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Aim and outline of this thesis

Enzymes reduce the timescales of the chemical reactions that drive biological pro-
cesses from millions of years to fractions of seconds. Traditionally, textbooks have high-
lighted the exquisite specificity of enzymes for the reactions they have evolved to cat-
alyze, and have largely ignored the promiscuous behavior of enzymes. However, recent
years have produced ever-increasing evidence that most enzymes are in fact highly non-
specific, not just processing different substrates (i.e., substrate promiscuity) but in many
cases even catalyzing chemically distinct reactions (i.e., catalytic promiscuity). Enzyme
promiscuity has been suggested to be crucial to the evolution of new protein functions,
and interest in this area has exploded, both due to a desire to understand natural en-
zyme evolution, but also because catalytically promiscuous enzymes provide a highly
promising starting point for laboratory evolution of new biocatalysts.

Enzymes that can efficiently catalyze carbon-carbon (C-C) bond-forming reactions
are of great interest for synthetic applications. Earlier studies on enzyme promiscuity for
C-C bond-forming reactions have mainly focused on hydrolytic enzymes. In the work
described in this thesis, we have focused our attention on the enzyme 4-oxalocrotonate
tautomerase (4-OT), which naturally catalyzes an enol-keto tautomerization reaction as
part of a catabolic pathway for aromatic hydrocarbons, but is also able to promiscuously
catalyze synthetically useful C-C bond-forming reactions.

In Chapter 1, we highlight recent advances in enzyme promiscuously for a number
of important C-C bond-forming reactions with a focus on enzymes that possess high
enantioselectivities.

It has previously been reported that 4-OT can promiscously catalyze the aldol
condensation of acetaldehyde with benzaldehyde to yield cinnamaldehyde, and the
Michael-type addition of acetaldehyde to a wide variety of nitroolefins to yield valuable
γ-nitroaldehydes. To gain insight into how 4-OT catalyzes these unnatural reactions, we
performed H-D exchange and crystallographic studies in the presence of acetaldehyde.
In Chapter 2, we report that H-D exchange within acetaldehyde is 4-OT-catalyzed and
that the active site Pro-1 residue is crucial for this activity. X-ray crystallography studies
confirmed that Pro-1 of 4-OT reacts with acetaldehyde to give an enamine species. A
reaction between this enamine intermediate and an electrophilic substrate such as ben-
zaldehyde or trans-β-nitrostyrene results in carbon-carbon bond formation.

In Chapter 3, we describe that 4-OT promiscuously catalyzes different types of aldol
reactions, including the self-condensation of propanal, the cross-coupling of propanal
and benzaldehyde, the cross-coupling of propanal and pyruvate, the intramolecular cy-
clization of hexanedial, and the intramolecular cyclization of heptanedial.

It has been suggested that enzyme promiscuity is related to the natural evolvability of
proteins. Similarly, a promiscuous enzyme can be used as a starting point for laboratory
evolution, using (semi)-rational or directed evolution approaches, to develop a novel
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enzyme with a new function. We therefore performed mutagenesis studies with the aim
to improve the promiscuous aldolase activity of 4-OT.

In Chapter 4, we report the use of a systematic mutagenesis strategy to identify
’hotspot’ positions at which mutations give a strong improvement in 4-OT’s activity for
the aldol cross-condensation of acetaldehyde with benzaldehyde. By exploring focused
libraries in which only ’hotspot’ positions are varied, a 4-OT variant with a>5000-fold
improvement in catalytic efficiency for this aldol-condensation reaction was obtained.
This large increase in promiscuous aldolase activity is accompanied by a large decrease
in natural tautomerase activity, which results in a>107-fold change in reaction specificity,
indicating a strong negative tradeoff between evolving and existing activity.

In Chapter 5, we describe the use of the same engineering strategy to improve the
promiscuous activity of 4-OT for the aldol self-condensation of propanal. This led to
the discovery of a 4-OT variant with enhanced activity in the self-condensation of lin-
ear aldehydes such as acetaldehyde, propanal and butanal. Notably, in the presence of
both propanal and benzaldehyde, this 4-OT variant (unlike wild-type 4-OT and the pre-
viously constructed mutant F50A) mainly catalyzes the self-condensation of propanal
rather than the cross-condensation of propanal and benzaldehyde, indicating that it has
an altered reaction specificity.

In Chapter 6, we summarize the work described in this thesis and provide some
suggestions for future research.

x



CHAPTER 1

RECENT DEVELOPMENTS IN ENZYME PROMISCUITY
FOR CARBON-CARBON BOND-FORMING
REACTIONS

Yufeng Miao, Mehran Rahimi, Edzard M. Geertsema and Gerrit J. Poelarends, Curr.
Opin. Chem. Biol. 2015, 25, 115-123.
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Chapter 1. Recent developments in enzyme promiscuity for C-C bond-forming reactions

Numerous enzymes have been found to catalyze additional and completely different
types of reactions relative to the natural activity they evolved for. This phenomenon,
called catalytic promiscuity, has proven to be a fruitful guide for the development of
novel biocatalysts for organic synthesis purposes. As such, enzymes have been iden-
tified with promiscuous catalytic activity for, one or more, eminent types of carbon-
carbon bond-forming reactions like aldol couplings, Michael(-type) additions, Mannich
reactions, Henry reactions, and Knoevenagel condensations. This review focuses on
enzymes that promiscuously catalyze these reaction types and exhibit high enantiose-
lectivities (in case chiral products are obtained).

1.1 Introduction

Documented examples of enzymes that catalyze, one or more, mainstream carbon-
carbon bond-forming reactions such as Michael(-type) additions, Mannich reactions,
Henry reactions, or Knoevenagel condensations as their natural activity are extremely
rare while aldolases, which catalyze aldol couplings as their natural activity, often exhibit
limited substrate acceptance. An applied strategy to address these issues is the explo-
ration of enzyme promiscuity, [1–4] which can be defined as ’enzyme activities other than
the activity for which an enzyme evolved and that are not part of the organism’s phys-
iology’. [5] For example, the enzyme 4-oxalocrotonate tautomerase (4-OT) naturally cat-
alyzes an enol-keto tautomerization step as part of a catabolic pathway for aromatic hy-
drocarbons in Pseudomonas putida mt-2, but also promiscuously catalyzes aldol conden-
sation and Michael-type addition reactions (Scheme 1.1). [4] Recently, enzymatic meth-
ods for carbon-carbon bond formation reactions and their applications have been re-
viewed. [6–10] Yet, examples of enzymes with promiscuous carbon-carbon bond forma-
tion activities were only briefly mentioned. In this review, we highlight recent advances
in enzyme promiscuity for a number of important carbon-carbon bond-forming reac-
tions with a focus on research contributions that report:

1. enantioselective enzyme catalysis (in case chiral products are obtained) since enan-
tioselective carbon-carbon bond formation is a most important and challenging
aspect of organic synthesis.

2. a methodology that can be carried out at (semi-)preparative scale.

3. proper control experiments to ensure that product formation is effected by the an-
ticipated enzyme and not by a contaminating protein or by a non-enzymatic ’back-
ground’ reaction.

The following paragraphs have been organized based on reaction types (aldol cou-
plings and condensations, Michael(-type) additions, Mannich reactions, Henry reac-
tions, and Knoevenagel condensations) after which a summary, perspectives and con-
clusions are presented.

2



1.2. Aldol couplings and condensations

Scheme 1.1: An enol-keto tautomerase also catalyzes C-C bond-forming aldol condensation and
Michael-type addition reactions.

1.2 Aldol couplings and condensations

An aldol coupling generally refers to the nucleophilic addition of the enolate of a ke-
tone, or an aldehyde, to another carbonyl compound to produce a β-hydroxyl aldehyde
or ketone. The formed aldol coupling product may undergo dehydration to form an
α,β-unsaturated carbonyl compound. The combined process of an aldol coupling and
subsequent dehydration is called an aldol condensation.

Since Berglund and coworkers reported the promiscuous catalytic activity of lipase
from Candida antarctica (CAL-B) for the aldol coupling between linear aldehydes in
2003, [11] CAL-B and several other lipases have been intensively studied for their promis-
cuous aldolase activities. However, it took until 2008 before the first asymmetric lipase-
catalyzed asymmetric aldol coupling was reported. [12]

Yu et al. described the aldol addition of acetone (2, R2 = Me) to 4-nitrobenzaldehyde
(1, R1 = 4-NO2) catalyzed by lipase from porcine pancreas (PPL) (Table 1.1). [12] Condi-
tions could be tuned so that aldol coupling adduct 3 (R1 = 4-NO2, R2 = Me) was either
obtained with 96% yield and 15% enantiomeric excess (ee) or with 12% yield and 44% ee
(Table 1.1, entries 1 and 2). This trend of an increase of yield going hand in hand with a
decrease of enantioselectivity (and vice versa), either by changing reaction conditions or
by offering different substrate derivatives, is observed within the majority of methodolo-
gies for promiscuous enzyme-catalyzed aldol couplings that we describe in this section
(one of the few exceptions is represented by PPL-catalyzed aldol couplings of 1 with 5
(vide infra)). We have chosen to enlist the examples of a collection of methodologies for

3



Chapter 1. Recent developments in enzyme promiscuity for C-C bond-forming reactions

promiscuous enzymatic aldol couplings that feature the highest enantiomeric excesses
(see Table 1.1).

Yu et al. reported that also the protease pepsin catalyzes the asymmetric aldol cou-
pling of various substituted benzaldehydes 1 and ketones 2. [13] The highest enantiomeric
excess was observed with substrates 4-nitrobenzaldehyde 1 (R1 = 4-NO2) and acetone (2,
R2 = Me) giving product 3 (R1 = 4-NO2, R2 = Me) with 45% ee (Table 1.1, entry 3). Re-
cently, the same investigators presented a very interesting example of combining the
natural esterase activity with the promiscuous aldolase activity of a lipase to perform
aldol condensation reactions between various aromatic aldehydes (1) and in situ gener-
ated acetaldehyde (2, R2 = H) (Table 1.1, entry 4). [14] During this one-pot tandem process,
the hydrolysis of substrate vinyl acetate to give 2 (R2 = H) as well as the subsequent al-
dol condensation of 2 (R2 = H) with the aldehyde substrate (1) are catalyzed by lipase
from Mucor miehei (MML). The highest yield of dehydrated product 4 (78%) was ob-
tained with acceptor 4-nitrobenzaldehyde (1, R1 = 4-NO2). The authors do not mention
if they observed aldol coupling intermediates 3 nor whether the dehydration of 3 into 4
is MML-catalyzed or not.

Another intriguing example of a one-pot enzymatic tandem reaction was presented
by Poelarends and co-workers. [15,16] The enzyme 4-oxalocrotonate tautomerase (4-OT)
promiscuously catalyzes the aldol coupling of acetaldehyde (2, R2 = H) with benzalde-
hyde (1, R1 = H), to give 3 (R1 = R2 = H), and the subsequent dehydration (of 3) yielding
4 (R1 = R2 = H). Intermediate 3 was not observed (1H NMR) in the course of the reac-
tion. However, offering chemically synthesized 3 (R1 = R2 = H) to 4-OT revealed that the
enzyme indeed catalyzes the dehydration of 3 into 4 (R1 = R2 = H). [16] The promiscuous
aldolase activity of 4-OT proceeds via an anticipated catalytic mechanism. The catalytic
N-terminal proline (Pro1) residue of 4-OT acts as a nucleophile and forms an enamine
intermediate with 2 (R2 = H) which subsequently reacts with benzaldehyde 1 (R1 = H).
The rather low-level aldolase activity of wild-type 4-OT was improved by 600-fold in
terms of catalytic efficiency (kcat/Km) by a single point mutation (F50A) (Table 1.1, en-
try 5). [16] The enantioselectivity of 4-OT, and the just-mentioned lipase MML, for aldol
couplings of substrates 1 and 2 could not be ascertained since dehydrated products 4
are non-chiral and because chiral intermediates 3 were not observed during reaction, let
alone examined on enantiomeric excess.

Guan and coworkers have extensively examined promiscuous catalysis of aldol cou-
plings of substituted benzaldehydes (1) with cyclic ketones (5) by various types of en-
zymes including lipase PPL (II), [17] nuclease p1, [18] and proteases such as alkaline pro-
tease from Bacillus licheniformis (BLAP), [19] chymopapain, [20] acidic protease from As-
pergillus usamii (AUAP), [21] protease from Aspergillus melleus (AMP), [22] trypsin, [23] and
ficin [24] (Table 1.1, entries 6-15). Products 6 were obtained with anti/syn ratios ranging
from 53/47 (PPL (II): R1 = 2-NO2, R2 = N-Boc, Table 1.1, entry 6) [17] to 92/8 (AMP: R1

= 2-NO2, R2 = CH2, Table 1.1, entry 13) [22] while excellent enantiomeric excesses of 99%
were established with BLAP (R1 = 4-Me, R2 = CH2, Table 1.1, entry 9) [19] and nuclease p1
(R1 = 4-Me, R2 = CH2, Table 1.1, entry 8). [18] Yu et al. found that also lipase BPL catalyzes

4



1.2. Aldol couplings and condensations

the aldol coupling of 1 with 5 (R1 = 3-NO2, R2 = CH2, Table 1.1, entry 16) (dr = 72/28, ee =
66%). [25] It should be emphasized once more that we gave the example of each method-
ology that features the highest enantiomeric excess. Within most methodologies higher
product yields are reported, however, in the majority of cases at the expense of lower
enantiomeric excesses (for example, compare entries 6 with 7 and 11 with 12 in Table
1.1). An exception to this general observation is represented by the PPL-methodology
for the aldol coupling of 1 with 5 developed by Yu et al. (entries 17 and 18). [26] In this
specific case, high product yields of 6 are accompanied with excellent dr’s and ee’s (6: R1

= 4-F, R2 = CH2: yield = 75%; dr = 88:12; ee = 90% and 6: R1 = 4-Br, R2 = CH2: yield =
99%; dr = 88:12; ee = 87%).

5



Chapter 1. Recent developments in enzyme promiscuity for C-C bond-forming reactions

Table 1.1: Substrates, biocatalysts, solvents, product structures, product yields, diastereomeric
ratios (dr) and enantiomeric excesses (ee) regarding enzyme promiscuity for aldol couplings and
condensations.

entry substrates biocatalyst solvent product yield 

(%)

dr

anti/syn

ee

(%)

ref

R1 R2

1 1 and 2 4-NO2 Me PPL H2O 3 12 na 44 [12] 

2 1 and 2 4-NO2 Me PPL H2O 3 96 na 15 [12] 

3 1 and 2 4-NO2 Me pepsin H2O 3 89 na 45 [13] 

4 1 and 2 4-NO2 H MML H2O 4 78 na na [14•]

5 1 and 2 H H 4-OT F50A H2O 4 50 na na [16•]

6 1 and 5 2-NO2 N-Boc PPL (II) MeCN/ H2O 6 36 53:47 87 [17]

7 1 and 5 4-NO2 O PPL (II) MeCN/ H2O 6 56 38:62 46 [17]

8 1 and 5 4-Me CH2 nuclease p1 H2O 6 25 80:20 99 [18]

9 1 and 5 4-Me CH2 BLAP DMSO/H2O 6 28 70:30 99 [19]

10 1 and 5 4-Me CH2 chymopapain MeCN/ H2O 6 23 63:37 96 [20]

11 1 and 5 3-Cl CH2 AUAP MeCN/ H2O 6 29 92:8 88 [21]

12 1 and 5 4-NO2 CH2 AUAP MeCN/ H2O 6 63 83:17 82 [21]

13 1 and 5 2-NO2 CH2 AMP MeCN/ H2O 6 52 92:8 91 [22]

14 1 and 5 4-CF3 CH2 trypsin H2O 6 34 59:41 65 [23]

15 1 and 5 3-NO2 CH2 ficin MeCN/ H2O 6 39 86:14 81 [24]

16 1 and 5 3-NO2 CH2 BPL H2O 6 91 72:28 66 [25]

17 1 and 5 4-F CH2 PPL 5 and H2O 6 75 88:12 90 [26•]

18 1 and 5 4-Br CH2 PPL 5 and H2O 6 99 88:12 87 [26•]

na = not applicable

6



1.3. Michael(-type) additions

1.3 Michael(-type) additions

The name ’Michael addition’ was originally given to carbon-carbon bond-forming addi-
tion reactions of enolate-type donors to α,β-unsaturated carbonyl acceptors. Therefore,
any similar type of addition reaction but employing a different type of donor and/or ac-
ceptor should be regarded as a ’Michael-type addition’. Examples of enzyme-catalyzed
Michael(-type) additions for carbon-carbon bond formation are rare and the majority
described in the literature involves catalytic promiscuity of an enzyme. [27]

Scheme 1.2: Enzyme promiscuity for asymmetric carbon-carbon bond-forming Michael(-type) ad-
ditions.

One of the first planned searches for promiscuous carbon-carbon bond-forming
Michael(-type) reactions was documented in 1996 and involves the addition of 1,3-
dicarbonyl donors to nitroolefin acceptors catalyzed by lipase from Pseudomonas species
(PSL). [28] Later, Berglund and co-workers discovered that Pseudozyma antarctica lipase
B (PalB, formally known as CALB) catalyzes the Michael addition of 1,3-dicarbonyls to
α,β-unsaturated carbonyl acceptors. [29,30] Although both methodologies involve forma-
tion of chiral products, enantiomeric excesses were not reported.

Guan and coworkers reported one of the first examples of asymmetric enzyme-
catalyzed carbon-carbon bond-forming Michael(-type) additions. [31] Their methodology
involves immobilized lipase from Thermomyces languinosus (Lipozyme TLIM) and in-
cludes a wide range of 1,3-dicarbonyls and ketones as donors, and various nitroolefins
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and cyclohexenones as acceptors. In terms of enantioselectivities, best results were
achieved with (E)-2-(2-nitrovinyl)thiophene (7) as acceptor and 2,4-pentadione (8, R =
Me) and diethyl malonate (8, R = OEt) as donors leading to enantiomeric excesses of
Michael addition products 9 of 83 and 43%, respectively (Scheme 1.2). The same re-
search group presented an elegant biocatalytic approach for the synthesis of the anti-
coagulant warfarin (12) and derivatives. [32] A lipase PPL-mediated Michael addition of
4-hydroxycoumarin (11) to benzylideneacetone (10) furnished warfarin (12) with 22% ee
(Scheme 1.2).

Recently, Poelarends and co-workers established enzyme-catalyzed asymmetric
Michael-type additions producing γ-nitroaldehydes 15 (R = Ph, p-Cl-C6H4, i-Bu, 3-
c-PentO-4-MeO-C6H3) with excellent enantiomeric excesses of up to 98% (Scheme
1.2). [33–36] This novel biocatalytic methodology employs the proline-based tautomerase
4-OT (see also paragraph ’Aldol couplings and condensations’) which accepts a wide
range of linear aldehyde donors, including acetaldehyde (14), and a series of aromatic
and aliphatic nitroolefin (13) acceptors as substrates. The γ-nitroaldehyde products (15)
can be readily converted into valuable GABA-based pharmaceuticals such as phenibut,
baclofen, pregabalin, and rolipram (see [35] for relevant references). Whereas the other
examples reviewed in this paragraph were discovered by screening a collection of ro-
bust, commercially available enzymes in the presence of appropriate substrates, the
4-OT methodology represents a designed strategy for promiscuous enzyme-catalyzed
carbon-carbon bond-forming Michael(-type) additions. The N-terminal Pro-1 residue
of 4-OT forms an envisaged nucleophilic enamine intermediate with acetaldehyde (14)
which subsequently adds to the double bond of the nitroolefin creating the new carbon-
carbon bond. Finally, hydrolysis releases the product from the enzyme. Interestingly,
Nikodinov-Runic et al. tested 4-OT in a whole cell system (E. coli BL21(4-OT)) for the
Michael-type addition of acetaldehyde (14) to several β-nitrostyrene derivatives and es-
tablished enantiomeric excesses of up to 99% (15: R = Ph). [37]

1.4 Mannich reactions

A direct Mannich reaction is a three component reaction during which an aldehyde and
amine form an imine that functions as an acceptor for a subsequent carbon-carbon bond-
forming addition of an enolate of a carbonyl substrate. To the best of our knowledge
there are no documented examples of enzymes that catalyze Mannich reactions as their
natural activity. There are a few recent reports however on enzymes that exhibit promis-
cuous Mannich reaction activity. [38–41] All these examples feature an imine that is formed
from an aromatic amine (18) and a benzaldehyde type substrate (17) while the enolate is
generated from acetone or cyclohexanone (16), or a derivative thereof. Biocatalysts that
promiscuously catalyze Mannich reactions include lipase from Mucor miehei (MML), [38]

lipase from Candida rugosa (CRL), [39] trypsin from hog pancreas, [40] and protease type
XIV from Streptomyces griseus (SGP). [41] Chiral products are obtained with all these bio-
catalytic systems. However, only the SGP-methodology, established by Guan et al., [41]
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was reported to effect enantioenriched products and herewith represents the first biocat-
alytic asymmetric Mannich reaction (Scheme 1.3).

Scheme 1.3: Enzyme promiscuity for asymmetric Mannich reactions.

Substrates cyclohexanone (16), 4-nitrobenzaldehyde (17, R1 = 4-NO2), and 3-
bromoaniline (18, R2 = 3-Br) were converted by SGP to give product 19 with a diastere-
omeric ratio of 92/8 (syn/anti) and enantiomeric excess of 88%. Variation of substituents
of substrates 17 and 18 effected higher yields but lower stereoselectivities (Scheme 1.3).

1.5 Henry reactions

Hydroxynitrile lyases (HNLs) constitute a family of enzymes that catalyze the reversible
decomposition of cyanohydrins into the corresponding aldehyde, or ketone, and hy-
drogen cyanide (HCN). Purkarthofer et al. reported that HNL from Hevea brasilien-
sis (HbHNL) exhibits promiscuous Henry reaction activity and catalyzes the addition
of nitromethane (21) to various types of aldehydes (20) yielding (S)-β-nitroalcohols
(22) (Scheme 1.4). [42] Intriguingly, a few years later, Asano et al. described that HNL
from Arabidopsis thaliana (AtHNL) promiscuously catalyzes the identical type of reaction
but yielding products 22 with the opposite (R)-configuration (i.e. (R)-β-nitroalcohols)
(Scheme 1.4). [43] For example, substrates 20 (R = H) and 21 were converted into (S)-22
(R = H, ee 97%) in the presence of HbHNL while AtHNL effected formation of (R)-22 (R
= H, ee 91%). The identical observation was made with 3-Cl-benzaldehyde (20, R = 3-Cl)
and 21 as substrates.

A number of other enzymes, such as transglutaminase (TGase) [44] and Amano acy-
lase (AA) from Aspergillus oryzae, [45] and proteins such as gelatin and collagen, [46] have
been described to promiscuously catalyze Henry reactions. However, none of them de-
livers products with enantiomeric excess.
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Scheme 1.4: Enzyme promiscuity for asymmetric Henry reactions.

1.6 Knoevenagel condensations

The Knoevenagel condensation is another example of a mainstream carbon-carbon
bond-forming reaction for which no enzyme with natural activity has been reported
yet. Recently though, a number of enzymes with promiscuous Knoevenagel conden-
sation activity has been described. Guan and coworkers developed a biocatalytic two-
step tandem process, including a Knoevenagel condensation and intramolecular trans-
esterification, for the synthesis of 2H-1-benzopyran-2-ones 26 [47] (Scheme 1.5) which are
important structural motifs regarding pharmaceuticals such as the anticoagulant war-
farin. [32] The protease BLAP catalyzes the conversion of diverse salicylaldehydes 23 and
1,3-dicarbonyl compounds 24 into products 26 in overall yields of up to 75%. Control ex-
periments clearly demonstrated that the first step, the Knoevenagel condensation giving
intermediate 25, is BLAP-catalyzed. The evidence that BLAP also catalyzes the subse-
quent intramolecular transesterification into 26 is less compelling. The same authors
showed that BLAP as well catalyzes the Knoevenagel condensation of cinnamaldehyde
27, and derivatives, with various 1,3-dicarbonyls compounds 28 furnishing adducts 29
in yields of up to 80% and E/Z ratios of 25:75 [48] (Scheme 1.5).

Lai et al. discovered that lipase PPL is able to catalyze a Knoevenagel condensation
between benzaldehyde (30, R = H), and derivatives hereof, and methyl cyanoacetate (31)
to give adducts 32 in good overall yields [49] (Scheme 1.5). No comments are made on
the E/Z ratios with which products 32 are obtained nor on which isomer is obtained in
excess. The authors claim that the observed subsequent transesterification of 32 into 33
is also PPL-catalyzed for which, however, no convincing evidence is provided.
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Scheme 1.5: Enzyme promiscuity for Knoevenagel condensations.
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1.7 Summary, perspectives, and concluding remarks

In this review, we have summarized recent examples of catalytic promiscuity for five im-
portant classes of carbon-carbon bond-forming reactions: aldol couplings and conden-
sations, Michael(-type) additions, Mannich reactions, Henry reactions, and Knoevenagel
condensations. For developing biocatalytic methodologies for the last four types of re-
actions one has to rely mainly on enzyme promiscuity as enzymes that catalyze, one or
more of, these reactions naturally are rare. Most of the methods we describe in this re-
view were discovered by screening a library of commercially available biocatalysts such
as lipases, proteases, nucleases, acylases, and transglutaminases, for desired promiscu-
ous activities with a series of substrates. The 4-OT-methodology is an exception as its
aldol coupling and Michael(-type) addition activities take place via an envisioned cat-
alytic mechanism. [15,33]

The majority of papers on enzymatic promiscuity for carbon-carbon bond-forming
reactions that yield chiral products report low, or no, enantioselectivities despite the
fact that enzymes provide a natural chiral environment for asymmetric catalysis. With
this review therefore, we have focused on those contributions that describe formation of
enantioenriched products (in case chiral products are obtained).

