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Environmentally friendly industrial and biotech processes
greatly benefit from enzyme-based technologies. Their use is
often possible only when the enzyme-catalytic mechanism is
thoroughly known. Thus, atomic-level knowledge of a Michaelis
enzyme-substrate complex, revealing molecular details of
substrate recognition and catalytic chemistry, is crucial for
understanding and then rationally extending or improving
enzyme-catalyzed reactions. However, many known enzymes
sample huge protein conformational space, often preventing
complete structural characterization by X-ray crystallography.
Moreover, using a cognate substrate is problematic since its
conversion into a reaction product in the presence of the
enzyme will prevent the capture of the enzyme-substrate

1. Introduction

Enzymes are biological catalysts for reactions that in their
absence would proceed very slowly or not at all. They exist in
all living organisms, from bacteria and archaea to plants and
animals, encompassing diverse biological processes, including
digestion, metabolism, and DNA replication. Their function and
substrate specificity depend on their unique three-dimensional
(3D) structure together with an active site where their substrate
is bound and then catalytically converted into a product.™

The efforts to understand the catalytic mechanisms of
enzymes are not driven solely by pure scientific curiosity, but
also by the motivation to develop and improve various fields of
“real life” including drug design, industrial processes, biotech-
nology, and environmental remediation. Drugs such as statins
and ACE inhibitors, used by millions of patients around the
world, target specific enzymes in our body and cause inhibition
or enhancement of enzymatic activity.? Understanding the
mechanism of how enzymes catalyze reactions is crucial for the
design of drugs that specifically target certain enzymes.
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conformation in an activated state. Here, we outlined how to
deal with such obstacles, focusing on the recent discovery of a
Renilla-type bioluminescence reaction mechanism facilitated by
a combination of engineered ancestral enzyme and the
availability of a non-oxidizable luciferin analogue. The auto-
mated ancestral sequence reconstructions using FireProt*®
provided a thermostable enzyme suited for structural studies,
and a stable luciferin analogue azacoelenterazine provided a
structurally cognate chemical incapable of catalyzed oxidation.
We suggest that an analogous strategy can be applied to
various enzymes with unknown catalytic mechanisms and poor
crystallizability.

Enzymes are also widely used in various industrial processes,
such as food production, paper manufacturing, and biofuel
production.”! They are also important tools in biotechnology,
such as DNA sequencing, protein engineering, and
biocatalysis.” In environmental remediation, enzymes are used
for bioremediation of oil spills, heavy metals, pesticides, and
chlorinated contaminations.”’ The use of enzymes is rather
abundant and there is a constant need for new as well as
improved enzyme-based technologies. However, this can only
be effectively achieved when the knowledge of enzymatic
catalytic mechanisms is available.

Enzymatic catalysis is a dynamic process in which an
enzyme undergoes several conformational changes. To obtain a
complete picture of the catalytic mechanism, one often needs
to employ a combination of several different techniques, each
providing a certain piece of information. Structural changes
upon interaction with ligands in a solution can be measured in
real-time by single-molecule fluorescence resonance energy
transfer (smFRET).” The fluorescent signal of two fluorophores
attached to one molecule of an enzyme is sensitive to
conformational changes that are detected by smFRET. Hydro-
gen/deuterium exchange mass spectrometry (HDX-MS),” pro-
vides information of a higher resolution compared to smFRET,
namely resolution on a peptide or even on a single amino acid
level. The principle of HDX-MS is an exchange of labile
hydrogen atoms with deuterium in the enzyme’s solvent-
accessible regions. The difference in deuteration between
enzymes with and without a ligand can reveal key protein
motions and conformational changes induced by enzyme-
ligand interaction. Among scattering techniques, Bio-SAXS
(Small-Angle X-ray Scattering) can provide information about
the overall shape, size, and flexibility of an enzyme-ligand
complex in solution.® A big advantage of the above-mentioned
techniques is the possibility of studying interactions and
dynamics in solution and native conditions. However, they offer
relatively low to medium resolution of enzyme structure
compared to X-ray crystallography, cryo-electron microscopy
(cryo-EM), and nuclear magnetic resonance (NMR). Therefore,
such low to medium resolution techniques are often employed
as a support to other experimental studies,”” and they are
particularly useful in setting constraints in molecular dynamics
simulations and docking studies."”
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A high-resolution 3D structure of the enzyme-substrate
complex is required to understand the catalytic mechanism of
particular enzyme, since this will reveal the interactions
important for the binding and catalytic conversion of the
substrate. Historically, structural biology relied only on exper-
imental methods, including X-ray crystallography, NMR, and
cryo-EM. Nowadays, various computational tools can predict a
protein structure with a certain reliability using template-based
or template-free modeling approaches. Homology modeling,
the template-based approach, requires an experimentally
determined 3D structure of one or more homologous proteins
to build a model of the target structure."” The underlying
assumption is that the 3D structure of the target protein is
similar to one of the templates because of their high degree of
sequence similarity. On the other hand, template-free modeling
(de novo modeling) does not rely on similarity to a known
structure and therefore it can be applied to proteins with rarer
sequences/folds. Today, machine learning-based tools such as
AlphaFold"™ and RoseTTAFold™ are popular de novo modeling
tools in the structural biology community."™ In addition, a
newly presented KarmalLoop' is a deep learning tool designed
to predict loops in protein structure. However, one should keep
in mind that the aforementioned models are only predictions.
Recently, Terwilliger and co-workers reported that only some
AlphaFold predictions match experimental maps closely, while
most differ on a global scale.'® Moreover, it is crucial to bear in
mind that only an enzyme structure is not enough to under-
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stand functional and catalytic mechanisms. A case in point is
the structure of Renilla luciferase (RLuc) which has been known
for over 15years!” but a catalytic mechanism was only
deciphered recently,"® when co-crystallized with a non-oxidiz-
able luciferin analogue called azacoelenterazine (azaCTZ).
Another example is NanoLuc, an even smaller and superior
luciferase, which structure has been known for 7 years"? but a
catalytic mechanism is yet to be reported. On the other hand,
molecular docking and molecular dynamics simulations (MDs)
are computational and cost-effective methods which provide
insight into enzyme-ligand binding mode.*® Molecular docking
can screen thousands of compounds in a short period of time.
However, both molecular docking and MDs may not accurately
consider solvent effects, which can significantly affect ligand’s
binding mode and affinity for a catalytic site. Many times, they
also require binding constraints and structural input of an
enzyme, which are mostly provided by experimental studies.””"”
Therefore, structures and binding modes obtained by computa-
tional tools should be treated as hypotheses and their
experimental validations are essential to conduct proper
scientific investigations. Table 1 summarizes the advantages
and disadvantages of experimental and computational tools for
studying structural insight into enzyme-ligand interaction.
Experimentally, the 3D structure of the enzyme-ligand
complex can be obtained by employing X-ray crystallography,??
NMR?! and cryo-EM.*¥ Most structures deposited in RCSB
PDB™' are solved by X-ray diffraction (~85%), while only ~8%

