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“If you want to go fast, go alone.
If you want to go far, go together.”
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AA: auxiliary activity

AAD: aryl-alcohol dehydrogenase
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ABTS: 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
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CAZy: carbohydrate active enzymes

CDH: cellobiose dehydrogenase
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LME:s: lignin-modifying enzymes
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MtCDH: cellobiose dehydrogenase from Myriococcum thermophilum
P20: pyranose 2-oxidase

PDH: pyranose dehydrogenase

PcGDH: glucose dehydrogenase from Pycnoporus cinnabarinus
PcGDH-GLC: glucose-bound PcGDH

PcGDH-LMB: laminaribiose-bound PcGDH

r.m.s.d.: root-mean-square deviation

SBS: external sugar-binding site

TmP20: pyranose 2-oxidase from Trametes multicolor

In all Figures amino acid residues are indicated with the one-letter code.



Chapter 1

Introduction

1.1 Glucose dehydrogenase and glucose oxidase: substrate specificity and

biological relevance

Glucose dehydrogenase (GDH) and glucose oxidase (GOX) belong to the
oxidoreductase superfamily (EC 1.1). These enzymes are named after their
ability to catalyze electron transfer reactions from a donor (reductant) to an
acceptor (oxidant) molecule, generally using nicotinamide adenine
dinucleotide (phosphate) - NAD(P) - or flavin adenine dinucleotide - FAD - as
cofactors. Their catalytic cycle can be divided into two half-reactions,
depending on whether the enzyme acts as the reducing or the oxidizing agent.
In the first half-reaction the enzyme in the oxidized resting state is reduced by
the primary electron donor; in the second half-reaction the reduced enzyme
acts as the secondary electron donor, transferring electrons to an external
(secondary) electron acceptor.

While GOXs always use FAD as the cofactor, GDHs represent a much more
heterogeneous family, in which the redox nonprotein component can be
NAD(P), FAD, or pyrroloquinoline quinone (PQQ), depending on the function
and the organism in which they are expressed’. For both GDH and GOX the
primary electron donor is a sugar substrate that provides electrons from the
reducing hydroxyl end, i.e. the anomeric end. In most cases these enzymes
show preferential activity toward D-glucose, which is converted into D-
glucono-o-lactone. On the other hand, GDH and GOX transfer electrons to
different secondary electron acceptors: in general, oxidases utilize molecular

oxygen, producing hydrogen peroxide, while dehydrogenases transfer

3



electrons to various natural or artificial redox partners (Fig. 1.1). GOXs and
only FAD-dependent GDHs belong to the flavoproteins superfamily known as
glucose-methanol-choline (GMC) oxidoreductase? 3

GOX is a B-D-glucose:oxygen 1-oxidoreductase (EC 1.1.3.4) expressed in
fungi and insects. The biochemical properties of GOX have been extensively
characterized. The catalytic efficiency has been examined on fifteen different
hexoses and derivatives to understand which structural features of the substrate
are essential for catalysis; D-glucose is by far the preferential substrate,
showing a 20-fold higher affinity and a fivefold higher turnover rate compared
to other monosaccharides. The pyranose ring oxygen and equatorially oriented
hydroxyl groups at position 1 and 3 proved to be of importance for the enzyme-

substrate complex formation?.
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Figure 1.1. Catalytic cycle of GDH and GOX. Both enzymes accept electrons from D-glucose, which is
oxidized at the C1 position and converted into D-glucono-d-lactone, resulting in the reduction of the
cofactor FAD. In GOX the secondary electron acceptor is molecular oxygen, which is converted into

hydrogen peroxide;, GDH instead transfers electrons to various different electron acceptors like
quinones (Q). Hydrogen ions and electrons are omitted in the reaction scheme.



Nevertheless, the enzyme is able to act only on the  anomer of glucose, the
mutarotation of the o form being rate limiting’. The pH dependency of glucose
oxidation has been investigated for different GOXs and in all cases the
optimum value is 5.5% . The main biological function of GOX is to act as an
anti-bacterial and anti-fungal agent through the production of hydrogen
peroxide’. In the first reports after its discovery GOX was known as the anti-
bacterial agent “notatin” since it was isolated from Penicillium notatum?. For
example, in insects GOX is secreted from the hypopharyngeal gland of the bee
into the nectar in order to provide acidic conditions and hydrogen peroxide,
which are necessary to preserve honey’. The role of this enzyme in fungi
includes assisting in plant infection and lignin degradation: once hydrogen
peroxide is produced by GOX, it can be exploited by peroxidases to catalyze
the oxidation of a variety of lignin model compounds’® /7.

GDHs are classified according to the primary electron acceptor: NAD(P)-
dependent GDHs are categorized in the EC 1.1.1 group, those utilizing PQQ
are classified as EC 1.1.5, while the remaining GDHs belong to the EC 1.1.99
group, which includes those enzymes that utilize FAD as the cofactor. The
systematic name that identifies the members of the latter group is D-
glucose:acceptor 1-oxidoreductases since they use a variety of external
electron acceptors, the FAD cofactor acting as the intermediary redox center.
FAD-dependent GDHs have been found expressed in the periplasm of Gram-
negative bacteria, in the cytoplasm of some insects and as extracellular
enzymes in fungi. The first fungus-derived GDH from Aspergillus oryzae was
reported in 19372, but the flavoprotein nature of this enzyme was identified
thirty years later by Bak, who carried out the biochemical characterization of
the purified enzyme’3. Several monosaccharides were tested as electron donors

and D-glucose turned out to be the best one. Unlike GOX, however, GDH did



not show stereospecificity toward the o or B anomer, both forms being
oxidized at the same rate’. Because of the recent increasing interest in these
enzymes for their potential use in biotechnological applications, several fungal
GDHs have been recombinantly expressed and characterized’”?’. Like A.
oryzae GDH, they all show the highest catalytic efficiency for D-glucose, even
though remarkable activity has been detected toward other sugars including
mono and disaccharides, especially xylose. For all these enzymes the optimal
pH is in the range between 5.5 and 7.5.

The functional characterization has historically been carried out using artificial
redox dyes such as 2,6-dicholorophenolindophenol (DCIP). Its optical
properties allow for an easy detection of the redox behavior in the experimental
system: DCIP is blue in the oxidized form, with an absorption maximum at
600 nm, and colorless in the reduced form. But since DCIP is not a naturally
occurring compound, the overall biological relevance of FAD-dependent
GDHs still remains unclear: why did nature develop an alternative to GOXs
and why do GDHs show preferential reducing activity toward aromatic
acceptors rather than oxygen?

The available data on the biological role of these enzymes are very poor; since
their discovery the scientific community has mainly focused on how to exploit
the redox potential that these enzymes can accumulate rather than
understanding their involvement in natural processes. The first remarkable hint
about their physiological role was the observation that the expression yield of
GDH from A. oryzae was enhanced by adding hydroquinone or benzoquinone
in the growth media’®. These naturally occurring compounds can form
aromatic branched polymers in lignin, the major component of the woody plant
cell wall. Lignin biosynthetic pathway includes a final polymerization step

involving radical coupling of aromatic molecules produced by the action of



oxidative enzymes such as peroxidases and laccases. If the reactive radical
intermediates are quenched by the redox activity of external enzymes,
however, lignin cannot be produced. Many fungi are pathogenic plant parasites
and their infection progresses through several stages. In the last necrotic stage,
the plant reacts by increasing the free phenol content and upregulating the
oxidative activity to produce radicals necessary for lignin biosynthesis. The
neutralization of these radicals by fungal dehydrogenases can provide a
powerful tool to inactivate the plant’s defense mechanism.

This hypothesis regarding the function of GDH is strengthened by the
observation that the quenching activity is achievable only if the enzyme has
been first reduced by sugars, such as those released by the hydrolysis of the
plant cell wall polysaccharide constituents’/. Nowadays, this hypothesis on the
biological function of GDH is the most embraced, since it contemplates the
presence of sugars and aromatic electron acceptors in the naturally occurring
environment where this enzyme is secreted. It is interesting to notice that the
ligninolytic function is relevant also in the case of GOXs, confirming the close
evolutionary relationship between GDH and GOX. From an evolutionary
perspective, these two enzymes provide an example of the versatility of nature
in choosing different chemical mechanisms to perform similar tasks.

The fascinating chemistry of GDH and GOX catalysis has also been
responsible for an increasing interest in exploiting their redox properties in
biotechnological applications. Nowadays, they are mainly employed as
bioreceptors in biosensors in self-monitoring of blood glucose (see par. 1.4),
but more recent applications include their use in biotransformation of aromatic
compounds into high-value products (foods, cosmetics and pharmaceuticals)
or industrial compounds (surfactants, adhesives and biomaterials) in the

context of green chemistry and biorefinery??.



1.2 Biochemistry of plant cell wall degradation

Cell walls are essential structural elements found in many organisms including
prokaryotes, algae, fungi and plants; they are absent in animal cells. Their main
role is to provide structural support and protection to the cell, and the shape
needed to form tissues and organs. In plants, cell walls also play a crucial role
in plant-microbe interaction, constituting the main defense barrier against
potential pathogens. Plant cell walls can be divided into two categories: the
primary walls that surround growing cells or cells capable of growth, and the
secondary walls that are thickened structures surrounding fiber cells or vessel
elements”’. The secondary cell walls appear when the plant cell has stopped
expanding, ensuring structural integrity and mechanical support, e.g. forming
wood in some types of plants.

In terms of chemical composition, the woody material of plants is a complex
mixture of three types of carbon-based polymer - cellulose, hemicellulose, and
lignin - collectively called lignocellulosic biomass (Fig. 1.2). Cellulose is a
linear polysaccharide consisting of glucose molecules condensed by a f(1->4)
glycosidic bond; chains are held together in a crystalline structure by hydrogen
bonds and van der Waals forces to form microfibrils’/. Hemicellulose is a more
heterogeneous polysaccharide: it can have either a branched or an unbranched
structure and includes xyloglucans, xylans, mannans, glucomannans, and
mixed B(12>3, 12>4) glucans (Fig. 1.3)%. Lignin is a phenolic polymer largely
composed of three major types of monomers (monolignols): p-coumaryl,
coniferyl, and sinapyl alcohols?%, aromatic alcohols that differ in their extent
of methoxylation. Monolignols are biosynthesized in the cytoplasm and then
transported to the cell wall, where they are oxidized to phenoxy radicals that

undergo polymerization by chemical coupling.
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Figure 1.2. Structure of lignocellulose: the chemical description of the main components is included,
together with the interactions responsible for the physical and chemical properties of this material.
Cellulose microfibrils are held together through the adhesive action of hemicellulose and lignin® .

Cellulose, hemicellulose and lignin form a composite matrix in which the
hemicellulose and lignin polymers function as the recalcitrant adhesive for
cellulose microfibrils (Fig. 1.2)?7. This structural and chemical complexity
requires an equally elaborated degradation system. Oxidative attack,
cellulases, and mechanical disruption all reduce recalcitrance and improve
access for depolymerizing enzymes.

Saprotrophic fungi are capable of degrading cellulose and hemicellulose
through the collective action of multiple carbohydrate-active enzymes,

typically acting together in a complementary and synergistic manner.
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Glycoside hydrolases are the primary enzymes that cleave glycosidic bonds in
cellulose and hemicellulose; they break the polysaccharide chain through
endo- and exo-hydrolitic activity based on acid-base catalysis®®. Their action
is assisted by polysaccharide lyases and esterases, responsible for the removal
of methyl, acetyl and phenolic esters. The crystalline packing of cellulose,
however, makes most of the polysaccharide material inaccessible to

hydrolases.
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Figure 1.3. Schematic representation of the types of hemicelluloses found in plant cell walls. Each

sugar unit is colored according to the scheme on the top lefi*.
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Smaller “soluble” polysaccharide chains are produced by lytic polysaccharide
monooxygenase (LPMO)?’. These enzymes are able to bind the flat, solid,
well-ordered surface of cellulose and catalyze the chain cleavage through an
oxidative mechanism, providing new chain ends as starting points for
hydrolases. LPMOs activate molecular oxygen and hydroxylate the
polysaccharide backbone, eventually leading to chain breaks. Oxygen
activation requires the reduction of the LPMO enzyme, which can be achieved
through three electron transfer systems, shown in Figure 1.4: 1) extracellular
cellobiose dehydrogenase (CDH), ii) extracellular GMC oxidoreductases (i.e.
GOX, GDH), and iii) plant-derived or fungal diphenols’’. While CDH and
endogenous diphenols directly reduce LPMO, GMC oxidoreductases

contribute in an indirect way producing hydroquinones that act as redox

mediators.
Cellobiose Plant/fungal GMC oxido-
dehydrogenase phenols reductases
OH

Figure 1.4. Three electron transfer systems reduce LPMO to initiate cellulose attack. CDH transfers
electrons from its dehydrogenase domain (DH) via its mobile cytochrome domain (CYT) to the LPMO;
various plant-derived and fungal phenols can act as direct sources of electrons;, GMC oxidoreductases

regenerate the reduced form of phenols, thus contributing indirectly to LPMO reduction’.
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The combined action of LPMO and GMC oxidoreductases thus provides a very
efficient cellulose degradation system, generating a redox catalytic cycle
where LPMOs are constantly fueled by the action of GMC oxidoreductases.
Lignin degradation is carried out by two different enzyme groups: lignin-
modifying enzymes (LMESs) and lignin-degrading auxiliary enzymes (LDAs).
LDAs are unable to degrade lignin on their own yet are necessary to complete
the degradation process. LMEs are classified as phenol oxidases (laccases) and
heme-containing peroxidases.

Laccases are extracellular, periplasmic and intracellular proteins that contain
copper atoms in the catalytic site. Substrate oxidation by laccase is a single-
electron reaction generating a free radical. The initial product of the reaction
is typically an unstable phenoxy radical that can be converted to quinone in a
second reaction catalyzed by the enzyme’/. Studies on lignin model
compounds have shown that the phenoxy radical formation leads to Ca
oxidation, alkyl-aryl cleavage and Ca-CP cleavage’’. The phenoxy species
produced by laccases, however, are highly reactive and can re-polymerize
easily through radical coupling.

Peroxidases attack lignin polymers in a relatively non-specific fashion because
of their high redox potential; the catalytic cycle requires hydrogen peroxide to
produce ferry oxo porphyrin species able to oxidize lignin-derived alcohols
such as veratryl alcohol?’.

LDAs include many GMC oxidoreductases such as GDH, GOX, and CDH. All
of these enzymes utilize molecules deriving from lignin, cellulose or
hemicellulose degradation as electron donors and hence accumulate reduction
potential. Once reduced, they can exhibit their auxiliary activities 1) producing
hydrogen peroxide from molecular oxygen, i) quenching free radicals deriving

from the activity of laccases, ii1) reducing quinone compounds to fuel the
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LPMO machinery. Hydrogen peroxide is required for the action of
peroxidases, while the reduction of phenoxy radicals prevents them from re-
associating into lignin. Moreover, some plants are found to actively secrete
phenoxy radicals to build up lignin as a response to fungal infection in order
to physically block fungal invasion; the reduction of these radicals by fungal
enzyme systems counteracts these plant defense reactions®3.

The overall process of lignocellulose-degradation is the result of many
different but complementary chemical reactions performed by a complex
enzymatic system. Most of the enzymes involved are oxidoreductases and act
trough an electron transfer mechanism. The complexity of the process is
highlighted by the fact that few organisms can achieve lignocellulose
breakdown; wood-rotting fungi are primary lignin degraders and are the only
group of microorganisms capable of mineralization of this abundant plant
product accounting for about 25% of removable organic matter in the
biosphere?’. It seems that the diversity in the fungal kingdom allowed these
microorganisms to be successful in the occupation of different ecological
niches from rotting plant material in water, to forests, and even to houses made
of wood material. But our understanding of lignocellulose deconstruction at
the molecular level is still fragmentary. Structure-function relationship for
individual enzymes has been elucidated only for a small fraction of those
involved in this process. A detailed structural characterization would pave the
way for future investigations aimed at understanding the ability of fungi to
adjust their enzyme repertoire to the substrate availability in different

ecological niches.
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1.3 Fungal FAD-dependent enzymes

Flavoproteins are ubiquitous flavin-containing enzymes involved in a variety
of biologically relevant processes, mainly the catalysis of redox reactions.
Flavoenzyme chemistry is remarkably versatile and complex, featuring unique,
highly context-dependent mechanistic control that makes generalization
between flavoenzymes difficult. Detailed mechanistic studies of flavoprotein
oxidoreductases are typically hampered by the complexity of redox chemistry
and the inherent intricacy of flavin chemistry.

Most flavoproteins contain a flavin mononucleotide (FMN) or flavin adenine
dinucleotide (FAD) as a prosthetic group responsible for the redox catalytic
properties. FMN is structurally composed by a riboflavin portion, an
isoalloxazine ring, and a ribitol molecule covalently bound through a C-N
bond, with the terminal ribitol carbon bound to a phosphate group. FAD results
when an adenosine monophosphate is bridged together with FMN through the
phosphate group.

The first flavoprotein was identified in 1933 by Warburg and Christian and
named “the yellow enzyme”; it is now well known that the flavin portion is
responsible for this color in the oxidized resting form. Indeed, the redox and
spectroscopic properties of flavoenzymes are due to the presence of the
isoalloxazine ring, which can exist in four different oxidation states (Fig. 1.5).
To accomplish their function most flavoenzymes exploit the ability of FAD to
alternate between the yellow fully oxidized (quinone) and the colorless fully
reduced (hydroquinone) state, each accessible through two subsequent electron
transfer events. The oxidized form is expected to be planar, while the reduced
form has a “butterfly” or bent shape®. It is well established that these two

forms interchange through a radical intermediate state (semiquinone) deriving
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from a single electron transfer. The existence of this intermediate redox state
in flavoenzymes was reported in 1956, based on spectroscopic evidences’.

Flavoproteins are encoded in the genome of both prokaryotic and eukaryotic
organisms. Remarkably, a recent study has shown that the filamentous fungus
Neurospora crassa is able to express about 100 different flavoproteins, more
than any other species®’’. Since saprotrophic fungi need access to the plant
biomass to survive, this arsenal of flavoproteins is thought to be necessary for
the fungus to perform an efficient enzyme “combustion”, in which many

oxidoreductases cooperate together to convert lignin into CO» and H>O.
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Figure 1.5. The most common oxidation states of the isoalloxazine ring involved in flavoenzyme
catalysis. Each form is accessible through electron transfer events. The forms resulting from acid-base
equilibrium are also depicted.
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White-rot fungi represent an important ecological group, being the only
organisms to effectively and selectively degrade lignin from wood. This
peculiarity is considered of high potential in biotechnological processes, such
as the bioconversion of agricultural by-products and the biodegradation of
organopollutants, xenobiotics and industrial contaminants®®.

The white-rot fungus Pycnoporus cinnabarinus recently stood out as a
promising microorganism of choice, mainly as a cell factory for the production
of a wide range of enzymes that allow for an efficient and complete
degradation of lignin?’. The Pycnoporus genus belongs to the phylum
Basidiomycota, class Agaricomycetes, order Polyporales, family Polyporacae,
and accounts for four species; P. cinnabarinus is a common species widely
distributed in the Northern Hemisphere?’. It is characterized by a bright
orange-red color of the basidiocarp (Fig. 1.6), due to its ability to synthesize
pigments including cinnabarin and cinnabarinic acid. The genome sequencing
of this organism has provided an overall view of the enzyme repertoire
employed for lignin degradation, showing an outstanding abundance of

carbohydrate-active enzymes®’.

Figure 1.6. The white-rot fungus Pycnoporus cinnabarinus growing on a wood surface.
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This type of enzymes were originally grouped in the CAZy (Carbohydrate
Active enZymes) database’’, which included glycoside hydrolases,
glycosyltransferases and other families classified on the basis of sequence
similarity. Recently, the CAZy database has been expanded and now includes
lignin degrading proteins grouped in the “Auxiliary Activities” (AA) class®>
#0_ Like all enzyme classes in CAZy, the AA families were classified on the
basis of a common structural or functional module depending on the available
biochemical characterization.

The AA3 family accounts for the GMC oxidoreductases and can be divided
into four subfamilies’); GOX and GDH belong to the AA3 2 subfamily,
together with aryl-alcohol oxidase (AAO), aryl-alcohol dehydrogenase (AAD)
and pyranose dehydrogenase (PDH). Originally GDHs were not considered in
the AA3 classification”’, but a recent detailed phylogenetic analysis
demonstrated the close evolutionary relationship with GOX. Four clades were
identified, meaning that four different enzyme groups can be recognized as
lineal descendants from a common ancestor: GOX and GDH class I, II and 111>
33, The GOX clade comprises all the GOXs characterized to date, from
ascomycete organisms. GDH classes I and II contain ascomycete sequences as
well; most of the currently characterized members belong to class I, while
completely uncharacterized proteins belong to class 1. GDH class III includes
basiodiomycete sequences and just one member is characterized to date: GDH
from P. cinnabarinus (PcGDH)"’.

The close phylogenetic relationship between GOX and GDH suggests the
appearance of a high degree of specialization from an early point in the
evolution of these two enzymes. The classification of AA3 2 enzymes shows
a marked multigenicity, more than any other AA3 subfamily. Multigenicity is
a common feature in fungus-derived enzyme systems, especially in wood- and

litter-degrading fungi, since they have to adapt to diverse ecological niches and
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then deal with harmful compounds originating from organic matter
degradation, secondary metabolism of antagonists or human activities?’. This
multigenicity is manifested by the presence of several paralogous genes in an
organism as a result of gene duplication events, with the purpose of functional
compensation upon eventual deficiencies of one of its members?’. Moreover,
gene duplication is followed by gene diversification, one of the most important
mechanism through which nature designs enzyme isoforms with new
functionalities?.

The existence of multigenic AA family members has been explained in terms
of functional redundancy, functional diversification including subtle
differences in substrate specificity of individual enzymes, or fine tuning of the
gene regulation and expression in order to adapt fungal organisms to the
diversity of their natural substrates’. Plant cell walls are composite structures,
and the multigenicity in the AA3 subfamilies might reflect necessities and
adaptations to the degradation of these complex substrates. A recent analysis
estimates the fungal species to be between 2.2 and 3.8 million?#, with only 3-
6% being identified to date; this means that we are only looking at a fraction
of the genetic diversity in fungi and there are still many more aspects of their

biochemical properties to be discovered.
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1.4 Glucose dehydrogenase as a glucose biosensor

Diabetes mellitus is a serious modern disease worldwide, detected in 9.6% of
adults in the Unites States between 2003 and 2006%’. Self-monitoring of blood
glucose is an important component of modern therapy. It helps individuals to
adjust their dietary intake, physical activity, and insulin doses, with the goal of
improving glycemic control on a day-to-day basis. Most commercially
available blood glucose monitor sensor strips are electrochemical biosensors
consisting of an electrode and a glucose oxidizing enzyme. Three generations
of biosensors have been developed, differing in the electron transfer processes
they are based on (Fig. 1.7).

First-generation systems employed oxygen as the electron acceptor,
determining glucose concentration by following either the consumption of

oxygen or the liberation of hydrogen peroxide. In second-generation sensors,
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Figure 1.2. Schematic representation of the electrochemistry involved in blood glucose monitoring
systems. The three generations differ in the redox mediator that transfer electrons to the electrode’.
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enzymes transfer electrons to artificial electron acceptors, also referred to as
electron mediators or redox dyes, instead of oxygen to avoid interference from
other redox species. The reduced acceptors are monitored colorimetrically or
electrochemically. The third-generation sensor employs enzymes with the
ability to transfer electrons directly to the electrode, without the need for
mediators or oxygen; these enzymes are called direct electron transfer (DET)
type enzymes. The latter type of system is considered the most promising since
it does not require the use of artificial electron mediators and errors due to
variations in the concentration of oxygen in blood samples are eliminated.
Considering that redox mediators are usually toxic, a mediator-free system is
ideal for implantable devices that continuously monitor glucose concentration
by means of a sensor implanted subcutaneously.

Glucose oxidoreductases capable of DET, however, are limited at the moment.
Currently, the most relevant biotechnological application of GDH is its use in
second-generation systems, which are the most popular commercially
available sensors. In particular, fungal FAD-dependent GDHs show many
advantages compared to GOX and other GDHs. They are insensitive to
molecular oxygen, therefore variations in the oxygen concentration in blood,
which might lead to an underestimation of the glucose level, do not affect the
final measurement. They also show a narrow substrate specificity, especially
the lack of activity toward maltose, which is contained in the infusion solution
for diabetes?’. There are some difficulties, however, related to the coupling of
the enzyme component with the electrochemically active electron acceptors
that still need to be overcome.

In second-generation biosensors a redox mediator replaces oxygen in carrying
electrons from the enzyme to the surface of the working electrode; the reduced
mediator is then re-oxidized at the electrode, providing an amperometric signal

and regenerating the oxidized form of the mediator. The most common
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electron mediators employed so far are ferrocene, quinines and ferricyanide:
they do not react with oxygen, are stable in both the oxidized and reduced
forms regardless of pH, show reversible electron transfer kinetics, and react
rapidly with the enzyme?. A common problem found in blood glucose
monitoring systems is the interference of other substances present in blood that
are electroactive at the operating potential of the amperometric sensor, such as
ascorbic acid, cholesterol and uric acid. This type of interference can be
avoided by applying an electrode potential as low as possible.

An artificial acceptor that has been recently gained attention for this purpose
1s hexaammineruthenium (III) chloride; in this compound the redox couple Ru
(II/IIT) has a lower redox potential compared to the ferro-ferricyanide redox
couple. Fungal FAD-dependent GDHs, however, are not able to utilize
hexaamineruthenium as electron acceptor, while GOXs can be coupled to this
acceptor for commercial blood glucose monitoring sensors. The comparison of
the available 3D structures of fungal GDHs and GOXs allowed for the
identification of the amino acid residues responsible for this different behavior;
GDH from Aspergillus flavus (AfGDH) has been mutated to successfully
construct a GDH able to utilize hexaammineruthenium as an electron
acceptor?s,

Although most of the GDH-based blood glucose sensors are second generation
systems, some examples belonging to the third generation were also
developed. Enzymes can obtain quasi-DET ability when a mediator is bound
to their surface; this way electrons are transferred from the reduced cofactor to
the mediator and then from the mediator to the electrode. A quasi-DET
biosensor has been produced by coupling GDH with an artificial mediator, N-
hydroxysuccinimidyl ester 1-propoxy-5-ethylphenazinium ethyl sulfate

(arPES), that spontaneously binds to amine groups of the enzyme?’.
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Unfortunately, few naturally occurring enzymes are capable of DET-reaction
with electrodes. Among these, fungal flavocytochrome CDHs turned out to
efficiently perform DET. They are composed of two domains (Fig. 1.4): a
heme b-binding cytochrome domain (CYT) and a FAD-binding
dehydrogenase catalytic domain (DH), which are connected by a flexible
linker that allows for flavin-to-heme interdomain electron transfer.