Numerous biocatalysts with promiscuous, stereoselective aldolase activity have been
identified some of which provide aldol adducts with excellent enantiomeric excesses of
up to 99% (Scheme 1.1, Table 1.1). High enantiomeric excesses of products are usually
accompanied with low yields. Improvement of product yields may be achieved by offer-
ing different substrate derivatives or by changing reaction conditions, [50] but often show
concomitant decrease of enantiomeric excess. This trend is also observed within the first
methodology for enantioselective enzyme-catalyzed Mannich reactions which provides
products with good enantiomeric excesses of up to 88% (Scheme 1.3). An interesting phe-
nomenon is observed for HNL-catalyzed Henry reactions. HbHNL catalyzes formation
of β-nitroalcohols with (S)-configuration while AtHNL gives the identical products with
(R)-configuration (Scheme 1.4). High enantiomeric excesses were established (HbHNL:
98% ee; AtHNL: 91% ee) while product yields are moderate. Biocatalysts TLIM, PPL, and
4-OT have been reported to exhibit promiscuous activity for enantioselective carbon-
carbon bond-forming Michael(-type) additions (Scheme 1.2). Of these three enzymes,
best enantioselectivity is exerted by the tautomerase 4-OT as it facilitates formation of
valuable γ-nitroaldehydes with enantiomeric excesses of up to 99% and in good yields.
A number of interesting and useful methodologies have been developed for biocatalytic
Knoevenagel condensations which, by definition, do not involve the creation of a new
chiral center (Scheme 1.5). The protease BLAP and lipase PPL give Knoevenagel prod-
ucts with good yields of up to 85%.

All in all, significant advances have been made in the area of promiscuous enzyme-
catalyzed carbon-carbon bond-forming reactions during the last five years. At the same
time, the number of enzymatic methodologies for asymmetric catalysis of mainstream
carbon-carbon bond-forming reactions is still limited. Therefore challenges for the near
future are 1) to translate currently available biocatalytic methodologies, which are of-
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ten based on low-level promiscuous carbon-carbon bond-forming activities, into prac-
tical, efficient, and highly stereoselective organic synthesis procedures; and 2) to use
the understanding of reaction mechanisms to systematically screen for new promiscu-
ous activities in existing enzymes, and exploiting this promiscuity as starting point to
develop novel enantioselective biocatalytic methods for important carbon-carbon bond-
forming reactions. [51] In general, the approach of exploiting catalytic promiscuity as
starting point to create tailor-made biocatalysts may support a new and exciting area
in protein engineering research, and may be the key to more application of biocatalysis
in industry.
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Chapter 2. Evidence for Formation of an Enamine Species during Aldol and Michael-type
Addition Reactions Promiscuously Catalyzed by 4-Oxalocrotonate Tautomerase

The enzyme 4-oxalocrotonate tautomerase (4-OT), which has a catalytic N-terminal
proline residue (Pro-1), can promiscuously catalyze various carbon-carbon bond-
forming reactions, including the aldol condensation of acetaldehyde with benzaldehyde
to yield cinnamaldehyde and the Michael-type addition of acetaldehyde to a wide vari-
ety of nitroolefins to yield valuable γ-nitroaldehydes. To gain insight into how 4-OT cat-
alyzes these unnatural reactions, we carried out both exchange studies in D2O and X-ray
crystallography studies. The former establishes that H-D exchange within acetaldehyde
is 4-OT-catalyzed and that the Pro-1 residue is crucial for this activity. The latter shows
that Pro-1 of 4-OT has reacted with acetaldehyde to give an enamine species. These re-
sults provide evidence for a mechanism of the 4-OT-catalyzed aldol and Michael-type
addition reactions in which acetaldehyde is activated for nucleophilic addition via Pro-1
dependent formation of an enamine intermediate.

2.1 Introduction

4-oxalocrotonate tautomerase (4-OT) is a member of the tautomerase superfamily, a
group of homologous proteins that share a characteristic β-α-β structural fold and
a unique catalytic N-terminal proline (Pro-1). [1,2] 4-OT catalyzes the conversion of 2-
hydroxy-2,4-hexadienedioate (1) to 2-oxo-3-hexenedioate (2) (Scheme 2.1) as part of a
catabolic pathway for aromatic hydrocarbons in Pseudomonas putida mt-2. [3,4] The Pro-1
residue acts as a general base that abstracts the 2-hydroxyl proton of 1 for delivery to the
C-5 position to yield 2. Pro-1 can function as a general base because the prolyl nitrogen
has a pKa of ∼6.4 and exists largely as the uncharged species at cellular pH. [5]

In addition to its natural tautomerase activity, 4-OT can promiscuously catalyze var-
ious carbon-carbon bond-forming reactions, including the aldol condensation of ac-
etaldehyde (3) with benzaldehyde (4) to yield cinnamaldehyde (6) and the Michael-
type addition of acetaldehyde (3) to a variety of nitroalkenes (7) to yield chiral γ-
nitroaldehydes (8) (Scheme 2.2). [6–13] γ-Nitroaldehydes are versatile and practical pre-
cursors for chiral γ-aminobutyric acid (GABA) analogues such as marketed pharmaceu-
ticals Baclofen, Pregabalin, Phenibut and Rolipram. [14–19]

Scheme 2.1: Natural proton-transfer reaction catalyzed by 4-OT.
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2.2. Results and discussion

Site-directed mutagenesis and labeling experiments suggested a key catalytic role
for Pro-1 in the 4-OT-catalyzed carbon-carbon bond-forming reactions. [6,7,12] Although
NaCNBH3 trapping suggested that a Schiff base can form between 4-OT’s Pro-1 residue
and acetaldehyde, this observation does not rule out the possibility that Pro-1 acts as
a catalytic base (like in 4-OT’s natural tautomerase activity). Hence, compelling ev-
idence for the precise mechanistic role of Pro-1 in the 4-OT-catalyzed carbon-carbon
bond-forming reactions is still lacking. To gain further insight into how 4-OT promiscu-
ously catalyzes aldol and Michael-type addition reactions, we carried out both exchange
studies in D2O and X-ray crystallography studies. The former establishes Pro-1 depen-
dent deprotonation of acetaldehyde; the latter reveals formation of an enamine species
between acetaldehyde and Pro-1.

Scheme 2.2: Aldol condensation (A) and Michael-type addition (B) reactions promiscuously cat-
alyzed by 4-OT.

2.2 Results and discussion

We anticipated that 4-OT would initiate catalysis by formation of either an enolate or
enamine intermediate, which in both cases involves deprotonation at C2 of acetalde-
hyde (Scheme 2.3). To evaluate whether one (or all three sequentially) of the C2 hy-
drogens can be removed as a proton by 4-OT during catalysis, we investigated the abil-
ity of wild-type 4-OT (WT 4-OT) and the Pro-1-Ala mutant (4-OT P1A) [20] to catalyze
hydrogen-deuterium (H-D) exchange within acetaldehyde. Accordingly, WT 4-OT and
4-OT P1A (0.73 mol% compared to 3) were incubated with 20 mM acetaldehyde in 20
mM NaD2PO4 buffer (pD 7.5, which corresponds to pH 7.3), and the progress of the
reactions was followed by 1H NMR spectroscopy (Figures 2.1 and Supp. Inf. 2.S1). A
control experiment, in which 3 was incubated in 20 mM NaD2PO4 buffer (pD 7.5) in the
absence of enzyme, was also performed. Notably, for each reaction mixture, an equilib-
rium between the hydrated (59%) and unhydrated (41%) form of 3 was reached in the
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time between mixing all reaction components and recording the first 1H NMR spectrum.
1H NMR spectroscopic signals of the unhydrated (i.e., acetaldehyde: 2.24 and 9.67 ppm)
and hydrated (i.e., ethane-1,1-diol-d2: 1.32 and 5.25 ppm) form of 3 are shown in Figure
2.1.

Scheme 2.3: Proposed mechanisms for the 4-OT-catalyzed hydrogen-deuterium exchange within
3, with a catalytic role for Pro-1 as a base (A) or as a nucleophile (B).

Interestingly, the acidic protons of substrate 3, which are located at the C2 position
(marked with b in Figure 2.1), were almost completely exchanged (94%, 24 h) with deu-
terium in the reaction mixture incubated with WT 4-OT (Figure 2.1, spectrum E; Supp.
Inf. Figure 2.S1). The exchange most likely takes place at C2 of the unhydrated form of
3 (i.e., acetaldehyde) and not at C2 of the hydrated form (i.e., ethane-1,1-diol-d2) since
the protons at C2 of the latter are not acidic. However, since the rate for reaching equi-
librium between unhydrated and hydrated form is relatively high compared to the rate
of H-D exchange, the vanishing of signals b (protons at C2 of unhydrated form of 3) and
d (protons at C2 of hydrated form of 3) was witnessed in equal proportion (spectrum
E, Figure 2.1). A relatively low rate of H-D exchange was found for the control sample
without enzyme (11%, 24 h) and the sample incubated with 4-OT P1A (19%, 24 h) (Fig-
ures 2.1 and Supp. Inf. Figure 2.S1). These data indicate that the H-D exchange within 3
is enzyme-catalyzed and that the Pro-1 residue is essential for catalysis.

The H-D exchange activity indicates that WT 4-OT can indeed deprotonate acetalde-
hyde, thereby providing evidence for a mechanism for the 4-OT-catalyzed aldol and
Michael-type addition reactions in which acetaldehyde is activated for nucleophilic ad-
dition via Pro-1 dependent formation of an enolate or enamine intermediate. To distin-
guish between these two possible intermediates, we determined the crystal structures
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Figure 2.1: Stack plot of 1H NMR spectra. A) 1H NMR spectrum of acetaldehyde (3) incubated
in 20 mM NaD2PO4 buffer at pD 7.5 for 1 h. Equilibrium is reached between unhydrated and
hydrated forms of 3. Their signals are marked with a,b and c,d respectively; B) Acetaldehyde
(3) incubated in 20 mM NaD2PO4 buffer at pD 7.5 with WT 4-OT for 1 h; C) Acetaldehyde (3)
incubated in 20 mM NaD2PO4 buffer at pD 7.5 with 4-OT P1A mutant for 1 h; D) Acetaldehyde
(3) incubated in 20 mM NaD2PO4 buffer at pD 7.5 for 1 d; E) Acetaldehyde (3) incubated in 20
mM NaD2PO4 buffer at pD 7.5 with WT 4-OT for 1 d. Acidic protons of 3 (marked with b and d in
spectrum A) are completely exchanged with deuterium; F) Acetaldehyde (3) incubated in 20 mM
NaD2PO4 buffer at pD 7.5 with 4-OT P1A for 1 d.
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of native 4-OT and 4-OT in complex with 3 (in the absence of NaCNBH3). Homohex-
americ 4-OT from Pseudomonas putida mt-2 has been crystallized before, in complex with
the inhibitor 2-oxo-3-pentynoate, and the structure was solved to 2.4 Å resolution (PDB
code 1BJP). [21] We have crystallized native 4-OT in a new space group (P21) and solved
its structure to a resolution of 1.94 Å (Figure 2.2A). The crystallographic R-factor for the
final model is 24.8% (Rfree = 28.9%, Supp. Inf. Table 2.S1). The somewhat high values
for the R-factors are most probably due to problems with the data from ice-ring inter-
ference. Overall, the native 4-OT amino acid residues are well defined in the electron
density maps, including those located at the active sites. Structure validation further
confirmed the reliability of the refined model. Co-crystallization experiments with sub-
strate 3 resulted in a crystal which belonged to space group C2 with 15 chains of 4-OT in
the asymmetric unit (2.5 hexamers, solvent content 40%). The structure was solved to a
resolution of 1.70 Å (Figure 2.2B) and refined to R and Rfree values of 19.7% and 22.7%,
respectively, with excellent geometry (Supp. Inf. Table 2.S1).

Analysis of the electron densities of the N-terminal proline residues in the structure of
4-OT complexed with 3 evidently indicates that a covalent modification has taken place.
Of the 15 active sites present in the asymmetric unit, 10 clearly show extra electron den-
sity protruding from the amino group of the Pro-1 pyrrolidine ring (Figure 2.2D). This
additional electron density was not visible in the structure of native 4-OT (Figure 2.2C).
It is known that secondary amines react with carbonyl compounds to preferably form
enamines. [22] Accordingly, reaction of acetaldehyde with Pro-1 of 4-OT would result in
an ethylene moiety bound to the nitrogen atom of Pro-1. Therefore, ethylene covalently
linked to Pro-1 in an enamine conformation was used as a model to account for the ex-
tra electron density. Subsequent refinements of this model support the presence of this
enamine species. It should be noted, though, that the extra electron densities found at
the Pro-1 residues that have reacted with 3 are not very well defined, most likely be-
cause these prolines are not fully modified. This is apparent from the significant higher
B-factors of the N-linked ethylene atoms, as compared to the atoms in the pyrrolidine
ring. As a result, the conformation of the enamine adduct cannot be unambiguously
defined, especially with respect to the position of the terminal methylene group. It is
important to emphasize that non-covalently bound acetaldehyde (or the corresponding
enolate anion) was not observed in the structure of 4-OT complexed with acetaldehyde.
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Figure 2.2: Hexameric structure of A) native 4-OT (1.94 Å) and B) acetaldehyde-bound 4-OT (1.70
Å). Close-up of the N-terminal proline of C) native 4-OT and D) acetaldehyde-bound 4-OT. Indi-
vidual chains are depicted in different colours. The grey mesh depicts the composite omit 2Fo - Fc
maps (contoured at 1.0 σ).
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Cα-backbone superposition of the structure of native 4-OT with that of 4-OT in com-
plex with 3 resulted in a root-mean-square deviation of only 0.25 Å (Figure 2.3A,B).
Residues lining the Pro-1 pocket adopt similar conformations in both the structures with
the only exception of Arg-11 from the neighboring chain which seems to be flexible and
favors two alternative conformations (Figure 2.3C). This shows that modification of Pro-
1 by acetaldehyde does not result in any significant structural change in the vicinity of
this N-terminal residue. To the best of our knowledge, this is the first reported structure
from a tautomerase superfamily member with an enamine adduct on the N-terminal
proline residue.

24



2.2. Results and discussion

Figure 2.3: Stereo view of Cαbackbone superposition of native and acetaldehyde-bound 4-OT as
A) dimer or B) hexamer (which is a trimer of dimers). C) Superposition of active-site residues
of native 4-OT and acetaldehyde-bound 4-OT. The structure of native 4-OT is depicted in green
whereas the acetaldehyde-bound 4-OT structure is shown in orange. The residues are depicted as
sticks and the apostrophes indicate that the residues are from the neighboring chains.

25



Chapter 2. Evidence for Formation of an Enamine Species during Aldol and Michael-type
Addition Reactions Promiscuously Catalyzed by 4-Oxalocrotonate Tautomerase

2.3 Conclusion

In summary, we provide evidence that the 4-OT-catalyzed C-C bond-forming aldol and
Michael-type addition reactions proceed through an enamine intermediate. Hence, these
reactions are initiated by nucleophilic attack of Pro-1 on the carbonyl carbon of 3 to
give an iminium ion, which upon deprotonation leads to the formation of an enamine
intermediate (Scheme 2.3B). A reaction between this nucleophilic intermediate and an
electrophilic substrate such as 4 or 7 results in carbon-carbon bond formation. While
the proposed mechanism of the reaction mimicks that used by proline-based organocat-
alysts, [23,24] it clearly differs from that used by class I aldolases. [25] Indeed, class I al-
dolases use the primary amine of a lysine to form enamines with carbonyl substrates,
whereas 4-OT appears to be unique in using the secondary amine of a proline as the
nucleophile catalyst to form enamines with carbonyl substrates.
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2.A Supplementary Information

2.A.1 General methods

Protein was analyzed by polyacrylamide gel electrophoresis (PAGE) using sodium do-
decyl sulfate (SDS) gels containing polyacrylamide (10%). Coomassie brilliant blue
was used to stain the gels. Protein concentrations were determined using the Waddell
method. [1] Enzymatic assays were performed on a V-650 or V-660 spectrophotometer
from Jasco (IJsselstein, The Netherlands). 1H NMR spectra were recorded on a Varian
Inova 500 (500 MHz) spectrometer using a pulse sequence for selective presaturation of
the water signal. Chemical shifts for protons are reported in parts per million scale and
are referenced to H2O ( δ= 4.80). Dynamic light scattering (DLS) experiments were per-
formed using a DynaPro MS800TC instrument (Wyatt Technology Corporation, Santa
Barbara, CA) at 20 ◦C. DLS data were processed and analyzed with Dynamics software
(Wyatt Technology Corporation).

2.A.2 Expression and purification of WT 4-OT and 4-OT P1A

The enzymes WT 4-OT and 4-OT P1A were produced in E. coli BL21(DE3) as native
proteins without His-tag using the pET20b(+) expression system as described before. [2]

The construction of the expression vectors and the purification procedure for WT 4-OT
and 4-OT P1A were reported previously. [2]

2.A.3 Crystallization of WT 4-OT and 4-OT in complex with acetalde-
hyde

Purified WT 4-OT was concentrated to 8 mg/mL in 20 mM Tris-HCl buffer (pH 7.5),
containing 200 mM NaCl. DLS experiments indicated that the enzyme exists as a hex-
amer in solution. Attempts to crystallize native 4-OT by using the crystallization con-
dition previously determined for 4-OT inactivated by 2-oxo-3-pentynoate were unsuc-
cessful. [3] New crystallization conditions were determined by vapour-diffusion sitting-
drop experiments in MRC 96-well crystallization plates (Molecular Dimensions), using
a Mosquito crystallization robot (TTP Labtech) for automatic drop-dispensing. Protein
drops were prepared by mixing 150 nL protein solution with an equal volume of pre-
cipitant reservoir solution. Initial crystallization leads were observed in the Pact Pre-
mier screen (Molecular Dimensions), and were optimized manually using the vapour-
diffusion sitting-drop method. The final crystallization condition was as follows: 0.1 M
Bis-Tris propane (pH 8.5), 0.2 M potassium thiocyanate, 20 mM hexaammine cobalt chlo-
ride, 20-22% polyethylene glycol 3350 (PEG 3350). Thin rod-shaped crystals appeared
within 16 h and grew within 4 d to a maximum size of 250 × 75 × 50 µm3. WT 4-OT was
also co-crystallized in the presence of 50 mM acetaldehyde to get the structure of 4-OT
in which Pro-1 is covalently modified by acetaldehyde (4-OT-enamine).
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2.A.4 Data collection, processing and structure determination

Prior to X-ray diffraction data collection, the crystals were transferred to a drop con-
taining the mother liquor supplied with 15% glycerol, and subsequently flash-frozen
in liquid nitrogen. The datasets for WT 4-OT and 4-OT-enamine were collected at the
ID29 and ID23-2 beamlines, respectively, at the European Synchrotron Radiation Facility
(Grenoble, France). Diffraction data were processed, scaled and merged using the pro-
grams XDS [4] and SCALA. [5] The native WT 4-OT crystal belonged to space group P21
whereas the structure of 4-OT-enamine belonged to space group C2. A summary of the
data collection and model refinement statistics is given in Supplementary Table 2.S1.

Phaser [6] was used to calculate initial phases by the molecular replacement method
using the published structure of 4-OT inactivated by 2-oxo-3-pentynoate (PDB code
1BJP) as a search model. Iterative cycles of refinement in Refmac5, together with manual
model building in COOT, were used to improve the structures. The models were com-
pleted by performing final cycles of refinement using the program phenix.refine from
the Phenix software suite. [7] The coordinates and topology for the enamine moiety (Pro-
1 modified by acetaldehyde) were generated using the Prodrg server. [8]

2.A.5 Crystal structure analysis

Molprobity was used to validate the stereochemical quality of the models. [9] Super-
positions and calculation of Cα-backbone rmsd values were performed using the pro-
tein structure comparison service Fold at the European Bioinformatics Institute (PDBe-
Fold). [10] PyMOL [11] (Schrödinger) was used for structure analysis and figure prepara-
tions. Coordinates for the structures of native 4-OT and 4-OT modified by acetaldehyde
have been deposited with the Protein Data Bank (accession codes 4X19 and 4X1C, re-
spectively).

2.A.6 Preparation of NaD2PO4 buffer

NaH2PO4 buffer (20 mL, 20 mM; pH 7.3) was lyophilized. Subsequently, the residue was
dissolved in D2O (2 mL), and stirred for 60 min. This solution was again lyophilized, dis-
solved in D2O (2 mL), and stirred for 60 min. The resulting mixture was lyophilized once
more, after which the residue was dissolved in D2O (20 mL) yielding a stock solution of
NaD2PO4 (20 mM; pD 7.5).

2.A.7 Redissolving WT 4-OT and 4-OT P1A mutant in NaD2PO4
buffer

A VIVASPIN concentrator (from Sartorius Stedim Goettingen, Germany) with a cut-off
filter of 5000 Da was washed four times with H2O by centrifugation (4000 rpm, 20 min).
Subsequently, the concentrator was charged with a solution of 4-OT (either WT or mu-
tant; 300 µL with a concentration of 10 mg/mL in 20 mM NaH2PO4 buffer, pH 7.3) and
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centrifuged (4000 rpm, 30 min). The enzyme was retained on the filter and redissolved
in NaD2PO4 (200 µL, 20 mM; pD 7.5) and centrifuged (4000 rpm, 30 min). Once more,
the remaining enzyme on the filter was redissolved in NaD2PO4 (300 µL, 20 mM; pD 7.5)
after which the final enzyme concentration was determined.

2.A.8 1H NMR spectroscopy assay for H-D exchange within acetalde-
hyde (3)

In separate experiments, WT 4-OT and 4-OT P1A (145 µM each) were incubated with
3 (20 mM) and 18-crown-6 ether (internal standard; 2.5 mM) at room temperature in
NaD2PO4 buffer (20 mM; pD 7.5, final volume of 650 µL in an NMR tube). A control
sample was prepared containing all the reaction components except for enzyme. The
progress of the reactions was followed by 1H NMR spectroscopy.

Internal standard 18-crown-6 (1,4,7,10,13,16-hexaoxacyclooctadecaan)

Acetaldehyde (3)

1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.5): δ 9.68 (q, J=3.0 Hz, 1 H), 2.24 (d, J=3.0 Hz, 3H).

1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.5): δ 3.68 (s, 24H)

Ethane-1,1-diol-d2

1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.5): δ 5.25 (q, J=4.8 Hz, 1 H), 1.32 (d, J=4.8 Hz, 3 H).
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Table 2.S1: Crystallographic data collection and refinement statistics
 WT 4-OT 4-OT-enamine 

Data collection   

Spacegroup P21 C2 

Unit cell dimensions,  

 a, b, c (Å) 

 

58.4, 88.8, 169.8      

β = 94.5° 

 

55.2, 85.1, 170.9,   

β = 96.9° 

Resolution range (Å) 48.7 - 1.9 

(2.05 – 1.94) 

46.1 – 1.7 

(1.79 – 1.70) 

Rsym 0.122 (0.54) 0.041 (0.557) 

Nr of measurements 407554 270007 

Nr of unique reflections  118466 84590 

Completeness (%) 93 (96.3) 97.7 (95.6) 

Average I/σ 5.2 (1.9) 12.5 (2.1) 

Refinement   

R/ Rfree 0.248/0.289 0.197 / 0.227 

Composition of asymmetric unit (AU) 30 chains 15 chains 

 total number of atoms 13511 7012 

 solvent molecules 449 305 

 others 1 Hexaammine 

cobalt (III) chloride 

2 Hexaammine 

cobalt (III) chloride 

Average B (Å2) 38.9 42.4 

R.m.s.d bonds (Å) /angles (˚) 0.006/ 1.0 0.005 / 0.93 

Ramachandran plot  

 % most favored 

 % allowed 

 % disallowed 

 

99.8 

0.2 

0.0 

 

99.4 

0.6 

0.0 

PDB code 4X19 4X1C 
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Figure 2.S1: The progress curve of the H-D exchange within 3 in control (�), WT 4-OT (•) and
4-OT P1A samples (H).
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Chapter 3. Inter- and Intramolecular Aldol Reactions Catalyzed by a Highly Promiscuous
Proline-based Tautomerase

The enzyme 4-oxalocrotonate tautomerase (4-OT), which in nature catalyzes an enol-
keto tautomerization step as part of a catabolic pathway for aromatic hydrocarbons, was
demonstrated to promiscuously catalyze different types of aldol reactions. These in-
clude the self-condensation of propanal, the cross-coupling of propanal and benzalde-
hyde, the cross-coupling of propanal and pyruvate, the intramolecular cyclization of
hexanedial, and the intramolecular cyclization of heptanedial. Mutation of the catalytic
amino-terminal proline (P1A) greatly reduces 4-OT’s aldolase activities, whereas muta-
tion of another active site residue (F50A) strongly enhances 4-OT’s aldolase activities.
This catalytic promiscuity of 4-OT could be exploited as starting point to create tailor-
made aldolases for challenging self- and cross-aldolizations.

