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The complete sequencing of the human genome (2003), together with the ones of a
number of microorganisms, has resulted in a large amount of new DNA sequences in
the genetic databanks. However, the rapidly growing number of sequenced genes
and genomes is outpacing by far the number of experimentally determined
structures. One of the ultimate goals of genomic and proteomic projects is to
determine the biological functions and cellular roles of all genes and proteins. To
determine the function, the knowledge of molecular structure of a protein becomes
essential. Additionally, recent developments in proteomics technologies such as
mass spectrometry, genome-scale yeast two-hybrid experiments and display cloning
experiments are uncovering numerous novel protein-protein interactions. X-ray
crystallography is rapidly evolving towards the determination of complex large
macromolecular structures, nevertheless, limitations of resources and techniques
have left many protein complex structures with key cellular role, yet unsolved.
Computational techniques can help in filing, where possible, those gaps by
predicting the tridimensional structure of newly sequenced proteins, and in predicting
the structural arrangement of macromolecular complexes.The general purpose of this
thesis was to master and apply methods for the optimization of enzyme design and
for the characterization of protein-protein interactions. In particular, we focused on
the application of these methods to molecular systems of biotechnological interest.
The originality of the approach relies on the combination of computational biology
tools with experimental procedures by correlating genotypic and phenotypic mutation
data and by designing new experiments to enhance the functional properties of the
studied molecules. The following systems of biotechnological interest have been
analysed in this study: 1) Laccases from Pleurotus ostreatus. To use laccases in
new bio-based processes a deep understanding of the structure/function
relationships of native enzymes is required with the aim to design molecules with
improved performance, more suited for industrial applications. In this context the
research has been aimed at characterizing molecular determinants of the activity of
these enzymes, and at developing and characterizing new laccases obtained from
rational design and direct evolution using P.ostreatus isoenzymes. 2): Interaction of
Malaria Parasite-Inhibitory Antibodies with the Merozoite Surface Protein MSP1;,.
More than 30 distinct antigens identified in various life cycle stages of the malaria
parasite have been proposed as potential vaccine candidates, based on various
observations such as the surface expression of the antigen on one or more life cycle
stages. Several monoclonal antibodies (mAbs) directed against the C-terminus of
MSP1 (MSP1,5) have been identified. Structural information on Plasmodium
falciparum proteins is very scarce and therefore molecular modelling and molecular
docking can be particularly useful in elucidating the details of protein-protein
interactions in the parasite. The purpose of this part of the thesis was an investigation
of the interaction between the protein MSP1,9 and two inhibitory antibodies Fab 12.8
and Fab 12.10 by means of docking calculations. 3): Interactions of the human
antiviral proteins APOBEC3F and APOBEC3G (A3F/G) with HIV-1 Vif. The human
proteins APOBEC3F and APOBEC3G mediate this so-called innate immunity by
selectively mutating and inhibiting the production of the viral DNA. Unfortunately, HIV
has evolved a protein called the Virus Infectivity Factor (VIF), which binds to and
subsequently destroys the APOBEC3F/G proteins. The purpose of this part of the
study consisted in modelling the structures of APOBEC3F/G proteins and in using
these models to rationalize mutation experiments targeted to key residues from each
predicted dimer-interface. The native proteins and their mutants were evaluated by a
subsequent assay of the antiviral and dimerization properties of such mutants.




L’enorme interesse verso discipline quali la genomica e la proteomica e’ strettamente
correlato allambizioso scopo di determinare la funzione biologica e il ruolo cellulare
di tutti i geni e delle proteine da essi espressi.

Negli ultimi anni, in seguito al sequenziamento del genoma umano e di quello di
innumerevoli microrganismi, il divario tra il numero di sequenze note e quelle di cui
conosciamo la struttura e la funzione e’ aumentato notevolmente. In seguito a
iniziative quali la genomica strutturale, il numero complessivo di strutture risolte
mediante tecniche quali NMR e cristallografia ai raggi X ha subito un notevole
incremento negli ultimi anni, tuttavia il divario tra la conoscenza della struttura
primaria e quella terziaria € ancora enorme.