A fungal FAD-dependent GDH able to perform DET was successfully
produced by linking the catalytic domain AfGDH to the P. chrisosporium
CDH-derived heme b-binding cytochrome domain. This construct showed
efficient flavin-to-heme interdomain electron transfer and maintained the
original substrate specificity of fungal GDH, thus combining the two main
advantages of the single enzymes to produce a powerful tool for continuous

blood glucose monitoring”.
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1.5 Structural features of GMC oxidoreductases

The members of the GMC (glucose-methanol-choline) superfamily share a
common fold and carry a covalently or non-covalently bound FAD cofactor.
These enzymes are typically composed of two major structural domains: a
FAD-binding domain and a substrate-binding domain. The flavin-binding
domain is highly conserved in all members of the GMC family and shows the
canonical Baf} dinucleotide-binding motif. The sequence and structure of the
substrate-binding domain of GMC oxidoreductases are less preserved, which
reflects the diversity in substrate specificity within this family. The overall
structure can be described following the nomenclature first introduced for
GOX from Aspergillus niger (AnGOX)”’.

The FAD-binding domain consists of a central five-stranded parallel -sheet
(sheet A) surrounded by three a-helices and an additional crossover
connection composed of a three-stranded antiparallel -sheet (sheet B). One of
those three helices is part of the Ba-motif interacting with the ADP moiety of
FAD. In AAO the sheet B is connected to another (-sheet motif of two
antiparallel B-strands (sheet B”)*?; this feature is typical of this enzyme only.
GOXs* instead display a long N-terminal tail wrapping around the bottom part
of the FAD-binding domain that is absent’® 4, shorter>> ¢ or too flexible to be
structurally defined’” in other GMC oxidoreductases (N-T in Fig. 1.8).

In most cases the cofactor is non-covalently bound to the apoenzyme and
occupies a narrow channel. In choline oxidase (CHOX)”, pyranose 2-oxidase
(P20)°” and PDH’?, however, the FAD is covalently attached to the protein by
an 8a-(N3)-histidyl bond: the Ne2 atom of a histidine residue is linked to the
FAD C8M atom of the isoalloxazine ring. Regardless of the binding mode, the

FAD molecule adopts an extended conformation, with the adenine and the
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isoalloxazine moieties distal to each other. The most prominent interactions
between the protein and the cofactor consist in a network of hydrogen bonds,
predominantly involving the NH and the CO groups of the main-chain of
residues located at the N-terminus and several bridging water molecules. The
principal binding sites of FAD are on the ADP part of the molecule; in
particular, the two phosphate groups proved to be essential for efficient binding
of the cofactor to the apoenzyme in reconstitution experiments’®. Moreover,
the helix forming the Bof-motif is thought to stabilize the negative charge on

the phosphate groups through its helix dipole effect”.

AAO CHOX GOX
Pleurotus eryngii Arthrobacter globiformis Aspergillus niger

Figure 1.3. Structural comparison of ligand-free AAO (blue), CHOX (vellow) and GOX (red) in the
same orientation. Top row shows ribbons representation: structural elements typical of each subfamily
are highlighted in green using stars; the N-terminal segment has different length in the three enzymes
(N-T); the helical insertions in the substrate-binding domain are marked as *** (away from the active
site); structural elements at the entrance of the active site are marked as * or **. Bottom row shows
colored molecular surfaces, highlighting the differences in active site accessibility (green ribbons)>.
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A consensus N-terminal signature Gly-X-Gly-X-X-Gly-(X)1s-Glu is part of
the central core of the FAD-binding domain, with most of these residues
located in the loop connecting the first B-strand and the a-helix. The carboxyl
group of the conserved glutamate residue is involved in strong hydrogen bonds
with the ribose moiety of FAD and with the backbone nitrogen of a glycine
residue forming the Poaf-motif. The binding of ribose to the side chain
carboxyl group of an acidic residue is observed in most nucleotide-binding
proteins, generally with Asp for NAD- and Glu for FAD-binding proteins,
except for some P20Os that bind the ribose moiety of FAD through an Asp
residue’’. The cofactor is deeply buried in the apoenzyme, with direct access
to bulk solvent only limited to the part of the isoalloxazine ring containing the
NS5 atom directly involved in the catalysis.

As mentioned before, structural differences among members of the GMC
oxidoreductase family are more pronounced in the substrate-binding domain,
although all enzymes show a six-stranded antiparallel B-sheet (sheet C) flanked
by two long a-helices in this region. The number and the position of helices
surrounding the sheet C varies according to the member of the family: GOX
and GDH possess a 50 amino acid insertion, folding into three more helices,
that lacks in CHOX and that is reduced to 13 residues and a unique helix in
AAO (*** in Fig. 1.8)*?. On the other hand, a 14-17 amino acid insertion in
the loop connecting two antiparallel B-strands forming the sheet C is present
in AAO and CHOX while is absent in GOX and GDH (** in Fig. 1.8). Another
30-residue insertion present only in AAO folds as a group of three helices
protruding from the central core of sheet C (* in Fig. 1.8).

Together, these two insertions generate a platform above the active site of
AAO that notably restricts access to the isoalloxazine ring of FAD*?. P20,

PDH and the dehydrogenase domain of CDH show a similar architecture in
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which the active site is shielded by rigid structural components’® °” %, GDH
and GOX instead show a large, deep pocket shaped like a funnel that does not
show any structural element hampering the substrate accessibility to the flavin
system’ 3%,

The catalytic site of GMC oxidoreductases is located at the bottom of a cavity
in which the isoalloxazine moiety of FAD points toward the aqueous
environment. Each member of the superfamily is characterized by a unique
geometry of the active site that is responsible for their catalytic properties. The
protein environment surrounding the flavin moiety exerts a strong modulation
on the cofactor redox properties and on the enzyme affinity for electron donors
and acceptors. As a consequence, small changes in the proximity of the
cofactor can affect a range of parameters that are difficult to predict, monitor
and assess. Given the complexity associated with the chemistry of
flavoenzymes, it is also generally difficult to obtain stable and ordered crystal
structures of oxidoreductase-ligand complexes, offering relatively few well-
characterized binding modes.

The residues responsible for catalysis have previously been reported in a
variety of GMC oxidoreductases. A highly conserved His/His or His/Asn pair
in the proximity of the isoalloxazine ring is expected to function as a catalytic
pair on the basis of crystal structures, site-directed mutagenesis, pH-
dependence studies, or theoretical calculations®. The His/His pair is found in
GDH, GOX, PDH and AAO, while CHOX, CDH and P20 use a His/Asn
constellation. Both residues are localized on the re-face of the flavin portion:
the universally conserved His lies on top of the isoalloxazine ring, while the
His/Asn residues are in a lateral position, close to the pyrimidine portion of the
isoalloxazine ring (Fig. 1.9). Even if these two residues proved to be essential
for catalysis, their specific functional role is still a matter of debate. Since the

principal His is conserved in all members of the superfamily, it was originally
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proposed to act as the catalytic base responsible for proton abstraction in the
substrate oxidation half-reaction (Fig. 1.9). This hypothesis is in agreement
with studies carried out on most GMC oxidoredutases®/-%4, with the remarkable
exception of cholesterol oxidase, in which the sub-atomic resolution crystal
structures show protonation of the catalytic His Ne2 atom in the pH range 4.5-
7.3; the authors propose that the principal His acts instead as a hydrogen bond
donor group assisting in optimizing substrate geometry and orbital
overlapping® 9. This residue has been pointed out as critical for oxygen
activation in GOX%, but this is not likely to be the case for other GMC
oxidoreductases, such as GDH, CDH and PDH, that show no or poor ability to

activate oxygen.
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Figure 1.4. Top panel: active site geometry in GOX (PDB entry 1GAL*) and proposed catalytic
mechanism for the substrate oxidation half-reaction, valid also for GDH; Bottom panel: active site
geometry in cellobiolactam-bound CDH (PDB entry INAA®) and proposed catalytic mechanism. In
both structures the C atoms of the His/His (His516/His559 in GOX) and His/Asn (His689/Asn732 in
CDH) conserved residue are in yellow. In both cases the conserved His is thought to act as the
catalytic base".
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The structural determinants responsible for the oxidase or dehydrogenase
activity in these enzymes have not been univocally identified yet. The
structural characterization of PDH by Tan et al. suggested to take into account
the distance between the side-chain nitrogen atoms of the catalytic pair as a
possible discriminating factor’. The structural analysis carried out on AfGDH
allowed the authors to identify three residues in the proximity of the active site
able to act as molecular switches that shift the enzyme activity from oxidase to
dehydrogenase’.

The geometry of the isoalloxazine ring is strongly enzyme-dependent. The
structure of this portion can be difficult to rationalize because of the high
reactivity of FAD. Most of the available GMC oxidoreductase structures are
modelled with an oxidized FAD, although distortions from the typical planar
geometry have been observed. In the first GOX structure solved, Hecht at al.
suggested that the Asn residue located at the si-face in the middle of the flavin
system provides a backstop preventing a planar conformation of the ring; this
hypothesis is corroborated by the low B-factors observed for this residue’’.
Deviations from planarity have been associated with redox potential and
substrate binding® % but can also be a consequence of FAD reduction by
radiation-generated electrons’’.

Interesting cases of particular flavin oxidation state are represented by CHOX
and PDH, since a flavin C(4a)-oxygen adduct is observed in the
crystallographic structures. The structural analysis of CHOX did not allow a
distinction between a hydroxyflavin C(4a)-OH or a peroxyflavin C(4a)-OOH
adduct; nevertheless, these data have been interpreted as the first direct
visualization of a biochemically relevant intermediate involved in
flavoenzyme catalysis’’. This interpretation cannot be applied to the case of
PDH, since this enzyme shows no physiological oxygen reactivity; most likely

it represents an artifact arising from attack by reactive oxygen species on the
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C(4a) position during irradiation of the protein crystal’®. Conversely, a C(4a)-
hydroperoxyflavin intermediate has been detected during the P20 catalytic
cycle by means of absorption spectroscopy in rapid kinetics, but no structural
evidence has been reported’”.

Crystal structures of ligand-bound GMC oxidoreductases have been solved for
GDH, CDH, AAO and P20. In the cases of GDH and AAO, the final products
of the oxidative half-reaction have been employed for structure determination,
using soaking and co-crystallization respectively’* 73. Ligand-bound P20

62.74 while

structures have been obtained using fluorinated analogs of glucose
CDH structure has been solved in complex with the inhibitor
cellobionolactam®” %, In GDH and in CDH, comparison between the ligand-
free and the ligand-bound structures show minor differences in the active site,
with a single displacement involving a Glu or an Arg side chain respectively
upon ligand binding. AAO displays a highly pre-organized active site with
almost no conformational changes between the ligand-free and ligand-bound
structures. P20 is the only member of this family showing a significant
conformational rearrangement that involves a substrate recognition loop acting
with a “switch-and-lock” mechanism’#. The structure of 4/GDH in complex
with D-glucono-6-lactone explains the lack of substrate specificity observed in
other GDHs, i.e. their residual activity toward other sugars (see par. 1.1). The
absence of residues that recognize the sixth hydroxyl group of glucose in the
active site may account for this enzyme activity toward xylose’*.

The quaternary structure of fungal GMC oxidoreductases ranges from
monomeric to homo-oligomeric. Most of these enzymes are extensively
glycosylated, with glycans contributing up to 65-70% of the molecular
weight/®. Native fully glycosylated proteins can be expressed in eukaryotic

fungal host, not in bacterial cell cultures. Despite the lack of glycosylation,
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functional enzymes have been recombinantly expressed in bacterial host/® 5
2075 Glycosylations are thought to play an essential role in thermal
stabilization and in the folding process’®, since some of these proteins require
in vitro refolding from inclusion bodies when produced in E. coli’® 7>, In terms
of electrochemical behavior, deglycosylation increases the efficiency of direct
electron transfer ability, presumably by decreasing the distance between the
enzyme’s redox center and the electrode, which are believed to be too distant

in the native glycosylated enzyme’’.
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Chapter 2
Aims of the thesis

This PhD thesis focuses on the biochemical characterization of a redox enzyme
likely to play an essential role in the vital cycle of the white-rot fungus
Pycnoporus cinnabarinus: glucose dehydrogenase (GDH). In response to the
structural complexity and heterogeneity of the different plant cell wall
polymers, saprotrophic fungi produce a complex arsenal of enzymes to gain
access to the carbon source. White-rot fungi, like P. cinnabarinus, developed
the ability to rapidly and completely break down hemicellulose and lignin,
causing the appearance of white cellulose leftovers on the invaded wood. This
outcome is caused by the enzyme combustion performed by a cocktail of
secreted redox proteins whose mechanism of action remains unclear.

Auxiliary enzymes, like GDH, prevent the re-polimerization of phenoxy
radicals deriving from the action of lignin modifying enzymes; their reducing
ability is fueled by the electron donor properties of carbohydrates deriving
from the polysaccharide constituents of the plant cell wall. A preliminary
biochemical characterization of PcGDH was carried out in terms of substrate
specificity and catalytic properties, but no structural information is currently
available for this enzyme and many aspects of its function still lack a molecular
description and clarification. To date, only one fungal GDH (from Aspergillus
flavus) has been structurally characterized, which is 36.4% identical to PcGDH
in terms of primary structure. Notably, 4. flavus and P. cinnabarinus differ
significantly in terms of morphology, hosts, and growth conditions. The
structural characterization coupled with the functional analysis of PcGDH
would pave the way for a deeper understanding of the molecular mechanisms

at the base of the unique properties of this organism. Such information would
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allow us to design of an engineered dehydrogenase highly specific and
efficient toward glucose with negligible residual activity toward alternative
sugars, thus ideal for usage in blood glucose monitoring sensor strips. Within
the biorefinery concept, all the biomass components, including cellulose,
hemicellulose and lignin, could be exploited in biochemical processes
designed to maximize economic and environmental benefits while minimizing
waste. Lignin, which is the second most abundant biopolymer on earth after
cellulose, is by far the less valorized component. Filamentous fungi, like P.
cinnabarinus, represent a source of novel enzymes displaying useful properties
for modifying lignin and aromatic compounds. This potential is indeed
currently underutilized due to insufficient knowledge about the enzymatic
mechanisms involved. A detailed biochemical characterization of lignin-
modifying and lignin-degrading auxiliary enzymes would lead to new and
improved use of those systems in industrial biotechnologies, while expanding
the knowledge on natural biocatalysts for lignin and aromatic utilization.

In the following chapters of the thesis I describe the experimental procedures
and the results obtained in the characterization of PcGDH by means of X-ray
crystallography and spectrophotometric enzymologic methods. A special
focus is put on the three reported crystallographic structures that I determined,
since they turned out to be crucial in the formulation and the subsequent

confirmation of a hypothesis on the physiological function of this enzyme.
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Chapter 3

Materials and methods

3.1 Cloning and expression of PcGDH

PcGDH was recombinantly expressed and purified as described in Piumi et
al.’’ at the Aix-Marseille University thanks to a collaboration with the group
of Dr. Giuliano Sciara, Department of “Biodiversité et Biotechnologie
Fongique” (INRA UMR1163).

The gene sequence encoding PcGDH is available at the European Nucleotide
Archive (ENA), EMBL-EBI (accession number [EMBL: PRJEBS5237,
scf184803.g17]. The open reading frame (ORF) was predicted from the
genomic sequence by translating it in the six frames and detecting splicing sites
following the general pattern GTRMGT...YAG. This prediction was
corroborated by BLAST using the P. cinnabarinus cDNA library?’ with the
Augustus gene prediction website (http://bioinf.uni-greifswald.de/augustus/).
The ORF sequence was aligned against other organisms to check the splicing
prediction (tblastx on NCBI). The synthesized cDNA was cloned in the
pANS52.4 (EMBL accession: Z32699) expression vector using a restriction
cloning approach with BssHII and HindIII enzymes. The 22 amino acids of the
GDH signal peptide (MPHSRLLATIGAVALLARCVTA) were replaced by
the 24 amino acid glucoamylase (GLA) prepro sequence from A. niger
(MGFRSLLALSGLVCNGLANVISKR).  Additional  segments  were
incorporated: one encoding a His-Tag (CACCAT)x3 that was integrated
downstream and two restriction sites (Mlul and HindIII) at the 5" and 3’ ends,
respectively, for subcloning in the expression vector. After codon optimization

for A. niger, the predicted cDNA sequence (accession number KJ934222) with
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all its additional fragments was synthesized (GeneArt, Carlsbad, USA),
propagated in E. coli JIM109 (Promega, Charbonniéres, France), and sequence-
checked (GATC Biotech, Konstanz, Germany).

In the final expression cassette, the Aspergillus nidulans glyceraldehyde-3-
phosphate dehydrogenase encoding gene (gpdA) promoter, the 5’ untranslated
region of the gpd4 mRNA and the 4. nidulans trpC terminator were used to
drive expression of the inserted encoding sequence. E. coli IM109 strain was
used for vector construction and propagation. A. niger strain DI15#26,
orotidine-5’-phosphate decarboxylase deficient mutant (pyrG-), was used for
heterologous expression of PcGDH: the PcGDH expression vector and the
pAB4-1 vector containing the pyrG selection marker’® were co-transformed in
a 10:1 ratio, as described by Punt and van den Hondel”’.

Transformants of A. niger were selected for uridine prototrophy for growth on
selective solid minimum medium (without uridine) containing 70 mM NaNOs,
7 mM KCI, 11 mM KH>HPO4, 2 mM MgSOg4, and 1% (w/v) glucose and trace
elements (1000x stock; 76 mM ZnSO4, 178 mM H3BOs3, 25 mM MnCl,, 18
mM FeSO4, 7.1 mM CoCl,, 6.4 mM CuSOys, 6.2 mM NaxMoQOs, and 174 mM
EDTA). Recombinant protein expression in suspension culture was carried out
inoculating 2x10° spores mL™! in 3 L of liquid minimum culture medium
containing 70 mM NaNO3, 7 mM KCI, 200 mM Na;HPO4, 2 mM MgSO4, 5%
(w/v) glucose and trace elements; pH was daily adjusted to 5.5 with 1 M citric
acid. Extracellular PcGDH production was carried out at 30 °C for 10 days in

a shaker incubator at 120 rpm.

3.2 Purification of recombinant PcGDH

After 10 days of growth, 3 L of culture were harvested clarified on GF/D and
GF/F glass fiber filters (Whatman, Maidstone, UK), sterile-filtered (0.45 um),
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and concentrated ten-fold by ultrafiltration through a polyether-sulfone
membrane with a 10 kDa molecular mass cutoff (Vivaflow crosstflow cassette,
Sartorius, Les Ulis, France). The retentate was adjusted to pH 7.8 and the His-
tagged recombinant protein was purified on a Chelating Sepharose Fast Flow
column (5 mL Ni Histrap, GE Healthcare, Velizy-Villacoublay, France)
equilibrated with five column volumes of binding buffer (50 mM Tris-HCI,
150 mM NaCl, 10 mM imidazole, pH=7.8). After washing in five column
volumes with binding buffer, bound proteins were eluted with six column
volumes of 150 mM imidazole in binding buffer at a flow rate of 5 mL min"!
and collected in 1 mL fractions.

Protein purity was assessed using 12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). The protein bands were stained with
Coomassie Brilliant Blue R-250 and molecular mass was determined against
reference  proteins (pre-stained  protein  ladder, Euromedex,
Souffelweyersheim, France). PcGDH protein band was identified by Western
Blot analysis. Electrophoresed proteins were electroblotted onto
polyvinylidene difluoride membranes (iBlot, Life Technologies, Saint-Aubin
France). Membranes were then incubated in tris-borate saline (TBS) blocking
solution (10 mM Tris-HCI, 150 mM NaCl, 5% w/v milk powder, pH=7.4)
overnight at 4 °C, washed with TBS (10 mM Tris-HCI, 150 mM NaCl,
pH=7.4) and with TBS Tween (10 mM Tris-HCI, 150 mM NaCl, 0.05% Tween
20, pH=7.4), and finally treated with blocking solution containing monoclonal
anti-polyhistidine antibody serum at a 1:2000 dilution (Sigma-Aldrich, Saint-
Quentin-Fallavier, France). Signal detection used the 5-bromo-4-chloro-3-
indolyl phosphate-nitro blue tetrazolium assay (Roche Applied Science,

Meylan, France) performed according to the manufacturer’s procedure.
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The molecular weight of recombinant glycosylated PcGDH used in
calculations is 70 kDa as estimated by the SDS-PAGE performed on the native
glycosylated protein.

3.3 Crystallization and crystal handling

Purified PcGDH was exchanged in buffer with no imidazole and concentrated
to 17.4 mg mL"! for crystallization trials. Crystallization plates were initially
set up automatically using a Crystal Phenix robot (Art Robbins Instruments,
Sunnyvale, CA, USA) in sitting-drop vapor-diffusion mode at 294 K using
Intelli-plate 96 well (Art Robbins Instruments, Sunnyvale, CA, USA). Single
crystals appeared using the AmSOs suite (Qiagen, Hilden, Germany)
crystallization screen. The reproducibility of crystallization conditions was
tested setting up hand-made plates using the hanging-drop vapor diffusion
method at 294 K, which also allowed production of larger crystals, shown in

Figure 3.1.

Figure 3.5. Crystals of ligand-free PcGDH. The yellow color is due to the oxidized FAD cofactor.
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Well-diffracting single crystals grew by mixing 1 pL of protein solution and 1
pL of reservoir solution containing 2 M (NH4)2SO4 and equilibrating the
droplet against 0.5 mL of reservoir solution. For cryoprotection, ligand-free
PcGDH crystals were transferred in a solution containing 2 M (NH4)>SO4 and
2 M LiSOs, then flash-frozen in liquid nitrogen.

PcGDH-GLC crystals were prepared by soaking the ligand-free PcGDH
crystals in a solution containing 2 M (NH4)2SO4 and 30% D-glucose (Carlo
Erba, Milan, Italy); after about 12 min incubation, crystals were transferred in
2 M (NH4)2S04, 30% D-glucose and 25% glycerol for cryoprotection, then
flash-frozen in liquid nitrogen.

Analogously, PcGDH-LMB crystals were obtained through soaking for 20 min
in a solution containing 2 M (NH4)2SO4 and 80% laminaribiose (Megazyme,
Bray, Ireland), which also acts as cryoprotectant at such a high concentration.
After flash-freezing in liquid nitrogen, crystals were used for data collection at

synchrotron radiation sources.

3.4 Structure determination and refinement

X-ray diffraction data of ligand-free PcGDH and PcGDH-LMB were collected
at the Diamond synchrotron (Harwell, UK), beamline 124; data for PcGDH-
GLC were collected at ELETTRA (Trieste, Italy), beamline XRD2. All
datasets were collected at 100 K using a PILATUS detector. Data were
indexed, scaled and integrated using the XDS package®’.

Molecular replacement was carried out using MOLREP? from the CCP4
suite®’. Given the 36.4% sequence identity, the structure of GDH from
Aspergillus flavus at 1.78 A resolution’” (PDB entry 4YNT) was used as the

search model to calculate the initial crystallographic phases of ligand-free
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PcGDH, whose structure was then employed to obtain the initial phases of both
PcGDH-GLC and PcGDH-LMB. Iterative automated and manual structure
refinement was carried out using REFMAC5% and COOT##, both implemented
in the CCP4 suite. TLS cycles were included during the automated
refinement®’. 5% of the reflections were excluded from refinement for cross
validation by means of free R-factor®s. Manual adjustment was performed with
the Fo-F. map contoured at 36 and the 2F,-F. map at 1.

Validation of the models, including Ramachandran statistics and B-factor
analysis, was carried out using the Multimetric model geometry validation tool
implemented in the CCP4 suite. Protein sequence alignment was performed
using ClustalW?’; structural superposition was carried out using Superpose®®

implemented in the CCP4 suite. Figures were produced using Chimera®’.

3.5 Spectrophotometric assays for enzymatic activity

Functional assays have been carried out with the standard DCIP method: in
every experiment DCIP has been used as the secondary electron acceptor in
the half reaction responsible for FAD oxidation. The redox cycle is shown in
Figure 3.2. Enzymatic activity was evaluated spectrophotometrically
monitoring the variation in absorbance at 520 nm (AAs2o), at which the pH
dependence of the spectral properties of DCIP is least pronounced; the
extinction coefficient of DCIP at 520 nm employed in calculations was
£520=6800 M cm!,

Pilot experiments monitoring the pH-dependence of the PcGDH enzymatic
activity revealed the optimal pH to fall in the range between 5.5 and 6 (data
not shown), which is consistent with what has been previously observed’’. For

this reason, all the experiments herein reported were performed at pH 5.5.
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DCIP method

OH OH
HO Q » HO 0
HO OH - HO
HO 2H*+2e HO o

D-glucose FAD G D H FADH, D-glucono-8-lactone

2H*+2e"

DCIP DCIPH,
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Figure 3.2. Schematic representation of the chemical principle of the DCIP standard method. The FAD
cofactor in GDH is reduced by the sugar substrate (D-glucose in the example reported in the picture),
which is converted to the Cl-oxidized lactone (D-glucono-&-lactone). Once reduced, the cofactor
transfers electrons to DCIP, that is blue in the oxidized state and colorless in the reduced state. GDH
activity can then be assessed by monitoring the decrease in absorbance of the oxidized DCIP acceptor.

Substrate specificity was assessed screening five different sugar substrates: D-
glucose, cellobiose, laminaribiose, 1,3;1,4 B-glucotriose A (GTA) and 1,3;1,4
B-glucotriose B (GTB) (Megazyme, Bray, Ireland). All experiments were
carried out using 39.7 nM PcGDH, 0.4 mM DCIP, 50 mM citrate-phosphate
buffer, pH=5.5; all substrates were employed at a concentration of 44 mM. The
reaction was allowed to proceed for 60 s at 303 K.

Kinetic constants were determined only for D-glucose and laminaribiose. In
the case of glucose, Asxo was measured at time intervals of 15 s for 105 s total;
this time range was chosen because DCIP concentration (Asz) linearly
decreases over time in the first 105 s. Each measurement was taken in
triplicate. Substrate specificity and kinetics constants were determined in a
sample final volume of 0.1 mL in a 0.2 mL 96-well plate (Corning Costar,
Corning, NY, USA) using a Multiskan GO microplate spectrophotomer
(Thermo Scientific, Waltham, MA, USA). Solutions without enzyme were first
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equilibrated at 303 K in the 96-well plate; upon addition of the enzyme,
solutions were automatically mixed and AAs»>o was recorded. Initial velocities
were measured at various substrate concentrations, and data were fit using
Kaleidagraph software package by following the hyperbolic equation of

Michaelis-Menten:

Vmax [S]

V= K+ 9]

where V' is the initial velocity of the reaction, Vi is the maximum velocity of
the reaction corresponding to the substrate saturation of the enzyme, Kj is the

Michaelis-Menten constant and /S/ is the substrate analytical concentration.
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Chapter 4

Results and discussion

4.1 Structural features of ligand-free PcGDH

4.1.1 Overall structure

Crystals of PcGDH are bright yellow, suggesting that the cofactor is in the
oxidized resting state (Fig. 3.1). They belong to the P 21212 space group and
contain one protein molecule per asymmetric unit. The calculated Matthews
coefficient is 2.35, corresponding to a solvent content of 47.7%. Non-
crystallographic symmetries are not observed, which is consistent with
PcGDH being a monomer. The highest resolution observed for crystal
diffraction was 1.43 A, but the final model of ligand-free PcGDH is refined to
1.5 A resolution. Ramachandran analysis indicates that most residues (94.89%)
fall in the favored region, 30 residues (5.11%) are in the allowed region and
there are no outliers. A total of 5 proline residues (258, 348, 422, 482, 493) are
in cis configuration. Data collection and refinement statistics are summarized
in Table 4.1. Secondary structure assignments and PcGDH sequence
alignment with AnGOX and AfGDH are shown in Figure 4.1.