3.1 Introduction

The aldol reaction is one of the most fundamental carbon-carbon bond-forming reac-
tions in organic chemistry. The reaction is widely used in the production of various
chemicals including pharmaceutical compounds. [1–5] Several methodologies have been
employed to carry out aldol reactions including acid-, base-, organo-, metal-, and bio-
catalysis. [4–8] Among them, biocatalysis receives considerable attention due to the fact
that biocatalytic aldol reactions [2,3,9] may be performed under environmentally friendly
conditions. [6] Aldolases, a specific group of lyases, constitute a class of enzymes that cat-
alyze aldol reactions as their natural activity. [9–20] Besides enzymes with natural aldolase
activity (i.e., aldolases), there are few enzymes known that promiscuously catalyze al-
dol reactions. [3,21–23] Enzyme promiscuity has great promise as a source of synthetically
useful catalytic transformations, and could be exploited as starting point to create new
enzymes for challenging aldolizations.

An enzyme that has recently attracted attention concerning its various promis-
cuous activities, including the cross-aldolization of two aldehydes, is the enzyme 4-
oxalocrotonate tautomerase (4-OT). [24–30] It is a member of the tautomerase superfamily,
a group of homologous proteins having a β-α-β structural fold and a catalytic amino-
terminal proline residue (Pro-1) in common. [31–33] 4-OT takes part in a catabolic pathway
for aromatic hydrocarbons in Pseudomonas putida mt-2, where it catalyzes the conversion
of 2-hydroxyhexa-2,4-dienedioate (1, Scheme 3.1) into 2-oxohexa-3-enedioate (2). [34,35] In
this tautomerization reaction, Pro-1 acts as a general base (pKa of Pro-1 ∼6.4) abstract-
ing the 2-hydroxyl proton of 1 and transferring it to the C5-position to give 2 (Scheme
3.1). [36]

We have recently reported that 4-OT promiscuously catalyzes various C-C bond-
forming reactions, [24–29,37,38] including the aldol condensation of acetaldehyde and ben-
zaldehyde to yield cinnamaldehyde. [25,28] In this aldol condensation, 4-OT catalyzes
both the initial aldol-coupling step to yield 3-hydroxy-3-phenylpropanal, and the sub-
sequent dehydration step to give cinnamaldehyde. [25,28] 4-OT also catalyzes a retro-
aldol reaction with 3-hydroxy-3-phenylpropanal as the substrate. [28] NaCNBH3 trap-
ping, mass spectrometry, and X-ray crystallography [39] experiments strongly suggest a
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3.1. Introduction

Scheme 3.1: Natural proton-transfer reaction catalyzed by 4-OT.

mechanism in which Pro-1 functions as a nucleophile, rather than a base, and reacts
with the carbonyl functionality of acetaldehyde to form a covalent enamine interme-
diate. [25,28] This nucleophilic species reacts with benzaldehyde in an aldol addition.
Mechanism-inspired engineering provided an active site mutant (F50A) with strongly
enhanced aldol condensation activity (600-fold in terms of kcat/Km), [28] while having
greatly reduced tautomerase activity (∼2000-fold in terms of kcat/Km). [40] This finding
argues against a mechanism that involves the generation of a reactive, acetaldehyde-
derived enol(ate) intermediate originating from the native tautomerase activity of 4-OT.

In the present study we show that WT 4-OT and the 4-OT F50A mutant accept vari-
ous carbonyl compounds as substrates for both inter- and intramolecular aldol reactions
(Scheme 3.2).
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Scheme 3.2: Promiscuous aldol reactions catalyzed by 4-OT; a) self-condensation of propanal (3);
b) cross-coupling of propanal (3) and benzaldehyde (6); c) cross-coupling of propanal (3) and pyru-
vate (9); d) intramolecular cyclization of hexanedial (11) and e) intramolecular cyclization of hep-
tanedial (14).
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3.2 Results and discussion

To investigate the substrate scope of WT 4-OT and the 4-OT F50A mutant, these en-
zymes were purified to near homogeneity and examined for their ability to promiscu-
ously catalyze the a) self-condensation of propanal (3), b) cross-coupling of propanal (3)
and benzaldehyde (6), c) cross-coupling of propanal (3) and pyruvate (9), d) intramolec-
ular cyclization of hexanedial (11), and e) intramolecular cyclization of heptanedial (14,
Scheme 3.2). In addition, the P1A mutant of 4-OT was purified and tested as biocatalyst
for these reactions in order to confirm the importance of the Pro-1 residue for catalysis.

In separate experiments, WT 4-OT, 4-OT F50A, and 4-OT P1A (0.15 mM) were incu-
bated with 3 (50 mM) in NaH2PO4 buffer (20 mM, pH 7.3) and reaction progress was
monitored by UV spectroscopy. The UV spectra of the reaction mixture incubated with
the 4-OT F50A mutant (Figure 3.1A) show an increase in absorbance at 234 nm in course
of time, which corresponds to the formation of product 5 (λmax,5 = 234 nm). A slight
increase in absorbance at 234 nm was observed during the assay with WT 4-OT (Figure
3.1B). During the assay with the 4-OT P1A mutant, a negligible increase in absorbance
at 234 nm was observed after 20 h (Figure 3.1C) while no change in absorbance was ob-
served for the reaction mixture without enzyme (Figure 3.1D). These data indicate that
WT 4-OT catalyzes the self-condensation of 3, though its activity is relatively low, and
that the active-site mutation of Phe-50 to Ala strongly increases the activity of 4-OT for
self-condensation of 3.

The self-condensation of 3 catalyzed by WT 4-OT, 4-OT F50A or 4-OT P1A was also
monitored by 1H NMR spectroscopy to verify that the product of the reaction is 5. In
separate experiments, these enzymes (1.0 mol% relative to 3), which were redissolved in
NaD2PO4 buffer (20 mM, pD 7.6), were incubated with 3 (30 mM) in NaD2PO4 (20 mM,
pD 7.6). A control experiment (reaction mixture without enzyme) containing 3 (30 mM)
in NaD2PO4 buffer (20 mM, pD 7.6) was also performed. During all experiments, an
equilibrium between the hydrated (63%) and unhydrated (37%) form of 3 was reached
in the time between mixing all sample components and recording the first 1H NMR
spectrum (≤ 5 min) (Figure 3.2B, Scheme 3.S2). Therefore, we could not distinguish
whether the enzymes accelerate reaching this equilibrium or not.
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Figure 3.1: UV spectra showing the self-condensation of propanal (3) and the formation of 2-
methyl-2-pentenal (5, λmax,5 = 234 nm). Propanal (3, 50 mM) in 20 mM NaH2PO4 buffer (pH
7.3) was incubated with A) 4-OT F50A mutant, B) WT 4-OT, C) 4-OT P1A mutant, D) no enzyme
(control sample).

40



3.2. Results and discussion

Interestingly, the acidic protons of 3, which are located at the C2-position (marked
with g in Figure 3.2B), were exchanged with deuterium in the reaction mixtures incu-
bated with WT 4-OT or 4-OT F50A (Figures 3.2D and 3.2E). The exchange most likely
only takes place at C2 of the unhydrated form of 3 (i.e., propanal) and not at C2 of the hy-
drated form (i.e., propane-1,1-diol-d2) since the protons at C2 of the latter are not acidic
(Scheme 3.S2). However, since the rate for reaching equilibrium between unhydrated
and hydrated form is relatively high compared to the rate of H-D exchange, the vanish-
ing of signals g (protons at C2 of unhydrated form) and j (protons at C2 of hydrated form)
was witnessed in equal proportion (Figures 3.2D and 3.2E and Scheme 3.S2). The 1H
NMR data showed 90% H-D exchange (in 24 h) in the presence of WT 4-OT and 65% H-
D exchange (in 24 h) in the presence of 4-OT F50A. A relatively low rate of H-D exchange
was found for the control sample without enzyme (6%, 24 h) and for the sample with 4-
OT P1A (5%, 24 h), indicating that the H-D exchange is enzyme-catalyzed and that the
Pro-1 residue is involved in catalysis (Figures 3.2C and 3.2F). Two possible mechanisms
of proton-deuterium exchange during which Pro-1 either acts as a base or nucleophile
are visualized in Scheme 3.S3. The mechanism shown in Scheme 3.S3B is supported by
previous NaCNBH3 trapping and mass spectrometry experiments, demonstrating that
Pro-1 reacts with the carbonyl functionality of 3 to form an enamine intermediate. [25]

Signals corresponding to product 5 were identified in 1H NMR spectra of the reac-
tion mixtures incubated with WT 4-OT and 4-OT F50A for 4 d (Figures 3.2D and 3.2E).
Notably, the majority of acidic protons of 3 (at C2) were exchanged with deuterium (rel-
atively fast reaction) before 3 underwent self-condensation (relatively slow reaction) to
yield product 5 (Scheme 3.S2). During conversion, the C2 atoms of the two molecules
of 3 become C2 and C4 of 5, respectively. As a result, we noticed that signal b (pro-
tons at C4) of 5 was missing in the 1H NMR spectra of the reaction mixture incubated
with WT 4-OT and this signal had lower integration area than expected in the 1H NMR
spectra of the reaction mixture incubated with 4-OT F50A (compare Figures 3.2A, 3.2D,
and 3.2E). The yield [41] of 5 in the reaction mixtures incubated with WT 4-OT and 4-OT
F50A, reached to ∼5% and ∼27% after 4 d, respectively (Figures 3.2D and 3.2E). Only
1 and 2% yield of 5 was detected in the control and 4-OT P1A sample, respectively, af-
ter 4 d (Figures 3.2C and 3.2F). Incubation of 3 with synthetic WT 4-OT (prepared by
total chemical synthesis) [42] also led to the formation of 5 (see also Figure 3.S3D). This
experiment confirms that 4-OT is responsible for catalysis and rules out the possibility
that catalysis was effected by a contaminating enzyme co-purified from the expression
strain. In conclusion, the 1H NMR data verified that WT 4-OT and 4-OT F50A catalyze
the self-condensation of 3 and confirmed the essential role of Pro-1 in catalysis. [43]
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Figure 3.2: Stack plot of 1H NMR spectra. A) 1H NMR spectrum of an authentic sample of 5 (2-
methyl-2-pentenal). Signals of 5 are marked with a,b,c,d, and e; B) Propanal (3) incubated in 20
mM NaD2PO4 buffer at pD 7.6 for 1 h. Equilibrium is reached between unhydrated and hydrated
forms of 3 and signals are marked with f,g,h and i,j,k, respectively; C) Propanal (3) incubated in 20
mM NaD2PO4 buffer at pD 7.6 for 4 d. Signals of unhydrated and hydrated forms of 3 are marked
with f,g,h and i,j,k, respectively; D) Propanal (3) incubated in 20 mM NaD2PO4 buffer at pD 7.6
with WT 4-OT for 4 d. Acidic protons of 3 (marked with g and j in spectrum B) are completely
exchanged with deuterium. As a result, methyl signals f and i have changed from triplets into
singlets (compare with spectrum B). Signals of 5 are marked with a,c,d, and e; E) Propanal (3)
incubated in 20 mM NaD2PO4 buffer at pD 7.6 with 4-OT F50A for 4 d. Signals of 5 are marked by
a,b,c,d, and e. F) Propanal (3) incubated in 20 mM NaD2PO4 buffer at pD 7.6 with 4-OT P1A for 4
d.
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Importantly, no 1H NMR signals corresponding to the presumed aldol product 4, or
its hydrated form, were detected over the entire course of the reaction. The question
whether the dehydration of 4 to yield 5 is enzyme-catalyzed or proceeds via a chemical
process thus remained. To address this question, compound 4 was chemically synthe-
sized and tested as a potential substrate for WT 4-OT and 4-OT F50A. The conversion of
4 to 5 was monitored by UV spectroscopy. The sets of spectra recorded from the reaction
mixtures incubated with WT 4-OT or 4-OT F50A revealed an increase in absorbance at
234 nm, which corresponds to the formation of 5 (λmax,5 = 234 nm) (Figures 3.S1B and
3.S1C). A control experiment in which 4 was incubated without enzyme showed a sig-
nificantly lower rate of formation of 5 (Figure 3.S1A). These results indicate that both
WT 4-OT and 4-OT F50A facilitate the dehydration of 4 to give 5; hence, they catalyze
both the aldol coupling and aldol dehydration steps.

Next, we investigated the activity of WT 4-OT and 4-OT F50A for the cross-coupling
of 3 and 6 (Scheme 3.2b). In separate experiments, WT 4-OT, 4-OT F50A, and 4-OT
P1A (0.15 mM) were incubated with 3 (50 mM) and 6 (2 mM) in NaH2PO4 buffer (20
mM, pH 7.3), and the reactions were monitored by UV spectroscopy (Figure 3.S2). The
UV spectra of the reaction mixture incubated with 4-OT F50A showed a decrease in ab-
sorbance at 250 nm over a period of 5 h indicating the depletion of 6 (λmax,6 = 250 nm).
However, after 5 h the absorbance at 250 nm increased again and a new peak with a
maximum at 241 nm appeared, which may indicate the formation of 5 (λmax,5 = 234 nm)
by self-condensation of 3 (Figure 3.S2A). Neither formation of dehydrated aldol product
8 (λmax,8 = 288 nm) was observed under these conditions, nor formation of aldol cou-
pling product 7 as it most likely does not show significant absorbance above 220 nm. [44]

During the experiments with WT 4-OT and the 4-OT P1A mutant a negligible decrease
at 250 nm was observed (Figures 3.S2B and 3.S2C). We did not detect any alteration in
the UV spectra of the reaction mixture without enzyme (Figure 3.S2D).

1H NMR experiments were performed to detect the products and clarify the reac-
tions taking place in the presence of WT 4-OT and 4-OT F50A (Figure 3.S3 and Scheme
3.S4). In separate experiments, WT 4-OT, 4-OT F50A, and 4-OT P1A (2.0 mol% com-
pared to 6) were incubated with 3 (30 mM) and 6 (15 mM) in NaD2PO4 buffer (20 mM,
pD 7.6). Analysis of the 1H NMR spectra of the 4-OT F50A-catalyzed reaction revealed
accumulation of aldol coupling product 7 to ∼36% after 1 d, after which it decreased to
20% after 14 d (Figure 3.S4). [41] The yield of 8 steadily increased in time to 15% after 14
d. These observations suggest a relatively fast aldol addition of 3 to 6 to yield 7 and a
relatively slow subsequent dehydration of 7 to 8, which results in initial accumulation
of 7. Characteristic 1H NMR spectroscopic signals of 7 (at 5.23 and 9.74 ppm) [45], the
hydrate of 7 (i.e. 7’, at 4.94 ppm. See Scheme 3.S4 for structure of 7’), and 8 (at 2.03 and
9.49 ppm) [46,47] present in the reaction mixture incubated with 4-OT F50A are shown in
Figure 3.S3. The 1H NMR data also indicated activity of WT 4-OT for the cross-coupling
of 3 and 6 albeit lower than that of 4-OT F50A (Figure 3.S3). For the reaction mixture
without enzyme and the reaction mixture incubated with 4-OT P1A, only trace amounts
of 7, 7’, and 8 were detected after 14 d.

In contrast to the UV experiments during which no absorbance corresponding to 8
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was observed, the presence of signals for product 8 in the 1H NMR spectra of the reac-
tion mixture incubated by 4-OT F50A provided evidence that 7 was slowly converted
to 8. This anomaly may be explained by the different molar ratios of compounds 3 to
6 applied during the UV (3/6 = 25:1) and 1H NMR (3/6 = 2:1) experiments and by the
fact that the 1H NMR signals corresponding to 8 were detected after 4 d (Figure 3.S3)
while the UV experiments were followed for a shorter time period of 20 h. Whether the
dehydration reaction (7 to 8) is enzyme-catalyzed or buffer-catalyzed requires further
investigation. Also, compound 5 (λmax,5 = 234 nm) was detected, by 1H NMR spec-
troscopy, in the reaction mixtures incubated with WT 4-OT and the 4-OT F50A mutant,
which indeed explains the appearance of the absorbance at ∼241 nm witnessed during
the UV experiments (Figure 3.S2A). This observation means that self-condensation of 3
into 5 and cross-coupling of 3 and 6 take place simultaneously and are in competition
with each other. In conclusion, the 1H NMR data revealed that WT 4-OT and the 4-OT
F50A mutant catalyze the cross-coupling of 3 and 6.

Next, we examined whether 4-OT catalyzes the cross-coupling of 3 and 9 to give 10
(Scheme 3.2c). In separate experiments, WT 4-OT, 4-OT F50A, and 4-OT P1A (2.0 mol%
compared to 9) were incubated with 3 (30 mM) and 9 (15 mM) in NaD2PO4 buffer (20
mM, pD 7.6), and reactions were monitored by 1H NMR spectroscopy (Figure 3.S5 and
Scheme 3.S5). The protons of the methyl group of compound 9 are acidic and we noticed
that the methyl signal of 9 was missing in the 1H NMR spectra recorded of the reaction
mixtures incubated with WT 4-OT and 4-OT F50A mutant for 1 h as a result of >99%
H-D exchange. No H-D exchange of the acidic protons of 9 was observed in the control
sample without enzyme after 1 h, whereas only negligible H-D exchange was detected in
the reaction mixture incubated with 4-OT P1A after 1 h (7%). These observations clearly
demonstrated that H-D exchange of the acidic protons of 9 is catalyzed by WT 4-OT and
4-OT F50A.

We analyzed the 1H NMR data to obtain the yield [41] of 10 in the reaction mixtures
incubated with WT 4-OT and 4-OT F50A (Figures 3.S5 and 3.S6). The yield of 10 reached
steady levels of 38 and 44% (based on substrate 9) after 4 d in the reaction mixtures incu-
bated with WT 4-OT and 4-OT F50A, respectively. Prolonged incubation of up to 8 d did
not increase yields in both experiments. Signals corresponding to both diastereoisomers
of 10 were detected in the 1H NMR spectra of both the WT 4-OT and the 4-OT F50A
sample (Figures 3.S5 and 3.S7). No signals corresponding to 10 were detected in the re-
action mixture without enzyme and the 4-OT P1A sample after 4 d. The 1H NMR data
indicated that WT 4-OT and 4-OT F50A both catalyze the cross-coupling of 3 and 9 and
that the Pro-1 residue is crucial for catalysis (Scheme 3.S5). Furthermore, when synthetic
WT 4-OT was used instead of recombinant WT 4-OT, under otherwise identical reaction
conditions, a similar yield of 10 was obtained (Figure 3.S7). This excludes the possibility
that catalysis was effected by a co-purified, contaminating enzyme from the expression
strain and confirms that 4-OT is responsible for catalysis.

In addition to those of 10, signals corresponding to 5 were observed as well in the
1H NMR spectra of the reaction mixture incubated with WT 4-OT and the 4-OT F50A
mutant (Figure 3.S5). The yield of 5 reached to 25 and ∼30% (based on substrate 3) after
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4 and 8 d, respectively, in the sample containing the 4-OT F50A mutant. This means that
the cross-coupling of 3 and 9 into 10 and the self-condensation of 3 into 5 are two com-
peting conversions taking place simultaneously, having a reducing effect on the yield
of 10. No 1H NMR signals corresponding to the dehydration product of 10, nor the
hydrated form of 10 (conversion of carbonyl moiety to diol), were detected during the
entire course of the reaction. To the best of our knowledge, 10 has not been reported in
the literature before. We have chemically synthesized 10 (Scheme 3.S1) and found that
its spectroscopic data (exact mass, 1H and 13C NMR spectroscopy) are identical to those
of enzymatically obtained 10 (Figure 3.S7).

To test whether WT 4-OT and 4-OT F50A are able to catalyze a retro-aldol reaction of
10, these enzymes were incubated with chemically synthesized 10 and the reactions were
monitored by 1H NMR spectroscopy. The spectroscopic analysis showed the formation
of product 9 in reaction mixtures incubated with WT 4-OT or 4-OT F50A (Figure 3.S8).
1H NMR signals for product 3 were not observed during the course of the reaction, most
likely because of evaporation of 3 (which is highly volatile) from the reaction mixture.
The control experiment in which 10 was incubated without enzyme did not show for-
mation of 9. These data indicate that WT 4-OT and 4-OT F50A are capable of catalyzing
a retro-aldol reaction using 10 as the substrate.

Having established that WT 4-OT and 4-OT F50A catalyze various intermolecular
aldolizations, we next investigated whether these enzymes can catalyze the intramolec-
ular aldol-cyclizations of hexanedial (11) and heptanedial (14) (Scheme 3.2d,e). Dials
11 and 14 were synthesized in situ from trans-1,2-cyclohexanediol (17) and trans-1,2-
cycloheptanediol (18) based on a modified literature procedure (Scheme 3.S6). [48] First,
the conversion of 11 to the cyclic aldehyde 12, which may dehydrate to α,β-unsaturated
aldehyde 13, was monitored by UV spectroscopy. The sets of spectra recorded from the
experiments with WT 4-OT and the 4-OT F50A mutant both show an increase of ab-
sorbance at 245 nm in course of time, which presumably corresponds to the formation of
13 (λmax,13 = 236 nm, 99.5% EtOH) (Figure 3.S9). [49–51] To ascertain this finding, the en-
zymes WT 4-OT and 4-OT F50A (1.0 mol% compared to 11) were incubated separately
with 11 (15.4 mM in 20 mM NaD2PO4, pD = 7.6) and reaction progress was followed by
1H NMR spectroscopy (Figure 3.S10). A control reaction was also carried out using the
same reaction mixture but without enzyme. We calculated the yield [41] of compounds
12 and 13 in course of time from their characteristic 1H NMR peaks (Figure 3.S10). Since
11 and 12 are present in equilibrium with their corresponding hydrated form (monohy-
drate 11’, dihydrate 11” and hydrate 12’), their presence is determined by the sum of
the unhydrated and hydrated forms (i.e. presence of 11 = 11 + 11’ + 11”). The hydrated
form of 13 was not observed. As illustrated in Figure 3.S11, the yield of aldol coupling
product 12 was ∼67% in the reaction mixture incubated with 4-OT F50A after 24 h while
the yield of dehydrated product 13 was ∼23% after 24 h. These observations imply the
accumulation of pharmaceutically important compound 12 [50] in this period of time as a
result of a slower dehydration step (i.e., 12 to 13) compared to the aldol cyclization step
(i.e., 11 to 12). The yields of 12 and 13 were 40 and 10%, respectively, in the reaction
mixture incubated with WT 4-OT after 24 h. The yields of 12 and 13 only reached to 10%
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and 1%, respectively, in the control sample without enzyme after 24 h.
The cyclization of 14 was monitored using the same methods and conditions as de-

scribed for 11. UV spectroscopic assays showed an increase of absorbance at 236 nm
for reaction mixtures incubated with WT 4-OT and 4-OT F50A (Figure 3.S13) within 12
h. Increase in the absorbance at 236 nm presumably corresponds to the formation of 16
(λmax,16 = 230 nm) [52] via dehydration of 15. Incubation of 14 in the absence of enzyme
or in the presence of 4-OT P1A resulted in a minor increase of absorbance at 236 nm. The
1H NMR spectroscopic assays indicated that the yield of 15 was ∼81% in the reaction
mixture incubated with 4-OT F50A after 21 h [Figures 3.S14 and 3.S15, yield of 15 = 15 +
15’ (monohydrate)]. Only a small amount of compound 16 (11%) was observed after 21
h (Figures 3.S14 and 3.S15) indicating that the relatively fast aldol-cyclization step was
followed by relatively slow dehydration (the hydrate of 16 was neither observed in the
sample containing WT 4-OT nor in the presence of the 4-OT F50A mutant). The yields
of 15 were ∼42% and 6% in the WT 4-OT and control samples after 21 h, respectively.
The yield of 16 reached to ∼8% (21 h) in the reaction mixture containing WT 4-OT. A
negligible amount of compound 16 (1.5%, 21 h) was detected in the control sample.