Dr. Yves L. Janin obtained a Ph.D. in organic
chemistry in 1993 under the guidance of Dr.
Emile Bisagni at the Institut Curie. Following
two years of postdoc at the ICSN, Gif/Yvette
and a year in the Danish School of Pharmacy
in Copenhagen, he then worked six years at
the Institut Curie. After a sabbatical in the
Vitry/Seine Aventis laboratories he then joined
the Institut Pasteur until 2022. He is now
working at the Muséum National d’Histoire
Naturelle in Paris. His interest lies in medicinal
chemistry and design of original biolumines-
cence-based reporting systems.

Dr. Martin Marek received his Ph.D. degree in
- 2007 from the Czech University of Life
Sciences in Prague. After two years of postdoc
at the Wageningen University, he worked six
years at the Institute of Genetics and Molec-
ular and Cellular Biology (IGBMC) in Stras-
bourg. Since 2017, he has worked at the
Masaryk University and the International Clin-
ical Research Center of St. Anne’s University
. Hospital in Brno (FNUSA-ICRC). He wishes to
understand how diverse protein catalysts
catalyse chemical reactions that evolved in
living creatures. To this end, he combines
molecular biology, biochemistry, and structur-
al biology techniques to obtain atomic-level
insights into enzyme structure, function, and
regulation.

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH

35U9D17 SUOWIWOD dA1TERID 3edtjdde au) Ag peuseAoB a2 il YO 38N JO S3|NJ 40y Aiq i auljuO AS]IA UO (SUONIPUOD-PUR-SLUB) 0D A8 1M AleIq 1jpul [UO//:SANY) SUONIPUOD pUe Swid 1 8y} 885 *[£202/TT/ST] uo Akeiqiauliuo A1 ‘AIsIBAIUN YATSe N - SYdezD AQ Si200€202 9199/200T 0T/I0p/LLiod" A3 1M Ake.q 1 jpujuo ado.ne-Ans weyoy/sdny wolj pepeojumod ‘6T ‘€02 ‘6685.98T



Review

ChemCatChem doi.org/10.1002/cctc.202300745

Chemistry
Europe

European Chemical
Societies Publishing

Table 1. Comparison between experimental and computational tools for atomic-level structural characterization of enzyme-substrate complexes.

Methods Advantages

Disadvantages

Experimental tools:
X-ray crystallography, cryo-EM,
and NMR

relevant conformation.

- Screening of conformational space of

the enzyme.

Computational tools:
Molecular docking and molecular

dynamics simulations (MDs) molecular docking.

- Insights into binding modes.
- Possibility to apply to the systems that
may be difficult to study experimentally.

- Providing high-resolution structures.
- Possibility to mimic native conditions.
- High possibility to capture catalytically

- Speed and efficiency: quick screening
of a large number of ligands by

- Time-consuming: Optimization of sample
preparation and measurement conditions.
- Financially-consuming: Materials,
chemicals, instruments.

- Very flexible or disordered regions are not
detected by X-ray crystallography.

- Molecular weight limitations:

NMR < 40-60 kDa; cryo-EM > 50 kDa.

- Dependence on force fields in MDs.

-They may not always fully capture the
complexity of enzyme-ligand interactions.

- Predictions from computational methods
need to be validated with experimental data.
- Usually, they need constraints that are
provided by experimental data.

- Larger the system more computational- and
time-consuming (especially MDs).