The overall structure of PcGDH consists of 20 a-helices and 18 B-strands
organized in two distinct domains, the FAD-binding domain and the substrate-
binding domain (Fig. 4.2). The B-strands are arranged in 5 B-sheets named

following the nomenclature introduced for AnGOX.
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Table 4.1. Data collection and refinement statistics.

Values in parentheses are for the highest-resolution shell.

Ligand-free PcGDH PcGDH-GLC PcGDH-LMB
Data collection
Space group P212,2,
Unit-cell dimensions (A) a=48.87
b=61.59
¢=195.09
Resolution range (A) 97.55-1.43 97.93-1.77 97.15-1.57
(1.57-1.43) (1.87-1.77) (1.75-1.57)
Number of observations 1391283 (295026) 721028 (106450) 1071157 (300980)
Unique reflections 109762 (25836) 112115 (18083) 82347 (22997)
Completeness (%) 99.9 (99.7) 99.9 (99.3) 99.8 (99.3)
Redundancy 12.7 (11.4) 6.4 (5.9) 13.0 (13.0)
I/o(T) 14.5 (1.72) 15.8 (2.2) 7.0 (0.48)
Rinerge® (%) 7.1 (139.0) 8.1 (67.0) 17.5 (559.5)
CCin 100 (79.5) 99.9 (85.1) 99.9 (25.4)
Wilson B-value (A?) 22.0 31.8 26.0
Refinement
Resolution range (A) 97.55-1.50 97.93-1.77 97.15-1.70
Molecules per asymmetric 1 1 1
unit
Ryork/Rirec 0.167/0.198 0.183/0.230 0.177/0.224
Deviations from ideal
geometry
Bond (A) 0.0119 0.0117 0.0130
Angles (A) 1.597 1.619 2.023
Ramachandran plot (%)
Favored/allowed/outliers 94.89/5.11/0 95.4/4.6/0 95.4/4.6/0
Mean B-factors (A2)
Protein 14.2 16.1 28.6
FAD/GLC/LMB 13.7/-/- 17.9/39.4/- 28.7/-/47.4
Water/Sulphate 41.34/61.7 44.3/98.3 51.7/107.7
Number of atoms
Protein 5221 4589 5157
FAD/GLC/LMB 53/-/- 53/84/- 53/-/92
Water/Sulfate 649/55 457/35 273/15

a.  Rperge =225 1 — (I]-) | / % X I;,j, where i runs over multiple observations of the same
intensity, and j runs over all crystallographically unique intensities.

b, Ryork = X|Fobs| = 1Featcl| / Z 1Fons| / X1 X Ii j» where [Fops|>0. Riree is based on 5% of the
data randomly selected and is not used in the refinement.
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Figure 4.6. Sequence alignment of PcGDH, AfGDH and AnGOX based on structural superposition.
Numbers refer to PcGDH sequence; conserved residues are colored in red. Secondary structure

elements are assigned for PcGDH.: [-strands are in orange and a-helices in light blue.

The FAD-binding domain is formed by the five-stranded (B1, B2, B6, B10,

B18) parallel B-sheet A sandwiched between the three-stranded (B7, BS, B9)

antiparallel B-sheet B and three a-helices (H1, H9, H20); B1, H1 and B2 form

the PaB-motif involved in the stabilization of the FAD cofactor.

The substrate-binding domain consists of a central six-stranded antiparallel 3-

sheet C (BS, B11, B12, B13, B14, B17) supported by seven a-helices (HS,
H12, H13, H14, H15, H17, H18). The long helix H15 is in the focal point of

the bent sheet and covers most of its back side together with the heavily bent

H13 and the short H12. The sides of sheet C are covered by the helices H8,

H14, H17, H18. Sheet C forms one side of a deep pocket (substrate-binding
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cavity) containing the active site flavin near to the bottom and opposite to the
-sheet. The FAD-binding domain and the substrate-binding domain are linked
through two types of connections: one consisting of three long segments
connecting the two domain, another involving two extended two-stranded -
sheets (sheet D, parallel, and sheet E, anti-parallel) located at the interface
between the two domains.

The protein surface has the overall shape of a bean, curved at the level of the
substrate-binding cavity; it is possible to identify two faces, a convex face and
a concave face, the latter providing access to the active site (Fig. 4.3).

The amino acid sequence of PcGDH contains three potential N-glycosylation
sites, Asn38, Asnl188 and Asn439, identified by the consensus sequence Asn-
X-Ser/Thr; two of these glycosylations are visible in the structure.

Figure 4.2. Two different views of the overall three-dimensional structure of ligand-free PcGDH in
ribbon representation. The FAD-binding domain is shown in yellow, the substrate-binding domain in
light blue, the FAD cofactor in dark red sticks. Secondary structure elements are assigned following
the nomenclature in Figure 4.1. Glycosylations are represented in sticks and colored by heteroatom.
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Figure 4.3. Molecular surface of ligand-free PcGDH observed from three different perspectives. The
overall shape reminds of a bean with a convex face and a concave face. The substrate-binding cavity
located on the concave face of the protein provides access to the active site. Glycosylations are
represented in sticks and colored by heteroatom.

The Asn439 site shows a well-defined electron density for the first three sugar
molecules: two B(1->4) linked N-acetylglucosamines and a B(1->4) linked
mannose. Despite the less defined density at Asn38, the first covalently bound
N-acetylglucosamine can be identified. Asnl88 clearly shows a double
conformation of the side chain, with an unmodelled blurred density in its
proximity that might belong to the N-linked glycan.

The overall electron density is of very high quality except for three loop
regions: the one connecting B-strands B8 and B9 (residues 269-275), part of
the loop connecting B7 and B8 (residues 252-259) and the loop connecting
B13 and B14 (residues 418-424). Modeling of these portions required the
introduction of double conformations. Equal occupancies satisfied both the F,-
F¢ and the 2F,-Fc map in the case of the B7-B8 and the B8-B9 loops, while the
B13-B14 loop was modelled with a mixed occupancy. The main conformation,
accounting for 70% of the protein molecules in the crystal, allows B13 to

extend until Gly420 and B14 to start from Asp423. The remaining 30%
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population has been modelled following the Fo-Fc map, since no clear density
was identified in the 2F,-Fc map. After several rounds of refinement the Fo-F.
map still showed a diffuse missing density, indicating no definite conformation
for the 30% conformer. As indicated also by the high B-factors in this region,
the B13-B14 loop is endowed with high flexibility in the ligand-free form of
PcGDH, despite the hydrogen bonds typical of a 3-sheet structure stabilize the

main conformer.

4.1.2 Active site geometry: the FAD-binding cleft and the reactive center

The FAD molecule is non-covalently bound to the apoenzyme and occupies a
narrow channel lined by ordered regions devoid of secondary structure, mainly
the loop connecting the B-strand B1 and the helix H1 belonging to the PBo3-
motif. The cofactor average B-factor (13.7 A?) is comparable to the average
value observed for the protein atoms (14.2 A?).

Hydrogen bonds dominate the cofactor-protein interactions, which mainly
involve the backbone NH and CO groups and several water molecules (Fig.
4.4). More in details, the adenine moiety interacts with the NH and CO groups
of Ala247 through N1A and N6A atoms respectively; N6A is also stabilized
by the presence of a water molecule. N3A interacts with the NH group of
Ala48. The ribose moiety forms strong hydrogen bonds with the carboxyl
group of Glu47, conserved in all GMC oxidoreductases. The pyrophosphate
group forms an extended network of hydrogen bonds, five of them established
with water molecules. The first phosphate group interacts with the NH group
of Leu26 and with both the amino group and the side chain of Ser93; similarly,
the second phosphate group interacts with Ala561 NH group and both the NH
and the hydroxyl groups of Thr27.
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Figure 4.4. Schematic representation of the FAD-protein interactions. Hydrogen bonds (distance <3.2
A) are indicated by thick lines if they involve the amino acid side chain, dotted lines if they involve the
NH or CO groups. Water molecules are depicted as blue circles.

The negative charge of the pyrophosphate group is also stabilized by the
orientation of helix H1, whose polarity at the N-terminus allows for charge
compensation. The ribityl chain only forms two weak hydrogen bonds, with
Asn97 side chain and with a water molecule. The isoalloxazine ring is rigidly
fixed (Fig. 4.5A), especially at the pyrimidine moiety by hydrogen bonds of
O2F, N3F and O4F. O2F interacts with the CO group of Alal00, a water
molecule and both the NH group and the side chain of Ser573; N3F interacts
with the CO group of Alal00; O4F interacts with both the NH groups of Ala99
and Ala100. Moreover, N5F is involved in a hydrogen bond with the NH group
of Gly98. Interestingly, the hydroxyl group of Ser573 is found in an equally
occupied double conformation: in one conformer it interacts with O2F, in the

other is involved in a hydrogen bond with Asn97 side chain.
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Figure 4.5. Close-up view of the active site flavin - panel A: interactions between the isoalloxazine
ring and the protein; panel B: residues facing the active site. The protein is shown in gray, the FAD
cofactor in yellow, colored by heteroatom. The isoalloxazine ring is rigidly fixed through a dense
network of hydrogen bonds. Most contacts involve the protein backbone except for Ser573, which
stabilizes the cofactor also with its side chain. Ser573 is modelled in double conformation: one
conformer interacts with the flavin system, the other interacts with Asn97 side chain. Asn97 is located
on the si-face of the isoalloxazine ring, while the two catalytic histidines His528 and His571 lie on the
re-face: the orientation of their imidazole ring is due to hydrogen bonding with GIn329 and Glu414
respectively. Except for GIn331, most of the residues directly facing the active site possess aromatic
side chains: Tyr64, Phe416 and Trp430. Water molecules are depicted as red spheres. Hydrogen bonds
(distance <3.2 A) are represented with a dotted line.

The electron density map of the isoalloxazine ring clearly shows a distortion
from planarity (Fig. 4.6): the pyrimidine moiety is ~9° bent from the pteridine
plane at the level of the reactive N5 atom.

This conformation of the ring in oxidized FAD has already been observed in
other GMC oxidoreductases, in which an asparagine residue has been pointed
out as critical in preventing the isoalloxazine ring to adopt a planar
conformation. This interpretation is valid also for PcGDH, where the
conserved Asn97 is located right below the central part of the isoalloxazine
ring and is further stabilized by Ser573 (Fig. 4.5A). This type of stabilization
is observed also in CDH from Myriococcum thermophilum (MtCDH) where
the hydroxyl group belongs to a threonine residue instead of a serine; also in

MtCDH the cofactor is in a bent oxidized form.
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Figure 4.6. Two different views of the 2F ,-F. electron density map of the FAD cofactor contoured at
1. The FAD cofactor is shown in yellow sticks, colored by heteroatom; it adopts an extended
conformation, with the adenine and the isoalloxazine moieties distal to each other. A distortion of ~9°
from planarity was measured in comparison with the canonical isoalloxazine conformation of the
oxidized cofactor.

In terms of biochemical reactivity, a distorted conformation of the
isoalloxazine ring in the oxidized state implies that the flavin system can
switch from the oxidized to the reduced form with minor conformational
changes. The extensive network of hydrogen bonds involving the cofactor in
PcGDH corroborates this interpretation, since only a major reorganization of
the protein environment could sustain a change in FAD conformation. The
architecture of the protein backbone thus restrains the geometry of the cofactor,
causing a modulation of the FAD redox potential®. Considering that fungal
GDHs are thought to be involved in lignin degradation mainly as reducing
agents, able to neutralize free radicals deriving from the host plant, an easily
reducible flavin system is likely to be nature’s choice in optimizing the
efficiency of these enzymes.

The active site is located at the bottom of a large funnel-shaped cavity and is

directly accessible from the solvent environment. As in other GMC
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oxidoreductases, the catalytic pair His528/His571 is positioned in the
proximity of the FAD, on the re-face of the isoalloxazine ring. The imidazole
rings are oriented by GIn329 and Glu414 side chains, involved in a strong
hydrogen bond with His528 and His571 respectively (Fig. 4.5A). Except for
GIn331, most of the residues directly facing the active site possess aromatic

side chains: Tyr64, Phe416 and Trp430 (Fig. 4.5B).
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4.2 Functional clues from structure: PcGDH in complex with glucose

4.2.1 Substrate binding causes a structural rearrangement

Crystals of PcGDH soaked in glucose diffracted at 1.77 A resolution.
Ramachandran analysis indicates that 560 residues (95.4%) fall in the favored
region while 27 of them (4.6%) are in the allowed region. Data collection and
refinement statistics are summarized in Table 4.1. A total of seven glucose
molecules are bound in the structure of glucose-soaked PcGDH (PcGDH-
GLC): three on the external surface of the protein, four in the substrate-binding
cavity, numbered according to their proximity to the active site.

PcGDH in complex with glucose shows very few differences in the overall
architecture compared to the ligand-free form: superposition of the two
structures Co atoms yields a root-mean-square deviation (r.m.s.d.) average
value of 0.34 A. The analysis of the r.m.s.d. values plotted as a function of the
residue number (Fig. 4.7), however, shows Co atoms displacement values
exceeding 10 A for residues forming the B13-B14 loop. Indeed, in PcGDH-
GLC this loop is locked in a single, well-defined conformation that restricts
the access to the active site: residues Ser419 and Asp424 act as hinges bending
the loop with a 90° angle toward the inner portion of the cavity (Fig. 4.8). The
loop wraps on itself with a very tight geometry, allowed by the presence of a
cis-proline (Pro422) at the turning point of the two antiparallel -strands. This
arrangement is completely different from the one observed in the structure of
ligand-free PcGDH where some extent of mobility for this loop was observed.
It had to be modeled in two conformations, one of which points away from the
active site and thus contributes to the wide opening of the substrate-binding

cavity.
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Figure 4.7. Root-mean-square deviation of Ca atoms as a function of the residue number superposing
the structures of ligand-free PcGDH and PcGDH-GLC. The highest r.m.s.d. values are observed for
residues 420-423, corresponding to the B13-B14 loop.

The Phe421 residue plays a key role in the B13-B14 loop conformational
transition since it faces the solvent in the ligand-free protein and binding of
glucose causes its phenyl ring to move ~17 A closer to the active site. This
major displacement allows Phe421 to interact with one of the glucose
molecules found in the proximity of the FAD cofactor (Fig. 4.8).

No significant conformational changes are observed in residues directly facing
the active site. The isoalloxazine ring of the cofactor, however, shifts by ~0.42
A toward the substrate at the level of the N5 reactive center. The ring distortion
from planarity is also more pronounced than in the ligand-free form, with a
measured bending angle of ~22° (instead of ~9°) between the pteridine moiety
and the pyrimidine moiety; this geometry is even more similar to the one
typical of a reduced FAD in comparison with what observed in the ligand-free

structure.
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Figure 4.8. Superposition of ligand-free PcGDH (gray) and PcGDH-GLC (light blue) structures;
glucose molecules are colored in orange, by heteroatom. Side view (panel A) and top view (panel B) of
the active site and the B13-B14 loop: Phe421 (shown in sticks), which faces the bulk in the ligand-free

structure, shifts ~17 A toward the active site upon binding of glucose, and interacts with the second
glucose molecule through CH-r interactions. This movement causes the B13-B14 loop to wrap on itself
and to rotate by ~90° toward the active site.

Nevertheless, structure refinement carried out using the reduced FAD were not
successful; the electron density map unequivocally identifies the cofactor as
oxidized, despite the major distortion from planarity. The change in FAD
conformation might represent a substrate-induced adaptation of the flavin
system, which enhances the structural distortions already observed in the

ligand-free structure®.

4.2.2 PcGDH-GLC active site

Four glucose molecules are found in the proximity of the PcGDH-GLC active
site: two of them (GLC3 and GLC4) adhere to the edge of the funnel-shaped
cavity leading to the active site, while the other two (GLC1 and GLC2) are
very close to the FAD cofactor, arranged in line with one another. The quality
of the electron density map allowed to orient the latter two molecules in a

unique fashion, but it indicates a certain degree of mobility. Indeed, the average
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B-factors of these two ligands (44.6 A% for GLCI, 68.7 A% for GLC2) are
higher than the average value calculated for the protein atoms (16.1 A?).

The first glucose molecule located in the active site is found at the bottom of
the substrate-binding cavity, directly facing the cofactor (GLC1 in Fig. 4.9).
The reactive hydroxyl group points toward the Ne2 atom of His528, in a
position that would allow the proton abstraction hypothesized in the catalytic
mechanism. The O2 hydroxyl group interacts with Val526 CO group and a
water molecule; the side chain of GIn331 stabilizes the sugar O3 hydroxyl
group, which is also involved in a hydrogen bond with the O1 hydroxyl group
of the second glucose molecule found in the active site. The first ligand also
interacts with the O4F atom of the pyrimidine portion of FAD through its
CH>OH group.

Figure 4.9. Active site of PcGDH-GLC - panel A: top view, panel B: side view. The protein is shown in
light blue, the glucose molecules in orange, the FAD cofactor in yellow, colored by heteroatom. The
two glucose molecules are numbered according to their proximity to the flavin system. GLCI is
oriented toward the cofactor and His528 with its reactive hydroxyl group (O1). The O3 atom is very
close to the OI atom of the following glucose molecule (~2.7 A). Both ligands are sandwiched between
the aromatic residues Phe421, Tyr64, Phe416 and Trp430, which define the pathway connecting the
solvent to the active site. Water molecules are depicted as red spheres. Hydrogen bonds (distance <3.2
A) are represented with a dotted line. Panel A: B14 and H15 are omitted in the structure to allow
visualization from the top of the active site.
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The glucose molecule is further stabilized by carbohydrate-aromatic
interactions, i.e. interactions of an aromatic m-system with the C-H bonds of
the sugar. The two aromatic rings of Trp430 and Phe416 lie almost on the same
plane, forming an aromatic platform above the 3-face of the glucose molecule.
The same type of interaction is found on the other side of the ligand, which
faces the aromatic ring of Tyr64.

The second glucose molecule found in the proximity of the active site is
oriented with its reducing O1 hydroxyl group pointing toward the O3 and O4
hydroxyl group of the first glucose molecule (GLC2 in Fig. 4.9). The ligand
does not take part in any hydrogen bond with the protein environment, but its
CH groups on the B-face are engaged in CH-m interactions with Phe421
belonging to the B13-B14 loop, whose phenyl ring is perfectly parallel to the
glucose pyranose ring (Fig. 4.9B). The a-face is stabilized by the aromatic
contribution of Tyr64 phenol ring; this residue stabilizes both the a-faces of
the two glucose molecules and together with Phe416 and Phe421 orient them
with a precise geometry in the active site.

It is thus possible to point out the two main forces contributing to the overall
process of substrate binding. The two main energetic contributions are 1) the
aromatic stabilization due to electron-rich residues and ii) the steric effects of
the bulky aromatic residues interacting with the substrate, which impose a
strict directionality to the path connecting the aqueous environment to the
flavin system. Remarkably, the movement of Phe421, followed by the entire
B13-B14 loop, could escort the second glucose molecule to the proximity of
the active site, causing a narrowing of the substrate-binding cavity.

Moreover, two additional glucose molecules are bound at the periphery of this
cavity (Fig. 4.10). Their position suggests that they define a diffusion pathway

from the bulk to the flavin system, indicating that the wide substrate-binding
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Figure 4.10. Surface representation of the funnel-shaped substrate-binding cavity, on the concave face
of PcGDH. Four glucose molecules bind to this region, numbered according to their proximity to the
active site. They seem to be caught in the diffusion process from the bulk to the flavin system. PcGDH

surface is shown in light blue, glucose molecules in orange sticks, colored by heteroatom.

cavity might act as a funnel conveying the substrate molecules to the reactive

center.

4.2.3 External sugar-binding sites

A peculiar feature of the PcGDH-GLC structure is the presence of three
glucose molecules on the external surface of the protein. Both the initial Fo-F.
and 2F,-F. maps showed well-defined electron densities for these glucose
molecules; they are rigidly fixed, showing B-factors comparable to the protein
counterpart. They bind to three external small cavities that will be referred to
as external sugar-binding sites (SBSs), numbered according to their proximity
to the active site cavity; all of them are accessible from the convex face of

PcGDH and are shown in Figure 4.11.
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SBS1 is a small pocket between sheet D and H7, resulting from the protruding
loop connecting B5 and H9. Most of the glucose-protein contacts form a dense
network of hydrogen bonds involving the sugar hydroxyl groups. The O2 atom
is stabilized by the hydroxyl group and the CO group of Ser141, together with
the Alal42 CO group. The O3 atom tightly interacts with the hydroxyl group
of Thr168, the CO group of Phel69 and a water molecule mediating the
interaction with Asp219 side chain, the NH> group of GIn147 might also be
involved in this hydrogen bond network; the O4 atom interacts with a water
molecule and the carboxyl group of Asp171. The glucose molecule in SBSI is
further stabilized by the aromatic side chain of Trp215, engaged in CH-nt
interactions with the a-face of the sugar ring.

SBS2 is located between H1 and H9, right under the sheet D. The type of
interactions between the glucose molecule and the protein environment in
SBS2 are similar to those found in SBS1. The O2 atom interacts with the
carboxyl group of Glu37, the terminal nitrogen atom of Arg236 and a fixed
water molecule, which also stabilizes the O3 atom together with the CO group
of Tyr228; the O4 hydroxyl group is involved in hydrogen bonds with two CO
group belonging to Tyr228 and Ala227. The pyranose ring is sandwiched
between the side chains of Pro164, Tyr228 and Val232. The CH-r stabilization
provided by an aromatic residue observed in SBS1 is missing in SBS2.

While SBS1 and SBS2 are on the same side of the protein, SBS3 is located on
the convex face of the substrate-binding domain, between helices H8 and H12.
The electron density of the glucose molecule bound to this site is weaker
compared to the one observed in the other two SBSs; the ligand also shows
higher temperature-factors and has been modelled with an 80% occupancy. It

interacts with the protein through three hydrogen bonds: the O3 and O4 atoms
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Figure 4.11. External sugar-binding sites (SBSs) found in PcGDH-GLC. All three sites are located on
the convex face of PcGDH, whose surface is represented in the center and colored in light blue.
Glucose molecules are represented in sticks and colored in orange, by heteroatom. The three sites are
numbered according to their proximity to the active site, located on the concave face of the protein (not
shown). The three boxes show the detail of the interactions between the protein and the ligands found
in the three sites. Water molecules are depicted as red spheres. Hydrogen bonds (distance <3.2 A) are
represented with a dotted line. The 2F,-F. electron density map is also depicted for the glucose
molecules, contoured at 1o
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interact with the CO group of Thr190 and GIn359 respectively, while the O6
atom interacts with the amino group of Lys476.

All three SBS are directly accessible from the aqueous environment. In SBS1
and SBS2 the glucose molecule is anchored to the protein through its three O2,
03 and 04 hydroxyl groups, with the CH>OH group and the O1 reducing end
exposed to the bulk. Conversely, the glucose molecule found in SBS3 appears
more loosely attached with the O1 and O2 hydroxyl groups pointing in the
direction of the solvent.

The superposition of ligand-free PcGDH and PcGDH-GLC reveals that
residues in SBS2 are pre-organized, with no difference in the side chain
arrangement of the two structures. On the other hand, binding of glucose to
SBS1 causes a reorganization of residues Ser141, Aspl71 and Trp215: their
mobile side chains modelled as double conformers in ligand-free PcGDH are
locked in a single conformation upon binding of glucose. A similar behavior
is found in SBS3, where Lys476 can be modelled as a single conformer only
when glucose is bound.

This is the first time that secondary sugar-binding sites are found in a GMC
oxidoreductase. The molecular bases of sugar recognition in these sites restrict
the hypothetical natural binders to a limited group of carbohydrates. Only
monosaccharides or oligosaccharides containing three free non-reducing
hydroxyl groups at C2, C3 and C4 can externally bind PcGDH. Potential
naturally occurring ligands are the non-reducing ends of polysaccharides like
cellulose or hemicellulose, together with all their possible cleavage products.
Interestingly, also branched polysaccharides such as xyloglucans,
glucuronoxylans, galactomannan and galactogluicomannans found in
hemicellulose (Fig. 1.5) are plausible binders. The units forming the branches
of these polysaccharides consist of xylose, glucuronic acid and galactose

possessing free O2, O3 and O4 hydroxyl group. The stereochemistry of these
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groups in xylose and glucuronic acid is identical to glucose, while is inverted
at the O4 in galactose. If the external SBSs identified in PcGDH are able to
recognize these branching units, they might have a physiological relevance. As
a possibility, they might be of importance in guiding the secreted enzyme

toward the polysaccharide matrix of lignocellulose where its action is required.
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4.3 Structure of PcGDH bound to laminaribiose

4.3.1 A puzzling substrate recognition mechanism

The structural analysis of PcGDH-GLC gave some hints about novel binding
modes of the physiological substrate glucose to the enzyme. Interestingly, two
glucose molecules were found in the proximity of the cofactor, not one. These
two ligands show a defined orientation and are also very close to each other:
the O3 atom of the first glucose molecule and the O1 of the following are only
~2.7 A apart (Fig. 4.9). Moreover, the largest conformational change observed
upon binding of glucose is primarily caused by the B13-B14 loop Phe421
recruitment in binding the second glucose molecule, not the one that directly
faces the cofactor. These observations suggested that PcGDH might be also
able to bind a disaccharide. The orientation of the two glucose molecules is
compatible with a hypothetical disaccharide containing a f(1->3) linkage, so
laminaribiose was tested for the structural analysis. Soaking in laminaribiose
was successful and the structure of laminaribiose-bound PcGDH (PcGDH-
LMB) was solved and refined to 1.7 A resolution. Data collection and
refinement statistics are summarized in Table 4.1. Ramachandran analysis
indicates that most residues (95.4%) fall in the favored region, 27 residues
(4.6%) are in the allowed region and there are no outliers.

Superposition of ligand-free and laminaribiose-bound PcGDH structures gave
an average r.m.s.d. of 0.41 A for the Co. atoms. As observed in PcGDH-GLC,
however, the Ca displacement vs residue number plot shows r.m.s.d. values
exceeding 10 A only for residues forming the B13-B14 loop (data not shown).
Superposition of PcGDH-LMB and PcGDH-GLC models gave an average

r.m.s.d. of 0.24 A for the Co atoms. Indeed, the two sugar-bound structures of
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PcGDH are almost identical, showing that binding of laminaribiose causes the
same rearrangements observed in the case of glucose.

As in the case of PcGDH-GLC, one molecule of laminaribiose occupies each
of the three external sugar-binding sites; however, only one disaccharide
molecule is found in the active site.