To eliminate the possible role of any contaminating enzyme from E. coli in catalysis of
the intramolecular cyclization of 11 and 14, we performed separate experiments in which
recombinant and synthetic WT 4-OT were incubated, under identical conditions, with
either compound 11 or 14, and the reactions were monitored by UV spectroscopy. The
increases in absorbance at 245 nm (in the presence of 11) and 236 nm (in the presence of
14) were similar for both recombinant and synthetic WT 4-OT (Figures 3.S12 and 3.S16).
Taken together, the data clearly demonstrate that both WT 4-OT and 4-OT F50A catalyze
the intramolecular cyclization of 11 and 14. Clarification on whether these enzymes
catalyze the dehydration step requires further investigation. Note that all of the four
reaction products 12, 13, 15 and 16 are valuable building blocks in organic synthesis,
especially for the preparation of pharmaceuticals. [53–61]

3.3 Conclusion

In summary, we have demonstrated that 4-OT promiscuously catalyzes different types of
aldol reactions, namely intermolecular self-condensation, intermolecular cross-coupling
and intramolecular cyclization. Furthermore, we have demonstrated fast H-D exchange
of acidic protons of aldehyde 3 and ketone 9. These H-D exchange reactions were con-
firmed to be enzyme-catalyzed and the essential catalytic role of Pro-1 was verified by
site-directed mutagenesis. This activity indicates that the active site of 4-OT can de-
protonate carbonyl compounds, consistent with the proposed mechanism for the 4-OT-
catalyzed aldol reactions in which the substrate is activated for nucleophilic addition
via Pro-1 dependent formation of an enamine intermediate. [39] Finally, this study con-
firms that the substitution of only a single amino acid in the active site of 4-OT (F50A)
enhances the promiscuous aldolase activities of 4-OT. These findings can be the begin-
ning of a quest for novel 4-OT variants with strongly enhanced aldolase activity using
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enzyme engineering approaches. Such newly engineered enantioselective biocatalysts
may complement existing (organo)catalysts.
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3.A Supplementary Information

3.A.1 Materials

The sources for the buffers, solvents, and components of Luria-Bertani (LB) media are re-
ported elsewhere. [1] High purity synthetic 4-OT was purchased from GenScript USA Inc.
(Piscataway, NJ) and folded into the active homohexamer as described before. [2] Chemi-
cals were obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO). Compound 4 was
synthesized from 3 according to a literature procedure. [3] Compounds 11 and 14 were
synthesized from trans-cyclohexane-1,2-diol and trans-cycloheptane-1,2-diol according
to a modified literature procedure (Scheme 3.S6). [4]

3.A.2 General methods

Standard molecular biology techniques were performed based on methods described
elsewhere. [5] Protein analysis was performed by polyacrylamide gel electrophoresis
(PAGE) using sodium dodecyl sulfate (SDS) gels containing polyacrylamide (10%).
Coomassie brilliant blue was used to stain the gels. Protein concentrations were de-
termined based on the Waddell method. [6] Enzymatic assays were performed on a V-650
or V-660 spectrophotometer from Jasco (IJsselstein, The Netherlands). 1H NMR spectra
were recorded on a Varian Inova 500 (500 MHz) spectrometer using a pulse sequence for
selective presaturation of the water signal. Chemical shifts for protons are reported in
parts per million scale and are referenced to H2O (4.80 ppm).

3.A.3 Expression and purification of WT 4-OT, 4-OT F50A and 4-OT
P1A

The WT 4-OT, 4-OT F50A and 4-OT P1A enzymes were produced in E. coli BL21(DE3)
as native proteins (without His-tag) using the pET20b(+) expression system as described
before. [7] The construction of the expression vectors and the purification procedure for 4-
OT and the mutant enzymes were reported previously. [7] Before applying the 4-OT P1A
mutant, which has essentially no aldolase activity, we first confirmed that purified 4-OT
P1A was catalytically active by measuring its promiscuous oxaloacetate decarboxylase
activity. [8]

3.A.4 UV spectroscopic assay for self-condensation of propanal (3)

The self-condensation of propanal (3) was monitored by following the increase in ab-
sorbance at 234 nm which corresponds to the formation of 2-methyl-2-pentenal (5). The
enzyme (150 µM) was incubated in a 1 mm cuvette with 3 (50 mM) in 20 mM NaH2PO4
buffer (pH 7.3; 0.3 mL final volume) and the reaction was followed for 20 h at room
temperature. UV spectra were recorded from 200 to 400 nm.
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3.A.5 UV spectroscopic assay for dehydration of 3-hydroxy-2-
methylpentanal (4)

The dehydration of 3-hydroxy-2-methylpentanal (4) was monitored by following the
increase in absorbance at 234 nm which corresponds to the formation of 2-methyl-2-
pentenal (5) (Figure 3.S1). The enzyme (150 µM) was incubated in a 1 mm cuvette with 4
(20 mM) in 20 mM NaH2PO4 buffer (pH 7.3; 0.3 mL final volume) and the reaction was
followed for 5 h at room temperature. UV spectra were recorded from 200 to 400 nm.

3.A.6 Preparation of NaD2PO4 buffer

NaH2PO4 buffer (20 mL, 20 mM; pH 7.3) was lyophilized. Subsequently, the residue was
dissolved in D2O (2 mL), and stirred for 60 min. This solution was again lyophilized, dis-
solved in D2O (2 mL), and stirred for 60 min. The resulting mixture was lyophilized once
more, after which the residue was dissolved in D2O (20 mL) yielding a stock solution of
NaD2PO4 (20 mM; pD 7.6).

3.A.7 Redissolving 4-OT in NaD2PO4 buffer

A Vivaspin 2 concentrator (from Sartorius Stedim Goettingen, Germany) with a cut-off
filter of 5000 Da was washed four times with H2O by centrifugation (4000 rpm, 20 min).
Subsequently, the concentrator was charged with a solution of 4-OT (either wild-type
or mutant; 300 µL with concentration of ∼10 mg/mL in 20 mM NaH2PO4 buffer, pH
7.3) and centrifuged (4000 rpm, 30 min). The enzyme was retained on the filter and
redissolved in NaD2PO4 (200 µL, 20 mM; pD 7.6) and centrifuged (4000 rpm, 30 min).
Once more, the remaining enzyme on the filter was redissolved in NaD2PO4 (300 µL, 20
mM; pD 7.6), after which the final enzyme concentration was determined.

3.A.8 1H NMR spectroscopic assay for self-condensation of propanal
(3)

In separate experiments, WT 4-OT, 4-OT F50A and 4-OT P1A (290 µM) were incubated
with 3 (30 mM) and 18-crown-6 ether (internal standard; 2.15 mM) at room temperature
in NaD2PO4 buffer (20 mM; pD 7.6, final volume of 650 µL in an NMR tube). A control
sample was prepared containing all components except for the enzyme. 1H NMR spectra
were recorded ∼1 h after the start of the incubation, and subsequently after 1, 4, 8 and
14 d. 1H NMR spectroscopic data (in 20 mM NaD2PO4 buffer, pD 7.6) of enzymatically
obtained 5 are similar to those of an authentic standard of 5. The hydrated form of 5 was
not observed.
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Internal standard 18-crown-6 (1,4,7,10,13,16-hexaoxacyclooctadecane) 

 
1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): δ 3.68 (s, 24H) 

 
 

Propanal (3) 

 
1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): δ 9.69 (t, J = 1.3 Hz, 1H), 2.57 (dq, J = 

7.3, 1.3 Hz, 2H), 1.06 (t, J = 7.3 Hz, 3H) 

 
 

Propanal-2,2-d2 (3-d2) 

 
1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): δ 9.69 (s, 1H), 1.03 (s, 3H) 

 
 

Propane-1,1-diol-d2 (3’, hydrate of 3) 

 
1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): δ 4.96 (t, J = 5.5 Hz, 1H), 1.59 (dq, J = 

7.5, 5.5 Hz, 2H), 0.92 (t, J = 7.5 Hz, 3H) 

 
 

Propane-2,2-d2-1,1-diol-d2 (3’-d2) 

 
1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): δ 4.95 (s, 1H), 0.88 (s, 3H) 

 
 

2-Methyl-2-pentenal (5) 

 
1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): δ 9.29 (s, 1H), 6.81 (t, J = 7.6 Hz, 1H), 

2.41 (dq, J = 7.6, 7.6 Hz, 2H), 1.71 (s, 3H), 1.09 (t, J = 7.6 Hz, 3H) 
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3.A.9 UV spectroscopic assay for cross-coupling of propanal (3) and
benzaldehyde (6)

The cross-coupling of 3 and 6 was monitored by following the decrease in absorbance
at 250 nm (λmax,6 = 250 nm) indicating depletion of 6 (Figure 3.S2). Simultaneously, the
increase in absorbance at 288 nm, corresponding to the formation of 8 (λmax,8 = 288 nm),
was monitored. The enzyme (150 µM) was incubated in a 1 mm cuvette with 3 (50 mM)
and 6 (2 mM) in 20 mM NaH2PO4 buffer (pH 7.3; 0.3 mL final volume) and the reaction
was followed for 20 h at room temperature. UV spectra were recorded from 200 to 400
nm.

3.A.10 1H NMR spectroscopic assay for cross-coupling of propanal (3)
and benzaldehyde (6)

In separate experiments, the enzymes WT 4-OT, 4-OT F50A and 4-OT P1A (290 µM)
were incubated with 3 (30 mM), 6 (15 mM) and 18-crown-6 ether (internal standard; 2.15
mM) at room temperature in NaD2PO4 buffer (20 mM; pD 7.6, final volume of 650 µL
in an NMR tube) (Figure 3.S3). A control sample was prepared with all the components
except for the enzyme. 1H NMR spectra were recorded ∼2 h after incubation, and then
after 1, 4, 8 and 14 d. 1H NMR spectroscopic data of 7 [9,10] are in accordance with data
in the literature. 1H NMR spectroscopic data (in 20 mM NaD2PO4 buffer, pD 7.6) of
enzymatically prepared 8 are identical to those of an authentic standard of 8. Hydrated
forms of 6 and 8 were not observed.
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Benzaldehyde (6) 

 
1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): δ 9.94 (s, 1H), 7.97 (d, J = 7.9 Hz, 2H), 

7.76 (d, J = 7.5 Hz, 1H), 7.63 (dd, J = 7.9, 7.5 Hz, 2H) 

 

 

3-(Hydroxy-d)-2-methyl-3-phenylpropanal-2-d (7) 

 
1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): δ 9.74 (s, 1H), 7.48 – 7.36 (m, 5H), 5.23 

(s, 1H), 1.03 (s, 3H) 

 

 

2-Methyl-3-phenylpropane-2-d-1,1,3-triol-d3 (7’) 

 
1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): δ 7.48 – 7.36 (m, 5H), 5.21 (s, 1H), 4.94 

(s, 1H), 0.94 (s, 3H) 

 

 

(E)-2-Methyl-3-phenylacrylaldehyde (8) 

 

1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): δ 9.49 (s, 1H), 7.67 (d, J = 7.5 Hz, 2H), 

7.55 – 7.50 (m, 4H), 2.03 (s, 3H) 
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3.A.11 1H NMR spectroscopic assay for cross-coupling of propanal (3)
and pyruvate (9)

In separate experiments, the enzymes WT 4-OT, 4-OT F50A and 4-OT P1A (290 µM) were
incubated with 3 (30 mM) and 9 (15 mM) and 18-crown-6 ether (internal standard; 2.15
mM) at room temperature in NaD2PO4 buffer (20 mM; pD 7.6, final volume of 650 µL in
an NMR tube) (Figure 3.S5). The control sample was prepared with all the components
except for the enzyme. 1H NMR spectra were recorded ∼1 h after incubation, and then
after 1, 4, 8 and 14 d. The yield of product 10 was determined on the basis of the sum
of the integrations of the two aldehyde signals of the two diastereoisomers of 10. All
other proton signals of 10 were either invisible as a result of H-D exchange or overlap
with signals of starting materials 3 and 9. To the best of our knowledge, synthesis of
2-hydroxy-2,3-dimethyl-4-oxobutanoic acid (10) has not been reported in the literature
so far. Therefore, we have chemically synthesized 10 to confirm the identity of enzymat-
ically obtained 10, and for full characterization with 1H NMR, 13C NMR, and exact mass
spectroscopy (vide infra).

The experiment with WT 4-OT was repeated in NaH2PO4 buffer (20 mM; pH 7.3)
with D2O (10% v/v) to avoid H-D exchange and enable the detection of all proton sig-
nals of 10 by 1H NMR spectroscopy (Figures 3.S5 and 3.S7). Propanal (3, 50 mM) and
pyruvate (9, 50 mM) were incubated with WT 4-OT (90 µM) in NaH2PO4 buffer (20
mM; pH 7.6, final volume of 650 µL in an NMR tube). Reaction progress was monitored
with 1H NMR spectroscopy which revealed formation of product 10, as a result of cross-
coupling of 3 and 9, and of product 5 as a result of self-coupling of 3. In contrast to the
experiment in 100% NaD2PO4 buffer (vide supra, Figure 3.S5), the hydrated form of 10
(i.e. 10’) was observed in small quantities (<5% compared to 10). This experiment was
repeated in the absence of enzyme and in the presence of synthetic 4-OT WT [2] instead
of recombinant 4-OT. In the absence of enzyme, formation of product 10 was not ob-
served while only trace amounts of 5 were detected. In the presence of synthetic 4-OT
WT, formation of products 10 and 5 was observed in equal quantities as in the presence
of recombinant 4-OT WT.
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Pyruvate (9) 

 
1H NMR (500 MHz, 20 mM NaH2PO4; pH 7.3): δ 2.39 (s, 3H) 

 

 

2,2-Dihydroxypropanoic acid (9’: hydrated 9)  

 

1H NMR (500 MHz, 20 mM NaH2PO4; pH 7.3): δ 1.50 (s, 3H) 

 

 

2-Hydroxy-2,3-dimethyl-4-oxobutanoic acid (10, enzymatically prepared) 

 
1H NMR (500 MHz, 20 mM NaH2PO4; pH 7.3): (diastereomer I) 9.74 (d, J = 2.7 Hz, 1H), 

2.74 (dq, J = 7.0, 2.7 Hz, 1H), 1.44 (s, 3H), 1.08 (d, J = 7.0 Hz, 3H); (diastereomer II)  
9.62 (d, J = 0.9 Hz, 1H), 2.74 (dq, J = 7.0, 0.9 Hz, 1H), 1.47 (s, 3H), 1.02 (d, J = 7.0 Hz, 

3H) 

 

 

2,4,4-Trihydroxy-2,3-dimethylbutanoic acid (10’) 

 
The 1H NMR spectroscopic data for 10’ are listed below (see chemically prepared 10). 
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3.A.12 Chemical synthesis of 2-hydroxy-2,3-dimethyl-4-oxobutanoic
acid (10)

Compound 10 was synthesized by a two-step procedure. During the first step, an aldol
coupling of propanal (3) and ethyl 2-oxopropanoate (commercially available), following
a modified literature procedure, [11] gave ethyl 2-hydroxy-2,3-dimethyl-4-oxobutanoate
in 67% yield after column chromatography. Subsequently, ethyl 2-hydroxy-2,3-dimethyl-
4-oxobutanoate was hydrolyzed with LiOH in D2O to give 2-hydroxy-2,3-dimethyl-4-
oxobutanoic acid (10). The 1H NMR data of enzymatically obtained 10 matched those of
chemically obtained 10 (Figure 3.S7).

Scheme 3.S1: Chemical synthesis of 10.

3.A.13 Ethyl 2-hydroxy-2,3-dimethyl-4-oxobutanoate.

Ethyl 2-oxopropanoate (2.0 g, 17.2 mmol) and propanal (3, 4.0 g, 68.9 mmol) were dis-
solved in THF (25 mL). DL-proline (115 mg, 1.0 mmol) was added and the mixture was
stirred for 48 h at room temperature. Reaction progress was monitored by thin layer
chromatography (silica gel, hexanes/ethyl acetate 3/1). The solvent was evaporated
in vacuo and the residue was submitted to column chromatography (silica gel, hex-
anes/ethyl acetate 5/1) to yield two diastereoisomers of ethyl 2-hydroxy-2,3-dimethyl-
4-oxobutanoate (2.0 g, 11.5 mmol, 67%) in a ∼55/45 ratio as a colorless oil. 1H NMR (500
MHz, CDCl3, 20°C); major diastereomer: δ 9.63 (s, 1H), 4.31 - 4.20 (m, 2H), 3.25 (b, 1H),
2.62 (q, J = 7.3 Hz, 1H), 1.43 (s, 3H), 1.28 (t, J = 7.2 Hz, 3H), 1.23 (d, J = 7.3 Hz, 3H); minor
diastereomer: δ 9.74 (d, J = 2.9 Hz, 1H), 4.31 - 4.20 (m, 2H), 3.25 (b, 1H), 2.62 (dq, J = 7.1,
2.9 Hz, 1H), 1.50 (s, 3H), 1.30 (t, J = 7.1 Hz, 3H), 1.10 (d, J = 7.1 Hz, 3H); 13C NMR (125
MHz, CDCl3, 20°C); major diastereomer: δ 202.72, 175.86, 74.15, 62.14, 53.13, 24.08, 13.96,
7.96; minor diastereomer: δ 203.16, 175.16, 75.03, 62.30, 52.81, 24.53, 14.00, 9.51; HRMS
(ESI): m/z = 175.09665 [M+H]+ (calcd. 175.09650 for C8H15O4).

3.A.14 2-Hydroxy-2,3-dimethyl-4-oxobutanoic acid (10).

A mixture of ethyl 2-hydroxy-2,3-dimethyl-4-oxobutanoate (112 mg, 0.64 mmol), LiOH
(15.3 mg, 0.64 mmol) and D2O (1.5 mL) was stirred for 2 d at room temperature. A
1H NMR spectrum of an aliquot of the reaction mixture, diluted with D2O, revealed
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∼70% conversion of ethyl 2-hydroxy-2,3-dimethyl-4-oxobutanoate into 2-hydroxy-2,3-
dimethyl-4-oxobutanoic acid (10). The reaction mixture was washed with EtOAc (7 ×
1.5 mL) to remove unhydrolized ester and ethanol. The D2O layer was concentrated to
∼1.0 mL in vacuo to remove residual EtOAc. The remaining D2O layer was analyzed
by 1H NMR spectroscopy revealing the presence of two diastereomers of 2-hydroxy-
2,3-dimethyl-4-oxobutanoic acid (10) in a ∼1/1 ratio. The hydrated forms of both di-
astereomers (i.e. 2,4,4-trihydroxy-2,3-dimethylbutanoic acid 10’) were also observed (∼7
mol% relative to aldehyde 10). 1H NMR (500 MHz, D2O, 20°C): (diastereomer I) δ 9.80
(d, J = 2.2 Hz, 1H), 2.78 (dq, J = 7.0, 2.2 Hz, 1H), 1.48 (s, 3H), 1.12 (d, J = 7.0 Hz, 3H);
(diastereomer II) δ 9.67 (s, 1H), 2.78 (q, J = 7.0, 1H), 1.51 (s, 3H), 1.06 (d, J = 7.0 Hz, 3H);
diastereomers of hydrate: δ 5.30 (d, J = 4.0 Hz, 1H) and 5.13 (d, J = 3.4 Hz, 1H), 2.12 - 2.08
(m, 1H) and 2.07 - 2.03 (m, 1H), 1.42 (s, 3H) and 1.34 (s, 3H), 1.02 (d, J = 7.1 Hz, 3H) and
0.94 (d, J = 7.1 Hz, 3H); 13C NMR (125 MHz, D2O, 20°C): (two diastereomers) δ 207.49
and 207.46, 181.22 and 180.76, 76.88 and 76.53, 53.78 and 52.78, 24.21 and 23.68, 8.72 and
7.47; HRMS (ESI): m/z = 159.08167 [M+H]+ (calcd. 159.08154 for C6H9O4Li2).

3.A.15 1H NMR spectroscopic assay for retro-aldol activity (conver-
sion of 10 into 3 and 9)

In separate experiments, the enzymes WT 4-OT and 4-OT F50A (1 mg/mL, 150 µM in 20
mM NaH2PO4, pH 7.3) were incubated with 10 (300 µL from a 150 mM stock solution in
D2O, pH 4.5; final concentration of 30 mM), and the total volume was set at 1.5 mL using
20 mM NaH2PO4, pH 7.3 (Figure 3.S8). The reactions were performed in NaH2PO4,
instead of NaD2PO4, to avoid H-D exchange of acidic protons of 9 and to be able to
observe the 1H NMR signal corresponding to 9. A control experiment without enzyme
but under otherwise identical conditions was performed as well. To record 1H NMR
spectra, 500 µL of each reaction mixture was diluted with 70 µL of 20 mM NaH2PO4
and 80 µL D2O (final volume 650 µL), and the spectra were recorded immediately after
mixing. The first 1H NMR spectrum was recorded after 2 h, and then after 1 and 3 days.

3.A.16 Chemical synthesis of hexanedial (11) and heptanedial (14)

Dials 11 and 14 were synthesized in situ from trans-cyclohexane-1,2-diol (17) and trans-
cycloheptane-1,2-diol (18) according to a modified literature procedure (Scheme 3.S6). [4]

General procedure: a 100 mM solution of diol and a 100 mM solution of sodium perio-
date were prepared in D2O. Both solutions (500 µL each) were transferred to a glass vial
and the solution was mixed gently. After 1 h, a 1H NMR spectrum was recorded which
showed quantitative conversion into the dial, which was in equilibrium with its mono-
and dihydrates (11’, 11”, 14’, and 14”), without any visible impurities. 1H NMR data of
11 [4] and 14 [12] are in accordance with data reported in the literature.
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3.A.17 UV spectroscopic assay for cyclization of 11 and 14

In separate experiments, the enzymes WT 4-OT, 4-OT F50A and 4-OT P1A (150 µM)
were incubated with dial (11 or 14, 16.7 mM) in a 1 mm cuvette at room temperature
in NaH2PO4 buffer (20 mM, pH 7.3; 0.3 mL final volume) (Figures 3.S9 and 3.S13). UV
spectra were recorded from 200 to 400 nm at t = 6 and 12 h (λmax,13 = 245 nm (Lit :
236 nm in 99.5% EtOH) [13], λmax,16 = 236 nm (Lit: 230 nm in 100% EtOH) [14]). Control
experiments (all components but without enzyme) were performed as well.

3.A.18 1H NMR spectroscopic assay for cyclization of 11 and 14

The enzymes WT 4-OT and 4-OT F50A (148 µM) were incubated separately with dialde-
hyde (11 or 14, 15.4 mM in 20 mM NaD2PO4, pD = 7.6) (Figures 3.S10 and 3.S14). Total
volume of each reaction mixture was 650 µL in an NMR tube. The tubes were stored at
room temperature, protected from light. 1H NMR spectra were recorded after 0, 2, 21,
27, 45, 50, 68, 75, 144, 216, 242, 333, 408, 503, 528 and 672 h. After 4 weeks, the enzymes
were still fully active as determined by an enzymatic assay monitoring the enol-keto
tautomerization of phenylpyruvate [15] (5 mM phenylpyruvate, 1 µg/mL WT 4-OT or
0.1 µg/mL 4-OT F50A in NaH2PO4 buffer, pH 7.3). 1H NMR spectroscopic data of 13 [16]

and 16 [17] are consistent with data in the literature. Hydrated forms of 13 and 16 were
not observed.
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Hexanedial (11) 

 
1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): δ 9.71 (t, J = 2.1 Hz, 2H), 2.62 – 2.56 (m, 

4H), 1.72 – 1.61 (m, 4H) 

 

 

6,6-Di(hydroxy-d)hexanal (11’) 

 
1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): δ 9.71 (t, J = 2.1 Hz, 1H), 5.06 (t, J = 5.6 

Hz, 1H), 2.62 – 2.56 (m, 2H), 1.72 – 1.61 (m, 4H), 1.47 – 1.38 (m, 2H) 

 

 

Hexane-1,1,6,6-tetraol-d4 (11’’) 

 
1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): δ 5.06 (t, J = 5.6 Hz, 2H), 1.72 – 1.61 (m, 

4H), 1.47 – 1.38 (m, 4H) 

 

 

 

2-(Hydroxy-d)cyclopentane-1-carbaldehyde (12) 

 
1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): (major diastereomer) δ 9.67 (s, 1H), 4.30 

(m, 1H), 4.14 (m, 1H, overlapping with signal of compound 12’ (hydrate)), 1.96 – 1.46 (m, 

6H); characteristic signal of minor diastereomer: δ 9.81 (s, 1H) 
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 (2-(Hydroxy-d)cyclopentyl)methanediol-d2 (12’) 

 
1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): (major diastereomer) δ 4.97 (s, 1H), 4.52 

(m, 1H), 4.14 (m, 1H, overlapping with signal of compound 12), 1.96 – 1.46 (m, 6H); 

characteristic signal of minor diastereomer: δ 5.03 (s, 1H) 

 

 

Cyclopent-1-ene-1-carbaldehyde (13) 

 

1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): δ 9.68 (s, 1H), 7.25 (s, 1H), 2.66 (t, J = 7.6 

Hz, 2H),  2.49 (t, J = 7.0 Hz, 2H), 2.05 – 1.99 (m, 2H) 

 

 

Heptanedial (14) 

 

1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): δ 9.71 (t, J = 1.9 Hz, 2H), 2.59 – 2.54 (m, 

4H), 1.69 – 1.61 (m, 4H), 1.44 – 1.35 (m, 2H) 

 

 

7,7-di(hydroxy-d)heptanal (14’) 

 

1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): δ 9.71 (t, J = 1.9 Hz, 1H), 5.05 (t, J = 5.6 

Hz, 1H), 2.59 – 2.54 (m, 2H), 1.69 – 1.61 (m, 4H), 1.44 – 1.35 (m, 4H) 
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Heptane-1,1,7,7-tetraol-d4 (14’’) 

 
1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): δ 5.05 (t, J = 5.6 Hz, 2H),  1.69 – 1.61 (m, 

4H), 1.44 – 1.35 (m, 6H) 

 

 

2-(Hydroxy-d)cyclohexane-1-carbaldehyde (15) 

 
1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): (major diastereomer) δ 9.67 (s, 1H), 3.95 

– 3.89 (m, 1H), 2.06 – 1.13 (m, 8H), signal of 1 proton overlaps with water signal at 4.80 

ppm; characteristic signal of minor diastereomer: δ 9.72 (s, 1H) 

 

 

(2-(hydroxy-d)cyclohexyl)methanediol-d2 (15’) 

 
1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): (major diastereomer) δ 5.22 (s, 1H), 4.52 

– 4.48 (m, 1H), 3.63 – 3.57 (m, 1H), 2.06 – 1.13 (m, 8H); minor diastereomer was not 

observed. 