- Extremely short time scale in MDs (usually
between 10 ns and 10 ps) compared with
the actual experimental time scale (s, min).

and ~7% of the structures are solved by EM and NMR,
respectively. Nevertheless, the selection of a technique depends
on the specific characteristics of the enzyme-ligand complex
being studied, as well as the available resources and expertise
of the research team. Advantages, disadvantages, requirements,
and directions of technical development of all three techniques
are listed in Table 2. The combination of two techniques in
pursuit of solving a structure of one enzyme is possible as
well?¥ When studying the catalytic mechanism of enzymes, a
high-resolution structure is required. X-ray crystallography was
often preferred over NMR and cryo-EM, but recent progress in
cryo-EM makes it suitable for the determination of atomic-level
structures of enzyme-ligand complexes t00.%**” Solution NMR is
limited to relatively small enzymes. However, technological
advances, especially in solid-state NMR and cryo-NMR, might in
the future elevate this limit. The use of NMR is expanding to
new applications as recently demonstrated by Bhattacharya
et al.”® They identified mutagenic hot spots in enzymes by NMR
and used the information for NMR-guided protein engineering.
In any case, X-ray crystallography can easily achieve atomic-
level resolutions, which is critical for understanding the precise
interactions between the enzyme and ligand and has been
used for decades as a reliable technique. It is appropriate for
the study of a wide range of enzyme-ligand complexes,
including small and large enzymes, soluble and membrane
enzymes, and enzyme complexes with multiple subunits.>*”
Moreover, recent developments in time-resolved serial crystal-
lography allow capturing the enzyme catalysis states on a time
scale, covering the whole catalytic cycle.®”

Nevertheless, X-ray crystallography is a proper approach
only when diffraction-quality crystals of the enzyme-ligand
complex can be obtained. In other words, such a complex has
to be crystallizable. The nightmare of a structural biologist
begins when despite his/her best efforts to find the proper
crystallization conditions, crystals do not grow. This report
describes how to tackle this challenge by employing ancestral

ChemCatChem 2023, 15, €202300745 (4 of 16)

sequence reconstruction (ASR) followed by a resurrection of
ancestral enzymes. It has been shown that ancestral enzymes
often exhibit high thermal stability, high expression yield, and
high crystallizability.®" Although their sequence similarity with
extant enzymes might be low, structure and catalytic machinery
are highly conserved. All these traits make the use of ancestral
enzymes a suitable approach to probe catalytic mechanism by
X-ray crystallography.l'8*™

A Dblueprint of enzymatic catalytic mechanism usually
provides a detailed description of the following steps: (i)
substrate recognition and binding (pre-catalytic), (ii) stabiliza-
tion of a transition state to lower the activation energy required
for the reaction to occur, (i) catalysis, during which enzyme
actively participates in the reaction, either by donating or
accepting protons, electrons, or other chemical groups, and (iv)
product release. To get a full repertoire of these steps, one
should, ideally, “freeze” each of them into a crystal. This task
might be easier when in a particular step co-factors (e.g., metal
ions, vitamins, coenzymes) and/or co-substrates (e.g. ATP,
NADH) are needed. Indeed, with the addition and withdrawal of
such additives, one may navigate the outcome.r? The task
becomes more complex when there are no requirements for
any co-factors and co-substrates or when these are not easily
removed from the medium/protein. In this case, the conversion
of a substrate pool into a product by the enzyme occurs very
quickly (often in a second or minute time frame), therefore, the
pre-catalytic step (substrate recognition and binding) may not
be possible to capture. To tackle this challenge, one has two
options: (i) inactivation of catalytic residue(s) of the enzyme by
mutagenesis, or (ii) use of a substrate analogue that cannot be
catalytically converted. However, there exists a certain risk
when mutating the enzyme, since even a single point mutation
can affect properties of the enzyme beyond the catalytic
activity, such as structure, stability, and even the binding
mode.®’¥ Nevertheless, when one decides on the second
approach, the design of a substrate analogue should be
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carefully planned to avoid altering the binding mode. Here, we
focus on a luciferase substrate coelenterazine (CTZ), one of the
most abundant marine luciferin.®¥ CTZ is in the presence of a
luciferase (an enzyme) and molecular oxygen (O,) converted
into a product called coelenteramide, followed by an emission
of a blue photon.*™ This phenomenon is called biolumines-
cence.

In this review, we introduce ancestral enzymes and show
how different studies benefited from their higher crystallizabil-
ity, to solve diverse fundamental questions. Then, we focus on
Renilla-type luciferase reaction with an emphasis on non-
oxidizable substrate analogue, azaCTZ, which enables the
molecular view of a pre-catalytic step of Renilla luciferase
(RLuc). Collectively, we describe how Schenkmayerova and co-
workers"® exploited a combination of an ancestral enzyme and
substrate analogue (azaCTZ) to decipher the catalytic mecha-
nism of Renilla-type bioluminescence.

2. Engineering of ancestors as an approach to
overcome poor crystallizability of extant
enzymes

Ancestral enzymes were encoded by organisms that existed
thousands, millions, or even billions of years ago. Nowadays,
these organisms (and consequently their enzymes) are extinct.
Although the resurrection of a woolly mammoth is still a work
in progress,®? the resurrection of ancestral enzymes is already
possible and accessible to a broad scientific community.?”!

The process of acquiring the sequence of ancestral enzymes
is known as ancestral sequence reconstruction (ASR). This is a
probabilistic method that determines sequences of the extinct
genes from which the extant genes evolved. ASR requires
several steps: (i) creating a set of biologically relevant homolo-
gous sequences of extant enzymes from genomic databases, (ii)
creating a multiple-sequence alignment (MSA) and a phyloge-
netic tree, and (iii) employing maximum-likelihood® and/or
Bayesian inference® algorithms to infer the ancestral sequence
from MSA and phylogenetic tree. The maximum-likelihood and
Bayesian inference algorithms are accessible to the community
via many tools developed over the years. However, for non-
expert users, the limiting steps are acquiring the MSA of
selected homologs and the rooted phylogenetic tree. Freely
available web server FireProt**f“” combines all these steps in a
fully automated workflow in which the only input of the user is
the sequence of the queried enzyme, and it does not require
any particular expertise from a user.