The electron density map indicates the latter to adopt a double conformation:
the primary conformer is modelled with a 60% occupancy and the secondary
one with a 40% occupancy. Figure 4.12 shows how the two glucosyl units of
the disaccharide are oriented just like the two glucose molecules found in the
active site of PcGDH-GLC (Fig. 4.9). The two conformations of laminaribiose
differ in the orientation of the reducing unit: they are flipped by 180° with the
O1 and O6 atoms in opposite positions (Fig. 4.12A).

Y64 —
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Figure 4.12. Active site of PcGDH-LMB - panel A: top view, panel B: side view. The protein is shown
in green, the FAD cofactor in yellow, laminaribiose in magenta (primary conformer) or pink
(secondary conformer), colored by heteroatom. The primary conformer is closer to the FAD cofactor
than the secondary one, and oriented with the reactive O1 atom toward His528 and the FAD N5 atom.
His528 and Phe421 are found in double conformation. Water molecules are depicted as red spheres.
Hydrogen bonds (distance <3.2 A) are represented with a dotted line. Panel A: B14 and H15 are
omitted in the structure to allow visualization from the top of the active site.



In the primary conformer the reducing hydroxyl group is oriented toward the
catalytic His528 and the FAD reactive center, like in the glucose-bound
structure. The distance between the laminaribiose O1 atom and the FAD NS5
atom is ~3.2 A, while is ~2.6 A in the case of glucose. This increased distance
implies the loss of the hydrogen bond with the catalytic His528, which is also
found in double conformation. The secondary laminaribiose conformer is
shifted by ~1.0 A backward with respect of the primary one, so even the
interaction with the cofactor is missing in this conformer.

The amino acid residues involved in hydrogen bonds with the ligand are the
same observed in PcGDH-GLC, but they contact different hydroxyl group of
laminaribiose. The CO group of Val526 interacts with the O6 atom of the
secondary conformer. The NH; group of GIn331 interacts with the O2 atom of
the primary laminaribiose conformer and with both the O6 and O4 of the
secondary conformer. Asp418, which does not interact with any glucose
molecule in PcGDH-GLC, is involved in a hydrogen bond with the O’2 atom
of laminaribiose in both conformers. The CH-n aromatic interactions found in
PcGDH-GLC are conserved in PcGDH-LMB, since the orientation of the two
pyranose rings of the disaccharide is the same observed for the
monosaccharide counterpart. In the B13-B14 loop, Phe421 side chain is found
in double conformation, each conformer interacting with the non-reducing unit
of the two laminaribiose conformations. No further laminaribiose molecules
were found in the proximity of the substrate-binding cavity.

The structure of PcGDH in complex with laminaribiose confirms the
hypothesis about the ability of PcGDH to bind a disaccharide in the active site.
Moreover, the functional analysis (described in par. 4.5) demonstrated that
laminaribiose acts indeed as a substrate of PcGDH. Interpretation of the

electron density map, however, required the introduction of a double

63



conformation. The temperature factors are also notably high for both
conformers. These observations suggest that laminaribiose is not rigidly fixed
in the active site. Indeed, the directional interactions, i.e. hydrogen bonds, are
not enough to stabilize all the hydroxyl groups of the sugar and thus orient it
in a unique fashion. As in the case of glucose-bound PcGDH, the main forces
responsible for the orientation of the two glucosyl units of laminaribiose are
CH-rn stackings with aromatic residues, whose chemistry ensures a precise
orientation of the pyranose planes but does not provide a strict directionality
to the hydroxyl groups. The high mobility can then be associated to an
intrinsically loose substrate binding mechanism, which might not require the
formation of highly specific interactions between the active site residues and
laminaribiose.

Binding of both glucose and laminaribiose to PcGDH does not cause any
significant structural rearrangement in the protein environment close to the
cofactor. The only remarkable conformational change is observed in the B13-
B14 loop, which assumes a completely different conformation upon binding
of both sugars. Since the type of reorganization observed for this loop is the
same for both substrates, it can be referred to as the “substrate recognition
loop”. The role of Phe421, primary involved in the substrate recognition
process, is clarified with the structure of PcGDH-LMB. In the case of
laminaribiose this residue acts as a platform for the non-reducing glucosyl unit
of the disaccharide rather than providing a path connecting the solvent to the
active site, as pointed out in PcGDH-GLC. This type of stabilization is found
also in MtCDH®’, where a tryptophan residue interacts with the non-reducing
glucosyl unit of cellobiose but no significant conformational change in the

protein backbone is observed.

64



Structural changes due to binding of ligands are not common in GMC
oxidoreductases, which usually display a pre-organized structure, with the

exception of P20 from Trametes multicolor (see par. 4.4.2).

4.3.2 Specificity of the external sugar-binding sites

As in the case of glucose, three laminaribiose molecules are found on the
external surface of the protein, one for each of the three SBS identified in the
structure of PcGDH-GLC. In all cases the electron density map is very well-
defined, especially for the glucosyl unit primarily interacting with the protein
environment; this portion also shows lower B-factors than the other unit.
Figure 4.13 shows the detail of the interactions between laminaribiose and the
protein environment in these sites, which are very similar to those observed in
PcGDH-GLC.

Although, some additional interactions stabilizing the disaccharide can be
identified. In SBS1 the O’2 hydroxyl group of laminaribiose is additionally
stabilized by a hydrogen bond with the CO group of Serl41, while the CO
group of Alal42 contacts both the O2 of the disaccharide. Even in SBS2 the
additional interaction involves the two O2 groups, both interacting with the
carboxyl group of Glu37. In SBS3 laminaribiose interacts with the hydroxyl
group of Ser363 through the O2 atom of the reducing unit; this interaction is
not found in PcGDH-GLC.

Interestingly, all SBSs bind laminaribiose through the second glucosyl unit,
i.e. the non-reducing end. This portion is anchored to the protein with its O’2,
0’3 and O’4 hydroxyl group, with the same binding mode observed in
PcGDH-GLC. As a consequence, the non-reducing end is rigidly fixed and
buried in the protein pocket, while the reducing end is exposed to the solvent

and then more mobile compared to the non-reducing unit.
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Figure 4.13. External sugar-binding sites (SBSs) found in PcGDH-LMB. All three sites are located on
the convex face of PcGDH, whose surface is represented in the center and colored in green.
Laminaribiose molecules are represented in sticks and colored in pink, by heteroatom. The three sites
are numbered according to their proximity to the active site, located on the concave face of the protein
(not shown). The three boxes show the detail of the interactions between the protein and the ligands
found in the three sites. Water molecules are depicted as red spheres. Hydrogen bonds (distance <3.2
A) are represented with a dotted line. The 2F,-F. electron density map is also depicted for the glucose
molecules, contoured at 1o
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The observation that all SBSs bind both glucose and laminaribiose in the same
specific fashion strengthens the hypothesis that recognition of sugars by
remote sites located on the external protein surface might be of importance for

PcGDH enzymatic activity in the physiological context.
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4.4 Comparison with AfGDH, AnGOX and other GMC

oxidoreductases

4.4.1 A conserved overall fold

PcGDH displays the characteristic fold of GMC oxidoreductases. In terms of
sequence and structure similarity, GDH from Aspergillus flavus (AfGDH) and
GOX from Aspergillus niger (AnGOX) are closely related to PcGDH. The
structure-based sequence alignment gave a 36.4% identity with AfGDH and
34.3% identity with AnGOX (Fig. 4.1). Ca atoms superposition yielded a 1.2
A r.m.s.d. in the case of 4/GDH (PDB entry 4YNT’#) and 1.3 A for AnGOX
(PDB entry 1CF3%%). In terms of oligomeric state, the two GDHs are monomers
while AnGOX is a dimer. PcGDH and AnGOX structures have been modelled
with an oxidized FAD showing a distortion from planarity; in AfGDH
structures the cofactor is found in its reduced state.

PcGDH and AfGDH share a very similar overall architecture. PcGDH has an
11 amino acids insertion at the N-terminus and a 5 amino acids insertion
folding into HS, absent in AfGDH. A 7 amino acids depletion in the loop region
between H2 and H3 is structurally compensated by 5 additional amino acids
located at the end of H18 in PcGDH (H16 in AfGDH).

PcGDH and AnGOX also share a common backbone architecture. In terms of
overall fold, AnGOX has a 3 amino acids longer N terminus compared to
PcGDH, and a 6 amino acid insertion in the loop region between H2 and H3,
like AfGDH. The helix H5 found in PcGDH, caused by a 5 amino acids
insertion, is not conserved in AnGOX. PcGDH shows an additional 5 amino
acids insertion at the end of H18 (H12 in 4nGOX), like in comparison to
AfGDH. In both cases, this insertion has the effect of slightly narrowing the
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substrate-binding cavity of PcGDH in comparison to AfGDH and AnGOX. The
maximal width of the cavity measured in PcGDH is ~28 A, while is ~31 A for
AfGDH and ~34 A for AnGOX.

4.4.2 The peculiar substrate binding mode of PcGDH

The structure of 4/GDH is available in the ligand-free form (PDB entry 4YNT)
and in complex with the oxidation product D-glucono-6-lactone (LGC - PDB
entry 4YNU) and it shows a substrate recognition mechanism completely
different from the one observed in PcGDH. In AfGDH-LGC the ligand is
tightly bound in the active site through hydrogen bonds involving all the
hydroxyl groups of glucose except O6. Figure 4.14 shows the superposition of
the residues involved in interactions with ligands in the active sites of PcGDH-

GLC and AfGDH-LGC.
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Figure 4.14. Structural comparison between PcGDH-GLC and AfGDH-LGC active sites - panel A: top
view, panel B: side view. PcGDH is shown in light blue, AfGDH in ocher, GLC in orange and LGC in
purple, colored by heteroatom. The first residue specified belongs to PcGDH, the second to AfGDH.
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Compared to the O1 hydroxyl group of GLC, the carbonyl group of LGC is
~1.34 A closer to the cofactor, which results in hydrogen bonding with both
catalytic histidines (His505/His548). The other residues involved in stabilizing
LGC are: Asn503, interacting with both its side chain CO and its backbone CO
groups; Arg501, contacting both O3 and O4 hydroxyl group through its
terminal nitrogen atoms; Tyr53 and Glu413, interacting with both the O5
hydroxyl group; Leu401 and Trp415 providing an hydrophobic environment
around the bound LGC on the si-face, which corresponds to the B-face of
glucose.

PcGDH displays a very different substrate binding mode, since both glucose
and laminaribiose mainly interact with the active site residues through CH-nt
interactions. As an example, the conserved Tyr64 in PcGDH (Tyr53 in
AfGDH) interacts with sugars through aromatic stacking rather than hydrogen
bonding. Glu413, Arg501 and Asn503 in AfGDH correspond to Val428,
Ala524, and Val526 in PcGDH, unable to interact through hydrogen bonds
with the ligand. GIn331, which is involved in a hydrogen bond with glucose in
PcGDH, corresponds to Asn318 in AfGDH, not involved in any contact with
LGC. The aromatic Trp430 found in PcGDH is conserved in AfGDH (Trp415),
but the proximal Phe416 corresponds to Leu401 in AfGDH, which lowers the
aromatic contribution to CH-7 interactions with the ligand.

The most evident difference between the two substrate-bound protein
complexes is the absence of a second ligand molecule in the active site of
AfGDH. Indeed, the substrate recognition loop, formed by residues 419-424
(SGFPDD) in PcGDH, corresponds to residues 404-409 (PGGGNA) in
AfGDH; this region lacks the aromatic residue responsible for the closure of
the loop on the second glucose molecule found in the active site of PcGDH.

The different substrate binding modes are probably related to the different
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physiological functions of the two proteins: the recognition of oligosaccharides
containing a (1->3) linkage might be a peculiar feature of PcGDH, not shared
with AfGDH. This explains why the binding of LGC does not trigger any
significant conformational change in the loop connecting B15 and B16 of
AfGDH. An additional ligand molecule is found at the edge of the substrate-
binding cavity of AfGDH-LGC structure, in the same position occupied by
GLC4 in PcGDH-GLC structure (Fig. 4.10).

The crystallographic structure of AnGOX is available only in the ligand-free
form, but the authors propose an enzyme-substrate complex model based on
molecular modeling. Figure 4.15 shows the superposition of the residues in the
active sites of PcGDH-GLC and 4AnGOX. Most residues are conserved
between AnGOX and AfGDH, and so is the chemistry of the predicted protein-
ligand interactions. Notably, the aromatic platform formed by Phe416/Trp430
in PcGDH is conserved in AnGOX (Phe414/Trp426).
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Figure 4.15. Structural comparison between PcGDH-GLC and AnGOX active sites - panel A: top
view; panel B: side view. PcGDH is shown in light blue, AnGOX in light green, GLC in orange,
colored by heteroatom. The first residue specified belongs to PcGDH, the second to AnGOX.
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The region corresponding to the substrate recognition loop of PcGDH,
however, is not conserved in AnGOX (residues 417-420, corresponding to the
sequence TAGV).

An interesting feature observed in both AfGDH and AnGOX is the presence of
a bulky aromatic residue, Phe504 and Tyr515 respectively, in the proximity of
the FAD pteridine moiety. In PcGDH these residues correspond to the small
Ala527 (Figg. 4.14A and 4.15A), with water molecules occupying the position
of the aromatic rings. As a result, in PcGDH there is a large unoccupied space
close to the cofactor even in the sugar-bound structures. This space availability
raises a point about PcGDH ability to potentially bind even more sugar
substrates or substrates with a different type of linkages. Alternatively, this
additional space might be relevant in the secondary redox reaction, i.e. in the
secondary electron acceptor recognition process.

Most of the available structures of GMC oxidoreductases in complex with
substrates show a pre-organized active site, with no remarkable change in the
architecture of the protein backbone. The only exception is P20 from T.
multicolor: this protein is structurally very distant from PcGDH, but they both
share a substrate recognition mechanism that involves reorganization of a loop
region (substrate recognition loop) upon binding of the pyranose ligand. In
TmP20, however, the nature of this transition is very different, if not the right
opposite, from what observed in PcGDH: instead of the Phe421 recruitment in
stabilizing the substrate, a Phe residue (Phe454) moves away from the flavin
reactive center opening the active site and allowing the entrance of the ligand,
since the chemistry of 7mP20-ligand interactions is based on hydrogen

bonding rather than CH-t electronic effects’?.
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4.4.3 External sugar-binding sites are not conserved in both AfGDH and

AnGOX

Among all the structurally characterized GMC oxidoreductases in complex

with sugars, PcGDH is the only member of the family displaying externally

bound saccharides. The enzyme-substrate complex structures of AfGDH,

MtCDH and TmP20 do not show any additional ligand on the external surface

of the protein. To check if this structural feature might be conserved in A/GDH

and AnGOX, an analysis of the amino acids conservation in these regions was

carried out.

Most of the residues forming SBS1 in PcGDH are not conserved either in
AfGDH or AnGOX (Fig. 4.16). The backbone carbonyl groups involved in the
interactions in PcGDH are almost superimposable to those of A/GDH and

AnGOX, but the amino acid side chains differ significantly.
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Figure 4.16. Structural comparison between SBSI in PcGDH-GLC and the corresponding residues in
AfGDH (panel 4) and in AnGOX (panel B). PcGDH is in light blue, AfGDH in ocher, AnGOX in light
green, GLC in orange, colored by heteroatom. The first residue specified belongs to PcGDH, the

second to AfGDH in panel A or to AnGOX in panel B.
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Thr168, which plays a key role in stabilizing the sugar O3 hydroxyl group, is
substituted by Glyl59 and Glyl174 in AfGDH and AnGOX respectively.
Aspl71 is not conserved in AfGDH (Gly162) but is conserved in AnGOX
(Asp177). The CH-r stabilization provided by Trp215 is not conserved, since
Val205 is present in AfGDH and Glu221 in AnGOX. Serl141 is not conserved
in AnGOX (Argl47) but a hydroxyl group able to interact through hydrogen
bond is present in AfGDH (Thr132). Asp219, which interacts with sugar
ligands bridged by a water molecule is not conserved in either proteins:
Asn208 in AfGDH and GIn223 in AnGOX; Asn208 has a very different
orientation while the side chain of GIn223 might provide the same type of
stabilization. GIn147 is conserved and occupies the same position in both the
other proteins: GIn138 in AfGDH, GIn153 in AnGOX.

Most residues found in SBS2 are conserved in AfGDH and AnGOX (Fig. 4.17),
and so are the positions of the backbone carbonyl groups involved in hydrogen
bonds. Val232, however, is not conserved in AfGDH, where Tyr221 occupies
most of the cavity that binds the sugar in PcGDH. In AnGOX Pro164, Tyr 228
and Val232 are not conserved (Thr170, Trp232 and Asn236 respectively).
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Figure 4.17. Structural comparison between SB2 in PcGDH-GLC and the corresponding residues in
AfGDH (panel A) and in AnGOX (panel B). PcGDH is in light blue, AfGDH in ocher, AnGOX in light
green, GLC in orange, colored by heteroatom. The first residue specified belongs to PcGDH, the
second to AfGDH in panel A or to AnGOX in panel B.
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Two out of the three interactions found in SBS3 involve the backbone carbonyl
groups, which in AfGDH and 4nGOX occupy similar positions in comparison
to PcGDH (Fig. 4.18). The amino group stabilizing the O6 hydroxyl group of
the sugar is conserved in AfGDH (Lys461) but not in AnGOX, where the side
chain of Asn473 is too short to interact with a potential ligand.

To sum up, the residues found in PcGDH SBS1 are not conserved in 4fGDH
and AnGOX, especially Thr168 and Trp215 that play an essential role in sugar
stabilization. Many residues forming SBS2 are conserved, but the bulky
Tyr221 occupies the pocket almost fully in AfGDH. Regarding SBS3, the
limited number of interactions are conserved, although AnGOX lacks the
stabilizing lysine side chain. It is not possible to definitively assess the
relevance of the SBSs found in PcGDH just on the basis of structural
comparison. Further experiments have to be carried out to clarify the
physiological relevance of the external SBS in solution, which might be a

peculiar feature of PcGDH.
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Figure 4.18. Structural comparison between SBS3 in PcGDH-GLC and the corresponding residues in
AfGDH (panel 4) and in AnGOX (panel B). PcGDH is in light blue, AfGDH in ocher, AnGOX in light
green, GLC in orange, colored by heteroatom. The first residue specified belongs to PcGDH, the
second to AfGDH in panel A or to AnGOX in panel B.
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4.5 Structure-function analysis: evaluation of substrate specificity

In order to evaluate the possibility for PcGDH to work as an oxidase, a
preliminary standard ABTS test®” was carried out. This assay allows to monitor
the ability of the enzyme to use molecular oxygen as a secondary electron
acceptor. The resulting production of hydrogen peroxide is coupled to the
ABTS oxidation catalyzed by a peroxidase. A change in the optical signal of
ABTS due to the redox reaction reveals the oxidase nature of the enzyme of
interest. The results obtained by testing PcGDH clearly indicate that the
enzyme 1s not able to consume molecular oxygen, confirming the strict
dehydrogenase nature of PcGDH (data not shown).

Analysis of the substrate specificity of PcGDH was carried out using a set of
five different substrates, shown in Fig. 4.19: D-glucose (GLC), cellobiose
(CLB), laminaribiose (LMB), and two different glucose-based trisaccharides
(GTA, GTB). Initially, the enzymatic activity of PcGDH was tested only using
glucose and laminaribiose, through the enzymatic assay based on the DCIP
method described in par. 3.5. Consistently with the structural data, a major
conversion of DCIP was observed when laminaribiose was used as a substrate
(Fig. 4.20). Therefore, a more extensive enzymatic characterization using these
two substrates was carried out; the resulting kinetic constants are shown in
Table 4.2. PcGDH showed a typical Michaelis-Menten kinetics over the
substrate concentration range of 0.12-2 M for glucose and 0-115.5 mM for
laminaribiose (Fig. 4.21). The measured Km for D-glucose is 516 = 176 mM
while for laminaribiose is 44 + 17 mM, suggesting that PcGDH binds
laminaribiose with more than a ten-fold higher affinity than glucose. The
enzyme displays a comparable maximum turnover rate (kca) for the two
substrates, although a slightly higher value was measured for laminaribiose.

As a result, the overall catalytic efficiency (kca/Kwm) 1s higher for this sugar.
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Figure 4.19. Chemical structures of the five sugars employed to test the substrate specificity of
PcGDH. Carbon atoms involved in glycosidic bonds are labelled.

The apparent values of the kinetic parameters suggest that the enzyme rate of
consumption of the two substrate is very similar, but PcGDH preferentially
binds laminaribiose.

The preferential activity of PcGDH on disaccharides raised the question about
a potential specificity toward the type of connection between the two glucosyl
units. Therefore, in order to assess the enzyme ability to discriminate between
B(1-2>3) and B(1->4) glycosidic bonds, PcGDH activity was tested toward
cellobiose, a disaccharide with a f(1->4) linkage: in this case no activity was
detected, indicating that the enzyme preferentially recognizes the B(1->3)

glycosidic bonds.
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To confirm such specificity and to investigate the dependence on the substrate
oligomerization state, PcGDH activity was tested toward the trisaccharides
1,3;1,4-B-glucotriose A (GTA) and B (GTB), shown in Figure 4.19. These
glucose-based trisaccharides are structural isomers with opposite glycosidic
linkages. In GTA the reducing glucosyl unit is linked through a f(1->4) bond
to the second unit, which is involved in a f(1->3) bond with the terminal unit.
These linkages are inverted in GTB, where the reducing unit is engaged in a
B(1->3) bond, while a (1->4) connection links the second and third units.

As reported in Figure 4.20, only GTB acts as a substrate of PcGDH, while no
enzymatic activity was detected toward GTA. Finally, the comparison of the
relative activities revealed that among all the tested sugars laminaribiose is the

preferred substrate of PcGDH (Fig. 4.20).
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Figure 4.20. Histogram of PcGDH relative activity tested toward the five sugars shown in Fig. 4.19,
using DCIP as secondary electron acceptor. Activity values are given in percentage relative to
laminaribiose (LMB).
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Table 4.2: Apparent kinetic constants of PcGDH for D-glucose and laminaribiose.

Km (mM) Vinax (nkat mg'l) Keat (SJ) kcat/KM (mM_] S_l)
D-glucose 516 £ 176 87+9 6.1+£0.6 12+2
Laminaribiose 44+ 17 103 £ 14 72+1.0 163 + 35
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Figure 4.21. Initial velocity of the reaction as a function of the substrate concentration for glucose
(GLC, left panel) and laminaribiose (LMB, right panel). Initial velocity points were determined
applying a linear fit to the linear region of the time trace. Data were fit to the Michaelis-Menten

hyperbolic equation (see par. 3.5). Error bars represent the standard deviation of initial velocities in
three independent experiments.

This finding can be interpreted considering the role of PcGDH in its
physiological context. The measured enzymatic activity is higher toward the
disaccharide laminaribiose than toward the monosaccharide glucose, showing
that a sugar possessing a 3(1-23) type of connection is a preferential substrate
of PcGDH. The observation that also GTB can be oxidized by PcGDH
confirms that the catalytic activity of the enzyme depends on the type of
glycosidic bond in which the reducing sugar monomer takes part; the enzyme
retains activity also if an additional third terminal glucose molecule is linked

to the laminaribiosyl portion through a 3(1->4) bond, as in GTB.

79



Mixed B(1-2>3, 1>4) glucans are typical of the hemicellulose matrix and
particularly abundant at the growth stage of the plant cell. Among all the
possible products released during the cleavage of mixed B(1-2>3, 1>4)
glucans, PcGDH is thus able to oxidize glucose, laminaribiose and GTB;

cellobiose and GTA instead cannot be oxidized by PcGDH (Fig. 4.22).

GTB GTA

Figure 4.22. Schematic representation of the possible cleavage products of mixed (1 23, 1 >4)
glucans typical of hemicellulose. Depending on the type of cleavage performed by hydrolases or
LPMOs, saccharides with different types of connection can be released. PcGDH is able to oxidize
GLC, LMB and GTB (written in green), but it is not active on CLB and GTA (written in red). Carbon
atoms of a typical polysaccharide and of the possible cleavage products are numbered.
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This might not constitute a problem for the fungus: other sugar
dehydrogenases, such as CDH?/, have been identified in the genome of P.
cinnabarinus, so the organism might have developed a different system to
oxidize these sugars. Previous studies carried out by Piumi et al.”’ already
demonstrated that PcGDH is able to oxidize different sugar substrates,
including mono and disaccharides, with glucose being the preferred one with
a Km compatible with our determination (272 mM). In this study, the structural
analysis of glucose-bound PcGDH suggested to try laminaribiose as an
alternative substrate, and in vifro enzymatic assays revealed it to be the
preferred one.

This substrate promiscuity can be structurally justified noticing that the
primary interactions involved in the enzyme-substrate complex formation are
CH-r interactions, responsible for orienting the substrate pyranose rings but
unable to lock the hydroxyl groups in a unique fashion. In addition to that, we
proved the enzyme ability to exploit the reducing potential of carbohydrates
with different degrees of polymerization. The lack of specificity in terms of
substrate oligomerization state allows PcGDH activity to be fueled by a variety
of saccharide chains deriving from the preliminary degrading action of
hydrolases or LPMOs on larger polysaccharides, with no strict need for a
complete cleavage, i.e. production of glucose monomers.

This can be interpreted as an aspect of the evolutionary optimization of the
coupling between the oxidation of sugars and the reduction of radicals
produced by laccases, resulting in a very efficient PcGDH auxiliary activity in
the overall process of lignin degradation. The preferential recognition of
B(1->3) bonds might represent a peculiar feature of PcGDH activity and a
fungal adaptation to the substrate availability, since hemicellulose is much

more accessible to lytic enzymes than cellulose, which forms crystalline fibers.
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This allows the enzyme to be readily reduced in the polysaccharide rich
environment where its activity is required.

These observations are consistent with the macroscopic evidence that P.
cinnabarinus 1s a white-rot fungus able to perform a complete lignin
degradation. The enzyme promiscuity and the preferential activity toward
glycosidic bonds typical of hemicellulose can provide a molecular explanation
for both the very efficient lignin degrading properties and the presence of

residual white cellulose on the plant wood attacked by the fungus.
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Chapter 5

Conclusions and future perspectives

5.1 PcGDH has the features of an efficient auxiliary enzyme

The structural and functional characterization of PcGDH described in this
study provided an explanation for the enzyme promiscuity pointed out by
previous work and allowed us to identify a preferred substrate.

This enzyme was identified as a glucose dehydrogenase by sequence
homology with GOX and CDH and functional characterization, but it displays
residual activity toward sugar substrates other than glucose. The structural
analysis of the glucose-bound enzyme shed light on the molecular basis of
substrate recognition and suggested the ability of PcGDH to bind a
disaccharide. Functional data on glucose, laminaribiose and glucose-based
trisaccharides demonstrated that the enzyme activity is higher toward
oligosaccharides containing a 3(1->3) type of connection in the reducing unit.
The three-dimensional structure of PcGDH in complex with laminaribiose
confirms the substrate binding mechanism suggested by the glucose-bound
structure.