 

 

Cyclohex-1-ene-1-carbaldehyde (16) 

 
1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): δ 9.29 (s, 1H), 7.13 (s, 1H), 2.46 – 2.33 

(m, 2H), 2.21 – 2.09 (m, 2H), 1.72 – 1.61 (m, 4H) 
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Scheme 3.S2: Stable equilibrium between the hydrated (63%) and unhydrated (37%) form of 3
witnessed immediately after preparing the sample (≤ 5 min, 1H NMR spectroscopy) in the absence
as well as presence of enzyme (4-OT WT, F50A, P1A). Hydrogen-deuterium exchange of the acidic
protons of substrate 3 (monitored by 1H NMR spectroscopy. See paragraph ’1H NMR spectroscopic
assay for self-condensation of propanal (3)’). The exchange most likely only takes place at C2 of the
unhydrated form of 3 (i.e. propanal) and not at C2 of the hydrated form (3’) since protons at C2
of the latter are not acidic. The rates for reaching equilibrium between unhydrated and hydrated
form are relatively high compared to the rates of H-D exchange.
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Scheme 3.S3: Proposed mechanisms for the 4-OT-catalyzed hydrogen-deuterium exchange within
propanal (3) and the role of Pro-1 as base (A) or as nucleophile (B).

Scheme 3.S4: Incubation of 3 and 6 in 20 mM NaD2PO4 buffer (pD 7.6) with 4-OT WT, 4-OT F50A,
or 4-OT P1A.
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Scheme 3.S5: Incubation of 3 and 9 in 20 mM NaD2PO4 buffer (pD 7.6) with 4-OT WT, 4-OT F50A,
4-OT P1A, or synthetic 4-OT. Product 10 is not formed in the absence of enzyme.

Scheme 3.S6: In situ preparation of hexanedial (11) and heptanedial (14), and their mono- and
dihydrates (11’, 11”, 14’, and 14”), subsequent 4-OT-catalyzed cyclization into products 12 and 15,
and final dehydration into α,β-unsaturated adducts 13 and 16. Hydrated forms of 13 and 16 were
not observed.
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Figure 3.S1: UV spectra showing the conversion of 3-hydroxy-2-methylpentanal (4) into 2-methyl-
2-pentenal (5, λmax = 234 nm). Aldol compound 4 (20 mM in 20 mM NaH2PO4 buffer (pH 7.3) was
incubated with A) no enzyme (control sample), B) WT 4-OT, or C) 4-OT F50A mutant.
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Figure 3.S2: UV spectra recorded after incubation of 3 (50 mM) and 6 (2 mM) in 20 mM NaH2PO4
buffer at pH 7.3 with A) 4-OT F50A mutant, B) WT 4-OT, C) 4-OT P1A mutant, or D) no enzyme
(control sample).
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Figure 3.S3: Stack plot of 1H NMR spectra recorded after 4 d of incubation of 3 and 6 in 20 mM
NaD2PO4 buffer (pD 7.6) with A) no enzyme; B) 4-OT WT; C) 4-OT F50A; D) 4-OT WT synthetic;
E) 4-OT P1A (See Scheme 3.S4 for reaction scheme). Spectrum A shows equilibrium was reached
between unhydrated and hydrated (3’) forms of 3 and shows no formation of products 7, 7’, 8
nor 5 (as a result of self-condensation of 3). Spectrum B shows that protons at C2 of 3 and 3’
have exchanged with deuterium resulting in formation of 3-d2 and 3’-d2 (see Scheme 3.S2 for
mechanism). Spectrum B furthermore shows little formation of products 7, 7’, 8 and 5 (indicative
signals are specified in spectrum C). Spectra C and D show formation of products 7, 7’, 8 and 5
(only indicative signals are given. Signals of 3 and 6 not marked for the sake of clarity). Hydrated 8
was not observed. Spectrum E shows no formation of products 7, 7’, 8 and 5, nor proton-deuterium
exchange of 3.
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Figure 3.S4: Yields (%) of 7 (•) and 8 (M ) (based on 6) in course of time in the reaction mixture (3
+ 6 ) incubated with 4-OT F50A.
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Figure 3.S5: Stack plot of 1H NMR spectra recorded after 4 d of incubation of 3 and 9 in 20 mM
NaD2PO4 buffer (pD 7.6) with A) no enzyme; B) 4-OT WT; C) 4-OT F50A; D) 4-OT P1A (see
Scheme 3.S5 for reaction scheme). Spectrum A shows equilibrium was reached between unhy-
drated and hydrated (i.e. 3’) forms of 3 and shows no formation of product 10 nor 5 (as a result of
self-condensation of 3). Spectrum B shows that protons at C2 of 3 and 3’ and methyl protons of 9
have exchanged with deuterium resulting in formation of 3-d2, 3’-d2 (see Scheme 3.S2 for mecha-
nism), and 9-d3 (latter not visible in spectrum). Spectrum B furthermore shows little formation of
product 10 (two diastereomers) and of 5 (indicative signals are specified in spectrum C). Spectrum
C shows formation of 10 (two diastereomers) and 5 (only indicative signals are given. Signals of
3 are not marked for the sake of clarity). Spectrum D shows no formation of products 10 and 5,
nor proton-deuterium exchange of 3. It does however indicate complete H-D exchange of acidic
methyl protons of 9.
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Figure 3.S6: Yields (%) of 10 (based on 9) in course of time in the reaction mixture (3 + 9) incubated
with the 4-OT F50A mutant.
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Figure 3.S7: Stack plot of 1H NMR spectra recorded after 4 d of incubation of 3 and 9 in 20 mM
NaH2PO4 buffer (pH 7.3) with A) recombinant 4-OT WT and B) synthetic 4-OT WT (DMF used as
internal standard). Spectrum C) shows the signals for chemically synthesized 10. See Scheme 3.S5
for reaction scheme for enzymatically obtained 10 and Scheme 3.S1 for synthetically obtained 10.
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Figure 3.S8: Stack plot of 1H NMR spectra recorded after the incubation of 10 in 20 mM NaH2PO4
buffer at pH 7.3 with A) no enzyme for 1 h; B) WT 4-OT for 1 h; C) 4-OT F50A for 1 h; D) no
enzyme for 3 d; E) WT 4-OT for 3 d; and F) 4-OT F50A for 3 d.
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Figure 3.S9: UV spectra recorded after incubation of 11 (16.7 mM) in 20 mM NaH2PO4 buffer at
pH 7.3 with A) WT 4-OT, B) 4-OT F50A mutant, C) no enzyme (control sample) and D) 4-OT P1A
mutant (t = 6 and 12 h). Increase of absorbance at 245 nm indicates formation of 13.
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t = 0

t = 21 h

t = 672 h

Figure 3.S10: Cyclization of hexanedial 11 (15.4 mM) into 12 in NaD2PO4 (20 mM, pD = 7.6),
catalyzed by 4-OT F50A (148 µM), and subsequent dehydration into 13 monitored by 1H NMR
spectroscopy (t = 0, 21, 672 h) (See Scheme 3.S6 for reaction scheme). The enzyme 4-OT is re-
sponsible for broad absorptions between ∼2 and 0.5 ppm, especially well-visible in the bottom
spectrum.
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Figure 3.S11: Plot of the presence (%) of 11 and yields (%) of 12 and 13 in course of time in the
reaction mixture incubated with the 4-OT F50A mutant (in 20 mM NaD2PO4 buffer at pD 7.6).
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Figure 3.S12: UV spectra recorded after incubation of 11 (16.7 mM) in 20 mM NaH2PO4 buffer at
pH 7.3 with 0.075 mM A) recombinant WT 4-OT and B) synthetic WT 4-OT (t = 6, 12, 18 and 24 h).
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Figure 3.S13: UV spectra recorded after incubation of 14 (16.7 mM) in 20 mM NaH2PO4 buffer at
pH 7.3 with A) WT 4-OT, B) 4-OT F50A mutant, C) no enzyme (control sample) and D) 4-OT P1A
mutant (t = 6 and 12 h). Increase of absorbance at 236 nm indicates formation of 16.
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t = 0

t = 21 h

t = 672 h

Figure 3.S14: Cyclization of heptanedial 14 (15.4 mM) into 15 in NaD2PO4 (20 mM, pD = 7.6),
catalyzed by 4-OT F50A (148 µM), and subsequent dehydration into 16 monitored by 1H NMR
spectroscopy (t = 0, 21, 672 h) (See Scheme 3.S6 for reaction scheme). The enzyme 4-OT is re-
sponsible for broad absorptions between ∼2 and 0.5 ppm, especially well-visible in the bottom
spectrum.
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Figure 3.S15: Plot of the presence (%) of 14 and yields (%) of 15 and 16 in course of time in the
reaction mixture incubated with the 4-OT F50A mutant (in 20 mM NaD2PO4 buffer at pD 7.6).
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Figure 3.S16: UV spectra recorded after incubation of 14 (16.7 mM) in 20 mM NaH2PO4 buffer at
pH 7.3 with 0.045 mM A) recombinant WT 4-OT and B) synthetic WT 4-OT (t = 6, 12, 18 and 24 h).
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CHAPTER 4

MUTATIONS CLOSER TO THE ACTIVE SITE IMPROVE
THE PROMISCUOUS ALDOLASE ACTIVITY OF
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Chapter 4. Mutations closer to the active site improve the promiscuous aldolase activity of
4-oxalocrotonate tautomerase more effectively than distant mutations

The enzyme 4-oxalocrotonate tautomerase (4-OT), which in nature catalyzes an enol-
keto tautomerization step as part of a degradative pathway for aromatic hydrocarbons,
promiscuously catalyzes various carbon-carbon bond-forming reactions. This includes
the aldol condensation of acetaldehyde with benzaldehyde to yield cinnamaldehyde.
Here, we demonstrate that 4-OT can be engineered into a more efficient aldolase for this
condensation reaction, with a>5000-fold improvement in catalytic efficiency (in terms
of kcat/Km) and a>107-fold change in reaction specificity, by exploring small libraries in
which only ’hotspot’ positions are varied. These ’hotspot’ positions were identified by
a systematic mutagenesis strategy, covering each residue position, followed by an initial
screen for single mutations that give a strong improvement in the desired aldolase ac-
tivity. The beneficial mutations were all found to be near the active site of 4-OT, demon-
strating that for new catalytic activities in a promiscuous enzyme, mutations closer to
the active site improve the enzyme more effectively than distant ones.

4.1 Introduction

The enzyme 4-oxalocrotonate tautomerase (4-OT) is a member of the tautomerase su-
perfamily, a group of homologous proteins that share a β-α-β structural fold and a
unique catalytic amino-terminal proline (Pro-1). [1–3] 4-OT catalyzes the conversion of
2-hydroxy-2,4-hexadienedioate (1) to 2-oxo-3-hexenedioate (2) (Scheme 4.1) as part of
a catabolic pathway for aromatic hydrocarbons in Pseudomonas putida mt-2. [4,5] In this
tautomerization reaction, residue Pro-1 functions as a general base that removes the 2-
hydroxyl proton of 1 for delivery to the C-5 position to yield 2. Pro-1 can function as
a general base because the prolyl nitrogen has a pKa of ∼6.4 and exists largely as the
uncharged species at cellular pH. [6]

Scheme 4.1: The proton-transfer reaction naturally catalyzed by 4-OT.

In addition to its natural tautomerase activity, 4-OT promiscuously catalyzes sev-
eral carbon-carbon bond-forming Michael-type addition and aldol condensation reac-
tions. [7–16] This includes the aldol condensation of acetaldehyde (3) with benzaldehyde
(4) to yield cinnamaldehyde (6) (Scheme 4.2). [10,12] 4-OT catalyzes both the initial addi-
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4.2. Results and discussion

tion of 3 to 4 to yield 3-hydroxy-3-phenylpropanal (5) as well as the subsequent dehy-
dration of 5 to give 6. 4-OT also catalyzes a retro-aldol reaction with 5 as the substrate,
yielding 3 and 4. [12] NaCNBH3 trapping, mass spectrometry, and X-ray crystallography
experiments strongly suggest a mechanism in which Pro-1 functions as a nucleophile,
rather than a base, and reacts with the carbonyl functionality of 3 to form a covalent
enamine intermediate. [12,17] This intermediate reacts with 4 in an aldol addition. After
enzymatic dehydration of 5, the final product 6 is released from the active site upon
hydrolysis. Notably, mechanism-inspired engineering provided an active site mutant
(F50A) with enhanced aldol condensation activity (600-fold in terms of kcat/Km). [12]

Scheme 4.2: The aldol condensation reaction promiscuously catalyzed by 4-OT.

The adol reaction is one of the most important reactions in synthetic chemistry and
has been widely used for the production of valuable compounds. [18–22] Therefore, there
is great interest in the development of novel aldolases for biocatalytic applications. In
this study, we investigated whether 4-OT can be engineered into a more efficient aldolase
by exploring small libraries in which only ’hotspot’ positions are varied.

4.2 Results and discussion

Residues that affect activity can be found anywhere in proteins, [23–26] therefore we first
applied a systematic mutagenesis strategy to identify residue positions at which muta-
tions give a marked improvement in the aldolase activity of 4-OT. For this, a previously
constructed collection of 1040 single mutants of 4-OT, [27] covering at least 15 of the 19
possible variants at each residue position, from Ile-2 to Arg-62, was used. A heat map
for the aldolase activity of 4-OT was generated by determining the effect of each mu-
tation on the ability of the enzyme to catalyze the aldol condensation of 3 with 4 to
yield 6 (Figure 4.1). Given the low-level aldolase activity of wild-type 4-OT, the activ-
ity measurements were performed under screening conditions that allowed only for the
detection of variants with strongly improved aldolase activity.

Using this systematic mutagenesis approach, three ’hotspot’ positions at which sin-
gle mutations greatly improve the aldolase activity of 4-OT were identified (Figure 4.1).
These include mutations at positions His-6 (Val, Ile, Leu), Met-45 (His) and Phe-50 (Ala,
Val, and Ile). Residues His-6, Met-45 and Phe-50 are lining the Pro-1 pocket, illustrat-
ing that single mutations close to the active site can strongly improve the promiscuous
aldolase activity of 4-OT. The single mutants with the best aldolase activity at each of
these residue positions (H6I, M45H, and F50V; see Figure 4.S1) were purified, and their
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Chapter 4. Mutations closer to the active site improve the promiscuous aldolase activity of
4-oxalocrotonate tautomerase more effectively than distant mutations

catalytic performance was compared to that of wild-type 4-OT by transformations us-
ing 150 µM enzyme and a 25-fold excess of 3 (50 mM) over 4 (2 mM). Analysis of the
progress curves of these reactions showed that the single mutants H6I, M45H and F50V
have strongly enhanced aldolase activity for the condensation of 3 with 4 when com-
pared to wild-type 4-OT, with mutant F50V displaying the highest aldolase activity (Fig-
ure 4.2 and Figure 4.S2). Notably, no mutations which significantly enhance the aldolase
activity of 4-OT were found at distant residue positions.
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Chapter 4. Mutations closer to the active site improve the promiscuous aldolase activity of
4-oxalocrotonate tautomerase more effectively than distant mutations

To investigate whether the three ’hotspot’ positions (His-6, Met-45 and Phe-50) are
good targets to further enhance 4-OT’s promiscuous aldolase activity, these positions
were subjected to combinatorial mutagenesis. The NNK-codon degeneracy, covering
all 20 possible amino acids, was used for randomization of positions His-6 and Met-45,
whereas Phe-50 was varied using NYK-codon degeneracy. [28–31] The NYK-codon degen-
eracy was chosen for position Phe-50 because it reduces the library size by covering only
the codons of nine different aliphatic and polar amino acid residues, including those
residues which result in an enhanced aldolase activity (Ala, Val and Ile), as well as the
wild-type residue (Phe). In addition to this triple-site library, a double-site library was
constructed by varying positions Met-45 and Phe-50 simultaneously using NNK-codon
degeneracy for both positions. Positions Met-45 and Phe-50 were chosen for this double-
site library as single mutations at these positions resulted in higher aldolase activity as
compared to the activity of single mutants at position His-6 (Figure 4.2).
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Figure 4.2: UV traces monitoring the formation of cinnamaldehyde (6) from acetaldehyde (3) and
benzaldehyde (4) in the absence of enzyme (blank) or in the presence of purified wild-type 4-OT,
4-OT H6I, 4-OT M45H or 4-OT F50V.
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4.2. Results and discussion

The two libraries were used to transform Escherichia coli cells. The double-site li-
brary was screened by evaluating ∼3500 transformants, whereas ∼3500 transformants
of the triple-site library were screened for the aldol condensation of 3 and 4. Activity
screening of the two libraries resulted in the identification of two mutants (M45T/F50A
from the double-site library and H6F/M45T/F50A from the triple-site library) that
showed a significant improvement in aldolase activity compared to that of the best single
mutant F50V (which was used as a control in the screening assays). The progress curves
of the aldol condensation of 3 (50 mM) with 4 (2 mM) catalyzed by the purified enzymes
confirmed the enhanced activities of mutants M45T/F50A and H6F/M45T/F50A when
compared to wild-type 4-OT and mutant F50V (Figure 4.3). 1H NMR spectroscopic anal-
ysis confirmed that product 6 is formed in the aldol condensation of 3 with 4 catalyzed
by mutant F50V, M45T/F50A or H6F/M45T/F50A (Figure 4.S3).

0 1 0 2 0 3 0 4 0

0 . 5

1 . 0

1 . 5

Ab
so

rba
nc

e (
29

0 n
m)

T i m e  ( h )

 W T  4 - O T
 F 5 0 V
 M 4 5 T / F 5 0 A
 H 6 F / M 4 5 T / F 5 0 A

Figure 4.3: UV traces monitoring the formation of cinnamaldehyde (6) from acetaldehyde (3) and
benzaldehyde (4) in the presence of purified wild-type 4-OT, 4-OT F50V, 4-OT M45T/F50A or 4-OT
H6F/M45T/F50A.

Having established that mutants F50V, M45T/F50A and H6F/M45T/F50A have
greatly improved aldolase activity, apparent kinetic parameters were determined us-
ing a fixed concentration of 3 (50 mM) and varying concentrations of 4 (0.1 - 15 mM). As
shown in Table 4.1, the catalytic efficiency (in terms of kcat/Km) of the single mutant F50V
is 640-fold higher than that of the wild-type 4-OT. Strikingly, the catalytic efficiencies of
the double mutant M45T/F50A and the triple mutant H6F/M45T/F50A are 3300-fold
and ∼5300-fold higher than that of wild-type 4-OT, respectively. The improved catalytic
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Chapter 4. Mutations closer to the active site improve the promiscuous aldolase activity of
4-oxalocrotonate tautomerase more effectively than distant mutations

Table 4.1: Apparent kinetic parameters for the aldol condensation of 3 and 4, to yield 6, catalyzed
by wild-type 4-OT and 4-OT variants

Enzyme

kcat 

(min-1)

Km for 4

(mM)

kcat/Km 

(M-1 min-1)

Relative 

(kcat/Km)

Wild-type n.d.a n.d. a 5.08 × 10-2 1

F50V 0.27 ± 0.01 8.4 ± 0.8 32 636

M45T/F50A 0.28 ± 0.008 1.7 ± 0.1 168 3300

H6F/M45T/F50A 0.19 ± 0.005 0.7 ± 0.06 268 5276

an.d., not determined.

efficiencies of the double and triple mutants, when compared to the single mutant F50V,
are due to a lowered Km value for substrate 4.

Next, we chemically synthesized compound 5 [12,32] and assessed the ability of mu-
tants F50V, M45T/F50A and H6F/M45T/F50A to catalyze dehydration and retro-aldol
reactions with this substrate. UV spectroscopic analysis revealed increases in absorbance
at 250 nm and 290 nm (Figure 4.S4). The increase in absorbance at 290 nm corresponds to
the formation of 6, which results from the dehydration of 5. The increase in absorbance
at 250 nm corresponds to the formation of 4, which results from the retro-aldol cleav-
age of 5. Interestingly, while mutants M45T/F50A and H6F/M45T/F50A catalyze both
retro-aldol and dehydration reactions using 5 as the substrate, mutant F50V appears
to mainly catalyze the dehydration reaction (Figure 4.S4). All three mutants showed a
strongly improved activity with substrate 5 as compared to wild-type 4-OT. Notably,
additional increases in absorbance at 227 nm, which corresponds to the formation of
but-2-enal (i.e., the product of the self-condensation of 3), [10] were observed in samples
containing the mutant enzymes, indicating the formation of 3 during the course of the
retro-aldol reactions.

1H NMR spectroscopic analysis confirmed the enhanced activity of the three mu-
tant enzymes for substrate 5 when compared to wild-type 4-OT (Figure 4.S5). After 18
h of incubation, compound 5 was fully converted by the three mutant enzymes, while
only 34% conversion (26% conversion of 5 into 6 and 8% conversion of 5 into 3 and
4) was observed in the reaction mixture with wild-type 4-OT. The 1H NMR data con-
firmed that mutant F50V mainly catalyzes the dehydration reaction (65% dehydration
versus 35% retro-aldol reaction), and demonstrated that mutants M45T/F50A (28% de-
hydration versus 72% retro-aldol reaction) and H6F/M45T/F50A (21% dehydration ver-
sus 79% retro-aldol reaction) mainly catalyze the retroaldol cleavage of 5. These results
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4.3. Conclusion

Table 4.2: Kinetic parameters for the ketonization of 1, to yield 2, catalyzed by wild-type 4-OT and
4-OT variants

an.d., not determined.

Enzyme

kcat 

(s-1)

Km 

(µM)

kcat/Km 

(M-1 s-1)

Relative 

(kcat/Km)

Wild-type 1433 ± 35 31 ± 2 4.6 × 107 1

F50V 134 ± 1 253 ± 6 5.3 × 105 (87)-1

M45T/F50A n.d.a n.d.a 8.0 × 103 (5750)-1

H6F/M45T/F50A n.d.a n.d.a 9.4 × 103 (4893)-1

surprisingly demonstrate that the double and triple mutants have an inverted reaction
specificity as compared to wild-type 4-OT and the single mutant F50V.

Finally, we examined whether the engineered 4-OT variants (F50V, M45T/F50A, and
H6F/M45T/F50A) still possess native tautomerase activity. Accordingly, kinetic param-
eters were determined using varying concentrations of the natural substrate 1 (Table
4.2). [5] With 87-, 5750- and 4893-fold decreases in kcat/Km for the F50V-, M45T/F50A-
and H6F/M45T/F50A-catalyzed tautomerization reactions, respectively, these mutants
have a largely decreased catalytic efficiency compared to that of the wild-type 4-OT.
Notably, the mutations M45T/F50A and H6F/M45T/F50A resulted in enzymes with
a>107-fold change in reaction specificity. Hence, the large increase in promiscuous
aldolase activity for these mutants is accompanied by a large decrease in natural tau-
tomerase activity, indicating a strong negative tradeoff between evolving and existing
activity. [33–37]

4.3 Conclusion

In summary, we demonstrated that the promiscuous enzyme 4-OT can be engineered
into a more efficient aldolase by exploring small libraries in which only ’hotspot’ po-
sitions are varied. The ’hotspot’ positions were identified by a systematic mutagenesis
strategy, covering each residue position, followed by a screen for single mutations that
give a marked improvement in the desired aldolase activity. These mutations were all
found to be near the active site, providing direct support for the notion that for new
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Chapter 4. Mutations closer to the active site improve the promiscuous aldolase activity of
4-oxalocrotonate tautomerase more effectively than distant mutations

catalytic activities in a promiscuous enzyme, mutations closer to the active site improve
the enzyme more effectively than distant ones. [23] In future work, we aim to explore the
substrate scope of the engineered 4-OT variants, focusing on challenging aldol reactions
between two aldehydes, and design new 4-OT variants that lack dehydration activity but
possess further enhanced aldolase activity. To support the latter goal and to place our
engineering efforts into a structural context, work is in progress to determine the crystal
structures of 4-OT and the best 4-OT variants in complex with the unnatural substrate 5
or product 6.
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Cahpter 4

4.A Supplementary Information

Materials:

The sources for the buffers, solvents, components of Luria-Bertani (LB) media, as well
as the materials, enzymes and reagents exploited in molecular biology procedures are
reported elsewhere. [1]

General methods:

Standard molecular biology techniques were performed based on methods described
elsewhere. [2] Protein was analyzed by polyacrylamide gel electrophoresis (PAGE) using
pre-casted 10% polyacrylamide gels (NuPAGEr) Novexr) 10% Bis-Tris). Coomassie
brilliant blue was used to stain the gels. Protein concentrations were determined us-
ing the Waddell method. [3] Enzymatic assays were performed either on a V-650 or V-
660 spectrophotometer from Jasco (IJsselstein, The Netherlands) or on a SPECTROstar
Omega plate reader (BMG LABTECH, Isogen Life Science, de Meern, NL). 1H NMR
spectra were recorded on a Varian Inova 500 (500 MHz) spectrometer using a pulse se-
quence for selective presaturation of the water signal. Chemical shifts for protons are
reported in parts per million scale and are referenced to H2O ( δ= 4.80).