The general workflow of ASR is shown in Figure 1, with the
example of the reconstruction of a common ancestor from
structurally similar but functionally distinct enzymes: haloalkane
dehalogenases (HLDs) and Renilla luciferase (RLuc).*” Phyloge-
netically, RLuc belongs to subfamily Il of HLDs (HLD-II).
Structurally, HLDs and RLuc share a common fold typical for o/p
hydrolases. However, RLuc has developed a catalytically distinct
activity towards monooxygenation, which results in biolumines-
cence in the presence of cognate luciferin substrate known as
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coelenterazine (CTZ). On the other hand, all HLD family
members possess dehalogenase activity, in which the carbon-
halogen bond is cleaved in halogenated hydrocarbons. To
predict a common ancestor of extant RLuc and HLDs-Il,
Chaloupkova and co-workers employed the ASR strategy.”” The
resulting ancestral enzyme, named Anc"®~™“, shares 48% and
56% identity with sequences of the extant enzymes LinB
(typical member of HLD-Il) and RLuc8 (a stabilized eight-point
mutant of RLuc), respectively. Although Anc™®~"“ has a low
sequence identity, its structure closely resembles that of its
descendants. Additionally, Anc™P~®““ shows a promiscuous
catalytic nature by the ability to perform both monooxygena-
tion (luciferase) and dehalogenation reactions, although its
luciferase activity is low. Many other studies reported similar
observations that ancestral enzymes often exhibit substrate or
even catalytic promiscuity.*? Ancestral enzymes can also exhibit
a higher k., and enzymatic efficiency than extant enzymes, as
Lin et al"¥ demonstrated for ancestral Rubiscos.

The second striking trait of ancestral enzymes is their higher
thermal stability compared to their extant enzymes.*?**4 More-
over, they often show a higher solubility and expression
yield.B'#P 43! These traits increase the probability of a successful
crystallization and this is reflected in the rising number of
deposited crystal structures of ancestral enzymes (Table 3).
Schriever and co-workers®' illustrated the strategy to over-
come the non-crystallizable nature of extant spiroviolene
synthase (SvS). By employing ASR, they obtained a sequence of
an ancestral enzyme which was more soluble, expressible, and
crystallizable than extant SvS and it resulted in a high-resolution
crystal structure of ancestral SvS. Although the first attempt to
use this crystal structure for a homology modelling failed, a six-
point mutant of the ancestral enzyme resulted in a crystal
structure that was successfully employed in homology model-
ing to gain the 3D structure of the extant SvS.

Similarly, Nicoll and co-workers®"™ employed ASR to over-
come the non-crystallizable nature of extant mammalian flavin-
containing monooxygenases (FMOs). Extant mammalian FMOs
are insoluble and reside in the membranes of the endoplasmic
reticulum. Despite countless failed crystallization attempts of
extant human FMO3 and FMO5, they successfully crystallized
and determined structures of ancestral enzymes, AncFMOs.
With this approach, they unveiled the structural basis of
function in mammalian FMOs. They concluded that ancestral
proteins should be routinely considered a protein crystallization
tool. Furthermore, the recently published review by Nicoll et
al*® depicts the impact of ancestral enzymes on unveiling
catalytic mechanisms.

The promiscuity and crystallizability of ancestral haloalkane
dehalogenases (HLDs) were thoroughly investigated by Babko-
va and co-workers.****” |In two studies, they resurrected five
ancestral HLD enzymes in order to study substrate promiscuity
and thermal stability,*” structural features by X-ray crystallog-
raphy and conformational dynamics using molecular dynamics
simulations.””” They could demonstrate that promiscuous
ancestral HLDs show significantly improved thermodynamic
stability and restricted conformational dynamics compared to
extant HLDs, which is in favor of crystallization.
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Figure 1. Workflow of ancestral sequence reconstruction (ASR). The depicted example represents a reconstruction of Anc

HLD-RLic 3 putative common ancestral

enzyme of modern-day haloalkane dehalogenases (HLDs) and RLuc luciferase that exhibits dual-function catalytic activity (dehalogenation and
monooxygenation).*" The following steps are depicted: Step 1 (creating a set of biologically relevant homologous sequences of extant enzymes from
genomic databases), step 2 (multiple-sequence alignment), step 3 (creating a phylogenetic tree), step 4 (employing maximum-likelihood (ML) and/or Bayesian
inference (BI) algorithms to infer the ancestral sequence), and step 5 (production of an ancestral enzyme in the lab).

Although the sequence similarity of ancestral enzymes
might be low compared to extant enzymes, their structure and
catalytic machinery are typically conserved.”'*" Together with
their high thermal stability, high expression vyield, high
solubility, and crystallizability, reconstructed ancestral enzymes
thus represent excellent scaffolds to probe the underlying
catalytic mechanism by X-ray crystallography. However, when
the enzyme of interest is an intrinsically disordered protein
(IDP), X-ray crystallography is not the right choice. IDPs lack
ordered 3D structure and they explore a large conformational
space, which makes them non-crystallizable. Usually, IDPs have
evolved so rapidly that ancestral sequence reconstruction (ASR)
cannot be employed.”® Other limitations of ASR for IDPs
include difficulty in identifying functional regions within
disordered regions, and limited availability of homologous
sequences due to high sequence variability. Strikingly, IDPs
represent over one-third of the eukaryotic proteome”” and
they participate in many physiological and pathophysiological
functions, therefore, they are the focus of various studies,
especially as drug targets."” On the other hand, nuclear
magnetic resonance (NMR) has been successfully applied in
many IDP-ligand interaction studies, making NMR the method
of choice for IDPs.®"
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3. Chemical tools for structural studies of
coelenterazine-using luciferases