Mixed (123, 1->4) glucans are part of the hemicellulose matrix of the plant
cell wall, where they associate with cellulose microfibrils during cell growth.
The ability to oxidize sugar substrates with different stereochemistry and
different polymerization degree strongly supports an auxiliary activity for
PcGDH. Indeed, both an easily reducible FAD cofactor and a substrate
promiscuity confer to PcGDH the ability to readily reduce lignin-derived
radicals produced by the action of laccases, which is essential for a powerful

lignin degrading system.
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Some aspects of PcGDH activity, however, still need to be clarified. The
unoccupied space found in the active site suggests that the enzyme might be
able to recognize sugar substrates with alternative types of linkages, such as
B(12>2) or B (1-2>6) glycosidic bonds, or with a lower number of carbon atoms
in the ring, i.e. pentose sugars. Moreover, since PcGDH belongs to the
secretome of the fungus, we propose that the presence of external sugar binding
sites could play a role in sensing the substrate availability and directing the

enzymatic activity toward the lignocellulose matrix.

5.2 Future perspectives

The study described in this thesis unveils novel, peculiar features of PcGDH
activity, but it also raises some questions.

For example, the substrate promiscuity and its molecular basis are not fully
explored; we plan to obtain the structure of PcGDH bound to different sugar
substrates, with a focus on the unoccupied space in proximity to the FAD
cofactor. Determining the structure with monosaccharides, like xylose, might
allow us to identify other sugars or glycosidic bonds able to better fit within
the active site, since a structural approach has already been successful for the
identification of laminaribiose as the preferred substrate. It is not excluded that
the PcGDH active site might be able to accept alternative sugar substrates with
an even higher affinity.

Structural analysis with disaccharides that already proved to act as substrates
of PcGDH, like lactose and maltose, would complement the information about
the substrate binding mode and would provide more detail on the specificity

of the enzyme-substrate complex.
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Another structural feature of PcGDH requiring further investigation is the
presence of external sugar-binding sites. Equilibrium binding experiments
with sugar ligands that do not act as substrates of PcGDH would allow a deeper
understanding of the physiological relevance of these sites; isothermal titration
calorimetry coupled to mutagenesis experiments might provide a molecular
rationale for the process of sugar recognition, highlighting a potential role of
the external sites in allosteric regulation of the binding events. Co-
crystallization experiments might be useful to reveal structural changes
induced by binding at those sites, whose effects might not be detectable in
enzyme-ligand structures obtained through soaking experiments.

Lastly, a more detailed understanding of PcGDH mechanism of action would
pave the way for 1) the improvement of existing biotechnological applications,
such as the design of a glucose-specific dehydrogenase for the development of
alternative blood glucose monitoring systems and ii) the design and production
of an engineered PcGDH to be utilized in the modification of compounds
deriving from plant biomass, in the ambitious pursuit of mastering both the
detoxification of lignin-derived compounds and the production of precursor

molecules for applications in industry and pharmaceutics.
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Abstract

In humans the steroid Sa-reductase (SRD5A) family comprises five integral membrane enzymes that carry out reduction of a double bond in
lipidic substrates: A*-3-keto steroids, polyprenol and trans-enoyl CoA. The best-characterized reaction is the conversion of testosterone into the
more potent dihydrotestosterone carried out by SRD5A1-2. Some controversy exists on their possible nuclear or endoplasmic reticulum
localization.

We report the cloning and transient expression in HeLa cells of the five members of the human steroid Sa-reductase family as both N- and C-
terminus green fluorescent protein tagged protein constructs. Following the intrinsic fluorescence of the tag, we have determined that the
subcellular localization of these enzymes is in the endoplasmic reticulum, upon expression in HeLa cells. The presence of the tag at either end of
the polypeptide chain can affect protein expression and, in the case of trans enoyl-CoA reductase, it induces the formation of protein aggregates.
© 2017 Published by Elsevier B.V. on behalf of Société Francaise de Biochimie et Biologie Moléculaire (SFBBM). This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: Steroid So-reductase; Polyprenol reductase; Trans-enoyl-CoA reductase; Subcellular localization

1. Introduction

In humans the steroid Sa-reductase family (SRD5A) com-
prises five membrane embedded enzymes that carry out the
reduction of a double bond of lipidic substrates. They can be
traced back to a common ancestor that split in three sub-
families (SRD5A1-2, SRD5A3 and TECR-TECRL). Members
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of the three subfamilies are found in all primary eukaryotic
species from plant, amoeba and yeast up to vertebrates, indi-
cating that the split arose in early eukaryota [1]. The dupli-
cation of an ancestral gene led to substrate diversification and
acquisition of a central role in vertebrates in the context of the
complex physiological roles of steroids.

SRD5A1 and SRD5A2 carry out the NADPH-dependent
reduction of the A* group (double bond) of C-19 and C-21
steroids into So-stereoisomers [2]. This reaction yields dihy-
drotestosterone, a more potent derivative of testosterone [3].
The first identified role of dihydrotestosterone is to trigger the
development of external genitalia in the male fetus, as
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dramatically brought to evidence by the identification of fa-
milial incomplete male pseudo-hermaphroditism, a congenital
condition due to mutations of the SRD5A2 gene [4]. Due to
their activity on testosterone, both SRD5A1 and SRD5A2 can
be viewed as pivotal factors in several physio-pathological
conditions, from benign prostatic hyperplasia and prostatic
cancer to acne and male pattern baldness [5,6]. Two com-
mercial drugs, finasteride and dutasteride, are used in therapy
for benign prostatic hyperplasia and, in the case of finasteride,
also for male pattern baldness.

The action of SRD5A1 and SRD5A2 on progesterone,
testosterone and other related steroids is also a committing
step for the production of neurosteroids. These are among the
strongest modulators of GABA(A) receptors with anticonvul-
sant, antidepressant and anxiolytic effects [7].

The expression of SRD5A1 and SRD5A2 was studied in
several organs and tissues, with results depending on the
methodology (antibody, mRNA analysis, in situ, after protein
extraction, etc.) and on tissue preparation and origin (for a
review see Ref. [8]). Expression of SRD5A1 is consistently
reported in the brain, liver and sebaceous glands, whereas
SRDS5A2 is mainly found in the urogenital tract, genital skin,
liver and transiently in the brain.

A third member, SRD5A3, has testosterone reductase ac-
tivity, and seems to play a role in the onset of hormone re-
fractory prostate cancer [9]. Surprisingly, inactivating
mutations of the SRD5A3 gene cause a rare congenital neu-
rodevelopmental disorder. This is possibly related to the fact
that SRD5A3 is also endowed with polyprenol reductase ac-
tivity, thus carrying out one of the earliest steps of protein N-
linked glycosylation [10]. SRD5A3 was ubiquitously detected
in human healthy tissues and is overexpressed in prostate and
breast malignancies [11].

Trans-2-Enoyl-CoA reductase (TER or TECR) comes as a
more recent addition to the SRD5SA family. This gene, when
mutated, causes a rare autosomic syndrome, nonsyndromic
mental retardation, and the protein carries out the fourth step
of very long-chain fatty acid synthesis and sphingosine
degradation [12]. TECR expression seems ubiquitous in man
and mouse organs by Northern blot analysis [13], with high
expression in the nervous system [14] consistently with its
involvement in the synthesis of membrane lipids and with
congenital neurological impairment arising from mutations.

A fifth gene of unknown function, called TECR-like
(TECRL), was identified in vertebrates through sequence ho-
mology with TECR [1].

During over 30 years of research on SRD5A enzymes, their
purification in an active form has proven elusive. Nevertheless,
biochemical studies on the microsomal fraction from liver and
prostate led to the characterization of the main enzymatic
parameters of SRD5A1, SRD5A2 [15] and, to a lesser extent,
SRDS5A3 proteins [8,16].

Sequence analysis and biochemical studies of the SRD5SA
family members did not highlight, to our knowledge, the
presence of post-translational modifications, such as specific

proteolytic signals, glycosylation, phosphorylation, acylation
or isoprenylation. Similarly, no canonical signal for a specific
subcellular localization was reported.

The subcellular localization of the SRDS5A enzymes is
significant to their functions since it might affect binding of
reaction products to nuclear steroid receptors in the same cell
or diffusion to other cells. We have undertaken a systematic
analysis to address their localization. We have cloned all
members of the human SRD5A family in vectors for transient
expression in mammalian cells, fusing at either C- or N-ter-
minus the enhanced green florescent protein (eGFP). We
present a comprehensive assessment of their localization as a
guideline for functional analysis in cells and for production
and purification for structural and biochemical studies.

2. Material and methods
2.1. Cloning and plasmids

Plasmids containing the cDNA sequence for human
SRD5A1, SRD5A2, SRD5A3 and TECR were purchased from
the IMAGE Consortium (www.imageconsortium.org), the se-
quences of the human TECR and TECRL genes were
synthesized.

The five genes were cloned into the pTriEx modifed vectors
pNYCOMPS_RB_30_GFP and pNYCOMPS_RB_33_GFP,
using the ligase independent cloning method described in
Ref. [17]. These vectors are designed for mammalian, insect
and bacterial protein expression and they add at the N-termi-
nus of the protein coded by the cloned gene a cassette con-
taining sequentially: ten histidines tag, FLAG tag, eGFP and
TEV protease cleavage site at the amino terminus of the gene
of interest for pNYCOMPS_RB_33_GFP. For the pNY-
COMPS_RB_30_GFP the C-term is followed by: TEV pro-
tease cleavage site, eGFP, 10 histidine tag and FLAG-tag (see
Fig. 1). These plasmids allow detection and expression of the
cloned protein upon transient transfection of mammalian or
insect cells, or expression in bacteria.

2.2. Cell culture and transfection

HEK?293 and HeLa cells were grown in Dulbecco's modi-
fied Eagle's medium (DMEM) supplemented with 10% fetal
calf serum, 2% L-glutamine, and 2% penicillin/streptomycin in
humidified atmosphere at 37 °C in 5% CO,. Confluent cell
layers were trypsinized, and replated on poly-L-lysine coated
coverslips in DMEM medium, which was replaced by serum-
free media the next day.

Transfections were performed using Lipofectamine 2000,
all controls were transfected with peGFP-N1 vector. Cells
were harvested 48 h after transfection and analyzed by
Western blot or immunofluorescence. The transfection rate
was calculated after staining the cells on the coverslip
with DAPI and counting eGFP-positive cells/DAPI-stained
nuclei.
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Fig. 1. Schematic cartoon and expression of human SRD5As, TECR and TECRL eGFP-fusion proteins. (A) Diagram of SRD5A constructs showing position
of eGFP both at N- or C-term; the FLAG tag is omitted. (B) Extract from HeLa cells transfected with human SRD5A1, SRD5A2, SRD5A3 expression plasmids for
C-term and N-term eGFP fusions, untransfected and eGFP-transfected cells. Different exposure times are shown (50 s for lanes 1—5, 25 s for lanes 6—38). (C)
Extract from HeLa cells transfected with human TECR, TECRL (C-term and N-term eGFP fused). Proteins were visualized using anti-eGFP antibody after 10 s

exposure (lanes 9—12).

2.3. Western blot

Total protein lysate was extracted with Normal Salt Buffer
(20 mM Hepes, pH 7.0, 200 mM NaCl, 2 mM 2-
Mercaptoethanol) supplemented with 1% [-p-Maltopyrano-
side and protease inhibitor cocktail (Roche). After incubation
for 90 min at 4 °C, the lysates were clarified by centrifugation
at 12,000xg at 4 °C for 20 min. Protein concentration was
determined by the Bradford method. Equal amounts of pro-
teins (40 ng) were loaded on 4—12% SDS-PAGE. Samples
were electrotransferred onto nitrocellulose membranes. The
membranes were blocked with 5% milk in TBS/0.1% Tween
20 (TBST) on an orbital shaker for 1 h and incubated for 1 h
with rabbit monoclonal anti-GFP (1:1000, Roche). Following
five TBST washes, the membranes were incubated for 1 h with
horseradish peroxidase-conjugated anti-rabbit antibody in
TBST. Membranes were developed by enhanced chem-
iluminescence, and detected proteins were identified by their
molecular sizes.

2.4. Immunofluorescence and microscopy
Cells grown on coverslips were washed in PBS and fixed at

room temperature by: (a) 3.7% PFA/30 mM sucrose in PBS,
10 min, (b) 5 min of membrane permeabilization in 0.1%

TritonX-100 in PBS, and (c¢) 10 min in 0, 1 M Glycine.
Blocking and incubations were performed in PBS/0.05%
Tween 20/3% BSA. Incubation with primary antibodies was
performed for 16 h at 4 °C. Secondary antibodies were incu-
bated for 45 min at room temperature. Cells were counter-
stained with 4,6-diamidino-2-phenylindole (DAPI, 0.1 pg/ml)
and mounted using Vectashield (Vector Laboratories).

Primary antibodies were: mouse anti-ErpS57 (1:200,
ab13506, Abcam), rabbit anti-Giantin (1:500, ab24586;
Abcam), rabbit anti-pericentrin (2 pg/ml, ab4448; Abcam) and
mouse anti-o-tubulin (1:2000, B-5-1-2, Sigma—Aldrich).
Secondary antibodies were conjugated to Cy3, Texas red,
FITC or Alexa647 (Vector Laboratories). Samples were
analyzed using a Nikon Eclipse 90i microscope with a Qicam
Fast 1394 CCD camera (QImaging). Image acquisition,
deconvolution and Extended Depth of Focus on Z-serial op-
tical sections were performed using Nis-Elements AR4.2
(Nikon); images were further processed with Adobe Photo-
shop CS 8.0.

The ProteoStat™ aggresome detection kit was used to detect
protein aggregates in HeLa cells transfected for SRD5A pro-
tein expression. Samples were analyzed using an Olympus
FLUOVIEW FV10i-DOC Confocal Laser Scanning Micro-
scope, equipped with a 60x phase contrast water-immersion
objective (N.A.1.2) and an analog detector (PMT), using a
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Texas Red filter set for the ProteoStat™ dye, and an Midoriishi-
Cyan filter set for the eGFP. Image acquisition and analysis
were performed using an Image Processing and Analysis in
Java software (Imagel); images were further processed with
Adobe Photoshop CS 8.0.

3. Results
3.1. Protein expression

Protein expression was assessed by immunoblot on
detergent-solubilized whole lysates of HeLa cells transfected
with the five members of the human SRDS5A family. The
antibody recognized eGFP fused either at the N- or at the C-
term. We observed expression for all constructs, albeit with
significant quantitative variations, as high as 100-fold (Fig. 1).
SRD5A2, tagged at C- or N-term, and SRD5A1 when tagged
at the N-term, show faint bands by immunoblot analysis. In
parallel, we observed on duplicate slides that their transfection
efficiency was only between 5% and 2%, thus explaining the
weak signal detected in Western blots. The not transfected
control shows no reaction with the anti-GFP antibody as ex-
pected. In extract from cells transfected with the vector for
eGFP expression, the antibody recognizes a single polypeptide
with the correct molecular weight (~27 kDa). Intensely stained
bands, of apparent molecular weight corresponding to eGFP-
fused SRD5A proteins (~56 kDa), are evident for cells trans-
fected with C-term tagged eGFP-SRD5A1 (Fig. 1; lane 1), and
with SRD5A3 eGFP-tagged at either end (Fig. 1; lanes 5 & 6).
On the other hand, TECR and TECRL have a higher expected
molecular weight (~62 kDa) and consistently their transient
expression yielded slower-migrating bands on the immunoblot
(Fig. 1; lanes 9—12).

In all samples, the anti-GFP antibody also recognized
higher molecular weight species, which we attribute to an
oligomeric state of SRD5A membrane proteins, which were
not dissociated in SDS PAGE due to their very high hydro-
phobic character. Indeed, no high molecular weight signals
were detected in control samples expressing eGFP not fused to
SRDSA proteins.

3.2. Subcellular localization of eGFP tagged SRD5A
proteins

The localization of each eGFP-tagged protein was exam-
ined relative to relevant markers of the membrane compart-
ments, i.e. the ER resident protein Erp57 and the Golgi
compartment resident protein Giantin [18—20]. Due to the
fact that preliminary assays depicted diversified patterns for
these markers, especially Giantin, in individual cells, we first
evaluated the distribution of ERp57 and Giantin in co-
staining with cell cycle markers, i.e. the centrosomal pro-
tein pericentrin (to identify interphase stages: one spot, Gl
phase; two mature spots, late S and G2 phases) and the
microtubule constituent a-tubulin (to identify mitosis). This
allowed us to exclude that Erp57 and Golgi distribution
patterns undergo significant remodeling during the cell cycle

and avoid inaccurate evaluation of SRD5As co-localization
(Fig. S1).

Fig. 2A shows that N-term and C-term eGFP-tagged
SRD5A1, SRD5A2 and SRDS5A3 proteins expressed upon
transfection reside in the ER, as indicated by co-localization
with Erp57 and the overall distribution of the green fluores-
cence relative to Erp57. No nuclear localization was observed.
On the other hand, eGFP alone localizes in the nucleus
(Fig. S1). These observations are consistent with the ER
localization of SRDS5A proteins being genuine and not
attributable to the presence of the eGFP tag.

Also for TECR and TECRL members, both the N- and C-
term eGFP-tagged proteins, with one exception, showed a
pattern and co-localization behavior corresponding to ER
membrane insertion (Fig. 2B). A remarkable exception was
observed in cells expressing the C-term eGFP-tagged TECR,
where only sparse bright dots were detected, moreover the
localization of the ER marker Erp57 was less diffuse than in
non-transfected cells (Fig. S1). In some cases, there was some
limited overlap between Erp57 and C-term eGFP-tagged
TECR proteins (individual z-stack scanning are given in
Fig. S2). On the other hand, the lack of co-localization with
Giantin for TECR and TECRL, in both the C- and N-term
eGFP-tagged proteins (Fig. 3A), ruled out the possibility that
they might localize to the Golgi.

Staining with ProteoStat®™ that highlights the presence of
aggresomes and protein aggregates [21], showed that the green
fluorescent dots observed for C-term eGFP-tagged TECR form
foci that are contained within larger aggregates, providing
evidence consistent with the fact that the presence of eGFP at
the C-term of TECR promotes protein misfolding, at least in
part, resulting in aggregation (Fig. 3B).

4. Discussion

The subcellular localization of members of the SRD5A
family in humans and also in mouse is controversial, espe-
cially as far as SRD5A1 and SRD5A2 are concerned. Russell
and Wilson reported indications of a differential organ-specific
subcellular localization, nuclear in the prostate and cyto-
plasmic in the liver, regardless of the enzyme variant
(SRD5A1 or SRD5A2) [15,22], or that the localization for
both is in the endoplasmic reticulum [23]. Early findings based
mainly on cellular component fractionation [24,25], but later
also on immunohistochemical studies [26,27], indicate that the
SRD5A1 enzyme localization is mainly within nuclear or
perinuclear membranes whereas the SRD5A?2 protein is found
in the cytoplasm, most likely in the ER.

Protein expression in mammalian (human HeLa and
HEK?293 and simian COS-M6), as well as yeast and insect
cells, again yielded contradictory results. Some authors have
reported that human SRDS5AI1 is associated with nuclear
fractions upon expression in insect Sf9 cells [28,29] but later
papers [30] have instead reported retrieval of enzyme activity
from the microsomal fraction. Expression of SRD5SA2 and
SRD5A1 in HEK293 and in LNGK-9 PCa cells yielded ac-
tivity in the nuclear and microsomal fractions [31,32]. Upon
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Fig. 2. Fluorescence of human SRD5As (A) and TECR, TECRL (B) proteins in relation to endogenous ERp57. SRD5A1, SRD5A2 and SRD5A3 proteins
eGFP-tagged at C- or N-term (A), N-term eGFP-tagged TECR and N- and C-term eGFP-tagged TECRL proteins (B) reside in the ER, as indicated by co-
localization with Erp57 and overall distribution of green fluorescence relative to Erp57. eGFP C-term TECR (B, left column) shows diffuse bright dots indi-
cated by white arrows, with only limited overlap with ERp57. Deconvolutions plus Extended Depth of Focus (EDF) were performed on Z-stack series (13 frames-0,
6 mm each). The scanning of Z-stacks for red-framed images in B, with eGFP C-term TECR is given in supplementary Fig. 2. Scale bar = 10 pm,

Magnification = 100x.

heterologous expression and purification in yeast, SRD5A1
appears to be associated to nuclei, whereas SRD5A?2 is in the
microsomal fraction [33]. Immunostaining for SRD5A2
showed presence of the enzyme in the cytoplasm throughout
most regions of the brain [34]. Finally, it was reported that

glioma cells express SRD5AL1 in the perinuclear space or in
the cytoplasm, depending on culture conditions [35].

As far as the third isoform of testosterone a-reductase
(SRD5A3, also known as polyprenol reductase), available data
report recovery from the microsomal fraction [8] and transient
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A eGFP Giantin merge/DAPI

eGFP-N-term TECR eGFP-C-term TECRL eGFP-C-term TECR

eGFP-N-term TECRL

] Proteostat merge

Fig. 3. Fluorescence analysis of human TECR and TECRL relative to
Giantin and fluorescence of eGFP C-term TECR and aggregates/aggre-
somes in the cytoplasm. (A) TECR proteins do not localize in the Golgi
apparatus, as associated eGFP fluorescence shows a broader distribution
around, but not coinciding with, the Giantin signal. Scale bar = 10 pm,
Magnification = 100x. (B) Localization of eGFP C-term TECR and aggre-
somes in HeLa cells after treatment with ProteoStat® dye for 30 min. Fluo-
rescence of C-term eGFP-tagged TECR partially co-localizes with aggregated
proteins. Scale bar = 10 pm, Magnification = 60x.

expression in HeLa cells yielded cytoplasmic localization, and
no detectable activity [36]. For the TECR enzyme, immuno-
histochemistry has clearly suggested a localization in the ER
[12]. No data is available for the TECRL that has been
described only at the gene level.

SRDS5SA family members share significant sequence simi-
larity, having likely evolved via duplication from an ancestral
gene (sequence alignment is shown in Fig. S3). In localization
studies, in order to eliminate any potential ambiguities due to
antibody specificity, we directly examined each of the five
human SRD5A family members by taking advantage of the
fluorescent emission of the eGFP fusion tag in transfected
HeLa cells. The caveat of aberrant subcellular localization due
to the presence of the eGFP tag calls for careful consideration,
and we therefore systematically compared the localization of
C-term and N-term tagged paired constructs for each SRD5SA
member in parallel experiments.

The effect of a GFP tag on membrane protein localization
and expression can vary, nevertheless this method is reported
as a valid tool in subcellular localization studies [37—39]. The
positioning on the C- or N-term of the polypeptide chain can
affect protein expression and stability and its effect varies
depending on the system under analysis. In an extended study
on the effects on GFP tagging on subcellular localization [40]
C-term tagging is reported to maintain physiological locali-
zation, whereas N-term affected it, contrarily to what we
observed with human TECR.

The data we obtained with proteins fused with eGFP at the
N-term indicate that all members of the SRDSA family reside
in the endoplasmic reticulum, when transient expression is
carried out in HeLa cells. This is also evident for protein
constructs where the fusion with eGFP was at the C-term, with
the exception of TECR. TECR was previously localized in the
endoplasmic reticulum by immunofluorescence staining in
transiently transfected HeLa cells [10]. This, and the patterns
obtained here with the C-term chimaera, allowed us to
conclude that the presence of eGFP at the C-term affects TECR
folding, leading to the accumulation of aggregated protein.

In the SRD5SA proteins, N-term eGFP-tagging reduces
expression for SRD5A1, TECRL and TECR, and for the latter
C-term eGFP-tagging promotes aggregation. On the other
hand, for SRD5A3, expression is somewhat higher in the N-
term eGFP-tagged form. Thus, even within a family of pro-
teins, the effect of fusion tags on protein expression is not
predictable and has to be assessed for each member. Our re-
sults indicate that membrane protein tagging with eGFP, which
is commonly used to assess protein expression by fluorescence-
coupled size-exclusion chromatography (FSEC) [41], can lead
to very different expression yields, depending on the tag po-
sition, and that higher expression levels, as in the case of C-
term tagged TECRL with respect to the N-term tagged form,
can underlie unfolding and aberrant subcellular localization.

In summary, the present studies support the conclusion that
isozymes 1 and 2 of testosterone So-reductase (SRDSA1 and
SRD5A2) are both localized in the ER, upon transient
expression in HeLa cells, our data are a valuable contribution
to clarify the contradictory reports detailed above, although
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any ultimate conclusion on the intracellular localization of
SRD5As should be validated in other cell lines and comple-
mentary experimental settings.

Moreover, the subcellular localization in the ER for
SRD5A3 is consistent with the reported microsomal sub-
fractionation. Finally, we show that the previously uncharac-
terized TECRL gene can be expressed in human cells and that
its product is a protein residing in the ER membrane.
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ABSTRACT: The regulation of cytochrome P450 activity is often achieved by structural transitions induced by sub-
strate binding. We describe the conformational transition experienced upon binding by the P450 OleP, an epoxy-
genase involved in oleandomycin biosynthesis. OleP bound to the substrate analog 6DEB crystallized in 2 forms:
one with an ensemble of open and closed conformations in the asymmetric unit and another with only the closed
conformation. Characterization of OleP-6DEB binding kinetics, also using the P450 inhibitor clotrimazole, unveiled
a complex binding mechanism that involves slow conformational rearrangement with the accumulation of a
spectroscopically detectable intermediate where 6DEB is bound to open OleP. Data reported herein provide
structural snapshots of key precatalytic steps in the OleP reaction and explain how structural rearrangements
induced by substrate binding regulate activity.—Parisi, G., Montemiglio, L. C., Giuffre, A., Macone, A., Scaglione,
A., Cerutti, G., Exertier, C., Savino, C., Vallone, B. Substrate-induced conformational change in cytochrome P450
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intermediate

The cytochrome P450 (P450) superfamily consists of a large
number of heme-containing monooxygenases, distributed
in virtually all organisms, catalyzing the oxidation of or-
ganic compounds by insertion of an oxygen atom derived
from molecular oxygen, into nonactivated C—H or C—C
bonds (1). They perform multiple functions on a multi-
tude of structurally unrelated molecules. Many P450s cat-
alyze the biosynthesis of endogenous compounds, such
as steroids, vitamins, fatty acids, retinoids, and drugs, in
reactions that require regio- and stereospecificity. Other
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P450s are involved in the metabolism of xenobiotics and
drugs, showing pronounced substrate promiscuity (2).
Although P450s share common folding and catalytic
mechanisms, the flexibility and the modularity of specific
secondary structure elements surrounding the active site
and differing in primary structure confer functional versa-
tility to this superfamily of enzymes. These regions are re-
sponsible for substrate recognition and orientation in the
active site, along with structural transitions (3).

Structural and functional data, molecular dynamics
simulation, and multidimensional NMR have demon-
strated that binding to P450s is often coupled to confor-
mational changes of different extents that allow the
enzyme to reach the optimal conformation to perform
catalysis (4-11). Nevertheless, the extended versatility of
reactions catalyzed by P450s, coupled to the variety of
their substrates, makes the mechanism of binding difficult
to generalize and only decipherable through a case-by-
case analysis. However, for bacterial P450s involved in
biosynthesis, a general picture is emerging on a role of the
central portion of the I helix in sensing the presence of
substrates and triggering major rearrangements (12).