Expression and purification of 4-OT wild-type and mutants:

All 4-OT enzymes were produced in E. coli BL21(DE3), as native proteins without any
affinity tag, using the pET20b(+) expression system as described before. [4] The construc-
tion of the expression vector for the production of 4-OT and the purification procedure
for this enzyme have been reported previously. [4] To confirm that the proteins had been
processed correctly and the initiating methionine had been removed, the masses of pu-
rified 4-OT wild-type and mutants were determined by ESI-MS.

Preparation of 1040 single 4-OT mutants:

Preparation of 1040 single 4-OT mutants: A defined collection of 1040 single mutant
4-OT genes, each cloned individually into a pJexpress 414 vector, was purchased from
DNA2.0 (Menlo Park, CA). [5] This collection covered at least 15 of the 19 possible vari-
ants on each residue position, ranging from Ile-2 to the carboxy-terminal Arg-62. Single
mutants of the amino-terminal proline residue (Pro-1) were not included in the collec-
tion, because Pro-1 is a key catalytic residue and mutations at this position lead to incor-
rect demethionylation of the protein. [5] In total 90% of all possible single 4-OT mutants
is present in this collection. An aliquot of each pJexpress 414 vector with a unique mu-
tant 4-OT gene was transformed individually into E. coli BL21(DE3), as described else-
where. [5] Each E. coli BL21(DE3) transformant harboring a pJexpress 414 vector with a
unique mutant 4-OT gene was stored at -80◦ until further use.
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Cell-free extract preparation and 4-OT concentration assessment:

The expression levels and activities of all members of the 4-OT mutant collection were
determined using cell-free extracts (CFEs) of cultures each expressing a different 4-
OT mutant. Aliquots of the -80◦C stock of the transformed E. coli BL21(DE3) cells
were placed into wells of 96-deep-well plates (Greiner Bio-one, 96 well Masterblockr).
Each mutant was placed into two wells as a duplicate. Each well contained 1.25
mL LB, supplemented with 100 µg/mL ampicillin and 100 µM isopropyl-β-D-1-
thiogalactopyranoside (IPTG) as inducer. The deep-well plates with inoculated LB
medium were sealed with sterile, gas-permeable seals (Greiner Bio-one, BREATHsealTM)
and incubated overnight at 37◦C with shaking at 250 rpm. After the incubation, the cul-
tures were pelleted at 3500 RPM for 30 min at 4◦C. The pellets of the duplicates were
pooled and lysed with 375 µl BugBusterTM (Novagen), which was supplemented with
25 U/mL benzonase nuclease. The cells were lysed at room temperature for 20 minutes
with vigorous shaking. The cell lysates were cleared by centrifugation at 4000 RPM for
20 minutes at 4◦C, after which the CFE was obtained as the supernatant. The 4-OT con-
centration in each CFE was determined using a quantitative densitometric analysis as
described before. [5]

Determination of the aldolase activity of the single 4-OT mutants:

The produced CFEs were used to determine the aldolase activity of the single mutants
of 4-OT using UV-spectroscopy. The UV-spectroscopic measurements were performed
in 96-wells micro titer plates (MTPs) (UV-star µclear, Greiner Bio-one). The reaction mix-
tures consisted of CFE (30% v/v), acetaldehyde (3, 50 mM) and benzaldehyde (4, 2 mM)
in 10 mM NaH2PO4 buffer (pH 7.3). The volume of these reaction mixtures was 100 µL
and the MTPs were sealed with UV-transparent plate seals (VIEWsealTM, Greiner Bio-
one) to eliminate evaporation. The MPTs were incubated for 16 h at 25◦C during which
the reaction progress was monitored by UV-spectroscopy (220-500 nm). Formation of
product 6 (λmax = 290 nm) was quantified based on the increase in absorbance at 290 nm
after 16 h. To eliminate false positives in which the increase in absorbance at 290 nm was
a result of protein precipitation (in these cases there is an increase in absorbance over
the whole range of the UV-spectrum), the ∆A290 values are corrected for absorbance
changes at 350 nm. At this wavelength product 6 has no UV-absorbance. Reaction mix-
tures in which there was a high increase of absorbance at 350 nm (∆A350 > 0.5) were
assigned as ”precipitation” (Figure 4.1). The low-level aldolase activity of wild-type 4-
OT was below the detection limit of this assay. Therefore, only single mutants with a
strongly improved aldolase activity were identified. Using Microsoft excel 2010, the ac-
tivity data were represented as colors in the data matrix to create a visually interpretable
heat map (Figure 4.1).
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Construction of double- and triple-site mutant libraries:

4-OT mutant libraries were constructed by PCR, using the coding sequence for 4-OT
in plasmid pET20b (4-OT) as the template. For the Met45NNK/Phe50NNK library the
following primers were used: F5’-A TAG CAG GTA CAT ATG CCT ATT GCC CAG
ATC CAC ATC-3’ and R5’-A TGT TAT GGA TCC TCA GCG TCT GAC CTT GCT GGC
CAG TTC GCC GCC GAT GCC MNN GTG GCC CTT GGC MNN CTC CGT-3’. For
the H6NNK/Met45NNK/Phe50NYK library the following primers were used: F5’-A
TAG CAG GTA CAT ATG CCT ATT GCC CAG ATC NNK ATC CTT GAA GGC-3’ and
R5’-A TGT TAT GGA TCC TCA GCG TCT GAC CTT GCT GGC CAG TTC GCC GCC
GAT GCC MRN GTG GCC CTT GGC MNN CTC CGT-3’. Mutated codons are in bold
and restriction sites are underlined. The following PCR program was used: 95◦C (de-
naturation, 2 min), 55◦C (annealing, 1 min), 72◦C (elongation, 1 min) for 35 cycles, fol-
lowed by a final elongation step (72◦C, 10 min). The resulting PCR products were gel
purified, digested, and cloned in frame with the ATG start codon of the pET20b(+) vec-
tor. The ligation mixtures were used to transform competent E. coli DH10B cells using
electroporation. The transformants were selected overnight at 37◦C on LB-agar plates
supplemented with 100 µg/mL ampicillin. Plasmid DNA was extracted from randomly
picked colonies and the 4-OT gene was fully sequenced to assure that the desired muta-
tions were introduced. After having established that the libraries were of good quality,
all colonies were collected into 10 mL LB and cells were harvested by centrifugation
(13000g, 10 min). From these cells, plasmid DNA was isolated and subsequently trans-
formed into E. coli BL21(DE3) cells to express the mutant 4-OT genes.

Activity screening of double- and triple-site mutant libraries:

Colonies of E. coli BL21(DE3) expressing the mutant 4-OT genes were picked individu-
ally and grown overnight at 37◦C in 96-deep-well plates containing 1.25 mL LB medium
supplemented with 100 µg/mL ampicillin. Colonies expressing F50V (positive control)
or wild-type 4-OT and colonies containing empty plasmids (negative control) were also
picked and grown overnight in each 96-deep well plate. The cells were collected by cen-
trifugation (3500 rpm, 30 min, 4◦C) and lysed with BugBusterTM (200 µL per well, 20 min
incubation with vigorous shaking) containing benzonase nuclease (25 U/mL). The cell
lysate was cleared by centrifugation (4000 rpm, 30 min, 4◦C), after which the CFE was
obtained as the supernatant. An aliquot of each CFE (30 µL) was transferred into a well
of a MTP and incubated with 50 mM 3 and 2 mM 4 in 20 mM NaH2PO4 buffer (pH 7.3).
The final volume of each reaction mixture was 100 X’Ol. The MTPs were sealed with
UV-transparent plate seals and reaction progress was monitored by UV-spectroscopy as
decribed above.
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UV-spectroscopic assay for the aldolase activity of purified enzymes:

The aldolase activity of purified wild-type 4-OT and 4-OT mutants was monitored by
following the increase in absorbance at 290 nm, which corresponds to the formation
of cinnamaldehyde (6) (ε = 26.7 mM-1 cm-1). Purified enzyme (300 µg, 149 µM) was
incubated in a 1 mm cuvette with 3 (50 mM) and 4 (2 mM) in 20 mM NaH2PO4 buffer
(pH 7.3; 0.3 mL final volume). Absorbance spectra were recorded from 200 to 400 nm
(Figure 4.S2).

Procedure for progress curve analysis:

The reaction progress of the aldol condensation of 3 with 4 catalyzed by purified wild-
type 4-OT or 4-OT mutants was monitored by following the increase in absorbance at
290 nm, which corresponds to the formation of 6. An aliquot of purified enzyme was
added to NaH2PO4 buffer (0.3 mL, 20 mM; pH 7.3) in a 1 mm cuvette, yielding a final
enzyme concentration of 1 mg/mL. The final concentrations of 3 and 4 were 50 and 2
mM, respectively. To obtain the progress curves, the increase in absorbance was plotted
against time (Figures 4.2 and 4.3).

1H NMR spectroscopic assay for aldolase activity:

In separate experiments, wild-type 4-OT and the 4-OT mutants F50V, M45T/F50A and
H6F/M45T/F50A (1 mg/mL, 150 µM in 20 mM NaH2PO4, pH 7.3) were incubated with
3 (30 mM in 20 mM NaD2PO4, pD 7.5), 4 (15 mM in 20 mM NaD2PO4, pD 7.5) and 18-
crown-6 (internal standard; 3.75 mM), and the reaction progress was monitored by 1H
NMR spectroscopy. In addition, a control sample was prepared with all the components
except for the enzyme. The first 1H NMR spectrum was recorded immediately after mix-
ing, and then after 1 and 4 d (Figure 4.S3). The 1H NMR signals for 3 (and its hydrate),
4, 6 and internal standard are reported below.

Compound 3 and its hydrate (3’):1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): δ9.69
(t, J = 1.3 Hz, 1H), 2.57 (dq, J = 7.3, 1.3 Hz, 2H), 1.06 (t, J = 7.3 Hz, 3H).

Compound 4: 1H NMR (500 MHz, D2O, 25◦C): δ= 9.94 (s, 1H), 7.96 (d, J = 8.0 Hz, 2H),
7.76 (t, J = 7.5 Hz, 1H), 7.63 (t, J = 7.5 Hz, 2H).

Compound 6: 1H NMR (500 MHz, D2O, 25◦C): δ= 9.57 (d, J = 8.0 Hz, 1H), 7.80 (d, J = 15.5
Hz, 1H), 7.74 (d, J = 8.0 Hz, 2H), 7.52 (m, 3H), 6.84 (dd, J = 8.0, 8.0 Hz, 1H).

Internal standard 18-crown-6 (1,4,7,10,13,16-hexaoxacyclooctadecane): 1H NMR (500
MHz, 20 mM NaD2PO4; pD 7.6): δ= 3.68 (s, 24H)
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Chemical synthesis of compound 5:

The chemical synthesis of 3-hydroxy-3-phenylpropanal (5) has been described else-
where. [6]

UV-spectroscopic assay for monitoring dehydration and retro-aldol cleavage of 5:

The retro-aldol and dehydration activities of wild-type 4-OT and 4-OT mutants were
monitored by following the formation of 6 and 4 by UV-spectroscopy. In separate exper-
iments, wild-type 4-OT and 4-OT mutants F50V, M45T/F50A and H6F/M45T/F50A (1
mg/mL, 150 µM) were incubated with 5 (2 mM) in 20 mM NaH2PO4 buffer (pH 7.3; 0.3
mL final volume in a 1 mm cuvette). Absorbance spectra of the reaction mixtures were
recorded from 200-400 nm every three minutes (Figure 4.S4).

1H NMR spectroscopic assay for monitoring dehydration and retro-aldol cleavage of
5:
1H NMR spectra monitoring the conversion of 5 into 3 and 4 (retro-aldolase activity) and
6 (dehydration activity) catalyzed by wild-type 4-OT and 4-OT mutants were recorded as
follows. In separate experiments, wild-type 4-OT and 4-OT mutants F50V, M45T/F50A
and H6F/M45T/F50A (1 mg/mL, 150 µM) were incubated with 5 (8.8 mM) and 18-
crown-6 ether (internal standard, 1.1 mM) in 20 mM NaD2PO4, pD 7.5 (total volume of
650 µL). In addition, a control experiment without enzyme but with otherwise identical
conditions was performed as well. The first 1H NMR spectrum was recorded after 2 h,
and then after 18 h (Figure 4.S5). The 1H NMR signals observed for 3, 4, and 6 were in
accordance with those of the corresponding standards. The 1H NMR signals for 5 and
its hydrated form are given below.

1H NMR (300 MHz, D2O, 25◦C): 3-hydroxy-3-phenylpropanal (5); δ= 9.72 (dd, J =
1.9, 1.9 Hz, 1H), 7.49 - 7.34 (m, 5H), 5.32 (dd, J = 7.8, 5.4Hz, 1H), 3.04 (ddd, J = 17.1, 7.8,
1.9 Hz, 1H), 2.96 (ddd, J = 17.1, 5.4, 1.9 Hz, 1H)

3-phenylpropane-1,1,3-triol (5’, hydrated form of 5); δ= 7.49 - 7.34 (m, 5H), 5.03 (dd,
J = 6.0, 5.4 Hz, 1H), 4.85 (dd, J =8.4, 5.8 Hz, 1H), 2.15 (ddd, J = 13.9, 8.4, 5.4 Hz, 1H), 2.00
(ddd, J = 13.9, 6.0, 5.8 Hz, 1H).

Kinetics assays for aldolase activity:

The apparent kinetic parameters for the aldolase activity of wild-type 4-OT and 4-OT
mutants were determined at 22◦C by incubating the purified enzyme (150 µM) with a
fixed concentration of 3 (50 mM) and varying concentrations of 4 (0.5 - 15 mM) in 20 mM
NaH2PO4 buffer, pH 7.3 (final volume of 0.3 mL in a 1 mm cuvette). The reaction was
monitored by following the increase in absorbance at 290 nm, which corresponds to the
formation of 6. The initial rates (mM/min) were plotted versus the concentration of 4
(mM). SigmaPlot was used to fit the data to Michaelis-Menten kinetics and to calculate
the apparent kinetic parameters kcat and Km (for 4).
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Kinetic assays for tautomerase activity:

The tautomerase activity of wild-type 4-OT and 4-OT mutants was measured by moni-
toring the ketonization of 2-hydroxyhexa-2,4-dienedioate (1) to 2-oxohex-3-enedioate (2)
in 20 mM NaH2PO4 buffer (pH 7.3) at 22 ◦C. Stock solutions of 1 were generated by
dissolving the appropriate amount of 1 in absolute ethanol. The ketonization of 1 to 2
was monitored by following the increase in absorbance at 236 nm, which corresponds
to the formation of 2 (ε = 6.58 ×103 M-1 cm-1). The assay was initiated by the addition
of a small aliquot of 1 (2-15 µL) to 1 mL of the assay buffer containing an appropriate
amount of enzyme. The initial rates (µM/s) were plotted versus the concentration of 1
(µM). SigmaPlot was used to fit the data to Michaelis-Menten kinetics and to calculate
the kinetic parameters kcat and Km.

A B

C D

Figure 4.S1: UV spectra recorded after incubation of 3 and 4 (λmax = 250 nm) with cell free
extracts prepared from E. coli BL21(DE3) cultures expressing: A) wild type 4-OT; B) H6I; C) M45H
and D) F50V. Formation of cinnamaldehyde (6) (λmax = 290 nm) was monitored in the course of
the reactions.
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Figure 4.S2: UV spectra recorded after incubation of acetaldehyde (3) and benzaldehyde (4)
(λmax = 250 nm) with A) no enzyme (control sample); B) purified wild-type 4-OT; C) purified
H6I; D) purified M45H; and E) purified F50V. Formation of cinnamaldehyde (6) (λmax = 290 nm)
was monitored in the course of the reactions.
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Figure 4.S3: Stack plot of 1H NMR spectra recorded after 1 d of incubation of 3 and 4 with A) no
enzyme; B) wild-type 4-OT; C) 4-OT F50V; D) 4-OT M45T/F50A; and E) 4-OT H6F/M45T/F50A.
Signals corresponding to 3 and its hydrate (3’), 4 and 6 are marked.
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Figure 4.S4: UV spectra recorded after incubation of 5 (2 mM in 20 mM NaH2PO4 buffer at pH
7.3) with A) no enzyme (control sample); B) wild-type 4-OT; C) 4-OT F50V; D) 4-OT M45T/F50A;
and E) 4-OT H6F/M45T/F50A.
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Figure 4.S5: Stack plot of 1H NMR spectra recorded after 18 h of incubation of 5 with A) no
enzyme; B) wild-type 4-OT; C) 4-OT F50V; D) 4-OT M45T/F50A; and E) 4-OT H6F/M45T/F50A.
Signals corresponding to 3 and its hydrated (3’), 4, 5 and its hydrate (5’), and 6 are marked.
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Chapter 5. Engineering a Promiscuous Tautomerase into a More Efficient Aldolase for ...

The enzyme 4-oxalocrotonate tautomerase (4-OT) from Pseudomonas putida mt-2 takes
part in a catabolic pathway for aromatic hydrocarbons, where it catalyzes the conversion
of 2-hydroxyhexa-2,4-dienedioate into 2-oxohexa-3-enedioate. This tautomerase can
also promiscuously catalyze carbon-carbon bond-forming reactions, including various
types of aldol reactions. Here, we have used a systematic mutagenesis strategy to iden-
tify two ’hotspot’ positions in 4-OT (Met-45 and Phe-50) at which single mutations give a
marked improvement in aldolase activity for the self-condensation of propanal. Activity
screening of a focused library in which these two ’hotspot’ positions were varied led to
the discovery of a 4-OT variant (M45Y/F50V) with strongly enhanced aldolase activity in
the self-condensation of linear aliphatic aldehydes such as acetaldehyde, propanal and
butanal. In the presence of both propanal and benzaldehyde, this double mutant, unlike
the single mutant F50A, mainly catalyzes the self-condensation of propanal rather than
the cross-condensation of propanal and benzaldehyde, indicating that it has an altered
substrate specificity. This M45Y/F50V variant of 4-OT could serve as a starting template
to create new biocatalysts that lack dehydration activity and possess further enhanced
aldolase activity, enabling the efficient enzymatic self-coupling of aliphatic aldehydes.

5.1 Introduction

The enzyme 4-oxalocrotonate tautomerase (4-OT) is a member of the tautomerase super-
family, a group of homologous proteins having a β-α-β structural fold and a catalytic
amino-terminal proline (Pro-1) in common. [1–3] 4-OT takes part in a catabolic pathway
for aromatic hydrocarbons in Pseudomonas putida mt-2, where it catalyzes the conversion
of 2-hydroxyhexa-2,4-dienedioate (1, Scheme 5.1) into 2-oxohexa-3-enedioate (2). [4,5] In
this tautomerization reaction, Pro-1 acts as a general base (pKa of Pro-1 ∼6.4) abstracting
the 2-hydroxyl proton of 1 and transferring it to the C5-position to give 2. [6]

Scheme 5.1: Proton-transfer reaction naturally catalyzed by 4-OT.

In addition to its natural tautomerase activity, 4-OT has been shown to promiscu-
ously catalyze several carbon-carbon bond-forming reactions. [7–16] These include vari-
ous types of aldol reactions such as the self-condensation of propanal (3 in Scheme 5.2),
the cross-condensation of acetaldehyde (6) with benzaldehyde (12), the cross-coupling
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of propanal and benzaldehyde, and the intramolecular cyclization of hexanedial or hep-
tanedial. [10,12,16] In the proposed mechanism for the aldolase activity of 4-OT, the active
site Pro-1 residue functions as a nucleophile, rather than a base, and reacts with the car-
bonyl functionality of the aldehyde to form a covalent enamine intermediate. [10,17] This
intermediate reacts with another aldehyde in an inter- or intramolecular aldol addition,
after which the final product (the aldol compound or the corresponding dehydrated
compound) is released from the active site upon hydrolysis.

Enzyme promiscuity has great promise as a source of synthetically useful catalytic
transformations, [2,7] and could be exploited as starting point to create new biocatalysts
for challenging aldol reactions. [18,19] In previous work, we have constructed several ac-
tive site mutants of 4-OT, including the variant F50A, which possess improved aldolase
activity for the cross-condensation of 6 with 12. [12,20] Here, we report the engineering
of 4-OT into a more efficient aldolase for self-condensation reactions of linear aliphatic
aldehydes such as acetaldehyde, propanal and butanal (9). A large collection of single
mutants of 4-OT was first screened for single mutations that give a strong improvement
in the desired aldolase activity, after which identified ’hotspot’ positions were subjected
to combinatorial mutagenesis.

Scheme 5.2: Aldol reactions promiscuously catalyzed by 4-OT.
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5.2 Results and discussion

We applied a systematic mutagenesis strategy to identify residue positions at which mu-
tations give a marked improvement in the aldolase activity of 4-OT. For this, a collection
of 1040 single mutants of 4-OT, covering at least 15 of the 19 possible variants at each
residue position (from Ile-2 to Arg-62), was used. [21] Single mutants of the Pro-1 residue
were not included in the collection, because Pro-1 is a key catalytic residue and muta-
tions at this position lead to incorrect demethionylation of the protein. [22] The complete
collection of 4-OT mutants was screened for activity for the self-condensation of 3, using
conditions that allowed for the detection of variants with strongly improved aldolase
activity only. The results are graphically represented in a heatmap (Figure 5.1).
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Two residue positions at which single mutations lead to large improvements in the
aldolase activity of 4-OT were identified. The first ’hotspot’ position is Met-45; replace-
ment of this residue with Thr, His or Ile resulted in a pronounced improvement in al-
dolase activity. The second ’hotspot’ position is Phe-50; substitution of this residue
by Val strongly improved the aldolase activity of 4-OT. In addition to these beneficial
mutations, it was found that the replacement of His-6 with Met, and the mutation of
Ala-33 to Lys, also significantly improved the aldolase activity of 4-OT. Mutant F50V
showed the highest aldolase activity among all variants. Progress curves of the aldol
self-condensation of 3 (50 mM) catalyzed by purified enzymes confirmed the enhanced
activity of mutant F50V when compared to wild-type 4-OT or the previously constructed
mutant F50A (Figure 5.2).
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Figure 5.2: UV traces monitoring the formation of 5 during the self-condensation of 3 catalyzed
by wild-type 4-OT, mutant F50A, mutant F50V, or mutant M45Y/F50V.

To further improve the aldolase activity of 4-OT, we constructed a double-site library
in which the two ’hotspot positions’ Met-45 and Phe-50 were simultaneously random-
ized by using NNK-codon degeneracy, [23,24] covering all 20 possible amino acids, for
both positions. In addition to this double-site library, we constructed a triple-site li-
brary in which positions His-6, Met-45, and Phe-50 were simultaneously randomized.
The NNK codon degeneracy was used for randomization of positions His-6 and Met-45,
whereas Phe-50 was randomized using a NYK-codon degeneracy. [23,24] The NYK-codon
degeneracy was chosen for position Phe-50 because it reduces the library size by cov-

112



5.2. Results and discussion

ering only the codons of nine different aliphatic and polar amino acid residues, includ-
ing those residues which result in an enhanced aldolase activity, as well as the wild-
type residue. The two libraries were used to transform Escherichia coli BL21(DE3) cells.
The double-site library was screened by evaluating ∼800 transformants, whereas ∼3500
transformants of the triple-site library were screened for the aldol self-condensation of
3.

Screening of the double-site library resulted in the identification of a double mutant,
M45Y/F50V, with strongly enhanced aldolase activity, whereas screening of the triple-
site library did not yield a mutant with higher activity than that of mutant M45Y/F50V.
The progress curves of the aldol self-condensation of 3 (50 mM) catalyzed by purified
enzymes confirmed the enhanced activity of mutant M45Y/F50V when compared to the
single mutants F50V and F50A (Figures 5.2 and 5.S1). 1H NMR spectroscopic analysis
confirmed the formation of 5 as product of the aldol self-condensation of 3 catalyzed by
mutant M45Y/F50V (Figure 5.S2). Hence, 4-OT can be engineered into a more efficient
aldolase for the self-condensation of 3 to yield 5 by exploring small libraries in which
only ’hotspot’ positions are varied.

Having established that mutant M45Y/F50V has improved aldolase activity for the
self-condensation of 3, it was tested whether this mutant also has enhanced aldolase
activity towards the self-condensation of aldehydes 6 and 9. Accordingly, in separate
experiments, the purified enzymes wild-type 4-OT, P1A, F50A and M45Y/F50V (150
µM each) were incubated with either 6 or 9 (50 mM each) and the reactions were moni-
tored by UV spectroscopy. These results indicate that the self-condensation of 6 or 9 to
give 8 or 11 is enzyme-catalyzed, with variant M45Y/F50V having strongly enhanced
activity when compared to wild-type 4-OT or mutant F50A (Figures 5.3 and 5.4). 1H
NMR spectroscopic analysis confirmed the formation of both 7 and 8 as products of the
enzyme-catalyzed self-condensation of 6 (Figure 5.S3 and 5.S4), and the formation of 11
as a product of the enzyme-catalyzed self-condensation of 9 (Figure 5.S5 and 5.S6).