Bioluminescence, a phenomenon involving the emission of light
by living creatures, has fascinated scientists for a long time. The
emitted light is generated via oxidation of a substrate (luciferin)
and the process is catalyzed by an enzyme (luciferase). Nowa-
days, there are around 40 known luciferase-luciferin systems,
many of which are widely exploited in biochemistry, agriculture,
hygiene control, medicine, art, etc.®® Futuristic predictions
suggest that bioluminescent plants will replace streetlights and
night lamps in our homes.%*"

As mentioned above, the structural and mechanistic studies
of many enzymes have greatly benefited from the use of
chemical probes, which enable to go beyond the conformations
these can adopt in their apo forms. Such tools were usually
designed to mimic the substrates without undergoing the
reaction catalyzed by the enzyme and actually inhibit its
process. Other compounds can affect the function of the
enzyme via allosteric interactions. In both instances, NMR-based
or, when successfully co-crystallized, diffraction-based investiga-
tions often provided precious mechanistic insights. In the case
of coelenterazine (1) using enzymes, the X-ray-based resolution
of the structure of the photoprotein aequorin, which is binding
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85U80|7 SUOWWOD aA1ea1D 3qedljdde au Aq peusenob ase e YO ‘88N JO S8|nJ 10y ArIqIT 8UIIUO /8|1 UO (SUOTPUCO-pUR-SUB) D" A8 | 1M ATeIq 1 [Bul [UO//:SANY) SUOIPUCD pue swid | 8y 88s *[£20z/TT/ST] o ArigiTauluo A ‘AseAIuN 3AESe N -SyoezD Aq Si200£202 9199/200T 0T/10p/LLioo" A8 |m Areiq 1 jpuljuoadone-Ansiweyo//sdny wolj pepeojumod ‘6T ‘€402 ‘668€.98T



ChemCatChem

Review

doi.org/10.1002/cctc.202300745

Chemistry

Europe

European Chemical
Societies Publishing

Table 3. Collection of ancestral enzymes whose crystal structures were exploited in various research fields.

Extant enzyme/
Extant enzyme family

Ancestral enzyme
(PDB ID)

Exploitation of structure Reference

Spiroviolene synthase (SvS) SvSA2 (6TBD)

SvS-A2 surface variant (6TIV)

AncHLD2 (6Y9E)
AncHLD3 (6Y9F)
AncHLD5 (6Y9G)

AncHtPRLe (6G75)

Haloalkane dehalogenases (subfamily HLD-II)

Haloalkane dehalogenase (HLD-II)
Renilla luciferase (RLuc)

AncFT (6597)

TEM-1 B-lactamase GNCA (4B88)

ENCA (3ZDJ)

ancMT (5K27)
ancMT E72A (5KKG)

AncMsPFK-F6P (6X10)

ADP-dependent sugar kinases

Flavin-containing monooxygenases (FMOs) AncFMO?2 (6SEM)

AncFMO3-6 (6SE3) AncFMO5 (6SEK)

Firefly luciferase AncLamp (6K4C)

LeuB/3-isopropylmalate dehydrogenase Anc4 (3UTH)

Metallo-B-lactamase family Igni18 (6HRG)

Cytochrome P450 1B subfamily

Bacterial ribonuclease H1 (RNH) AncC (4LY7)

AncMDH?2 (4PLW)
AncLDH* (4PLG)
AncMDH2-INS (4PLY)

ANCT (5G3Y)
ANC3 (5G32)
ANC4 (5G41)

Lactate dehydrogenases (LDHs)

Adenylate kinase

Ancestral CYP1B1 (60YU, 60YV)

Obtaining crystallizable ancestral enzyme. Bral

Homology model. Mechanistic basis of
enzyme’s promiscuity. Rational design.

Insight into restricted conformational 7

dynamics of ancestral enzymes.

Structural insight of catalytically i

promiscuous ancestral enzyme.

Improvement of luciferase activity by toal

transplantation of dynamic fragment from
extant RLuc to ancestral Anc™°fe,

Structural insight into catalytic nel

mechanism of RLuc-CTZ system.

Insight into thermal hyperstability 1422l

and substrate promiscuity of ancestral
enzymes.

Insights into the evolution of enzyme 2

function and substrate specificity.

Obtaining structure of ancestral 2

enzyme-F6P complex.

Revealing key residues for binding,
catalysis, and ligand-induced
conformational changes.

Obtaining soluble and crystallizable B1b]

ancestral enzyme.
Structural basis of function in
mammalian FMOs.

Evolution of luminescent color in fireflies. 531

Investigation of the evolution aael

of thermophily.

Identification of enzyme variable regions 42el

accounting for modulation of activity,
specificity, and oligomerization patterns.

Investigation of key features that 54

contribute to thermostability.

The evolution of diverse thermostability 9l

in extant RNHs.

Evolution of apicomplexan lactate 56l

dehydrogenases.

Mechanism of thermo-adaptation of 7]

enzyme catalysis in adenylate kinases.

the hydroperoxycoelenterazine (2) was one of the achievements
of Osamu Shimomura research group (PDB ID: 1EJ3).%” This
structure, which demonstrates the occurrence of this hydrox-
yperoxide intermediate, nicely confirmed the oxidative decar-
boxylation process, catalyzed by many types of luciferases.”™ As
depicted in Scheme 1 in the case of the many coelenterazine-
using marine luciferases it proceeds via the two per-oxidated
intermediates 2 and 3 and thus transforms coelenterazine (1)
into coelenteramide (4) and carbon dioxide along with the
emission of a blue photon.