The P450 8.8a-oleandolide epoxygenase (OleP) is a
bacterial epoxidase produced by Streptomyces antibioticus
and involved in the final steps of the biosynthesis of the 14-
member polyketide antibiotic oleandomycin (13, 14).

During the first stage of the biosynthesis, a specific
polyketide synthase, responsible for assembling an acetate
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unit to 6 molecules of methylmalonyl coenzyme A (CoA),
releases an aglycone intermediate, 8,8a-deoxyoleandolide
(DEO). This compound then undergoes the following
tailoring reactions: 1) attachment of L-oleandrose and
D-desosamine at C3 and C5, respectively; 2) 3'-OH methy-
lation of 1-oleandrose by a methyl transferase, and 3)
regio- and stereospecific epoxidation at C8—C8a of the
macrolactone ring catalyzed by OleP (Fig. 1) (15).

The precise timing of the OleP reaction has not yet been
fully clarified, but some experimental evidence has shown
that OleP has the potential to introduce the epoxide func-
tion both to the aglycone and the C3-monoglycosylated
intermediates, suggesting the existence of parallel path-
ways in oleandomycin biosynthesis (13, 14, 16, 17). As far
as the OleP substrates are concerned, both compounds are
not commercially available and are hard to synthetize
because of the presence of multiple chiral sites.

Recently, the structure of OleP in complex with clo-
trimazole (CLT) showed that the inhibitor bound to the
heme iron locks the enzyme in an open conformation. The
pre-steady-state kinetic characterization of CLT binding
revealed that OleP follows a simple 1-step mechanism,
without accumulation of detectable intermediates (18).

In this work, we present the structural and functional
characterization of the binding of the substrate analog
6-deoxyerythronolide B (6DEB) to OleP. 6DEB is the

wCH
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CH, CHy
6-deoxyerythronolideB 8.8a-deoxyoleandolide
(6DEB) (DEO)

CH,

L-olivosyl-8.8a-deoxyoleandolide

(L-O-DEO)

aglycone intermediate of erythromycin biosynthesis. It
differs marginally from DEO, the natural aglycone sub-
strate of OleP, because only the methyl group at the C13is
replaced by an ethyl moiety (Fig. 1) and the activity of OleP
on this compound has been reported in vivo (16). Structural
analysis has revealed that OleP bound to 6DEB adopts
both a closed and an open conformation in the asymmetric
unit, whereas higher ionic strength crystallization condi-
tions induce the complete shift of the OleP-6DEB complex
to the closed conformation. The quasi-pseudo first-order
kinetic characterization of OleP binding using 6DEB and
CLT, in conjunction with structural data, allows us to
propose a mechanism of complex formation. 6DEB bind-
ing to OleP proceeds through the accumulation of a
spectroscopically detectable substrate-bound open in-
termediate, followed by a dramatic conformational tran-
sition upon repositioning of the substrate over the heme.

MATERIALS AND METHODS

Chemicals

6DEB was kindly provided by Barrie Wilkinson and Rachel
Lill (Biotica Technology, Cambridge, United Kingdom). DMSO,

spinach ferredoxin, spinach ferredoxin NADP" reductase,
NADPH, NADP", glucose-6-phosphate, and glucose-6-phosphate

HiCr,,

S

HsCY

CH
OH 8 OCHg

OH
b 9 OH
CH, CH;

L-olivosyl-8.8a-epoxyoleandolide

Figure 1. Scheme of the reactions catalyzed by OleP in oleandomycin biosynthesis. OleP introduces an epoxide function on both
the macrolide DEO and the monoglycosylated intermediate L-olivosyl-8.8a-deoxyoleandolide. The substrate analog 6DEB (top
left) differs from DEO only in the substituent group at C13, where it shows an ethyl moiety in the place of a methyl moiety.
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dehydrogenase were purchased by MilliporeSigma (Burlington,
MA, USA).

Protein expression, purification, and crystallization
and X-ray data collection and analysis

Recombinant His-tagged OleP was overexpressed in the Escher-
ichia coli BL21 (DE3) strain and purified as reported by our group
(18). To check sample homogeneity and degree of mono-
dispersion, protein solution was loaded into a BioFox 17/1200
SEC (Knauer, Berlin, Germany) gel permeation column and
eluted at 293 K in isocratic mode in a buffer containing 20 mM
Tris-HC1 (pH 8.0) and 0.2 M NaCl. In this condition, OleP was
found to be in a monomeric state (18). Cocrystallization of puri-
fied OleP in complex with the substrate analog 6DEB was per-
formed by means of the hanging-drop vapor-diffusion method
with purified OleP at 19 mg/ml and saturating concentrations of
ligand (1 mM) at 293 K. Crystals from 2 different crystallization
conditions gave high-quality X-ray diffraction data and were
obtained in: 1) 0.4 M NaCl, 10 mM Tris-HCl (pH 7), and 22%
polyethylene glycol (PEG) 3350 (low salt, OleP-6DEB;s) and
2) 4 M sodium formate (high salt, OleP-6DEByys). Ten percent
glycerol was used as a cryoprotectant for the latter crystals before
freezing in liquid nitrogen. Diffraction data were collected at
100 K at the European Synchrotron Radiation Facility (ID14-01
beamline; Grenoble, France) and Berliner Elektronenspeicherring-
Gesellschaft fiir Synchrotronstrahlung (BESSY;Helmholtz-
Zentrum Berlin, Berlin, Germany), beamline ID-14-02, with a
Pilatus detector (Dectris, Baden-Dattwil, Switzerland). Three
data sets of OleP-6DEB; s from crystals grown in the same drop
were merged, to increase the signal-to-noise ratio, and were
subsequently indexed, scaled, and integrated by using the XDS
package (19). HS condition crystals displayed diffraction pat-
terns typical of multiple lattices. Spots belonging to different
lattices were discriminated by using the XDS protocol for
indexing of images from nonmerohedrally twinned crystals
(Department of Biology University of Konstanz, Konstanz,

TABLE 1. Data collection, refinements, statistics, and validation

Germany; http://strucbio.biologie.uni-konstanz.de/xdswiki/index.php/
indexing/) and indexed. Data were finally scaled and integrated
using the XDS package.

Crystallization conditions, data collection, and refinement
statistics are summarized in Table 1.

Structure determination and refinement

For both structures, molecular replacement was performed to
determine the initial crystallographic phases using MolRep (20)
from the CCP4 suite (21). For the OleP-6DEB; s complex, coor-
dinates of a single OleP monomer in complex with the inhibitor
CLT (18) have been used as a search model [Protein Data Bank
(PDB) Code 4XE3; Research Collaboratory for Structural Bio-
informatics (RCSB), Rutgers University, New Brunswick, NJ
USA; http://www.rcsb.org]. The coordinates of a single closed
monomer of OleP from the latter structure have been used as a
search model in molecular replacement of the OleP-6DEBys
complex. Nine monomers (A-I) and 6 monomers (A-F) were
found in 1 asymmetric unit of OleP-6DEB; s and OleP-6DEBys,
respectively. Iterative manual and automated refinement of the
structures was performed with Refmac5 (22) in the CCP4 suite
(21). Five percent of the reflections were excluded from re-
finement and used for the Rg.. calculation (23). Manual adjust-
ment was performed using Coot (24) with an Fopserved-Fealculated
(Fo-F.) map contoured at 3o and the 2Fo-Fc at 1o. Water mole-
cules were added to the F,-F. map, contoured at 3¢, using the
Find Water tool of Coot. The geometric quality of the final models
was assessed with Procheck (25). The first 11-13 N-terminal
residues, depending on the monomer, are missing from the
models because of insufficient electron density in this region. The
quality of the electron density in both OleP-6DEB structures
becomes weaker spanning from the first to the last monomer.
This trend is particularly evident in the monomer named I in the
OleP-6DEB s structure that displays electron density accounting
for only 70% of the protein (lack of density for all the B-sheet
motif, B’ helix and BC, FG, JK and KL loops). Nevertheless, the

Data collection

OleP-6DEB; s PDB 5SMNV

OleP-6DEBy;s. PDB 5MNS

Crystallization conditions

0.4 M NaCl, 10 mM Tris-HCI (pH 7),

4 M sodium formate

22% PEG 3350

Space group P1 Cc2
Unit cell (A, °) a=112.50, b=116.70, ¢ = 123.30, a=247.60, b=110.80, ¢ = 159.10,
. a =103.90, B = 104.30, vy = 114.70 B =129.6

Resolution (A) 121-2.97 (8.17-2.97) 120-2.62 (2.78-2.62)
Total measurements 356,364 599,678
Unique reflections 101,917 98,805
Completeness (%) 97.5 (91.8) 99.5 (97)
Redundancy 3.49 (3.54) 6.09 (6.8)
Riyerge” (%) 9.1 (48.6) 10.6 (83.3)
I/o (I) . 11.92 (2.2) 13.63 (2.03)
Wilson B-value (A%) 54.4 42,5
Refinement

Molecules per asymmetric unit 9 6

Ryorx/ Rivee” (%) 23.8/31.1 20.8/25.8
RMSD

Bond (A) 0.007 0.009

Angles (°) 1.21 1.39

Ramachandran [(%) favored/allowed/outliers‘] 93.3/6.7/0.0 96.0/4.0/0.0

The range of the highest resolution shell is shown in parentheses, as well as the values for the corresponding refinement parameters.
”Rmerg‘e:ZiZj|Ii-/ 7<Ii>}/2i2jli,j’ where i runs over multiple observations of the same intensity, and j runs over all crystallographically
unique intensities. *Roork = M Fobs|| = [Feate| /Y| Fons|, where [Fypgl > 0. Ry is based on 5% of the data randomly selected and is not used in the
refinement. “No prolines or glycines.
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differences between copies of OleP-6DEB adopting the same
conformations are not significant [monomers in open confor-
mation root mean square difference (RMSD) on C,, ranging from
the minimum value of 0.475 for monomer D to the maximum
value 0.681 of the monomer E, using monomer A as a reference in
the OleP-6DEB; g structure; monomers in closed conformation
RMSD ranging from the minimum value of 0.274 for monomer A
in the OleP-6DEBys structure to the maximum value 0.883 of the
monomer I in the OleP-6DEB; g structure, using monomer C of
OleP-6DEByys as a reference] and are likely to reflect the quality of
the individual electron density maps. Therefore, the better-
defined molecule A from OleP-6DEB; g and monomer C from
OleP-6DEByg as representative of distinct conformations of the
OleP-6DEB complex (open and closed) were used for the struc-
tural and comparative analyses discussed in the article.

Final crystallographic statistics for both structures are shown
in Table 1; data extend to 2.9 A resolution for OleP-6DEB s and
2.6 A for OleP-6DEByg. No outliers in the Ramachandran plot
were identified in either structure. All figures were produced
using PyMOL (The PyMOL Molecular Graphics System,
Schrodinger, New York, NY, USA; http://pymol.sourceforge.
net/). The atomic coordinates and structure factors for the
OleP-6DEB; s and OleP-6DEByg structures have been de-
posited in the RCSB Protein Data Bank (Accession Codes
S5MNV and 5MNS, respectively).

Equilibrium binding analysis

OleP binding affinity to 6DEB was determined at 288 K by ti-
trating the enzyme (1.5 pM) with increasing concentration of
the substrate analog (from 0 to 100 pM), in 50 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and
200 mM NaCl (pH7.5). Because OleP was purified in the oxidized
form and catalysis would require external electron donors, ad-
dition of 6DEB resulted in monitoring only the binding reaction.
The stock solution of 6DEB was prepared at a concentration of
26 mM in DMSO. The final percentage of DMSO was maintained
below 1%. The adsorption shift of the heme Soret peak of OleP
from 417 to 390 nm was followed by collecting UV-visible spectra
(200-800 nm) after each substrate addition, subtracting the ap-
propriate blank (26). The dissociation constant (Kp) was esti-
mated with Kaleidagraph software (Synergy Software, Reading,
PA, USA). A nonlinear regression analysis was applied to the
experimental data to estimate the binding affinity constant, Kp, of
OleP to 6DEB using the hyperbolic equation AAUps = AAU a5
[L]/(Kp + [L]), where AAUg is the absorbance difference,
AAU, p,y is the maximum absorbance difference extrapolated to
infinite ligand concentration, and [L] is the ligand analytical
concentration. All data were also globally fitted with Prism
(GraphPad Software, La Jolla, CA, USA).

Spectrophotometric assay for enzymatic activity
and gas chromatography-mass spectrometry
analyses of the epoxidation products

The epoxidase activity of OleP was tested with respect to the
substrate-like compound 6DEB. The enzymatic assay to test the
activity of OleP in response to 6DEB was performed with
the system ferredoxin/ferredoxin NADP+ reductase as electron
donor that uses the cofactor NADPH (&340 nm = 6220 M/cm) as the
source of electrons (27). In a total volume of 50 ul, 5 pM enzyme,
3.6 uM spinach ferredoxin, 1 uM spinach ferredoxin NADP*
reductase, 50 mM Tris-HCl (pH 7.5), and substrate (from 0 to
600 wM) were mixed together in a 1-cm light path cuvette mounted
on a constant-temperature cell holder equilibrated at 303 K.
NADPH at a final concentration of 100 uM was added to start
the reaction. Initial velocities were measured spectroscopically at
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different substrate concentrations by monitoring the rate of ab-
sorbance decay at 340 nm over time with a J650 spectrophotometer
(Jasco, Easton, MD, USA) in kinetic mode, setting 600 s as run time.
Initial rates were estimated by applying a linear fit to the linear
region of the time trace, determined to be the first 30 s. Initial
velocity data were fitted using the Kaleidagraph software package
by following the hyperbolic equation of Michaelis—Menten:

Vmax [S ]

M+ [9]

V=

where v is the initial velocity of the reaction, Viyax is the maximum
velocity of the reaction corresponding to substrate saturation of
the enzyme, K\, is the Michaelis—Menten constant, and [S] is the
substrate analytical concentration.

To analyze the product of the OleP reaction using 6DEB as a
substrate, we incubated 1 uM of the enzyme with 100 g of 6DEB
in the presence of 20 uM spinach ferredoxin, 0.2 U of spinach
NADP" reductase, 1 mM NADP", 7.5 mM glucose-6-phosphate,
and 0.8 U glucose-6-phosphate dehydrogenase in a final volume
of 1.86 ml of 50 mM Tris-HCI (pH 7.5) (27). Three aliquots were
taken at 0, 60, and 180 min. Moreover, a negative control was
obtained preparing the same mix without adding NADP". Six
hundred and twenty microliter aliquots of each sample were
dried under vacuumina SpeedVac SC110 Savant (Thermo Fisher
Scientific). Pellet was extracted 2 times with 100 wl MeOH and
200 pl EtOAc. The supernatants were dried under a stream of
nitrogen and were resuspended in 30 wl CH,Cl,. Then, 15 pl
trimethylsilane as a derivatization reagent were added. The re-
action was heated for 45 min at 353 K, the solution was dried
under a stream of nitrogen, and the residue was resuspended in
250 pl CH,Cly, with 1 pl directly injected in gas chromatography—
mass spectrometry (GC-MS). GC-MS analyses were per-
formed ona 6850A gas chromatograph (Agilent Technologies,
Santa Clara, CA, USA) coupled to a 5973N quadrupole mass
selective detector (Agilent Technologies). Chromatographic
separations were carried out on an HP-5ms fused silica cap-
illary column (30 m X 0.25 mm inner diameter; Agilent
Technologies) coated with 5% phenyl-95% dimethylpolysi-
loxane (film thickness, 0.25 um) as the stationary phase. The
injection mode was splitless at a temperature of 553 K. The
column temperature program was 373 K (1 min), then changed
to 573 K ata rate of 298 K/min and held for 5 min. The carrier gas
was helium at a constant flow of 1.0 ml/min. The ionizing en-
ergy was 70 eV (ionsource 553 K; ion source vacuum 10—5 Torr).
Mass spectra were collected in the full-scan mode within then/z
scan range of 50—700 atomic mass units.

The efficiency of OleP in NADPH consumption vs. 6DEB
consumed was also assessed. In a total volume of 250 pl, 5 uM
OleP, 3.6 pM spinach ferredoxin, 2.5 puM spinach NADP" re-
ductase, 50 mM Tris-HCl, and 0.2 M NaCl (pH 7.5), and 100 pg
6DEB were mixed together in a 1 cm light-path cuvette mounted
in a constant-temperature cell holder equilibrated at 303 K. After
the addition of 100 .M NADPH, the reactions were run at 303 K.
NADPH consumption was spectroscopically followed by mon-
itoring the rate of absorbance decay at 340 nm over time with a
J650 spectrophotometer (Jasco) in kinetic mode. The reactions
were halted by adding 33 pl methanol after 300 s, when the initial
NADPH was completely consumed. Then, each sample was
dried under a stream of nitrogen, and pellets were treated as
described above. Then, 15 pl trimethylsilane as a derivatization
reagent was added. The reaction was heated for 45 min at 353 K,
the solution was dried under a stream of nitrogen, the residue
was resuspended in 250 pl CH,Cl,, and 1 pl was directly injected
into the GC-MS column. A reliable estimation of the amount of
substrate consumed was obtained by comparing the intensity of
the peaks corresponding to 6DEB at the beginning and end of the
reaction.
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Stopped flow measurements

The time evolution of 6DEB binding and displacement experi-
ments were followed by monitoring the change in absorbance on
a stopped-flow apparatus. Measurements were performed on
an SX18-MV stopped-flow instrument (Applied Photophysics,
Leatherhead, United Kingdom) using symmetric 1:1 mixing
mode. The instrument has a light path of 1 cm and can also work
in a sequential mixing mode, allowing 2 sequential mixing events
with a preset delay time in-between, and is equipped with either
a photomultiplier or a diode-array for single- and multiwave-
length acquisition, respectively.

Ligand-binding kinetics

The time evolution of 6DEB binding was followed by monitoring
the change in absorbance at 390 nm on a stopped-flow apparatus.
OleP, at a final constant concentration of 2.5 uM, was mixed with
6DEB diluted to the desired final concentration, varying in a
range from 0 to 75 pM. The traces were recorded in 50 mM Tris-
HCl (pH 7.5) and NaCl 0.2 M at 288 K. Control experiments
indicated that the presence of 1% DMSO had no significant effects
on kinetics. The kinetic traces, obtained by averaging at least 3
experiments, were analyzed by applying a double exponential fit
with the software provided by both Applied Photophysics and
Kaleidagraph.

The kinetics of binding of OleP to 6DEB at 288 K was also
monitored with the stopped-flow apparatus in in the multi-
wavelength mode. OleP (5 uM) was symmetrically mixed with
10 pM 6DEB in 50 mM Tris-HCl, NaCl1 0.2 M, and 1% DMSO. In
this experiment, the instrument was set to acquire, over 20 s, 500
absorption spectra in logarithmic time-scale fashion, with a 1-ms
acquisition time for each spectrum. To avoid light-induced arti-
facts, a filter cutting UV light at A < 360 nm was used. Spectral
deconvolution was performed by global analysis. When used,
global fit analysis of spectra sets was performed with Matlab
software (Mathworks, Northampton, MA, USA) by combining
curve fitand singular value decomposition analysis, according to
Henry and Hofrichter (28).

Displacement and double jump measurements

Displacement measurements were performed by pre-
incubating a solution containing 5 uM OleP with 100 uM
6DEB in 50 mM Tris-HCl, 0.2 M NaCl (pH 7.5), and 1%
DMSO. The complex was rapidly mixed with a solution of the
same buffer containing different concentrations of CLT (final
concentration, 6-25 pM) at 288 K. Upon CLT binding, the
Soret peak shifts from 392 to 425 nm, as related to the dis-
placement of the typeIligand 6DEB by the type Il ligand CLT
(Supplemental Fig. S1), showing a maximum differential
absorbance at 433 nm, where we chose to monitor the dis-
placement event. Kinetic traces collected at 433 nm showed a
double transition. The rates for the 2 phases were estimated
applying a double exponential fit to each kinetic trace,
obtained by averaging at least 3 experiments, with Kaleida-
graph software.

Double-mixing measurements in 50 mM Tris-HCl and 0.2 M
NaCl (pH 7.5) were also performed by using an SX18-MV (Ap-
plied Photophysics) stopped-flow instrument at 288 K. OleP
(10 uM) was premixed 1:1 with 200 uM 6DEB for different delay
times (0.08-4 s) and then symmetrically mixed with CLT ata final
concentration of 25 uM in 50 mM Tris-HCI, 0.2 M NaCl, and 1%
DMSO (pH 7.5). The traces, obtained by averaging at least 3
experiments, were analyzed with Kaleidagraph software. The
observed amplitudes were plotted as a function of delay times
and fitted to a single exponential function.

STRUCTURAL PLASTICITY OF SUBSTRATE-BOUND OleP

Reduction kinetics

The electron transfer rate from reduced ferredoxin (from Spinacia
oleracea) to ferric OleP bound to 6DEB was measured by follow-
ing the time evolution of OleP reduction in anaerobic conditions,
monitoring the change in absorbance at 450 nm upon CO binding
to the ferrous OleP on a stopped-flow apparatus (5X18-MV;
Applied Photophysics). A solution containing 7.2 uM spinach
ferredoxin, 2 uM spinach ferredoxin NADP+ reductase, 200 nM
NADPH in 50 mM Tris-HCl, and 0.2 M NaCl (pH 7.5) was
symmetrically mixed with a solution containing 10 wM OleP and
200 wM 6DEB in 50 mM Tris-HCl and 0.2 M NaCl (pH 7.5) at 303
K. All solutions were previously degassed and saturated with CO
(final concentration ~1 mM). Solutions were loaded into gas-
tight syringes, and absorbance change was monitored at 450 nm
to follow formation of the ferrous-CO complex. The kinetic traces,
obtained by averaging at least 3 experiments, were analyzed by
applying a single exponential fit using the software provided by
Applied Photophysics and Kaleidagraph.

RESULTS
6DEB behaves as a substrate of the P450 OleP

The OleP activity against 6DEB was assessed in vivo by
Gaisser ef al. in 2002 (16). In the current study, we per-
formed an in vitro characterization of the affinity and ac-
tivity with this substrate analog, using the recombinant
and isolated enzyme.

Upon 6DEB binding, the type I spectral transition typ-
ical of P450 substrates was observed, resulting in a shift
of the Soret peak from 417 to 390 nm (Fig. 2A) (26).
Equilibrium-binding experiments were performed at 288
K by measuring the absorbance spectra of OleP, at varied
6DEB concentrations. The titration profile observed at 417
and 390 nm was satisfactorily fitted to a hyperbolic func-
tion as expected from a simple 2-state equilibrium binding
(Fig. 24, inset). The Kp, as estimated from global analysis
of 50 different wavelengths, was 5.1 = 0.2 uM. The extent
of the spin state shift is small; this is not unusual for bac-
terial macrolide acting P450s (27, 29-31). However, we
cannot exclude a more pronounced effect on binding of the
physiologic substrates.

To measure the steady-state constants for OleP activity
on 6DEB, we performed an NADPH oxidation assay, us-
ing the ferredoxin/ferredoxin NADP" reductase system
as an electron delivery shuttle. Initial rates, as estimated
by following over time the absorbance decay at 340 nm
related to NADPH consumption, were plotted against
6DEB concentration (Fig. 2B) and analyzed with the
Michaelis-Menten equation, yielding Ky; = 8.7 = 1.6 uM,
Vmax = 0.077 = 0.004 uM/s, corresponding to a catalytic
constant of k., = 0.015 = 0.001/s (Fig. 2B). The productive
usage of NADPH was assessed by measuring substrate
consumption and product formation through a GC-MS
analysis of the reaction mixture (Supplemental Fig. S2A, B).

We assessed the electron entry rate from ferredoxin to
OleP-6DEB (Sup;olemental Fig. 52C), yielding a value of
(12.3 = 0.1) - 10" /s, very close to the rate of consumption
of the substrate. One might expect a velocity of electron
entry faster than the apparent rate of reaction, given that
2 electrons are necessary for catalysis and we have
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Figure 2. OleP binding affinity and epoxygenase activity on 6DEB. A) Equilibrium binding analysis. Differences in spectral
changes observed upon 6DEB binding are reported. Substrate binding to OleP induces the typical type I spectral shift of the
Soret band, with a peak at 390 nm and a trough at 417 nm. Inset: the absorbance changes at 417 (full dots) and 390 nm (open
dots) as a function of substrate concentration on a logarithmic scale. Data were fitted to a hyperbolic equation (fits are shown as
solid lines) to determine the Kp = 5.1 * 0.2 uM at 288 K. B) Michaelis-Menten plot of 6DEB epoxygenation catalyzed by OleP.
The initial rates were determined by applying a linear fit to the linear region of the time trace (first 30 s). In each experiment,
absorbance was monitored at 340 nm by following the NADPH consumption over time at 303 K in 50 mM Tris-HCl and 0.2 M
NaCl (pH 7.5). Error bars represent the sp of initial rates in 3 independent experiments.

measured the entrance of the first electron, since we fol-
lowed CO binding to OleP(Fe**). Considering that the 2
electron transfer reactions between reduced ferredoxin
and ferric OleP and ferrous and oxygen bound OleP may
differ in affinity, binding site, and reaction mechanism,
we hypothesize that the entrance of the second electron
is considerably faster than the one of first electron, as
reported for putidaredoxin/P450 monooxygenase from
Pseudomonas putida system (32). This suggests that the first
electron transfer reaction is likely to limit the catalytic
turnover.

Moreover, the analysis of the total efficiency of NADPH
oxidation and 6DEB consumption resulted in a 1:1 stoi-
chiometry. Therefore, the data exclude uncoupling and
suggest that the k. is affected by suboptimal electron
transfer from spinach ferredoxin to OleP.

Nevertheless, these data confirm that OleP binds and is
active against 6DEB, as suggested by in vivo studies (16).

OleP-6DEB structure

Crystals of the OleP-6DEB complex were obtained in 2
different conditions: 1) 0.4 M NaCl and 22% PEG3350 (low
salt, OleP-6DEB; s) and 2) 4 M HCOONa (high salt, OleP-
6DEByjs).

OleP-6DEB; s crystallized in P1 space group and the
structure was refined to 2.97 A resolution (Rwork = 23.8%
and Rgee = 31.1%). Nine monomers were identified in the
asymmetric unit adopting 2 different conformations (Fig.
3A). Inmore detail, 6 copies of OleP were found in an open
state corresponding to the one previously observed when
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CLT (Supplemental Fig. S3A) occupies the active site
(RMSD on C,, ~1.3 A) (18). Significant differences (RMSD
>2 A) occur at the level of 1) the BC-loop (Arg82-Pro85), 2)
the C terminus (C term) of the F helix and the N terminus
(N term) of the G helix (Ser175-Glu188) and the loop be-
tween, 3) the C term of the H helix and the HI-loop
(Leu219-His228), and 4) the 3-hairpin 4 (Gly394-Met395).
All these displacements result in a slight closure of the
active site when 6DEB is bound with respect to CLT-
bound OleP. Phe84 on the BC loop rotates of almost 90°
after the entrance of 6DEB into the active site, driven by
a hydrophobic interaction that the residue establishes
with the methyl group at the C2 of the aglycone (Fig.
3B). The BC loop follows the Phe84 rotation and moves
of ~2.5 A.