Next, we compared the ability of mutants F50A and M45Y/F50V to catalyze an aldol
cross-condensation reaction using 3 and 12 as the substrates. Accordingly, in separate
experiments, the mutant proteins (150 µM) were incubated with 3 (50 mM) and 12 (2
mM) and the reactions were followed by UV spectroscopy. The UV spectra of the reac-
tion mixture incubated with mutant F50A showed a decrease in absorbance at 250 nm
(Figure 5.5A), indicating the depletion of 12 as the result of a cross-coupling reaction.
Interestingly, the UV spectra of the reaction mixture with mutant M45Y/F50V showed
a negligible decrease in absorbance at 250 nm (Figure 5.5B). Instead, an increase in ab-
sorbance at 234 nm was observed, corresponding to the formation of 5 as the result
of the self-condensation of 3. 1H NMR spectroscopic analysis of the reaction mixtures
confirmed that 13 and 14 are the main products in the reaction mixture incubated with
mutant F50A (indicative of cross-coupling), whereas 5 was the main product in the reac-
tion mixture incubated with mutant M45Y/F50V (Figure 5.S7). Hence, compared to the
previously constructed mutant F50A, [12] mutant M45Y/F50V has an altered substrate
specificity and prefers the self-condensation of 3 over the cross-coupling of 3 and 12.
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Figure 5.3: UV spectra recorded after incubation of 6 with A) no enzyme (control sample); B) 4-OT
P1A; C) wild-type 4-OT; D) 4-OT F50A; and E) 4-OT M45Y/F50V. Formation of 8 (λmax = 227 nm)
was monitored in the course of the reactions.

114



5.2. Results and discussion

2 0 0 2 5 0 3 0 0 3 5 0 4 0 00

1

2

3

4
A

Ab
so

rba
nc

e

W a v e l e n g t h  ( n m )

 0  h
 5  h
 1 0  h
 1 5  h
 2 0  h

2 0 0 2 5 0 3 0 0 3 5 0 4 0 00

1

2

3

4
B

Ab
so

rba
nc

e

W a v e l e n g t h  ( n m )

 0  h
 5  h
 1 0  h
 1 5  h
 2 0  h

2 0 0 2 5 0 3 0 0 3 5 0 4 0 00

1

2

3

4
C

Ab
so

rba
nc

e

W a v e l e n g t h  ( n m )

 0  h
 5  h
 1 0  h
 1 5  h
 2 0  h

2 0 0 2 5 0 3 0 0 3 5 0 4 0 00

1

2

3

4
D

Ab
so

rba
nc

e

W a v e l e n g t h  ( n m )

 0  h
 5  h
 1 0  h
 1 5  h
 2 0  h

2 0 0 2 5 0 3 0 0 3 5 0 4 0 00

1

2

3

4
E

Ab
so

rba
nc

e

W a v e l e n g t h  ( n m )

 0  h
 5  h
 1 0  h
 1 5  h
 2 0  h

Figure 5.4: UV spectra recorded after incubation of 9 with A) no enzyme (control sample); B) 4-OT
P1A; C) wild-type 4-OT; D) 4-OT F50A; and E) 4-OT M45Y/F50V. Formation of 11 (λmax = 240 nm)
was monitored in the course of the reactions.
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This result is fully consistent with the fact that mutant M45Y/F50V was engineered for
enhanced activity towards the self-condensation of 3.
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Figure 5.5: UV spectra recorded after incubation of 3 and 12 with A) 4-OT F50A; and B) 4-OT
M45Y/F50V.

5.3 Conclusion

In conclusion, we demonstrated that the promiscuous enzyme 4-OT can be engineered
into a more efficient aldolase (variant M45Y/F50V) for self-condensations of aliphatic
aldehydes by exploring small libraries in which only two ’hotspot’ positions (Met-45
and Phe-50) are varied. Notably, in a recent study, the same residue positions were iden-
tified as ’hotspots’ for improving 4-OT’s aldolase activity for the cross-condensation of
aldehydes 6 and 12, yielding a different 4-OT variant (M45T/F50A) after combinatorial
mutagenesis and activity screening. [20] Hence, 4-OT can be tailored to catalyze a specific
aldol reaction. Work is in progress to determine the crystal structure of 4-OT variant
M45Y/F50V in complex with product 5, 8 or 11. Such enzyme-product complex struc-
tures could guide the design of new 4-OT variants that completely lack dehydration
activity and possess further enhanced aldolase activity, enabling the efficient enzymatic
self-coupling of small aliphatic aldehydes.
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5.A Supplementary Information

MATERIALS AND METHODS

Materials:

The sources for the buffers, solvents, components of Luria-Bertani (LB) media as well
as the materials, enzymes and reagents exploited in molecular biology procedures are
reported elsewhere. [25]

General methods

Standard molecular biology techniques were performed based on methods described
elsewhere. [26] Protein was analyzed by polyacrylamide gel electrophoresis (PAGE) using
pre-casted 10% polyacrylamide gels (NuPAGEr Novexr 10% Bis-Tris). Coomassie bril-
liant blue was used to stain the gels. Protein concentrations were determined using the
Waddell method. [27] Enzymatic assays were performed either on a V-650 or V-660 spec-
trophotometer from Jasco (IJsselstein, The Netherlands) or on a SPECTROstar Omega
plate reader (BMG LABTECH, Isogen Life Science, de Meern, NL). 1H NMR spectra
were recorded on a Varian Inova 500 (500 MHz) spectrometer using a pulse sequence for
selective presaturation of the water signal. Chemical shifts for protons are reported in
parts per million scale and are referenced to H2O (δ= 4.80).

Expression and purification of wild-type 4-OT and 4-OT mutants

Wild-type 4-OT and 4-OT mutants were produced in E. coli BL21(DE3) as native proteins
without an affinity tag, using either a pET20b(+) or pJexpress 414 expression vector. The
construction of the expression vectors for wild-type 4-OT and 4-OT mutants P1A and
F50A, as well as the purification procedure for 4-OT, were reported previously. [10,12]

Cell-free extract (CFE) preparation of E. coli cells expressing the single 4-OT mutants

A defined collection of 1040 single mutant 4-OT genes, each cloned individually into a
pJexpress 414 vector, was purchased from DNA2.0 (Menlo Park, CA). An aliquot of each
pJexpress 414 vector with a unique mutant 4-OT gene was transformed individually
into E. coli BL21(DE3), as described elsewhere. [21] Each E. coli BL21(DE3) transformant
harboring a pJexpress 414 vector with a unique mutant 4-OT gene was stored at -80◦C
until further use. The expression of the mutant 4-OT genes in E. coli BL21(DE3), the
preparation of CFEs, and the assessment of the concentrations of the 4-OT mutants are
described elsewhere. [21]
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Determination of the aldolase activity of the single 4-OT mutants

The produced CFEs were used to determine the aldolase activity of the single 4-OT mu-
tants using UV-spectroscopy. The UV-spectroscopic measurements were performed in
96-wells micro titer plates (MTP) (UV-star µclear, Greiner Bio-one). The final reaction
mixtures consisted of CFE (30% v/v) and propanal (3, 40 mM) in 10 mM NaH2PO4
buffer (pH 7.3). The volume of these reaction mixtures was 100 µl and the MTPs were
sealed with UV-transparent plate seals (VIEWsealTM, Greiner Bio-one) to prevent evap-
oration. The MTPs were incubated for 16 h at 25◦C during which the reaction progress
was monitored by UV spectroscopy (220-500 nm). Formation of product 5 (λmax = 234
nm) was quantified based on the increase in absorbance at 234 nm. To eliminate false
positives in which the increase in absorbance was a result of protein precipitation (in
these cases there is an increase in absorbance over the whole range of the UV-spectrum),
reaction mixtures in which there was a high increase in absorbance at 350 nm (∆A350
>0.5) were assigned as ”precipitation” (Figure 5.1). At this wavelength product 5 has no
UV-absorbance. The aldolase activity of wild-type 4-OT was used as a control and sin-
gle mutants with a marked improvement in aldolase activity could be identified. Using
Microsoft excel 2010, the data were represented as colors in the data matrix to create a
visually interpretable heat map (Figure 5.1).

Construction of double and triple mutant libraries

The construction of the double and triple mutant libraries has been described else-
where. [20]

UV spectroscopic assay for the self-condensation of propanal

The self-condensation of propanal (3) was monitored by following the increase in ab-
sorbance at 234 nm, which corresponds to the formation of 2-methyl-2-pentenal (5). The
enzyme (150 µM) was incubated in a 1 mm cuvette with 3 (50 mM) in 20 mM NaH2PO4
buffer (pH 7.3; 0.3 mL final volume), and the reaction was followed for 20 h at room
temperature. UV spectra were recorded from 200 to 400 nm (Figure 5.S1 and Figure 5.2).

Redissolving WT 4-OT and 4-OT mutants in NaD2PO4 buffer

A VIVASPIN concentrator (from Sartorius Stedim Goettingen, Germany) with a cut-off
filter of 5000 Da was washed four times with H2O by centrifugation (4000 rpm, 20 min).
Subsequently, the concentrator was charged with a solution of 4-OT (either WT or mu-
tant; 300 µL with a concentration of ∼10 mg/mL in 20 mM NaH2PO4 buffer, pH 7.3) and
centrifuged (4000 rpm, 30 min). The enzyme was retained on the filter and redissolved
in NaD2PO4 (200 µL, 20 mM; pD 7.6) and centrifuged (4000 rpm, 30 min). Once more,
the remaining enzyme on the filter was redissolved in NaD2PO4 (300 µL, 20 mM; pD 7.6)
after which the final enzyme concentration was determined. The exchange of NaH2PO4
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with NaD2PO4 buffer was carried out only for the enzyme preparations used in the 1H
NMR spectroscopic assay for the self-condensation of 3 or cross-coupling of 3 and 12.

1H NMR spectroscopic assay for the self-condensation of propanal

4-OT wild-type or mutant (290 µM) was incubated with 3 (30 mM) at room temperature
in NaD2PO4 buffer (20 mM; pD 7.6, final volume of 650 µL in an NMR tube), containing
18-crown-6 ether as internal standard (2.15 mM). A control sample was prepared con-
taining all components except for the enzyme. 1H NMR spectra were recorded ∼1 h
after the start of the incubation, and subsequently after 1, 4, 8 and 14 days.

Compound 3: 1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): δ9.69 (t, J = 1.3 Hz, 1H),
2.57 (dq, J = 7.3, 1.3 Hz, 2H), 1.06 (t, J = 7.3 Hz, 3H).

Hydrated form of 3: 1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): δ4.96 (t, J = 5.5 Hz,
1H), 1.59 (dq, J = 7.5, 5.5 Hz, 2H), 0.92 (t, J = 7.5 Hz, 3H).

Compound 5: 1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): δ9.29 (s, 1H), 6.81 (t, J = 7.6
Hz, 1H), 2.41 (dq, J = 7.6, 7.6 Hz, 2H), 1.71 (s, 3H), 1.09 (t, J = 7.6 Hz, 3H).

Internal standard 18-crown-6 (1,4,7,10,13,16-hexaoxacyclooctadecane): 1H NMR (500
MHz, 20 mM NaD2PO4; pD 7.6): δ= 3.68 (s, 24H).

UV spectroscopic assay for the self-condensation of 6

The self-condensation of 6 was monitored by following the increase in absorbance at 227
nm, which corresponds to the formation of 8. The enzyme (150 µM) was incubated in a
1 mm cuvette with 6 (50 mM) in 20 mM NaH2PO4 buffer (pH 7.3; 0.3 mL final volume),
and the reaction was followed for 20 h at room temperature. UV spectra were recorded
from 200-400 nm (Figure 5.3).

1H NMR spectroscopic assay for the self-condensation of 6

In separate experiments, 4-OT wild-type or mutant (290 µM, in 20 mM NaH2PO4) was
incubated with 6 (50 mM) at room temperature in NaD2PO4 buffer (20 mM; pD 7.6, final
volume of 650 µL in an NMR tube), containing 18-crown-6 ether as internal standard
(2.15 mM). A control sample was prepared containing all components except for the

121



Cahpter 5

enzyme. 1H NMR spectra were recorded ∼2 h after the start of the incubation and then
after 1, 4 and 7 days.

Compound 6: 1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): δ9.66 (q, J = 3.0 Hz, 1H),
2.23 (d, J = 3.0 Hz, 3H).

Hydrated form of 6: 1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): δ5.23 (q, J = 5.3 Hz,
1H), 1.32 (d, J = 5.3 Hz, 3H).

Hydrated form of 7: 1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): δ9.69 (t, J = 5.9 Hz,
1H), 5.16 (m, 1H), 2.03 (m, 2H), 1.18 (d, J = 5.9 Hz, 3H).

Hydrated form of 8: 1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): δ9.37 (d, J = 8.3 Hz,
1H), 7.19 (m, 1H), 6.21 (m, 1H), 2.05 (d, J = 7.0 Hz, 3H).

UV spectroscopic assay for the self-condensation of 9

The self-condensation of 9 was monitored by following the increase in absorbance at 240
nm, which corresponds to the formation of 11. The enzyme (150 µM) was incubated in a
1 mm cuvette with 9 (50 mM) in 20 mM NaH2PO4 buffer (pH 7.3; 0.3 mL final volume),
and the reaction was followed for 20 h at room temperature. UV spectra were recorded
from 200-400 nm (Figure 5.4).

1H NMR spectroscopic assay for the self-condensation of 9

In separate experiments, 4-OT wild-type or mutant (290 µM, in 20 mM NaH2PO4) was
incubated with 9 (50 mM) at room temperature in NaD2PO4 buffer (20 mM; pD 7.6, final
volume of 650 µL in an NMR tube), containing 18-crown-6 ether as internal standard
(2.15 mM). A control sample was prepared containing all components except for the
enzyme. 1H NMR spectra were recorded ∼2 h after the start of the incubation and then
after 1, 4 and 7 days.

Compound 9: 1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): δ9.65-9.67 (m, 1H), 2.50
(m, 2H), 1.59-1.67 (m, 2H), 0.88-0.94 (m, 3H).

Hydrated form of 9: 1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): δ5.03 (t, J = 5.5 Hz,
1H), 1.31-1.43 (m, 2H), 1.53-1.59 (m, 2H), 0.88-0.94 (m, 3H).

Compound 11: 1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): 1H NMR (500 MHz, 20
mM NaD2PO4; pD 7.6): δ9.26 (s, 1 H), 6.75 (t, J = 7.5 Hz, 1H), 2.42 (q, J = 7.3 Hz, 2H), 2.25
(m, 2H), 1.55 (m, 2H), 0.90-0.97 (m, 3H), 0.90-0.97 (m, 3H)
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UV spectroscopic assay for the cross-coupling of 3 and 12

The cross-coupling of 3 and 12 was monitored by following the decrease in absorbance
at 250 nm (λmax,12 = 250 nm), which corresponds to the depletion of 12. Simultaneously,
the increase in absorbance at 234 nm, which corresponds to the formation of 5, was
monitored. The enzyme (150 µM) was incubated in a 1 mm cuvette with 3 (50 mM) and
12 (2 mM) in 20 mM NaH2PO4 buffer (pH 7.3; 0.3 mL final volume) and the reaction was
followed for 20 h at room temperature. UV spectra were recorded from 200 to 400 nm.

1H NMR spectroscopic assay for the cross-coupling of 3 and 12

In separate experiments, 4-OT wild-type or mutant (290 µM) was incubated with 3 (30
mM) and 6 (15 mM) in NaD2PO4 buffer (20 mM; pD 7.6, final volume of 650 µL in
an NMR tube), containing 18-crown-6 ether as internal standard (2.15 mM). A control
sample was prepared with all the components except for the enzyme. 1H NMR spectra
were recorded ∼2 h after the start of the incubation, and then after 1, 4, 8 and 14 days.

Compound 12: 1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): δ9.94 (s, 1H), 7.97 (d, J =
7.9 Hz, 2H), 7.76 (d, J = 7.5 Hz, 1H), 7.63 (dd, J = 7.9, 7.5 Hz, 2H).

Compound 13: 1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): δ9.74 (s, 1H), 7.48 - 7.36
(m, 5H), 5.23 (s, 1H), 1.03 (s, 3H).

Hydrated form of 13: 1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): δ7.48 - 7.36 (m,
5H), 5.21 (s, 1H), 4.94 (s, 1H), 0.94 (s, 3H).

Compound 14: 1H NMR (500 MHz, 20 mM NaD2PO4; pD 7.6): δ9.49 (s, 1H), 7.67 (d, J =
7.5 Hz, 2H), 7.55 - 7.50 (m, 4H), 2.03 (s, 3H).
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Figure 5.S1: UV spectra recorded after incubation of 3 with A) 4-OT F50A and B) 4-OT
M45Y/F50V. Formation of 5 (λmax =234 nm) was monitored in the course of the reactions.
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Figure 5.S2: 1H NMR spectrum recorded after 4 d of incubation of 3 with 4-OT M45Y/F50V.
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Figure 5.S3: 1H NMR spectrum of compound 8 in NaD2PO4 (20 mM, pD = 7.6).

125



Cahpter 5

6

6

6ʹ

6ʹ

Crown 

ether

6 6
6ʹ

6ʹ

6

6

6ʹ

6ʹ

7 7
7 78 8

8

6

6

6ʹ

6ʹ

7 77 78
8

8

6

6

6ʹ

6ʹ

7 7

7
7

8 8

8

A

D

E

C

B

6′

Figure 5.S4: Stack plot of 1H NMR spectra recorded after 4 d of incubation of 6 with A) no enzyme;
B) 4-OT P1A; C) wild-type 4-OT; D) 4-OT F50A; and E) 4-OT M45Y/F50V. In comparison with the
spectrum of compound 8 in Figure 5.S3, one aromatic signal is not visible while the signal of the
methyl group is smaller than expected (spectra C-E). This is due to H-D exchange at the a-position
of 6 prior to reaction.
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Figure 5.S5: 1H NMR spectrum of compound 11 in NaD2PO4 (20 mM, pD = 7.6).
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Figure 5.S6: Stack plot of 1H NMR spectra recorded after 4 d of incubation of 9 with A) no enzyme;
B) 4-OT P1A; C) wild-type 4-OT; D) 4-OT F50A; and E) 4-OT M45Y/F50V. In comparison with the
spectrum of compound 11 in Figure 5.S5, the signal of the hydrogen atoms at position 4 is smaller
than expected (spectrum E). This is due to H-D exchange at the α-position of 9 prior to reaction.
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CHAPTER 6

SUMMARY AND FUTURE PERSPECTIVES

6.1 Exploring enzyme promiscuity for carbon-carbon
bond formation

In many biochemistry textbooks enzymes are described to be highly specific, both in the
reaction that they catalyze and in their choice of substrates. However, recent years have
produced ever-increasing evidence that most enzymes are in fact highly non-specific, not
just processing different substrates but in many cases even catalyzing reactions other
than their biologically relevant one. This latter phenomenon is defined as catalytic
promiscuity. Promiscuous enzyme activities are usually low-level relative to the main
activity and are under neutral selection. Although these secondary activities are physi-
ologically irrelevant, under new selective pressures they may confer a fitness benefit (to
the organism), thereby prompting the evolution of the promiscuous activity to become
the new primary activity. As such, enzyme promiscuity is thought to be crucial to the
natural evolution of new protein functions. In view of that, catalytically promiscuous
enzymes may provide a promising starting point for laboratory evolution of new biocat-
alysts.

The construction of carbon-carbon bonds stands out in organic synthesis as an indis-
pensable step for building up new molecules. However, reported examples of enzymes
that catalyze important carbon-carbon bond-forming reactions such as Michael(-type)
additions, Henry reactions, Mannich reactions, or Knoevenagel condensations as their
natural activity are rare, while aldolases, which catalyze aldol reactions as their natural
activity, often exhibit limited substrate acceptance. In recent years, several promising
enzymes have been described that are able to promiscuously catalyze these important
C-C bond-forming reactions, showing good to excellent enantioselectivity (reviewed in
Chapter 1). The discovery of these promiscuous enzyme activities is an important step
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on the way to develop efficient biocatalysts for synthetically useful C-C bond-forming
reactions.

6.2 Formation of a covalent enamine species between Pro-
1 of 4-OT and aldehyde substrates

The enzyme 4-oxalocrotonate tautomerase (4-OT) is a member of the tautomerase super-
family, a group of homologous proteins having a β-α-β structural fold and a unique cat-
alytic amino-terminal proline (Pro-1) in common. 4-OT takes part in a catabolic pathway
for aromatic hydrocarbons in Pseudomonas putida mt-2, where it catalyzes the conversion
of 2-hydroxyhexa-2,4-dienedioate into 2-oxohexa-3-enedioate. In this tautomerization
reaction, Pro-1 acts as a general base (pKa of Pro-1 ∼6.4) abstracting the 2-hydroxyl
proton of 2-hydroxyhexa-2,4-dienedioate and transferring it to the C5-position to give
2-oxohexa-3-enedioate.

4-OT has attracted our attention because it exhibits promiscuous carbon-carbon
bond-forming activities, including the Michael-type addition of linear aliphatic alde-
hydes to a wide variety of aliphatic and aromatic nitroolefins to yield valuable γ-
nitroaldehydes and the cross-aldolization of acetaldehyde and benzaldehyde to give
cinnamaldehyde. To gain insight into how 4-OT catalyzes these unnatural reactions, we
performed exchange studies in D2O and X-ray crystallography studies (Chapter 2). The
former studies showed that H-D exchange within acetaldehyde is 4-OT-catalyzed and
that the Pro-1 residue is crucial for this activity. The structural studies showed that Pro-1
of 4-OT had reacted with acetaldehyde to give an enamine species. These results provide
evidence for a mechanism of the 4-OT-catalyzed aldol and Michael-type addition reac-
tions in which acetaldehyde is activated for nucleophilic addition via Pro-1 dependent
formation of an enamine intermediate. A reaction between this nucleophilic intermedi-
ate and an electrophilic substrate such as benzaldehyde or trans-β-nitrostyrene results in
carbon-carbon bond formation.

To obtain further mechanistic insight into the promiscuous carbon-carbon bond-
forming activities of 4-OT, it will be important to determine crystal structures of 4-OT
in complex with other donor (i.e. aliphatic aldehydes) or acceptor (e.g. benzaldehyde
or nitroolefins) substrates, or products (e.g. cinnamaldehyde or γ-nitroaldehydes). Such
crystallographic results would also provide an important guide for future engineering
experiments, aiming to enhance 4-OT’s activity and selectivity in carbon-carbon bond-
forming reactions.
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6.3 Different types of aldol reactions promiscuously cat-
alyzed by 4-OT

As we described earlier, 4-OT catalyzes the aldol condensation of acetaldehyde with ben-
zaldehyde to yield cinnamaldehyde. In the work described in Chapter 3, we set out to
investigate the substrate scope of 4-OT in both inter- and intramolecular aldol reactions.
We demonstrated that 4-OT promiscuously catalyzes different types of aldol reactions,
including the self-condensation of propanal, the cross-coupling of propanal and ben-
zaldehyde, the cross-coupling of propanal and pyruvate, the intramolecular cyclization
of hexanedial, and the intramolecular cyclization of heptanedial. Mutation of the cat-
alytic amino-terminal proline (P1A) greatly reduced 4-OT’s aldolase activities, whereas
mutation of another active site residue (F50A) strongly enhanced 4-OT’s aldolase activ-
ities, providing convincing evidence that aldolization is an active site process. Further
systematic screening of 4-OT and closely related tautomerase superfamily members, in
which an active-site proline is present as nucleophile, may prove to be a useful approach
to discover completely new promiscuous aldolase activities. These non-natural activities
could be exploited as starting point to create novel aldolases for synthetically useful self-
and cross-coupling reactions.

6.4 Enhancement of the promiscuous aldolase activity of
4-OT by enzyme engineering

After we established that 4-OT is able to catalyze various types of aldol reactions, we fo-
cused on enhancing these promiscuous activities by enzyme engineering. As described
in Chapter 4, we have used a systematic mutagenesis strategy to identify three ’hotspots’
positions (His-6, Met-45 and Phe-50) in 4-OT at which single mutations give a marked
improvement in aldolase activity for the condensation of acetaldehyde with benzalde-
hyde. Notably, all beneficial mutations were found to be near the active site of 4-OT, pro-
viding support for the notion that for new catalytic activities in a promiscuous enzyme,
mutations closer to the active site improve the enzyme more effectively than distant
ones. Activity screening of a focused library in which the three ’hotspots’ positions were
randomized simultaneously, led to the discovery of a 4-OT variant (H6F/M45T/F50A)
with a >5000-fold improvement in catalytic efficiency for the aldol condensation of ac-
etaldehyde with benzaldehyde. The large increase in promiscuous aldolase activity for
this mutant is accompanied by a large decrease in natural tautomerase activity, result-
ing in a > 107-fold change in reaction specificity, indicating a strong negative tradeoff
between evolving and existing activity.

We also demonstrated that the promiscuous enzyme 4-OT can be engineered into a
more efficient aldolase (variant M45Y/F50V) for self-condensations of small aliphatic
aldehydes (i.e., acetaldehyde, propanal and butanal) by exploring small libraries in
which only two identified ’hotspots’ positions (Met-45 and Phe-50) were varied (Chapter
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5). Indeed, the same residue positions were identified as ’hotspots’ for improving 4-OT’s
aldolase activity for the condensation of acetaldehyde with benzaldehyde, but combina-
torial mutagenesis of these positions followed by activity screening yielded a different
4-OT variant (M45T/F50A; see Chapter 4) for this cross-condensation. Hence, 4-OT can
be tailored to process different carbonyl substrates and catalyze a specific aldol reaction.
In future work, it will be highly interesting to test whether variant M45Y/F50V (or per-
haps a further evolved derivative), is able to catalyze aldolizations using formaldehyde
or substituted aldehydes such as glycolaldehyde and chloroacetaldehyde as substrates,
potentially affording new aldol compounds (e.g. aldose carbohydrates).