Many structures of semisynthetic aequorins binding hydro-
peroxydated coelenterazine analogues depicted in Figure 2,
PDB ID: 1UHH-binding 5, TUHI-binding 6, 1UHJ-binding 7,
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1UHK-binding 8% and PDB ID: 5ZAB-binding 9°?*, were then
reported as well as structures of other photoproteins binding
the hydroperoxide 2, such as Mitracona (PDB ID: 4NQG), Clytin
(PDB ID: 3KPX)®? or Obelin (PDB ID: 1JFO or 1SL9, 1EL4,¥
1JF2,% 1Qv0 and 1QV1,*® 4N1F and 4MRX).*® All these
provided remarkable insights in the binding mode of coelenter-
azine to the photoproteins, but a crucial aspect is that these
enzymes are a special case of luciferase which “freezes” after
the peroxidation of coelenterazine (1). Then, the trapped
hydroperoxide (2) will not undergo the oxidative decarboxyla-
tion process leading to coelenteramide (4) and a photon until a
calcium salt is added. This property was instrumental in the
success of these co-crystallization experiments, which were
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Scheme 1. Two stages of the catalytic oxidative decarboxylation of coelenterazine (1) into coelenteramide (4) via per-oxidated intermediates (2 and 3).

conducted in the absence of calcium salts. In fact, more recent
work led to an Obelin structure binding compound 10 (PDB ID:
703U), and upon the addition of a calcium salt, structures of
Obelin binding the fully hydrolyzed reaction products 11 (or
coelenteramide (4), from coelenterazine) were obtained (PDB
ID: 8A9S and 1536).%” On the other hand, the structural studies
of “true” coelenterazine-using luciferases have been greatly
hampered by the fact that these are instantly consuming
coelenterazine (1). Indeed, co-crystallization experiments with
the Renilla luciferase (RLuc) and coelenterazine (1) led to
structures in which the luciferase is binding coelenteramide (4)
(see PDB ID: 2PSJ,*® 6YN2,°? and 70MR"™) or the fully hydro-
lyzed reaction product coelenteramine (12) (PDB ID: 70MQO"#),
Concerning apo luciferases, the growing interest in biolumines-
cence-based reporting systems provided the impetus leading to
X-ray-based structures of the RLuc (PDB ID: 2PSE, 2PSF, 2PSD,
2PSH, and 2RH7)*¥ and the NanoLuc/NanoKAZ luciferase, which
is derived from the catalytic subunit of Oplophorus luciferase,
(PDB ID: 51BO, 7MJB, 7SNR, 7SNS, 5B0 U™ or 7VSX™). Moreover,
the NMR-derived structure of the apo Gaussia luciferase was
also reported (PDB ID: 7D20).7 One of the potential interests
of these studies is to provide clues on how to modify the
luciferin and/or the catalytic site of these luciferases in order to
improve their bioluminescence properties. Securing apo struc-
tures is a good start toward such a goal. However, obtaining
structures of luciferase binding small molecules is also of real
importance, especially to provide information on the proceed-
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ing of these catalyzed reactions. Accordingly, attempts were
made to undertake structure-based studies using inhibitors of
the corresponding luciferase as well as compounds more
closely related to coelenterazine (1). For the first approach, the
earliest report was made in the course of a conference which
described the X-ray-based structure of NanoLuc binding
compound 13 (Figure 3)."" Compound 13 is an example in a
series of NanoLuc inhibitors patented”? and then described for
their potential use as cell-permeable or impermeable tools in
bioluminescence-based multiplexing experiments.”® Unfortu-
nately, the X-ray-based structure of triamide 13 bound to
NanoLuc has yet to be published. Interestingly, Nanoluc
inhibition by various compounds, sulfamides being recurrent,
has been described””¥, and one sulfamide series, illustrated by
compound 14, was patented.” Finally, a recently posted X-ray-
based structure of NanoLuc binding the sulfonic acid derivative
15 (PDB ID: 7SNW) should lead to an interesting publication. In
the absence of such reports, we can at least state that these
structures could provide crucial information, not only on the
light production mechanism of this luciferase but also on the
class of compounds which may inhibit this enzyme and thus
hamper high throughput screenings and/or diagnostics based
on this technology. Concerning inhibitors structurally related to
coelenterazine (1), an early report actually described the strong
inhibition of RLuc luciferase by coelenterazine sulfate 16."%
Further research aiming at probing the catalytic site of
coelenterazine-using luciferase, led to the synthesis and
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Figure 2. Structures of compounds 5-12.

enantiomer separation of stable transition state analogues such
as the ketones and hydroxymethyl-bearing derivatives 17 and
18.77 The ketones turned out to be strong inhibitors of the
RLuc””?, and more recent work reported the stereoselective
inhibition of the regeneration step of the photoprotein
aequorin by both (S) enantiomers of 17 and 18. Moreover, the
crystal structures of aequorin binding these compounds were
resolved (PDB ID: 7EG3-binding (S)-17 and 7EG2-binding (S)-
18).779 Further research with these chemical probes then
demonstrated that these coelenterazine analogues were also
inhibiting various luciferases derived from the catalytic subunit
of Oplophorus luciferase as well as Gaussia or RLuc.*® However,
attempts to co-crystallize these compounds with the reverse
mutant of NanoLuc/nanoKAZ (QL-nanoKAZ) were, so far, not
successful.®”

ChemCatChem 2023, 15, €202300745 (10 of 16)