The remaining 3 monomers of OleP-6DEB; g adopt a
conformation in which the accessibility to the active site is
strongly hindered (Fig. 3A), which we consequently in-
dicate as closed. A nearly identical closed conformation
(RMSDon C, ~ 0.4 A) was observed in the 6 monomers
identified in the asymmetric unit of the OleP-6DEByg
structure, where the complex crystallized in the C2 space
group (Ryork = 20.8% and Rgee = 25.8%). Two main dif-
ferences between the closed OleP-6DEB;s monomers
were observed for some external amino acids [i.e., Arg208
(RMSD = 2.83 A) at the C term of the G helix and in the
segment between Val136 and Gly139, with a maximum
RMSD for His138 of ~ 2.2 A), most likely related to the
different packing in an asymmetric unit.

Closure of the active site is achieved mainly by a large
(~10-12 A) movement of the FG portion (helices F and G
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CLT

Figure 3. OleP-6DEB complex. A) Superposition of the open (green) and closed (wheat) conformations of OleP-6DEB complex,
shown in a nonstandard orientation for P450s that allows clear visualization of the structural transition. Secondary structure
elements mainly involved in the conformational change are emphasized. B) Superposition of the open OleP-CLT [yellow, PDB
4XE3 (16) ] and the open OleP-DEB complex (green) that details the movement of Phe84 that occurs upon 6DEB binding. C, D)
Close-up views of the active sites of open (C; green) and closed (D; wheat) OleP bound to 6DEB. Residues and water molecules
within 5 A from the substrate are displayed. Red spheres: water; dashed lines: hydrogen bonds. Gray sphere: water that mediates
interaction between protein and substrate. Secondary structural elements and amino acids are labeled. In both panels, the
electron density map (2F,-F.) contoured at 1o around 6DEB is also shown.

and the FG loop) and of the HI loop respectively at the top
and bottom of the active site (Fig. 3A).

The initial omit maps, calculated without inclusion of
6DEB in the model, revealed clear electron density in the
active site of all OleP molecules from both crystal forms,
corresponding to a single molecule of the macrolide. When
the protein is in the open conformation, 6DEB is nearly
perpendicular to the protoporphyrin IX ring, assuming
slightly different positions, depending on the monomer.
This mobility appears to be a consequence of the absence of
specific interactions within the active site residues that
could constrain the substrate in a unique orientation. In
fact, 6DEB establishes only van der Waals interactions
with hydrophobic residues belonging to the BC loop
(Met83, Phe84, and Leu94), the I helix (Ile243, Ala244, and
Thr248), the B-hairpin 85 (Leu290, Val291, Ala293, Gly294,
and Phe296), and the B-hairpin B4 (Leu396 and 11e397)

STRUCTURAL PLASTICITY OF SUBSTRATE-BOUND OleP

(Fig. 3C). Moreover, in open OleP, 6DEB is located at a
distance of ~6 A from the catalytic Fe, without dis-
placing the water molecule in the sixth coordination
position, typical of the resting state of the enzyme, that
provides a hydrogen bond to the C9—OH of the sub-
strate and to the carbonyl group of Ala244 on the I helix
(Fig. 3C).

The electron density of 6DEB in the closed monomers
unequivocally locates the ligand deeper in the active site,
~2 A closer to the heme iron, without variability among
the 6 OleP copies in the asymmetric unit. The closure of the
active site creates a chamber that extends the network of
van der Waals interactions with 6DEB, recruiting residues
belonging to the F helix (Met178 and Leu179) and favoring
the formation of the following H-bonds: 1) C3—OH of the
substrate and a water molecule H-bonded with the amine
group of Glu89 and 2) the C11-OH of the substrate and a
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water molecule, H-bonded with the amine group of
Phe296 on B-hairpin B3 and with the C2A-propionate of
the heme (Fig. 3D; the 2 water molecules are highlighted
in gray).

A closer look at the regions of OleP that contact the ethyl
moiety at the C13 of 6DEB (methyl in DEO) to analyze
possible structural effects on OleP related to the use of a
nonphysiologic substrate shows that this group is located
in a small hydrophobic cavity where no specific interac-
tions or clashes with Met83 and Phe84 on the BC loop and
Leu396 on the B-hairpin B4 at ~4 A are formed (Supple-
mental Fig. S3B). As a possible aspect of the structural
effect of utilization of the alternative substrate, because the
methyl group at C13 of DEO would be placed even farther
from those residues, we may hypothesize that Met83 side
chain would assume an alternative conformation, in place
of the 6DEB C13 ethyl C2 carbon.

Moreover, different from the open OleP-6DEB, a set of
water molecules detectable only in the OleP-6DEBpg
closed structures was identified inside a small pocket lined
by the I helix, the BC loop, and the substrate. These mol-
ecules form a network of H-bonds that connects the 2
hydroxyl moieties at C3 and C5 of the macrolactone ring of
6DEB with residues Glu233, Asn236, Met237, and Ser240
on the T helix and residues Glu89, Val93, and Leu94 on the
BC loop (Fig. 3D). These water-mediated connections
further reduce the mobility of the substrate and constrain it
to adopt a unique position.

The slight tilt of 6DEB toward the BC loop observed
when OleP adopts the closed conformation reduces the
distance between the C8—C8a bond and the heme iron to
~4 A and induces the displacement of the sixth heme-
coordinating water molecule, thus breaking the H-bond
contacts with Ala244 and the substrate, which rearranges
in a catalytically competent location and orientation (12).

Because the differences between copies of OleP-6DEB
adopting the same conformation (open and closed) are not
significant and are likely to reflect the quality of the indi-
vidual electron density maps (Supplemental Fig. S4),
throughout this article we have referred to the better de-
fined monomer A from OleP-6DEB; g5 and monomer C
from OleP-6DEBys as representative of the open and
closed state, respectively. We have thoroughly checked
that the individual structural features discussed are pre-
sent in all independent monomers, when allowed by the
quality of the respective electron density map.

Structural determinants for the
open-to-closed transition

The crystallization of the OleP-6DEB complex in the
open and closed conformations offers 2 snapshots along
the dynamics of the P450 OleP, unveiling the existence
of distinct states explored by the epoxygenase in the
substrate-bound form that are associated with the position
of the macrolide in the active site. This large structural
rearrangement mainly involves secondary structural ele-
ments that define the substrate binding region (i.e., the F
and G helices; the FG, HI, and BC loops; and the internal I
helix; Fig. 4).
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We performed an analysis of the open and closed OleP-
6DEB structures in conjunction with open CLT-bound
OleP (18) to shed light on the structural determinants and
mechanism of the open-to-closed transition. The compar-
ison between open OleP-CLT and open OleP-6DEB; g
shows that the specific bulk of the macrolide substrate
triggers a contraction of the active site in addition to the
notable downward shift of the BC loop, driven by the ro-
tation of Phe84 which establishes a van der Waals in-
teraction with 6DEB (Fig. 3B).

Searching for specific interactions between the sub-
strate and the I helix, which induce a productive structural
transition in some P450s (10, 33), we found that when OleP
is open, 6DEB mostly contacts the I helix at the level of
Ile243, Ala244, and Thr248 (Fig. 4A). The latter residue
represents in OleP the conserved threonine responsible for
proton delivery during the catalytic cycle, corresponding
to Thr252 in P450.,,, (34), which is commonly flanked by
the acidic residue, namely Glu247 in OleP. In this state,
these interactions do not induce the 1-turn distortion re-
sponsible for the formation of the typical catalytic cleft
used for proton delivery in P450s (Supplemental Fig. S5A)
(34). Unaltered geometry of the I helix has also been ob-
served when CLT coordinates the heme iron (18).

On the other hand, in closed OleP-6DEB, both the dis-
placement of the sixth coordinating water molecule and
the approach of the substrate to the heme iron reduce the
distance between 6DEB and the I helix, inducing a change
in the conformation of the main chain of 11e243, Ala244,
and Thr248 to compensate for the larger steric hindrance of
the ligand (Fig. 4A). As a result, the carbonyl group of
Ala244 rotates and moves toward the I helix tunnel,
establishing an H-bond with the side chain of Thr248. As a
consequence, the helical organization of the main chain in
the Ala244-Thr248 turn is lost, leading to: 1) distortion of
theIhelix, 2) change in conformation of residues belonging
to the helical turn, and 3) formation of the canonical P450
catalytic cleft (Supplemental Fig. S5A). The carbonyl group
of Gly245, which in the open OleP-6DEB; g and OleP-CLT
structures forms the intrahelical hydrogen bond with the
amine of Ser249, leaves the helical geometry, and estab-
lishes an H-bond with a water molecule, itself H-bonded to
the side chain of Glu365 on the L helix (Fig. 4B). This net-
work of interactions, starting from Thr248 and ending
with Glu365, both conserved among P450s, defines the
internal solvent channel that allows the access of protons
necessary for the catalytic cycle in OleP.

The effect of the I helix distortion induced by pro-
ductive binding of the substrate is not limited to this
local environment. By introducing a kink in the middle
of this long helix, the helical distortion represents the
epicenter of a dramatic rearrangement of secondary
structure elements that expands over the vault of the
binding site, leading to its sealing by means of the col-
lapse of the FG loop over the BC loop (Supplemental Movie
S1). We detail below the main structural interactions that
connect and amplify the distortion of the 244-248 turn of
the I'helix, leading to OleP closure.

The kink of the helical backbone at the level of the
244-248 segment does not affect the C term portion of the
I helix, but induces a swinging movement and ~15°
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Figure 4. Structural determinants of the open-to-closed transition of OleP. At the top, open (green) and closed (wheat)
structures of OleP-6DEB complex are superposed and shown in orientations that emphasize the structural transition,
highlighting the secondary structure elements mainly involved in the conformational change. Helices are represented as
cylinders. Detail of individual regions and amino acids involved in the transition: I helix distortion (A), functional water channel
(B), HI-loop shortening and H helix fold (C), connections between E and H helices (D), interactions between G and I helices
(E), m—m chain connecting F and G helices (F), collapse of the FG-loop (G). Red spheres: waters; dashed lines: hydrogen bonds.

rotation of the I helix N term portion (231-248), with a
maximum 8.6 A dlsplacement of the o carbon of Thr230,
the first I helix amino acid (Fig. 4A).

The H helix, coupled to the moving N term half of the I
helix via the HI loop and interhelical hydrophobic contacts,
follows the I helix swing and causes the reshaping of the HI
loop, that folds into an additional helical turn at the C term
of the H helix. As a consequence of the HI loop shortening,
the H helix is lifted and pushes the C term of the G helix
upward (Fig. 4C).

The E helix also follows the I helix swing, as a result of
the head-to-tail interaction with the H helix via H-bonds
between the main chains (Leul60-Leu215 and Leul61-
Leu216) and main chain—side chain (Gly162-Asp214), as if
the E helix behaves like an N term extension of the H helix
itself (Fig. 4D).

Moreover, the G helix is coupled to the swinging of the
N term half of the I helix by the Asp201-Lys231 (mid G
helix-N term of I helix) salt bridge and by Val235 on the I
helix, which is hooked to the G helix within a niche
formed by Met197, Met200, Val204, and Asp201. All the

STRUCTURAL PLASTICITY OF SUBSTRATE-BOUND OleP

aforementioned interactions are conserved in the open and
closed structure, indicating that the Val235 hook couples
secondary elements during the open-to-closed transition
(Fig. 4E).

The combined action of swing and rotation of the I helix,
the lever exerted by the H helix, and the shift of thelast turn
of the E helix have a dramatic effect on the F helix-FG
loop—G helix segment, which moves as arigid body (Fig. 4,
top). The H-bond between Serl175 (F helix) and His246
(I helix) acts as an additional link that drives the FG seg-
ment rearrangement, as His246 is rotated toward the ac-
tive site (Fig. 4F).

The repositioning of the FG segment acts as a lid over
the active site entrance and seals it by means of the contact
between the BC loop and Leul79. The latter residue is
exposed to the solvent when OleP is open, and, upon
transition to the closed conformation, enters into the en-
zyme cavity to interact directly with the C4-methyl group
of 6DEB, thus participating in the ensemble of interactions
that univocally define the position of 6DEB into the distal
pocket upon OleP closure (Fig. 4G).
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Moreover, the shift of the FG segment determines the
disruption of the network of m—m stacking interactions
involving Phel71 and Phel74 (F helix) and Phe196 and
Tyr199 (G helix) packed onto Pro164 in the EF loop (Fig.
4F), previously identified in the open OleP-CLT structure
(18). The entry and the initial positioning of 6DEB into the
OleP active site, which leaves the protein in an open con-
formation (OleP-6DEB;g), has no effect on the arrange-
ment of the above-mentioned m-chain (Supplemental Fig.
S5B), whereas, upon the open-to-closed transition, a
marked movement is observed at the expenses of the ar-
omatic residues involved in the interaction, thus altering
its organization while maintaining the cohesion between
helices (Fig. 4F).

To summarize, closure of the active site is observed only
when 6DEB is deeply bound to the OleP active site in a
position suitable for catalysis. Such transition appears to
originate from the interaction of the substrate with the
central residues of the I helix, and it extends from the T helix
to the external HI and FG units via a complex ensemble of
interactions. The pronounced movement of the phenyl
moiety of Phe84 on the BC loop that follows the entrance of
the substrate in the open OleP-6DEB structure allows the
closure by the FG loop, which brings Leul79 onto the
substrate. Both Phe84 and Leu179 constrain the position of
6DEB into the active site.

We checked crystal contacts in the mobile FG and HI
loops, and we observed that crystal interactions are absent
in the open copies or different among the closed copies,
indicating that the crystal lattice does not play a major role
in inducing the open-to-closed transition.

Therefore, we hypothesize that 6DEB-bound OleP ex-
ists in solution in an equilibrium between 2 conformations,
whereby the open form represents an initial binding
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intermediate that evolves into the closed form, adopting
the catalytically competent binding organization.

Substrate binding to OleP proceeds through
multistep kinetics

The structures of the OleP-6DEB complex revealed an
open and a closed conformation for the substrate-bound
form. It is then reasonable to hypothesize the existence of
an equilibrium between the relative conformers in solu-
tion. In an effort to validate this hypothesis and to in-
vestigate the mechanism underlying substrate binding to
OleP, we monitored binding during the pre-steady state
using a stopped-flow apparatus, after the heme absor-
bance increase at 390 nm occurring upon 6DEB binding.
Experiments were performed under pseudo first-order
conditions in symmetric mixing mode, by challenging
OleP with increasing concentrations of 6DEB.

For all explored ligand concentrations, single ex-
ponential fits proved unsatisfactory, suggesting at least
biphasic kinetics. The kinetic traces were indeed satisfac-
torily fitted to a double exponential equation, asjudged by
the residual analyses (Fig. 5A). The rate constants of the
fast phase correspond to ko, = (2.3 = 0.1) X 10° M/s and
“PPkoge = 21.3 = 3.8/s, whereas for the slow phase, essen-
tially independent on 6DEB concentration, the rate con-
stant was estimated to be 1.59 = 0.06/s. The sum of
amplitudes, characteristic of the fast and the slow phase,
changes hyperbolically with 6DEB concentration (Sup-
plemental Fig. S6A) and replicates the behavior observed
in equilibrium experiments. Analysis of this curve allows
us to estimate the apparent Kp, yielding a value of 2.0 *
0.9 puM, which is in good agreement with equilibrium
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Figure 5. Pseudo first-order kinetics of the 6DEB binding to OleP and CLT displacement kinetics. A) The k. of the fast phase
(filled circles) and the slow phase (open circles) are reported as a function of the substrate concentration. The former increases
linearly with the concentration of 6DEB, whereas the latter is essentially independent from substrate concentration. Error bars
indicate the sp on the ks obtained by averaging 3 traces for each ligand concentration. Error bars that are not visible are smaller
than the size of the symbol used. On the right, the trace as the averages of 3 independent acquisitions obtained at 19 uM 6DEB is
shown. The residuals to a single (top) and double (bottom) exponential fit are reported in panels below the trace. Thin line: the
fit to a single exponential decay. B) The k., of the fast phase (filled circles) and the slow phase (open circles) of the
displacement reaction of the OleP-6DEB complex with CLT are reported as a function of CLT concentration. Error bars
representing the sb on the ks are shown. Right: trace as the averages of 3 independent acquisitions obtained at 25 uM CLT is
shown. The residuals to a single (top) and double (bottom) exponential fit are reported in panels below the trace. Thin line: the

fit to a single exponential decay.
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titration (Kp = 5.1 £ 0.2 uM), suggesting the absence of
additional phases in the binding time course.

Previous work on other P450s showed that complex
substrate binding kinetics, as observed for 6DEB binding
to OleP, can be ascribed to the binding of multiple sub-
strate molecules to a P450 enzyme (26, 35-37), rearrange-
ment of the protein into oligomeric structures (38, 39), oran
event of conformational transition (10). Inspection of the
substrate-bound structures revealed that the active site of
the enzyme in both OleP conformers accommodates only 1
molecule of 6DEB, even when it is present in large excess.
Furthermore, OleP is monomeric in our experimental
conditions, as previously assessed by size exclusion chro-
matography (18).

Therefore, the complex kinetics observed for OleP-
6DEB binding could arise from an event of conformational
transition, assuming either the a priori existence of a het-
erogeneous ensemble of conformations that the enzyme
explores in solution (conformational selection model), or a
mechanism where substrate binding triggers the structural
reorganization (10, 39-41).

To further investigate the substrate binding mecha-
nism, we followed the displacement kinetics of 6DEB us-
ing CLT as a binding competitor. Previous structural and
functional data showed that CLT stably locks OleP in an
open conformation by following a simple 1-step binding
mechanism (18). Moreover, compared to 6DEB, CLT
showed a significantly higher affinity (2 orders of magni-
tude, Kp ~ 30 nM) toward OleP, likely due to the direct
coordination that it establishes with the heme iron (42).

Therefore, the tight binding capacity of CLT to the en-
zyme with an extremely slow kg, which can be considered
an irreversible process on the time scale of the stopped-
flow experiment, was exploited to perform displacement
kinetic measurements. OleP was preincubated with satu-
rating concentrations of 6DEB (0.1 mM), according to the
Kp value obtained from equilibrium binding analysis. The
OleP-6DEB complex was then rapidly mixed with a solu-
tion containing a saturating concentration of CLT and in-
hibitor binding was monitored at 433 nm over time. In this
condition, if the reaction was only limited by the dissoci-
ation rate of 6DEB, CLT displacement should result in a
single exponential with a rate constant that is the ko of
6DEB. Nevertheless, the kinetic traces of CLT binding
were biphasic, suggesting a more complex mechanism for
CLT binding to the OleP-6DEB complex with respect to
what observed in binding to ligand-free OleP (Fig. 5B) (18).
Different concentrations of CLT were used in the experi-
ment, ranging from 6 to 25 uM after mixing, but the ob-
served rate constants for both phases were found to be
independent of the inhibitor concentration, given the CLT
saturating conditions. In this experiment, the fast phase
would account for the event of substrate displacement,
yielding ™%, = ko = 12.5 = 2.8/s, which is not in-
consistent, yet is more accurate, with that estimated by
extrapolation (*FFkyg = 21.3 = 3.8/s). The additional slow
phase (**“kus = 2.7/s), not observed when CLT binds
unliganded OleP (18), could arise from a conformational
transition, suggesting the existence of a heterogeneous
ensemble of populations that forms when OleP is
bound to 6DEB.

STRUCTURAL PLASTICITY OF SUBSTRATE-BOUND OleP

This result, combined to the complex kinetics observed
for 6DEB binding and to the structures herein reported,
suggests that the mechanism of 6DEB binding to OleP
proceeds through at least 3 steps that involve the accu-
mulation of an intermediate where 6DEB is bound and
OleP is in an open conformation. In substrate-binding ki-
netic experiments, the fast phase would be related to the
entrance of 6DEB in the OleP active site, whereas the slow
phase would account for the conformational transition of
OleP induced by 6DEB, resulting in the displacement of
the heme sixth coordinating water molecule and in the
closure of the active site, as observed in the crystallo-
graphic structure, which would induce a further adjust-
ment of the iron spin equilibrium.

In an effort to measure the absorption changes associ-
ated to each kinetic phase, 6DEB binding to OleP was in-
vestigated by multiwavelength UV-visible absorption
stopped-flow spectroscopy, and the set of time-resolved
spectra acquired after rapid mixing of the protein with
6DEB was analyzed by global fit analysis. According to
this analysis, most of absorption changes occurred during
the fast phase of the reaction, and the 2 kinetic phases
observed upon 6DEB binding proved tobe associated with
optical transitions somewhat similar to each other, yet
distinct in shape (Fig. 6). The latter observation is in line
with the hypothesis that the slow phase accounts for a
conformational transition in the protein that takes place
after 6DEB binding to open OleP, associated with com-
pletion of the heme spectroscopic transition.

As further confirmation of our hypothesis and with
the purpose of directly measuring the rate constant for the
structural rearrangement that OleP undergoes in the
presence of 6DEB, a double-jump mixing experiment was
designed to alter the relative populations of the 2 con-
formers. The protein was initially mixed with a saturating
concentration of 6DEB (premix), and, after a variable delay
time, the premix was mixed with CLT at a saturating
concentration. At all different delay times, the observed
time courses were fitted to double exponentials. As
expected, the observed rate constants for both phases were
independent of time delays between the first and the sec-
ond mix (Supplemental Fig. S6B). On the other hand, the
amplitudes of the 2 phases displayed a single exponential
dependence on the delay times, yielding an apparent rate
constant for the conformational transition of k; + k_; =
2.8 £ 1.0/s (Fig. 7A). Whereas the amplitude of the fast
phase, accounting for the OleP-6DEB population of mol-
ecules assigned to open conformers, decreased with in-
creasing delay times, the amplitude of the slow phase,
which accounts for the population of OleP-6DEB mole-
cules assigned to closed conformers, increased. The de-
pendence on the delay times of the amplitudes of the slow
and fast phases of the displacement reaction also allows
estimation of the fraction of open and closed OleP-6DEB at
equilibrium. The Agjow/ (Asiow + Afast) ratio accounts for the
fraction of closed OleP-6DEB, whereas As.t/ (Agiow + Afast)
represents the fraction of open OleP-6DEB, where
Asiow = 0.026 and Ag,g¢ = 0.044. From this analysis, the
closed conformation resulted to be almost as popu-
lated (40%) as the open one (60%) at the equilibrium
(i.e., at infinite delay time).
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Figure 6. Binding of 6DEB to OleP investigated by multiwave-
length stopped-flow spectroscopy. A) UV-visible absorption
spectra collected over 20 s after stopped-flow mixing OleP with
6DEB at 288 K. Arrows: the direction of absorption changes.
Inset: absorption changes relative to the last spectrum acquired
at 20 s after mixing. B) Optical species relative to the fast
(solid line) and slow (dotted line) phases observed on 6DEB
binding, as obtained by global fit analysis of the time-resolved
spectra shown in A. Inset: best fit to double exponen-
tials of the first 2 V columns of the SVD output scaled
for their corresponding singular values. Fitted rate constants:
ky =19.3/s and kg = 0.9/s.

Notably, the observed rate constant for the equilib-
rium between the open and closed conformation of
OleP-6DEB obtained by the double-mixing experiment
(kobs = 2.8 * 1.0/s) is consistent with the rate constant
value determined in the displacement kinetics (K ops =
2.7/s) and it is of the same order of magnitude as the slow
phase of the OleP-6DEB binding kinetics (*FPkyps = 1.59 *
0.06/s). An overall interpretation of crystallographic and
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kinetic data of the binding of OleP to 6DEB is given in the
energy diagram in Fig. 7B.

DISCUSSION

P450 enzymes endowed with high substrate specificity
evolved a mechanism that leads to confined oxygen acti-
vation and to the entrapment of target molecules by means
of active site closure with transitions of variable extent,
depending on the size of the ligand. Electron entry in P450s
is often coupled to substrate binding that also induces the
formation of a catalytic cleft on the I helix to generate a
proton relay network and the displacement of the H,O
molecule coordinated in the heme axial position (12).

In the case of OleP, we describe how a limited set of
short-range interactions established by 6DEB on the I helix
leads to the appearance of catalytic activation structural
signatures and expands within the protein fold, inducing
the active site closure by extensive repositioning of sec-
ondary structure elements. Entry of 6DEB into the binding
cavity, as observed in the OleP-6DEB; g open structure,
induces the flipping of Phe84 on the BC loop and a com-
pacting of the active site in a conformation that we in-
terpret as a preactivation complex and that we assign to
the kinetic intermediate detected by the multiwavelength
stopped-flow experiment. This assignment relies also on
the observation that this intermediate allows rapid 6DEB
displacement by CLT. Although it is not possible to di-
rectly assess the redox activity of the open-bound state of
OleP, the presence of water bound to the heme iron in its
crystal structure is a diagnostic feature of low spin/low
redox potential. Therefore, we infer that this form of OleP
is not reducible by ferredoxin, and thus it would not con-
tribute to catalysis or to uncoupling.

In summary, crystallization allowed us to capture the
OleP-6DEB complex in open and closed states. To our
knowledge this is the first time that a complex of a P450
with a substrate has been described in the early (open) and
late (closed) stages of binding. Structural data allowed us
to mechanistically describe the cascade of interactions re-
sponsible for the conformational change and to propose an
overall model for the multistep process of substrate bind-
ing, which is consistent with an induced-fit scenario.

Based on our data on OleP and on structures of other
bacterial P450s such as P450..,, P450 monooxygenase
from Streptomyces venezuelae (PikC), P450 C12-hydroxylase
from Streptomyces erythraeus (EyrK), P450 monooxygenase
from Bacillus megaterium (P450BM3), P450 monooxygenase
from Sulfolobus solfataricus (CYP119A), and mycinamicin
monooxygenase from Micromonospora griseorubida (MycG)
(8,10, 11, 43-47), we support the mechanism of sub-
strate sensing by the conserved A/Gp—1-Gp-XX-Tp43
motif in the center of the I helix (12) which allosteri-
cally drives transitions within the protein fold as a
general feature of biosynthetic bacterial P450s and as
the basis of the regulation of potentially detrimental
oxygen activation. Consequently, substrate-bound
bacterial P450 structures where catalytic competence
signatures are missing (i.e., water channel and cleft
on the I helix, heme pentacoordination), should be
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Figure 7. Doublejump mixing experiment and schematic energy diagram of substrate binding to OleP. A) The amplitudes of the
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the fast phase (shown in the inset) were globally fitted to a single exponential function, yielding a value of k,,s = 2.8 = 1.0/s.
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species that binds CLT with slow kinetics. B) Schematic energy diagram showing the binding reaction of OleP to 6DEB.
Representative structure of open OleP-6DEB and closed OleP-6DEB are given respectively in gray ribbon representation.

considered as preactivation complexes requiring further
rearrangements to reach the competent conformation for
catalysis (9).
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Proximal and distal control for
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Neuroglobin (Ngb) is predominantly expressed in neurons of the central and peripheral nervous systems
and it clearly seems to be involved in neuroprotection. Engineering Ngb to observe structural and
dynamic alterations associated with perturbation in ligand binding might reveal important structural
determinants, and could shed light on key features related to its mechanism of action. Our results
highlight the relevance of the CD loop and of Phe106 as distal and proximal controls involved in ligand
binding in murine neuroglobin. We observed the effects of individual and combined mutations of the
CD loop and Phel06 that conferred to Ngb higher CO binding velocities, which we correlate with the
following structural observations: the mutant F106A shows, upon CO binding, a reduced heme sliding
hindrance, with the heme present in a peculiar double conformation, whereas in the CD loop mutant
“Gly-loop”, the original network of interactions between the loop and the heme was abolished,
enhancing binding via facilitated gating out of the distal His64. Finally, the double mutant, combining
both mutations, showed a synergistic effect on CO binding rates. Resonance Raman spectroscopy and
MD simulations support our findings on structural dynamics and heme interactions in wild type and
mutated Ngbs.

