0.966 ± 0.009 with a 95% level of
confidence (Figure 2).

The influence of Fe2+ for enzymatic activity was also tested
by following the lactone hydrolysis reaction (at the initial pH
6.9) with an ion trap mass spectrometer. Probably due to
difficulties in the isolation of lactone isomers, only D-xylono-
1,4-lactone and D-glucono-1,5-lactone were commercially
available and used as substrates at the initial 0.25 mM
concentration. Without an enzyme or metal present (non-
enzymatic reaction), both xylono- and gluconolactones were
hydrolyzed with the half-lives of 330 ± 40 and 45 ± 5 min
(confidence intervals with a 95% level of confidence),
respectively. The results are in agreement with the results of
Jermyn,4 who found that the nonenzymatic hydrolysis of 1,5-
lactone is faster as compared to 1,4-lactone and suggested that
1,4-lactone is isomerized via a bicyclic intermediate to 1,5-
lactone, which is then hydrolyzed. This isomerization reaction
is reversible and fast.4,5

The addition of 10 μM Fe2+ in the absence of enzyme
slightly accelerated the hydrolysis of both substrates,
suggesting that the bare metal ions can also promote the
nonenzymatic hydrolysis reactions. Because the acceleration
was greater for 1,4-lactone, this would suggest that metal ion
could catalyze the isomerization reaction between 1,4-lactone
and 1,5-lactone (Figure 3).
We then performed the hydrolysis reactions in the presence

of 10 μM Fe2+ and 0.5 μM Cc XylC, which resulted in a
considerable increase in the hydrolysis rates for both lactones.
The half-lives of xylono- and gluconolactones were reduced to
4.3 ± 0.3 and 4.8 ± 0.4 min, respectively, corresponding to the

Figure 1. (A) Deconvoluted native mass spectra of Cc XylC in apo-
form (blue) and holo-form (red). (B) Calculated mass spectra of the
corresponding forms of Cc XylC. The most abundant isotopic masses
are indicated.

Figure 2. Titration of Cc XylC with Fe2+.
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estimated kcat/KM values of (5.4 ± 0.9) × 103 and (4.9 ± 0.9)
× 103 M−1 s−1. Since the values are of the same magnitude, it
can be concluded that the enzyme catalyzes the hydrolysis of
both lactones equally and that the enzyme is not specific to
either lactone (xylono- or gluconolactone). The reaction rate
over the nonenzymatic hydrolysis was larger for D-xylono-1,4-
lactone (100-fold) than for D-glucono-1,5-lactone (10-fold).
The apparent reaction rate constants (pseudo-first-order) and
the reaction half-lives are summarized in Table 1.
Boer et al. have observed earlier3 that Ca2+ and Zn2+ increase

the rate of D-xylonolactone hydrolysis. Because we did not
observe the binding of these metal cations to Cc XylC, they
must also speed up the reaction nonenzymatically by binding
to the above-mentioned bicyclic reaction intermediate. This
interaction is less specific for different bivalent metal ions. If Cc
XylC utilizes preferably 1,5-lactone as the substrate, the
presence of metal ions hastens the formation of 1,5-lactone and
consequently also the enzymatic hydrolysis (Figure 3).
Studying the enzyme-catalyzed hydrolysis of an intra-

molecular ester bond in lactones is challenging because
lactones are also nonenzymatically hydrolyzed to sugar acids
by utilizing acid or base catalysis in a water medium. There is
also evidence in the earlier studies that metal ions, especially
bivalent metal ions, are able to weakly catalyze the ester bond
hydrolysis.13,14 Therefore, careful experimental analyses are
needed to dissect the actual roles of metal ions in catalysis. In
this respect, the use of native mass spectrometry in analyzing
the metal ion binding to Cc XylC has proven to be very
essential. The results show that the enzyme is highly specific
for Fe2+, and the affinity to other bivalent metal cations is very
low. This result suggests that Cc XylC is a mononuclear
nonheme iron enzyme. To the best of our knowledge, the
other known examples of mononuclear iron enzymes are all
oxidases, typically utilizing molecular dioxygen.15,16 In
consequence, this study suggests that Fe2+ may exist as a
catalytic metal also in hydrolytic enzymes. Further studies are
needed to clarify if Fe2+ would be a catalytic metal ion also
among other members of the SMP30 protein family.
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Figure 3. Suggested total reaction of D-xylonolactone hydrolysis.

Table 1. Reaction Rate Constants and Half-Lives for Cc XylC-Catalyzed Hydrolysis of Xylono- and Gluconolactones

substrate (main isomer) CcXylC (μM) Fe2+ (μM) rate constanta,b k (s−1) half-lifeb t1/2 (min)

D-xylono-1,4-lactone 0 0 (3.5 ± 0.5) × 10−5 330 ± 40
D-xylono-1,4-lactone 0 10 (8.3 ± 0.5) × 10−5 138 ± 8
D-xylono-1,4-lactone 0.5 10 (2.7 ± 0.2) × 10−3 4.3 ± 0.3
D-glucono-1,5-lactone 0 0 (2.6 ± 0.3) × 10−4 45 ± 5
D-glucono-1,5-lactone 0 10 (4.0 ± 0.6) × 10−4 29 ± 4
D-glucono-1,5-lactone 0.5 10 (2.4 ± 0.2) × 10−3 4.8 ± 0.4

aPseudo-first-order. bConfidence intervals with a 95% level of confidence.
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