In the course of a similar strategy, we designed azacoelen-
terazine (azaCTZ, 18) which features nitrogen in place of the
carbon subject of oxidation in coelenterazine (1). This com-
pound turned out to be quite insoluble, and this probably
explained its rather modest inhibition of Gaussia luciferase.”
However, NMR-based studies of its interaction with this
luciferase provided some insights into their dynamic interac-
tion’s complexity.”® Indeed, this chemical shift perturbations-
based approach not only detected amino acid residue near or
part of a hydrophobic cavity which is likely to be the catalytic
site of Gaussia luciferase but also highlighted the involvement
of more remote regions, which hints at large protein move-
ments taking place upon an initial luciferin binding. Moreover,
as described in far more detail in this review, azaCTZ (18)
turned out to be quite useful for diffraction-based investiga-
tions of RLuc as well as NanoLuc/nanoKAZ luciferases (PDB ID:
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85U80|7 SUOWWOD aA1ea1D 3qedljdde au Aq peusenob ase e YO ‘88N JO S8|nJ 10y ArIqIT 8UIIUO /8|1 UO (SUOTPUCO-pUR-SUB) D" A8 | 1M ATeIq 1 [Bul [UO//:SANY) SUOIPUCD pue swid | 8y 88s *[£20z/TT/ST] o ArigiTauluo A ‘AseAIuN 3AESe N -SyoezD Aq Si200£202 9199/200T 0T/10p/LLioo" A8 |m Areiq 1 jpuljuoadone-Ansiweyo//sdny wolj pepeojumod ‘6T ‘€402 ‘668€.98T



Review

ChemCatChem

doi.org/10.1002/cctc.202300745

Chemistry
Europe

European Chemical
Societies Publishing

ST ata

(0]
\S / O/
0
O// “OH HO

17:R=H
18: R = CH,OH

/ﬂ
fo!

__ 0
N_ N
pUe
N

20

Figure 3. Structures of compounds 13-20.

7QXR, 70MD, or 7OME)."®*” Finally, as a conclusion of this
section, the recently released X-ray-based structure of NanoLuc/
nanoKAZ binding the 3-methoxy-furimazine derivative 20 (PDB
ID: 7SNT) is certainly heralding even more results in this
research domain.
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16

4. Case study: the delineation of the molecular
mechanism of Renilla-type catalysis

One of the widely exploited bioluminescent systems is based
on a luciferase isolated from the sea pansy, Renilla reniformis.”®”
As illustrated above (Scheme 1), Renilla luciferase (RLuc) is a
cofactor-independent monooxygenase which catalyzes the
conversion of coelenterazine (CTZ, 1) to coelenteramide (CEl, 4),
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and as a result, it emits blue light (~480 nm).®" The RLuc8,"""*?
an eight-point mutant amenable to crystallization as opposed
to wild-type RLuc, is commonly used in research labs.”® Even
though the RLuc-CTZ system has already been known for over
40 years, the catalytic mechanism of RLuc was deciphered only
recently by Schenkmayerova and colleagues."® The two major
obstacles that have been keeping scientists from unraveling the
Renilla-type catalytic mechanism were: (i) the lack of stable non-
oxidizable CTZ analogue prevented the acquisition of the pre-
catalytic enzyme-substrate complex in catalytically favored state
and (ii) intrinsic flexibility and malleability of the catalytic
pocket of extant RLuc enzymes complicated the crystallization
attempts. These two obstacles were addressed and overcome in
the recent ground-breaking study by Schenkmayerova and co-
workers."® They successfully captured crystallographic snap-
shots of pre- and post-catalytic ligand-bound luciferase com-
plexes, which were crucial to unravel the underlying catalytic
mechanism.

This was achieved with the use of the non-oxidizable CTZ
analogue, azaCTZ (19) which was already described in the
previous section. In CTZ the C2 core carbon atom is attacked by
O, during the monooxygenation reaction. Therefore, C2 is
replaced by a nitrogen atom in azaCTZ to prevent an O, attack,
and consequently, it is protected from catalytic conversion. The
synthetic pathway of azaCTZ was published in ref."®. After a
successful design of azaCTZ, the co-crystallization of RLuc8
mutants in the presence of excess azaCTZ or CTZ was under-
taken. CTZ was predictably converted into the post-catalytic
product CEl (coelenteramide, 4) or CMN (coelenteramine, 12, a
less common product) while azaCTZ (19) remained bound in a
pre-catalytic state. Crystallization studies with extant RLuc
variants highlighted its active-site pocket’s high flexibility and
malleability. This was the most pronounced in the case of the
azaCTZ-bound enzyme complex, where up to three azaCTZ
molecules bound to the same active pocket were observed
(Figure 4A). All in all, those structures demonstrated that extant
RLuc explores a large conformational space due to its intrinsic
flexibility. This feature might be important in further steps of
catalysis (e.g., unbinding of the product), but it complicated the
attempts to obtain the structure of the catalytically favored
Michaelis enzyme-substrate complex. To overcome this flexibil-
ity, they employed in-lab engineered ancestral enzyme AncFT,
which was proven to have a more rigid structure than extant
variants.”? AncFT has been engineered from the ancestral
enzyme Anc™PRc (see section 2 and ref.”"). The loop-helix
fragment (L9-04) of thermostable ancestor Anc™P-f“c was
replaced (transplanted) with the corresponding fragment L9-a4
from the extant RLuc. This fragment transplantation resulted in
an engineered ancestor AncFT which exhibited a substantially
improved luciferase activity.”” Then, co-crystallization of AncFT
with azaCTZ or CTZ provided structures of substrate- and
product-bound enzyme complexes in catalytically favored
conformation (Figure 4A)."¥ These structures revealed the key
molecular interactions between enzyme and luciferin mole-
cules. With the help of complementary kinetic and molecular
dynamics studies, they were able to propose a full picture of
CTZ-to-CEl conversion. As summed up in Figure 4B, four major
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steps taken in order to discover this catalytic mechanism were:
(i) reconstruction of Anc™®-"< scaffold,”" (ii) engineering high-
performance AncFT luciferase from Anc™P-"<® (jii) design and
synthesis of non-oxidizable CTZ analogue (azaCTZ2),"® and (iv)
co-crystallization of AncFT with azaCTZ.""®