Phylogenetically ancient globins such as neuroglobin (Ngb), globin X and androglobin are endowed with heme
iron hexacoordination, whereas pentacoordinated myoglobins (Mb) and hemoglobins (Hb), characterized by a
complex respiratory role, appeared later in evolution. The current hypothesis is that hexacoordination could be
the oldest coordination scheme. Furthermore, this iron binding mode triggers a protein conformational reorgan-
ization upon ligand binding that could play a role in gas sensing’.

Regardless of the variety of functions that globins may perform (NO metabolism, lipid metabolism,
anti-apoptosis, signal transduction, detoxification of ROS/RNS, respiration, O, diffusion), they share a com-
mon fold, with 8 helices named from A to H, the so-called 3-on-3 a-helical sandwich?, and some very specific
structural elements. The sequence conservation of globin structure involves two universally invariant positions:
a histidine at the 8th position of the F-helix, that binds the heme iron proximally, and a phenylalanine in position
CD1 that is packed against the heme”®. Sequence alignment of a large set of globins also highlighted the strong
conservation of other residues such as a histidine in position E7 on the heme distal side, which, in some cases,
is involved in heme hexacoordination and/or in the stabilization of bound ligands. Sequence conservation in
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Figure 1. CO binding to ferrous neuroglobin mutants at 25 °C. CO binding rate constants k,,, were extracted
from fitting experimental kinetic traces as single or double exponentials (A) and plotted as a function of CO
concentration (B).

globins highlights residues involved in heme packing (His(F8), Phe(CD1), Leu(B10), Phe(B14), Phe(CD4)) or
participating to the early stage of globin folding, with residues A8, G16, G12, A12, H5, H12 forming the A, G and
H helices which act as a folding nucleus*.

Ngb is over-expressed in hypoxic conditions and it may be involved in gas/redox sensing, radical scavenging,
and/or signal transduction®. However, its precise mechanism of action remains to be clarified, despite Ngb func-
tion involves binding of diatomic gases, such as O,, NO and CO. Notably, hexacoordination in Ngb accounts for
a peculiar structural rearrangement and complex kinetics upon ligand binding®~'?, which takes place when the
distal histidine (His(E7)64), engaged in internal iron hexacoordination, dissociates from the heme. The dissoci-
ation of His64 is the rate-limiting step for ligand binding and it triggers a repositioning of the heme which slides
further inside a large internal cavity. This movement is associated with the motion of helices and loops'*~'¢, and
probably confers to Ngb a more stable conformation. More recently, molecular dynamics (MD) simulations sup-
ported a His64 gating out movement coupled with a motion of the CD corner upon ligand binding, larger than
the one described by crystallography'”!8. Another structural feature of neuroglobin is the double insertion of the
heme with 70:30 proportion'*.

Artificial point mutants of Ngb have been utilized to pinpoint major structural determinants for ligand bind-
ing regulation. Pentacoordinated Ngbs obtained by substituting the distal His64 with Leu, Val or Gln, display fast
ligand binding and low heme iron auto-oxidation®'"!°. Proximal heme pocket mutants (M144W, and F106W)
showed a hampered heme sliding, affecting both binding velocity and affinity?’. Tyr44, in the CD loop, is an
important heme-interacting residue involved in regulating binding kinetics?' since its mutation into an aspartate
yielded a 15-fold increase in O, binding velocity and a 1.5-fold increase in O, affinity. Finally, the CD loop was
shown to be involved in the fine tuning of iron coordination by swapping CD corners of human Ngb and sperm
whale Mb (swMb), which led to gain of hexa-coordination in swMb?.

In this study, we spectroscopically and structurally characterized three Ngb mutants aiming at pinpointing
key features: a CD loop mutant with enhanced flexibility (Gly-loop), the F106 A mutant and the double Gly-loop/
F106A mutant (Supplementary Fig. S1). We probed the role of heme sliding in the internal cavity, facilitated by
reducing the bulk in position 106 and the role of the CD loop in governing ligand affinity and hexacoordination.

Results and Discussion
CO binding at 25 °C by rapid mixing. Wild type (WT) and mutant Ngbs were mixed with CO at 25°C
using a stopped flow apparatus. Traces were fitted as single (WT and Gly-loop, Fig. 1A) or double exponentials
(F106A and Gly-loop/F106A, Fig. 1A). As observed previously*’, CO binding to WT Ngb exhibits a mono-pha-
sic decay at 426 nm, and so does the Gly-loop mutant. However, for Phe106 mutants (F106A and Gly-loop/
F106A), a double exponential trend was observed, suggesting the existence of two populations. Both Gly-loop
and F106A mutations significantly increase CO binding velocities. The Gly-loop mutation has the largest effect
on ligand association rates (K, (WT)=0.19s"! vs k ;, (Gly-loop) =2.8 s at 500 M CO) compared to the F106A
mutation (k,, slow(F106A) =0.51s"" and k,, fast(F106A) =1.7s"%, Fig. 1B). However, these mutations have a
synergistic effect rather than an additive one, as shown by the increase of rate constants (k,,, slow=2.2s7! and
K,y fast=9.5s71) for the double Gly-loop/F106 A mutant. Unlike WT and F106A Ngbs, both mutants containing
the CD loop mutation (Gly-loop and Gly-loop/F106A) show a strong dependence on CO concentration in their
binding rate constants k.

Notably, CO binding to hexacoordinated Ngb is scarcely dependent on ligand concentration*>*!, since the
main factor affecting binding is the spontaneous dissociation of the distal histidine (His64). This suggests that,
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Figure 2. Back-bonding correlation line of the v/(Fe-C) and v(C-O) stretching frequencies of various
Ngbs?*-2>%, The corresponding data of sperm whale Mb are also reported®**”. The dotted lines indicate the
approximate delineation between the frequency zones of the A, A, and A, forms. The human Ngb and swMb
show also a third weak H-bonded conformer (A,) at 505/1956 and 508/1946 cm ™, respectively, not reported in
the Table S3.

in the Gly-loop mutant, the rupture of the His64-heme iron bond is still the rate limiting step, but an increase in
its velocity (or decrease in the bond re-formation velocity) causes a marked dependence on CO concentration.
For the F106A mutant the fraction of the amplitude of the two phases at 500 M CO is 64% for the fast one
and 36% for the slow one, for the Gly-loop/F106A, we observed that the slow fraction is of a lesser extent (13%,
Supplementary Table S2).

For all the mutants, the increase in binding velocities is coupled to an overall augmented CO affinity with
respect to WT, as calculated from the saturation at different CO concentrations. (Supplementary Fig. S2 and
Table S2).

Structural Characterization of neuroglobin mutants by Resonance Raman (RR).  An increased
velocity of the Gly-loop/F106A mutant in CO binding might be a consequence of the presence of some pentaco-
ordinated species due to the modification of the CD loop?. However, resonance Raman spectroscopy did not
reveal any pentacoordinated species in the ferrous form or in the photolyzed CO sample (Supplementary Fig. S3).
This result is consistent with the H64L mutant behaviour (bimolecular CO rebinding rates or Ngb H64L =230
M.s™! at 20°C"), which is much faster than the fast phase detected for Gly-loop/F106A.

The RR spectra of the CO complexes of the WT, the F106A, and double Gly-Loop/F106A mutant
(Supplementary Fig. S4) are very similar and show, consistently with other Ngbs?*-%*, the presence of two pro-
tein conformers: an open A, form [/(Fe-C) at 496 cm ™! and ©(CO) at 1970 cm '] and a more abundant closed
one, A; [1(Fe-C) at 521 (WT) and 518 (mutants) cm~!, and ©(CO) at 1933 cm~!], whose CO is H-bonded with
His64. These data are reported in Fig. 2 which shows the back-bonding correlation line of the v(Fe-C) and v(CO)
stretching frequencies for various Ngbs and swMb (the frequencies are reported in Supplementary Table S3).

It can be seen that, after CO binding, His64 can adopt two conformations, one that strongly interacts with the
CO (closed form) and one with His64 far from the ligand (open cavity, consistent with a swung out His64). The
Gly-loop mutant behaves differently, being the A bands quite intense. We tentatively assigned this band to two
overlapped A, open conformations.

CO binding kinetics of Ngb F106A is consistent with a double heme conformation. Crystal
structures of unliganded hexacoordinated F106A (1.8 A) and carbomonoxy-F106A (F106A-CO, 1.75 A), were
determined to observe the effect of removal of the steric barrier to heme sliding posed by Phe106.

At this resolution, we clearly detect the double heme conformation (Supplementary Fig. S5A and S5B): the B
conformer (canonical, 30% in ferric F106A, 27% in F106A-CO) and the A one (reversed, 70% in ferric F106A,
73% in F106A-CO). The assignment of the relative population of the two heme insertion modes is based on
refinement and electron density residuals. The estimated error in this determination is therefore about 3%. As
compared to WT Ngb, the structural difference between the two conformers is larger, likely due to the wider
heme cavity, created by the Phe to Ala substitution that allows conformer B to adopt a deeper position within the
pocket. We also observed double conformations for proximal and distal histidines.

The geometry of the His64-Fe-His96 bond, for both conformers, appears to be different with respect to WT
Ngb (Supplementary Table S4) and it might contribute to reactivity with ligands. However, the most striking
observation about heme conformations is the relative position of the A and B conformers, that are laterally and
vertically shifted (Supplementary Fig. S5), with their iron atoms being about 1.0 A and 0.90 A apart, respectively
in the unliganded and in the carbomonoxy form. In addition, the Fe-Fe distance between hexacoordinated F106 A
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Figure 3. Comparison of wild type and F106A neuroglobin structures. (A) Unbound (green) and carbo-
monoxy (grey) WT Ngb structures!*'°. (B) Unbound (green) and carbo-monoxy (grey) F106A Ngb structures.

Figure 4. Superposition of Ngb Gly-loop (blue) and Ngb WT (grey) structures. (A) Comparison between the
overal fold of the WT and the Gly-loop mutant. The segment missing from electron density maps (Phe49-Ser57)
is indicated by a dashed line, the mutated sequence is in red, and the folded D-helix is indicated in dark grey.

(B) In WT, the D-helix leans on Phe49, for the Gly-loop mutant, the 2Fo-Fc map is contoured at 1o for Phe49.
(C) Network of interactions between Tyr44, Glu60, Lys67, one of the heme propionates and a water molecule

in WT Ngb. In the Gly-loop mutant, this network is abolished due to the absence of Tyr44. (D) The canonical
hydrophobic patch in neuroglobin involved in heme support and maintenance of the globin fold is perturbated.

and F106A-CO shows, upon CO binding, a displacement of the heme A conformer of about 2.3 A and of 2.9 A for
the heme B conformer, larger than the one observed for WT Ngb (2.0 A'9),

The enhanced displacement of B conformer is due to the absence of Phe106 ring onto which the heme leans
in the WT protein. Consistently, Phe(CD1)42, a conserved residue involved in the heme packing through -7
stacking interactions, adopts a double conformation in a 70:30 proportion (lateral displacement of 1.0 A at the
level of Phe42 C(, not shown) in the structure of unliganded F106A.

In the F106 A-CO structure, the absence of Phe in position 106, associated with the two heme insertion modes,
induces residues such as Trp148 and the whole FG loop to explore multiple conformations upon heme sliding
(Supplementary Fig. S6A-C). This structural feature could account for the biphasic behaviour detected in CO
binding. The heme double conformation has already been proposed to be responsible for the slightly biphasic
ligand binding in human Ngb, absent in murine WT Ngb, and which is greatly enhanced in murine F106A Ngb,
due to the enhanced difference of A and B heme conformer positions?*?’.
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Figure 5. Evidence for His64 swing in Gly-loop structure bound to CO. The electron density indicates the
presence of a fraction of swung out His64 (40%, the 2Fo-Fc map is contoured at 1¢). We could reconstruct the
CD loop and we observed a re-shaping of the D-helix (from Asp54 to Ser57).

Finally, the absence of the aromatic side chain of Phe106 accounts for faster CO binding in both heme con-
formers, considering that in the W, the phenylalanine ring has to flip to allow the heme to slide inside the cav-
ity’>* (Fig. 3A), indeed, in the F106 A mutant, the alanine side chain stays put upon heme repositioning (Fig. 3B).
In mutant F106 W2, where steric hindrance is increased, CO binding velocity decreases of about five times and
affinity is lowered by an order of magnitude (Supplementary Table S2).

The evaluation of the fast and slow binding phases in CO mixing experiment allows us to attribute to the B
conformer the slow binding fraction and to the A conformer the fast binding one. An additional feature contrib-
uting to the increased CO binding velocities might reside in enhanced acceleration of the spontaneous rupture of
the His64-Fe bond due to variations in its geometry reported in Supplementary Table S4.

The disruption of the heme-CD loop interaction network is responsible for increased CO bind-
ing velocities in the Gly-loop mutant. The global Ngb 3D architecture is conserved in the CD corner
“Gly-loop” mutant as shown in Fig. 4A. The double conformation of the heme in 70:30 proportion, along with
corresponding histidine double conformations, is present and His64(Ne¢)-Fe-His96(N¢) angles are unchanged
with respect to WT (Supplementary Table S4). Besides some alternate conformations of the N- and C-termini, of
the AB and EF loops, due to crystal packing changes, only the CD loop was significantly altered. The lack of well
defined electronic density did not allow to reconstruct the last three residues (aa 50-52) of the CD loop Fig. 4A,
grey dashed line), which was completely reshaped. Moreover the D-helix was disordered (Fig. 4A, red) and no
electronic density was observed up to the beginning of the E-helix at Pro59 (Fig. 4A,B).

Figure 4C shows the alteration of intra-molecular interactions in the Gly-loop Ngb. In the WT protein, the
oxygen of one of the propionates interacts with Lys67 (Fig. 4B), this propionate and Tyr44 constitute a barrier to
the swinging out of His64 (Supplementary Fig. S7) which in MD simulations, can take place only upon the upward
movement of the CD loop and propionate flipping'’. Tyr44 and Lys67 firmly interact at a 2.5 A distance with a water
molecule bridging the propionate to the main chain oxygen of Glu60. Owing to the mutation of Tyr44 into a glycine,
the propionate flips toward the proximal side of the heme, and the amino group of Lys67 is rotated by 180°. Moreover
in WT Ngb, the bond between Tyr44 and the heme propionate favors a conformation of the CD loop in which the
D-helix leans on the Phe49 aromatic ring (Fig. 4B). The absence of Tyr44, that is not pinning any more the loop to
the heme, allows the displacement of Phe49 which might explain the D-helix destabilization. In addition to pinning
the CD loop to the heme propionate, Tyr44 appears to be part of the aromatic core around which the CD-loop-D
helix segment is wound, with the significant stacking of the aliphatic portion of Glu60 onto its phenyl moiety. The
CD-loop-D-helix unit seems therefore to be an intrinsically dynamic segment, whereas the C- and E-helices appear
to constitute a rigid scaffolding in Ngb. The mobilization of the CD-loop-D-helix unit could facilitate the His64
dissociation from the heme iron, unlocking its swing-out displacement, thus leading to the increased CO binding
velocities observed by rapid mixing. Indeed, faster O, association was also observed for Tyr44Asp Ngb, which has
a behaviour remarkably similar to the Gly-loop mutant, including enhanced ligand concentration dependence and
ligand affinity (P5,(Y44D) = 1.3 torr vs P5o(WT) =2.2 torr)*..

Quite surprisingly, the hydrophobic cluster involved in the support of the heme, and including the canonical
Phe28(B10), Phe32(B14), Phe42(CD1) and Phe61(E4) is loosened in the Gly-loop mutant. As shown, in Fig. 4D,
Phe42 and Phe61 are displaced with respect to the WT Ngb phenylalanine cluster: Phe42 is located about 0.6 A
further away from the heme (Ce(Phe42)-C3 methyl(heme) distance), whereas Phe61 is laterally shifted of approx-
imately 2.4 A (C((Phe61 wt)-C((Phe61 mutant) distance). These variations are structurally significant, consid-
ering that the universally conserved Phe42 is the residue in direct contact with the heme*?3, and could constitute
an additional factor affecting the heme mobility, possibly contributing to increased binding velocity observed by
rapid mixing.
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Figure 6. Secondary structure of CD corner at 300 K. The secondary structure was determined by DSSP
(hydrogen bond estimation algorithm) on the ensemble of structures, sorted by time in ascending order, at
300K, for Gly-loop Ngb (A) and WT Ngb (B).

Evidence of the distal histidine “gating out” movement and of the reshaping of the D-segment
upon partial CO binding observed by X-ray crystallography. Crystals of the Gly-loop mutant tend to
dissolve upon exposure to CO in the reduced Fe?* state. However, by freezing crystals before complete disruption,
we managed to determine a structure in which we observed about 40% CO ligation and a concomitant swung out
histidine conformation (Fig. 5). Moreover electron density appeared for the 49-56 segment that could be suc-
cessfully built. This indicates that, in the absence of the constraint imposed by the propionate-Tyr44 bond, a state
with a swung out His64 can be trapped and structurally characterized, with the heme still in the unslid position.
The transition of the CD-loop-D-helix segment is an indication that a remodeling of this region is associated to
ligand binding, as also suggested by MD simulations, which is likely the cause for destabilization of the crystal
lattice upon full ligation.

MD Simulations predict the CD loop-D-helix disordering and support the gating out move-
ment of His64 promoting the partial refolding of D-helix.  The complete 3D homology model of the
Gly-loop mutant modeled with the same fold as WT Ngb (Supplementary Fig. S8) was used as a starting point
for MD simulations in order to assess the rearrangement of the CD corner upon the triple glycine substitution
and to compare the results with the WT MD. After equilibration using standard MD simulations, we performed
simulated tempering MD (ST-MD) of the Gly-loop mutant and of the W, initially in a range of 300-420 K.

In Fig. 6, we report the secondary structure of the CD corner at 300K as a function of time, for the Gly-loop
mutant and WT Ngb. The conformation of the C-helix fluctuates during the simulation between a 3-helix and a
turn, both in WT and in the mutant, showing that, despite the peptide strand remains in a twisted conformation,
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the optimal geometry of the hydrogen bond involving the main chain is continuously lost and immediately
regained. On the other hand, while the D-helix remains folded during the whole simulation for the WT, in the
mutant, the helix unfolds within the first 110 ns and remains unfolded. The reduced structural stability of the
D-helix in the Gly-loop mutant is further confirmed by a 60 ns ST-MD simulation in a temperature range of
300-460 K. In that condition, a helix-coil transition in the D-helix was observed after 40 ns for the Gly-loop
mutant, then steadily maintained at 300 K, without regaining the helical conformation. Due to high temperatures,
a helix-coil transition was observed also for WT Ngb, but the D-helix folded again at the end of the simulation. In
Supplementary Fig. S9A, we have reported the most representative configurations (80%), obtained by clustering
the structures of the Gly-loop mutant at 300 K. The severe destabilization of the D-helix in the Gly-loop mutant
was confirmed by the free energy landscapes that describe the helix unfolding (Supplementary Fig. S10) where
the unfolded configurations are more stable of 5-8 kJ/mol than in WT Ngb.

To test the hypothesis that the prevailing effect of the glycine substitutions in the CD corner is to favor the
gating out of His64 upon external ligation to the heme, resulting in the observed increased reactivity with CO, we
studied the His64 swinging motion, both in the Gly-loop mutant and in WT, choosing the Fe-N distance between
the heme and His64 as reaction coordinate. In Supplementary Fig. S11A, we report some snapshots describing the
displacement of His64 and the opening of the His-gate. It is worth noting that in Gly-loop Ngb, a relevant struc-
tural rearrangement of the CD corner is shown throughout the swing in/out of His64, where the D-helix recovers
its folding. Instead, such a rearrangement is not observed in WT, and the CD corner remains folded throughout
the His64 displacement.

The free energy landscapes of the His64 displacement (Supplementary Fig. S11B) show that its removal from
the sixth coordination position is thermodynamically and kinetically favored in Gly-loop Ngb. This effect is
rather moderate up to the distance of 0.4 nm, where the removal of His64 is at least 2 k]/mol more favorable, but
at higher Fe-N distances, the free energy barrier decreases from 16.5k]/mol in WT to 6 kJ/mol in the mutant, and
the swung-out conformations (corresponding to the open His-gate) are between 5 and 18 kJ/mol more stable in
Gly-loop Ngb than in WT Ngb. The difference between the two profiles can be explained considering not only
an increased mobility of the CD corner in the mutant but also the existence of a coupling between the gating out
movement of the distal His64 and the structural rearrangement of the CD corner, that mainly involves the refold-
ing of the D-helix. Thus, the swung out conformations are promoted by the return of the D-helix to a folded state,
and therefore to more enthalpically favored conformations.

Concluding Remarks

By analyzing the kinetics, spectroscopic and structural features of three Ngb mutants, we have highlighted that
the control of external ligand binding, mainly dependent on the spontaneous dissociation of the distal His64 is
exerted (i) by the swinging out of distal His64 that depends on Tyr44 and on the dynamics of the CD-loop-D-helix
segment and (ii) by the barriers to the heme sliding within its crevice consisting of residues on the proximal side,
mostly Phe106%.

The effect of the double heme insertion observed in Ngb is enhanced by the increased size of the large Ngb
internal cavity created by the F106 A mutation, which results in a set of alternate conformations of proximal side
residues that account for the enhanced biphasic behaviour in ligand binding of mutants carrying this substitution.

We propose a sequence of events for ligand binding to neuroglobin, in which after spontaneous rupture of the
6th coordination bond of His64 to the heme iron, exogenous diatomic ligands such as CO can be coordinated
by the heme only upon swinging out of His64, having isolated and determined the structure of this intermediate
in the Gly-loop mutant where the Tyr44-propionate barrier is absent. Heme sliding within the heme crevice
follows this intermediate step and leads to partial return of His64 in the distal cavity as indicated by resonance
Raman spectroscopy. Removal of the barrier to His64 early swinging out increases the velocity of binding by one
order of magnitude, reaching a much faster rate limiting step in the Gly-loop mutant with respect to WT Ngb.
Consistently with our hypothesis, this indicates that, in the Gly-loop mutant (where the barrier to His64 gating
out is removed and Phe106 still needs to rearrange to allow heme sliding), the fraction of the A, open conforma-
tion is predominant. Indeed, in Gly-loop-F106A, where the main barrier to sliding is removed, the A/A; ratio
(open/closed) is restored to a value similar to the one observed for WT Ngb.

In the double mutant F106A/Gly-loop we found a more than additive effect of the loosening of both distal
and proximal control as shown by the fifty times increase in CO binding rate, which might be due to a global
destabilization of the hexacoordinated state (or stabilization of the ligand-bound one) over-and-above the local
effect on the 6th coordination position. Raman spectroscopy and MD simulation support our interpretation of
the structural and kinetics data.

Methods

Cloning, expression and purification. We utilized as WT Ngb the C555/C120S murine gene'. The
CD loop “Gly-loop” mutation was introduced by means of the HiFi expand kit in combination with the Gibson
Assembly kit (BioLabs). The F106A mutation was introduced using the QuickChange Lightning SDM kit
(Stratagene). WT Ngb and mutants were expressed and purified as previously described®. Spectroscopy and
rapid mixing experiments were performed in 0.1 M HEPES pH 7.4 at 25°C.

Resonance Raman spectroscopy. Final protein concentration was in the range of 40-150 ;M. Ferrous
samples were prepared by adding Na-dithionite (20 mg/mL). The CO derivative was obtained by CO equilibration
(*2CO or BCO (Rivoira, Milan, Italy)), followed by reduction of the heme with Na-dithionite. RR spectra were
obtained by excitation with the 413.1 nm line of Kr* laser (Innova 300C, Coherent, Santa Clara, CA, USA) and the
441.6nm line of a He-Cd laser (Kimmon IK4121R-G). The RR spectra were calibrated with indene, carbon tetra-
chloride and acetonitrile as standards to an accuracy of 1 cm™! for intense isolated bands. All RR measurements
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were repeated several times to ensure reproducibility. To improve the signal-to-noise ratio, a number of spectra
were accumulated and summed only if no spectral differences were noted. All spectra were baseline-corrected.
Absorption spectra were measured both prior to and after RR measurements to ensure that no degradation had
occurred (Supplementary Materials and Methods).

Rapid mixing experiments. Stopped-flow experiments were performed with a 1 cm light path Applied
Photophysics apparatus. Ngb solutions and buffers were degassed by N, equilibration. Heme iron reduction from
Fe*" to Fe?* (ferric to ferrous) was achieved by anaerobically adding 200 M Na-dithionite. Solutions of CO
concentrated from 1 mM to 15 M were prepared by consecutive dilutions of the 1 mM CO stock solution with
N,-equilibrated buffer. The binding reaction between the 10 uM ferrous Ngbs (WT and Gly-loop/F106A) or 5 uM
ferrous Ngbs (F106A and Gly-loop) and CO was followed at 426 nm. Rate constants and amplitudes were deter-
mined using the Qtiplot software.

Crystallization, data collection and analysis. Crystals were obtained using the vapor diffusion method
in hanging drops. Data collection was carried out at ESRF (France) and Elettra (Italy), and structures were solved
by molecular replacement. (Supplementary Table S1).

Molecular Dynamics (MD) simulations. The initial coordinates for WT Ngb were from PDB entry
1Q1F", for the Gly-loop variant the missing residues Phe49-Ser57 were modeled by homologs. Proteins were
solvated with explicit TIP3P waters. All MD simulations were performed with the GROMACS package®® version
2016.4 using CHARMM36m force field*!. The detailed protocol for MD simulations is given in Supplementary
Materials and Methods. Simulated tempering (ST)-MD were performed for both systems for 300 ns. The free
energies profiles were obtained using umbrella sampling and weighted histogram analysis method (WHAM)*.
The initial configurations, one for each umbrella window, were generated by steered molecular dynamics (SMD)
simulations®® coupled with simulated tempering**. The configuration for each window was obtained collecting
and grouping the configurations at 300K in sub-ensemble according their projection along the reaction coordi-
nate, and clustering them using the GROMOS method. Starting from the structures reported in Supplementary
Fig. S10, an equilibration run of 100 ns was performed. Then the protein was switched to the pentacoordinated
state. After an energy minimization, and equilibration of other 100 ns, the Fe-N distance between the heme and
the distal histidine was constrained at 2.2 A during a ST-MD of 10 ns. Then a representative structure at 300 K
was chosen and the His64 was pulled away from the iron atom. From that simulation, the configurations for the
following umbrella sampling were extracted.
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