6.5 Concluding remarks and future challenges

The major part of the work described in this thesis focused on the discovery and engi-
neering of promiscuous aldolase activities of 4-OT. For most of the 4-OT catalyzed aldol
reactions, it was shown that both the aldol coupling and dehydration steps are enzyme
catalyzed, yielding non-chiral products. In future work, it will therefore be important
to engineer 4-OT variants that only catalyze the formation of the aldol compound with-
out facilitating its dehydration. For instance, the development of 4-OT variants that are
able to catalyze the cross-coupling of acetaldehyde and chloroacetaldehyde or the in-
tramolecular cyclization of hexanedial or heptanedial, without being able to catalyze the
dehydration of the corresponding aldol products, would be highly interesting because
these aldol compounds are valuable building blocks for pharmaceutical synthesis.

An example of a 4-OT-catalyzed aldol reaction in which the aldol product does
not undergo enzymatic or chemical dehydration, is the cross-coupling of propanal and
pyruvate to yield the chiral compound 2-hydroxy-2,3-dimethyl-4-oxobutanoic acid (see
Chapter 3). To the best of our knowledge this compound has not been reported in the lit-
erature before, illustrating that enzyme promiscuity has indeed great promise as a source
of synthetically useful catalytic transformations. In future work, it would be interest-
ing to establish the absolute configuration of this enzymatic product and determine the
enantiomeric excess. If the 4-OT catalyzed aldol reaction turns out to yield highly enan-
tioenriched 2-hydroxy-2,3-dimethyl-4-oxobutanoic acid, it will be of interest to enhance
the activity of 4-OT for this reaction by using the engineering procedure described in
Chapters 4 and 5. If successful, it may lead to a biocatalytic process for the synthesis of
this novel compound.

Finally, it would be interesting to expand the reaction scope of 4-OT with regard
to carbon-carbon bond formation. So far the enzyme has been shown to promiscuously
catalyze various Michael-type additions and different types of aldol reactions (see Chap-
ter 1). It would be fascinating to investigate the possibilities of 4-OT catalyzed carbon-
carbon bond-forming Mannich reactions. In a Mannich reaction an amine reacts with a
carbonyl compound to form an electrophilic imine, which is subsequently attacked by
a carbon nucleophile, generating a new carbon-carbon bond. The Mannich reaction is
a popular reaction for the synthesis of many pharmaceuticals because of the ubiquitous
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presence of nitrogen in these compounds. Our initial experiments showed that the main
challenge in studying 4-OT catalyzed Mannich reactions is the generation of soluble and
stable imines in aqueous buffers. Our mechanistic and structural studies confirmed the
formation of an enamine species between the Pro-1 residue of 4-OT and acetaldehyde.
Thus, chemical or enzymatic formation of imines that are stable in aqueous solutions
(either pre-formed or in situ), and potent to react with the enamine species generated in
4-OT’s active site, may lead to new biocatalytic Mannich reactions that are synthetically
useful.
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Samenvatting en Toekomstperspectieven

1. Het verkennen van enzym promiscuı̈teit voor de formatie van
koolstof-koolstofbindingen

In veel biochemie boeken worden enzymen omschreven als zeer specifiek voor de reac-
tie die ze katalyseren en in hun keuze voor substraten. Toch is er in de afgelopen jaren
steeds meer bewijs gekomen dat erop duidt dat enzymen helemaal niet zo specifiek
zijn en niet alleen verschillende substraten kunnen accepteren, maar zelfs verschillen-
den reacties kunnen katalyseren. Dit fenomeen, waarbij enzymen naast hun biologisch
relevante activiteit ook andere reacties kunnen katalyseren, wordt enzym promiscuı̈teit
genoemd. De promiscue activiteiten zijn vaak niet erg hoog vergeleken met de natu-
urlijke activiteit van een enzym welke onder evolutionaire selectie druk zit. Hoewel
deze secundaire activiteiten vaak niet biologisch relevant zijn, kunnen ze in het geval
van nieuwe selectiedruk een fitness voordeel geven (aan het organisme) waarbij de
promiscue activiteit als startpunt dient voor het ontstaan van een nieuw enzym dat
gespecialiseerd is in die promiscue activiteit. Op die manier wordt gedacht dat enzym
promiscuı̈teit een cruciale rol speelt in de natuurlijke evolutie van nieuwe enzymatische
activiteiten. In dat licht kunnen promiscue enzymen ook dienen als startpunt voor de
laboratorium evolutie van nieuwe biokatalysatoren.

Het tot stand brengen van een koolstof-koolstofbinding is in de organische chemie
een essentiële stap voor het bouwen van nieuwe moleculen. Desalniettemin zijn er
relatief weinig enzymen bekend die als natuurlijke activiteiten belangrijke koolstof-
koolstofbinding vormende reacties kunnen katalyseren zoals Michael-(type) addities,
Henry reacties, Mannich reacties of Knoevenagel condensaties. Daarnaast accepteren al-
dolases, die als natuurlijke activiteit aldolreacties katalyseren, slechts een beperkt aantal
substraten. In de afgelopen jaren zijn een aantal enzymen beschreven die als promis-
cue activiteit deze koolstof-koolstofbinding vormende reacties kunnen katalyseren met
goede tot uitstekende enantioselectiviteit (dit wordt besproken in Hoofdstuk 1). De ont-
dekking van deze promiscue enzym activiteiten is een belangrijke stap in de ontwikkel-
ing van efficiënte biokatalysatoren voor synthetisch bruikbare koolstof-koolstofbinding
vormende reacties.
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2. Formatie van een covalent gebonden enamine op Pro-1 van 4-OT na
incubatie met aldehydes

Het enzym 4-oxalocrotonaat tautomerase (4-OT) is lid van de tautomerase superfamilie.
Dit is een groep van homologe eiwitten die een β-α-βvouwing en een unieke katalytis-
che amino-terminale proline (Pro-1) gemeen hebben. 4-OT is onderdeel van de katabole
route van aromatische koolwaterstoffen in Pseudomonas putida mt-2, waar het de con-
versie van 2-hydroxyhexa-2,4-dienedioaat in 2-oxohexa-3-enedioaat katalyseert. In deze
tautomerisatie-reactie functioneert Pro-1 als een katalytisch base (pKa van Pro-1 ∼6.4)
die het 2-hydroxyl proton van 2-hydroxyhexa-2,4-dienedioaat opneemt en het verplaatst
naar de C5-positie, hetgeen 2-oxohexa-3-enedioaat oplevert.

Wat 4-OT voor ons interessant maakt, is dat het promiscue koolstof-koolstofbinding
vormende reacties kan katalyseren, zoals de Michael-type additie van lineaire ali-
fatische aldehydes aan verschillende alifatische en aromatische nitroalkenen waarmee
waardevolle γ-nitroaldehydes gevormd worden en de cross-aldolisatie van acetalde-
hyde en benzaldehyde wat cinnemaldehyde oplevert. Om inzicht te krijgen in de manier
waarop 4-OT deze onnatuurlijke reacties katalyseert, hebben we H-D uitwisselingsstud-
ies gedaan in D2O en röntgendiffractie studies op 4-OT kristallen (Hoofdstuk 2). Hieruit
kwam naar voren dat H-D uitwisseling in acetaldehyde door 4-OT gekatalyseerd wordt
en dat Pro-1 cruciaal is voor deze activiteit. Met de röntgendiffractie studies hebben we
aangetoond dat de Pro-1 van 4-OT kan reageren met acetaldehyde waardoor een enam-
ine gevormd wordt. Deze resultaten geven bewijs voor een mechanisme van de 4-OT
gekatalyseerde aldol en Michael-type additie reacties waarbij acetaldehyde geactiveerd
wordt voor een nucleofiele additie via een Pro-1 afhankelijke formatie van een enamine
tussenvorm.

Om verder inzicht te krijgen in het mechanisme van 4-OT-gekatalyseerde promis-
cue koolstof-koolstofbinding vormende reacties, is het belangrijk om kristalstructuren
van 4-OT op te helderen in complex met andere donor- (bv alifatische aldehydes) of ac-
ceptorsubstraten (bv benzaldehyde of nitroalkenen) of met producten (bv cinnemalde-
hyde of γ-nitroaldehydes). Dergelijke kristallografische resultaten zouden een belangri-
jke leidraad kunnen vormen voor toekomstige mutagenese studies met als doel om de
activiteit en selectiviteit van 4-OT voor koolstof-koolstofbinding vormende reacties te
verbeteren.

3. Verschillende types van aldolreacties gekatalyseerd door 4-OT

Zoals hierboven beschreven, katalyseert 4-OT de aldolcondensatie van acetaldehyde
met benzaldehyde met als product cinnamaldehyde. In het werk dat in Hoofdstuk 3
beschreven is, was ons doel om te onderzoeken welke substraten 4-OT accepteert in
zowel inter- als intramoleculaire aldolreacties. We hebben aangetoond dat 4-OT ver-
schillende types van aldolreacties promiscue katalyseert, zoals de zelfcondensatie van
propanal, de crosskoppeling van propanal en benzaldehyde, de crosskoppeling van
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propanal en pyruvaat, alsmede de intramoleculaire cyclisaties van hexaandial en hep-
taandial. Mutatie van de katalytische amino-terminale proline (P1A) had tot gevolg dat
deze aldolase activiteiten van 4-OT sterk afnamen, terwijl een mutatie op een andere
aminozuurpositie (F50A) in het actieve centrum tot verhoogde aldolase activiteit van 4-
OT leidde. Dit zorgt voor overtuigend bewijs dat deze aldolisaties in het actieve centrum
van 4-OT plaatsvinden. Een verdere systematische analyse van 4-OT en sterkverwante
tautomerase superfamilieleden waarbij een proline in het actieve centrum aanwezig is
als nucleofiel, kan een bruikbare strategie zijn om compleet nieuwe promiscue aldolase
activiteiten te ontdekken. Deze onnatuurlijke activiteiten kunnen vervolgens gebruikt
worden als startpunt voor de ontwikkeling van nieuwe aldolases voor synthetisch bruik-
bare zelf- en crosskoppeling reacties.

4. Verbetering van de promiscue aldolase activiteit van 4-OT door mid-
del van ’enzyme engineering’

Nadat we hadden vastgesteld dat 4-OT verschillende types aldolreacties kan kataly-
seren, hebben we ons gericht op het verbeteren van deze promiscue activiteiten door
middel van ’enzyme engineering’. Zoals in Hoofdstuk 4 beschreven staat, hebben
we gebruik gemaakt van een systematische mutagenese strategie waarmee we drie
’hotspots’ hebben gevonden (His-6, Met-45 en Phe-50) waar enkelvoudige mutaties lei-
dden tot een sterk verbeterde aldolase activiteit voor de condensatie van acetaldehyde
met benzaldehyde. Opvallend genoeg waren al deze gunstige mutaties dicht bij het ac-
tieve centrum van 4-OT hetgeen ondersteuning biedt voor het idee dat mutaties dicht
bij het actieve centrum efficiënter nieuwe activiteiten verbeteren in een promiscue en-
zym ten opzichte van mutaties verder bij het actieve centrum vandaan. Activiteitsanal-
yses van een toegespitste collectie van mutanten waarin de drie ’hotspots’ simultaan
gerandomiseerd waren, leidde tot de ontdekking van een 4-OT variant met een > 5000-
voudige verbetering in katalytische efficiëntie voor de aldolcondensatie van acetalde-
hyde met benzaldehyde. Deze sterke verhoging in promiscue aldolase activiteit ging
samen met een sterke verlaging in de natuurlijke tautomerase activiteit wat er toe leidde
dat er een > 107-voudige verandering was in reactiespecificiteit. Dit toont aan dat er een
sterke negatieve wisselwerking bestaat tussen de promiscue activiteit en de natuurlijke
activiteit.

We hebben ook aangetoond dat het promiscue enzym 4-OT kan worden aangepast
tot een efficiënter aldolase (M45Y/F50V) voor de zelfcondensatie van kleine alifatische
aldehydes (bv acetaldehyde, propanal en butanal) door een kleine collectie van mutan-
ten te gebruiken waarin slechts twee ’hotspots’ (Met-45 en Phe-50) simultaan zijn geran-
domiseerd (Hoofdstuk 5). Hoewel dezelfde aminozuurposities als ’hotspots’ voor de
cross-condensatie van acetaldehyde met benzaldehyde waren geı̈dentificeerd, leverde
de activiteitsanalyse van de collectie mutanten voor de zelfcondensatie van propanal
een andere 4-OT variant op (M45T/F50A, zie Hoofdstuk 4). 4-OT kan dus op maat
gemaakt worden om verschillende carbonylverbindingen om te zetten en om specifieke
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aldolreacties uit te voeren. In toekomstig werk zou het erg interessant zijn om te testen of
4-OT M45Y/F50V (of misschien verder geëvolueerde varianten) aldolisaties kan kataly-
seren met formaldehyde of gesubstitueerde aldehydes zoals glycolaldehyde en chloroac-
etaldehyde als substraat. Dit kan leiden tot nieuwe aldol verbindingen (bv aldose kool-
hydraten).

5. Concluderende opmerkingen en toekomstige uitdagingen

Het grootste deel van het werk dat beschreven staat in dit proefschrift richtte zich op het
ontdekken en verbeteren van promiscue aldolase activiteiten van 4-OT. Voor het groot-
ste deel van deze 4-OT gekatalyseerde reacties is aangetoond dat zowel de aldolkop-
peling als de dehydratiestap door het enzym gekatalyseerd wordt, wat tot niet-chirale
producten leidt. In toekomstig werk is het daarom van belang om 4-OT varianten te
genereren die alleen de formatie van het aldolproduct katalyseren en niet de daaropvol-
gende dehydratie. Zo zou het, bijvoorbeeld, erg aantrekkelijk zijn om een 4-OT variant
te ontwikkelen die alleen de crosskoppeling van acetaldehyde en chloroacetaldehyde of
de intramoleculaire cyclisaties van hexaandial of heptaandial kan katalyseren zonder de
dehydratie. Deze aldolproducten zijn namelijk waardevolle bouwstenen voor de syn-
these van medicijnen.

Een voorbeeld van een 4-OT gekatalyseerde aldolreactie waarbij het aldolproduct
niet gedehydrateerd wordt is de crosskoppeling van propanal en pyruvaat wat het chi-
rale product 2-hydroxy-2,3-dimethyl-4-oxo-butaanzuur geeft (zie Hoofdstuk3 ). Voor
zover het bij ons bekend is, is deze verbinding niet eerder gerapporteerd in de literatuur,
wat aangeeft dat enzym promiscuı̈teit inderdaad grote potentie heeft als bron voor syn-
thetisch bruikbare katalytische transformaties. In toekomstig werk zou het interessant
zijn om de absolute configuratie en de enantiomere overmaat van dit enzymatisch prod-
uct vast te stellen. Als blijkt dat deze 4-OT gekatalyseerde aldolreactie enantioselectief
is, zou het interessant zijn om de activiteit van 4-OT voor deze reactie te verhogen door
middel van de ’enzyme engineering’ methode die beschreven staat in Hoofdstukken 4
en 5. Als dit succesvol is, kan dit leiden tot een biokatalytisch proces voor de synthese
van deze nieuwe verbinding.

Ten slotte zou het interessant zijn om het substraatbereik van 4-OT te verhogen
voor verschillende koolstof-koolstofbinding vormende reacties. Tot nu toe is gebleken
dat 4-OT meerdere Michael-type reacties en verschillende aldolreacties katalyseert (zie
Hoofdstuk 1). Het zou fascinerend zijn om de mogelijkheden te onderzoeken van 4-OT
gekatalyseerde Mannich reacties. In Mannich reacties reageert een amine met een car-
bonylverbinding wat leidt tot een electrofiel imine; deze wordt vervolgens aangevallen
door een koolstof nucleofiel waardoor een nieuwe koolstof-koolstofbinding ontstaat.
De Mannich reactie is een populaire reactie voor de synthese van verschillende ge-
neesmiddelen omdat er bijna altijd een stikstofatoom in deze verbindingen zit. Onze
initiële experimenten toonden aan dat de grootste uitdaging bij het bestuderen van 4-OT
gekatalyseerde Mannich reacties, het maken van in water oplosbare en stabiele imines
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is. Onze mechanistische en structurele studies bevestigden de formatie van een enam-
ine na een reactie van het Pro-1 residu van 4-OT met acetaldehyde. Dus zou chemische
of enzymatische formatie van stabiele en oplosbare imines (hetzij toegevoegd of in situ
gegenereerd) die potent genoeg zijn om met een enamine in 4-OT’s actieve centrum te
reageren tot een nieuwe biokatalytische Mannich reactie kunnen leiden die synthetisch
bruikbaar is.

143





Acknowledgments

I would never have been able to finish my dissertation without the guidance of my
supervisor, help from friends, and support from my family. Here, I would like to take
the opportunity to acknowledge those who have been supportive in completion of my
PhD journey.

First of all, I would like to express my sincere thanks to my promoter Prof. Dr. Gerrit
Poelarends for offering me a job and giving me the opportunity to work in his research
group. Gerrit, your constant support, guidance and valuable suggestions have been ex-
tremely helpful in completion of this thesis. I have been always amazed by your passion,
enthusiasm and great motivation for science. I never forget our first meeting at the De-
partment of Pharmaceutical Biology in November 2009 when I was surprised by ”a real
scientist who definitely loves his research path and he explains the ongoing projects in
his group with full of passion”. Thank you again for your continuous help throughout
my PhD.

I would like to thank Prof. Dr. Wim Quax for providing me the opportunity to work
at the Dept. of Pharmaceutical Biology and also for his suggestions and remarks during
group meetings.

I am deeply grateful to Dr. Edzard Geertsema for teaching me Organic Chemistry
and for his continuous support during my PhD, and I believe without his help this work
would not have been possible. Edzard, I have learned a lot from you and you were not
only a great teacher, you were a very nice friend as well. I am very thankful for all your
supports during these years.

I would like to thank the members of the reading committee, Prof. Dr. Marco Fraaije,
Prof. Dr. Anna Hirsch and Prof. Dr. Willem van Berkel for spending time in reading and
approving my thesis.

I would like to express my sincere thanks and appreciation to my dear friends Harsh
and Yufeng.

Yufeng, for sure one of the most enjoyable moment that I had in Groningen was the
time that I spent with you and your family. Thank to you and Fumi for warm hospitabil-
ity. It was so amazing to play with your lovely kids, Yuki and Miyu. No words can
describe how grateful I am for your support and help during my entire PhD.

Harsh, you are the most positive and optimistic person I have ever met. I think that
was the reason whenever I encountered difficulties I was sharing them with you. Thanks



Acknowledgments

for always being there, patiently listening to me and being very supportive and always
offering the best advice.

I would like to thank to Jan Ytzen for his great contribution to this dissertation. Jan
Ytzen, I appreciate your hard work and dedication to science. Thanks also for inviting
me to the frisbee competition to play as one of your teammates.

I would like to express my sincere gratitude and appreciation to Hans Raj. Thanks for
keeping the atmosphere of our room lively and joyful. I would like to thank to lovely,
wonderful and very helpful technicians of Pharmaceutical Biology Department: Rita,
Ronald and Pieter. Ronald and Pieter, I am very thankful for all your supports and helps
and for always being ready to answer my questions. Dear Rita, I greatly appreciate your
kindness and I am very thankful for all your supports and being always ready to help
PhD students including me. I believe it would be the best chance for every PhD student
to have an assistant like you.

I also would like to thank the students who have contributed to some of the work
described in this thesis: Thea, Bimal and Pim. Thea, I learned a lot by supervising your
master thesis and I enjoyed so much the time that you worked in our department. I
appreciate your passion for science and I am also very thankful for the time that you
spend to explain your current project to me.

Bimal, I was really amazed by your motivation and high quality of work you did for
your master thesis. I wish you all the best with your future career.

Pim, thanks for your contribution to this dissertation and I wish you all the best with
your future career.

I would like to thank to the former and current colleagues at the department of Phar-
maceutical Biology, Vinod, Ellen, Anna, Gudrun, Pol, Elena, Luis, Carlos, Remco, Mar-
ianna and Jandre, Bert-Jan , Robert, Dan, Emanuele, Ingrid, Ingy, Linda, Putri, Christel,
Jielin, Zainel, Tjie Kok, Baojie, Zheng (Brenda) and Magdalena. I enjoyed all the time
that I spent with you during group meetings, lunch time and social activities specifically
the lab outing days, and thank you all for bringing me lots of joy every day.

I express my sincere thanks to kind and very helpful secretaries of Pharmaceutical
Biology Department, Ivon and Janita. Thank you both for helping me with lots of paper
works and formalities.

I would like to express my sincere thanks to my Iranian friends Mehdi and Aida
and your lovely son Radin, Davood (thank you very much for your wonderful job on
designing the layout of this thesis) and Zohreh and lovely Elman, Yazdan and Marziyeh
and saman jan, Hesam and Zahra, Omid and Soosan, Fareeba and Matthijs, Reza and
Paria, Morteza and Elham, Laaya, Solmaz, Samaneh, Narges, Ahmad and Mohammad.
Thank you for all that happy time and for wonderful memories.

Farhad, doost va ostad e aziz va geramiam, words cannot describe how grateful I am
towards your kindness and your continuous support and help. I have learned a lot from
you va omidvaram yek rooz betavanam dar kenare shoma faaliat e elmiam ra edameh
bedaham.

146



Acknowledgments

My special thanks to Anneke and Dick (rest in peace) for being always so kind to all
Iranian students and for bringing lots of joy and happiness to our community. Dick, you
will always be in my heart and always remembered.

I would like to take the opportunity to thank to my dear friends Soumen and Sutri,
Kushi and Hande.

Last but not least, I would like to express my deepest thanks to my family. I am
really grateful to my mother, my brothers Masoud and Mohammad, my sister Maryam,
and my wife Fatemeh, my father in law, my mother in law and my sisters in law for their
unconditional supports, love and giving me the motivation to follow my own journey.

Mehran
29th of March 2016

147


	Aim and outline of this thesis
	Recent developments in enzyme promiscuity for carbon-carbon bond-forming reactions
	Introduction
	Aldol couplings and condensations
	Michael(-type) additions
	Mannich reactions
	Henry reactions
	Knoevenagel condensations
	Summary, perspectives, and concluding remarks

	Evidence for Formation of an Enamine Species during Aldol and Michael-type Addition Reactions Promiscuously Catalyzed by 4-Oxalocrotonate Tautomerase
	Introduction
	Results and discussion
	Conclusion
	Supplementary Information
	General methods
	Expression and purification of WT 4-OT and 4-OT P1A
	Crystallization of WT 4-OT and 4-OT in complex with acetaldehyde
	Data collection, processing and structure determination
	Crystal structure analysis
	Preparation of NaD2PO4 buffer
	Redissolving WT 4-OT and 4-OT P1A mutant in NaD2PO4 buffer
	1H NMR spectroscopy assay for H-D exchange within acetaldehyde (3)


	Inter- and Intramolecular Aldol Reactions Catalyzed by a Highly Promiscuous Proline-based Tautomerase
	Introduction
	Results and discussion
	Conclusion
	Supplementary Information
	Materials
	General methods
	Expression and purification of WT 4-OT, 4-OT F50A and 4-OT P1A
	UV spectroscopic assay for self-condensation of propanal (3)
	UV spectroscopic assay for dehydration of 3-hydroxy-2-methylpentanal (4)
	Preparation of NaD2PO4 buffer
	Redissolving 4-OT in NaD2PO4 buffer
	1H NMR spectroscopic assay for self-condensation of propanal (3)
	UV spectroscopic assay for cross-coupling of propanal (3) and benzaldehyde (6)
	1H NMR spectroscopic assay for cross-coupling of propanal (3) and benzaldehyde (6)
	1H NMR spectroscopic assay for cross-coupling of propanal (3) and pyruvate (9)
	Chemical synthesis of 2-hydroxy-2,3-dimethyl-4-oxobutanoic acid (10)
	Ethyl 2-hydroxy-2,3-dimethyl-4-oxobutanoate. 
	2-Hydroxy-2,3-dimethyl-4-oxobutanoic acid (10).
	1H NMR spectroscopic assay for retro-aldol activity (conversion of 10 into 3 and 9)
	Chemical synthesis of hexanedial (11) and heptanedial (14)
	UV spectroscopic assay for cyclization of 11 and 14
	1H NMR spectroscopic assay for cyclization of 11 and 14


	Mutations closer to the active site improve the promiscuous aldolase activity of 4-oxalocrotonate tautomerase more effectively than distant mutations
	Introduction
	Results and discussion
	Conclusion
	Supplementary Information

	Engineering a Promiscuous Tautomerase into a More Efficient Aldolase for Self-Condensations of Aldehydes
	Introduction
	Results and discussion
	Conclusion
	Supplementary Information

	Summary and Future Perspectives 
	Exploring enzyme promiscuity for carbon-carbon bond formation
	Formation of a covalent enamine species between Pro-1 of 4-OT and aldehyde substrates
	Different types of aldol reactions promiscuously catalyzed by 4-OT
	Enhancement of the promiscuous aldolase activity of 4-OT by enzyme engineering
	Concluding remarks and future challenges

	Publications
	Samenvatting en Toekomstperspectieven
	Acknowledgments