The benefits expected when employing ancestral enzymes
and/or substrate analogues are summarized in Figure 5. Many
ancestral enzymes show their promiscuous nature by binding
various substrates? or even catalyzing various reactions,***"
unlike their descendants who developed substrate and catalytic
specificity. However, a disagreement between studies can be
noticed when their promiscuity is explained based on their
intrinsic flexibility. On the one hand, studies on promiscuous
ancestral HLDs (AncHLDs)“* show that AncHLDs exhibit less
flexible structures compared to their descendants.*” This was
further confirmed by the low intrinsic flexibility seen for
ancestral AncFT in comparison with its more flexible descend-
ant counterpart (RLuc)."™® On the other hand, studies on the
promiscuous ancestral B-lactamases**®! show higher intrinsic
flexibility than their descendants. However, this did not affect
the growth of crystals which were obtained with sufficient
quality to solve the 3D structure.** In any case, the degree of
confusion provided by these somehow different observations is
of interest and points out a direction for future studies.

5. Conclusions

A famous quote: “If you want to understand function, study
structure” by a co-discoverer of DNA structure Francis Crick
shows the direction for protein engineers and researchers in
their pursuit to decipher the catalytic mechanism of enzymes.
However, knowing only the molecular structure of enzymes is
not enough to achieve this goal. Therefore, one must acquire
structural knowledge of the enzyme-ligand complex, which
reveals key molecular interactions important for catalysis. X-ray
crystallography is the most exploited technique for this matter,
as it routinely provides structures at atomic-level resolution.
However, a bottleneck can be obtaining diffraction-quality
crystals, which might be impossible when the enzyme is not
prone to crystallize. Another obstacle in obtaining a complete
blueprint of the catalytic mechanism is the uncontrollable
conversion of a substrate into a product in the presence of an
enzyme, which disables studying pre-catalytic conformations.

In this review, we outlined how to deal with these two
challenges and demonstrated that (i) highly stable and
crystallizable ancestral enzymes can replace a non-crystallizable
extant enzyme of interest to study catalytic mechanism, and (ii)
a substrate analogue, mimicking as much as possible the
cognate substrate, can lead to pictures of the pre-catalytic step.
Ancestral sequence reconstruction is now accessible to non-
experts thanks to fully automated web servers, like FireProt"*,
We suggest that the outlined strategy generally applies to
many enzymes with unknown catalytic mechanisms.

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Resurrection of ancestral protein AncH'P-Rtuc

(Extant enzyme)

PROCESS: Resurrection of Anct->-R-¢ an ancestor common
to haloalkane dehalogenases Il (HLD) and Renilla-luciferase
(RLuc).

OUTCOME: Ancestral protein Anc™:2-Ree with a good HLD
activity but low luciferase activity.

REFERENCE:
Chaloupkova et al. (2019). ACS Catal., 9, 4810-4823

PROCESS: Transplantation of dynamic fragment (L9, a4) from
RLuc8 into AncH-P-Rte has resulted into AncFT.

OUTCOME: New protein AncFT has a good HLD activity and
an improved luciferase activity.

REFERENCE:
Schenkmayerova et al. (2021). Nat. Commun.,12, 3616

Engineered ancestral
enzyme

Design and synthesis of CTZ analogue (azaCTZ)

substitution

Iy
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PROCESS: Substitution of a ring C-atom with N-atom.
OUTCOME: Non-oxidizable CTZ analogue (azaCTZ).

REFERENCE:
Schenkmayerova et al. (2023). Nat. Catal., 6, 23-38

Combination of AncFT and azaCTZ

AncFT-azaCTZ complex

PROCESS: Co-crystallization of the AncFT with azaCTZ.

OUTCOME: Arigid structure of AncFT ensures catalytically
favorable conformation. Aza-CTZ provides an isight into a
precatalytic step.

REFERENCE:
Schenkmayerova et al. (2023). Nat. Catal., 6, 23-38

Figure 4. (A) Structure of the extant enzyme (RLuc8, PDB ID: 7OMD) and the engineered ancestral enzyme (AncFT, PDB ID: 7QXR) in a complex with azaCTZ.
Three azaCTZ molecules are bound in a voluminous pocket of the extant enzyme RLuc8. On the other hand, the rigid nature of the engineered ancestral
enzyme AncFT provides a catalytically favorable complex. (B) The workflow of the RLuc-CTZ case. Four major steps were taken in order to acquire structural
insight into RLuc-CTZ catalytic activity. The resurrection of the ancestral enzyme using FireProt** (step 1“"), an improvement of luciferase activity of the
ancestral enzyme (step 2°%), a design and synthesis of azaCTZ (step 3"®)), and a co-crystallization of the ancestral enzyme AncFT with azaCTZ to obtain the

biologically relevant pre-catalytic state (step 4"%).
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