Da un punto di vista evolutivo la funzione € piu conservata della struttura e la
struttura piu conservata della sequenza; risulta chiaro, dunque, che la conoscenza
della struttura tridimensionale di sitemi macromolecolari biologici rappresenta un
passo fondamentale nella comprensione dell'informazione contenuta nel genoma.
Nel caso in cui la struttura tridimensionale sia di difficile raggiungimento, la
costruzione di modelli tridimensionali pud compensare in parte il divario esistente tra
sequenze disponibili e strutture determinate sperimentalmente. La costruzione di
modelli per omologia e la ricostruzione, tramite questi, di modelli macromolecolari
complessi, associata all'analisi di mutanti opportunamente disegnati, permette
I'ottenimento di una serie di informazioni utili circa la funzione della proteina,
I'identificazione di importanti siti di legame, il disegno di nuovi farmaci.

La funzione di una proteina e’ strettamente correlata al numero e al tipo di interazioni
con altre proteine. Diventa sempre piu importante, quindi, non solo conoscere la
struttura tridimensionale della singola proteina, ma anche quella di complessi
macromolecolari.

Negli ultimi anni sono stati fatti notevoli progressi in questo campo e strutture
complesse quali quella del Ribosoma e del Nucleosoma sono state determinate con
un’elevata accuratezza. Tuttavia esistono ancora limitazioni tecniche che ostacolano
la risoluzione strutturale su larga scala di complessi macromolecolari che abbiano un
ruolo chiave nei processi cellulari.

Il mio lavoro di tesi rappresenta un contributo in questa direzione: I'applicazione di
metodi computazionali atti a caratterizzare interazioni tra proteine e tra proteine e
ligandi in sistemi molecolari di interesse biotecnologico.

L’originalitd dell’approccio scelto sta nellavere combinato metodi di biologia
computazionale con procedure sperimentali, al fine di migliorare la conoscenza delle
proprieta funzionali delle molecole in esame mediante la progettazione di mutanti
sito-specifici e la loro successiva caratterizzazione. A tal fine, sono stati utilizzati
programmi per la costruzione di modelli per omologia, programmi di Docking per la
predizione di complessi enzima-substrato e anticorpo-antigene, e programmi per
I'analisi delle superfici accessibili al solvente, capaci di determinare caratterizzare le
relative superfici d’interazione.

| sistemi oggetto di studio di questa tesi sono:

Sistema 1: Laccasi da Pleurotus ostreatus

Le laccasi sono enzimi appartenenti alla classe delle fenolo-ossidasi. Esse
catalizzano l'ossidazione di fenoli, polifenoli e ammine aromatiche variamente
sostituite con relativa riduzione di ossigeno molecolare ad acqua. Risulta dunque
chiaro il loro impiego in campo biotecnologico. E’ infatti noto il loro utilizzo per i piu



disparati scopi: dalla demolizione della lignina alla bioremedation, che li impiega nel
risanamento di siti inquinati da effluenti industriali.

L’interesse nella realizzazione di enzimi che presentino una migliore 0 una nuova
attivita catalitica € un interessante aspetto che puo essere utilizzato per ampliare le
potenziali applicazioni biotecnologiche delle laccasi.

Lo sviluppo di laccasi in nuovi bio-processi richiede una profonda conoscenza della
relazione struttura/funzione degli enzimi nativi che porterebbe alla realizzazione di
“nuovi” e migliori enzimi adatti per le applicazioni industriali.

Differenti strategie possono essere applicate per modificare le proprieta enzimatiche:
I'evoluzione guidata e la mutagenesi razionale. La prima richiede la conoscenza della
sequenza del gene e ma non necessita della conoscenza della funzione e della
struttura tridimensionale della proteina codificata; la seconda, invece, che prevede la
pianificazione di esperimenti di mutazione sito-specifica, richiede la conoscenza della
sequenza, della struttura tridimensionale, e ove possibile, anche del meccanismo
d’azione enzimatica.

Nel Laboratorio in cui si & svolto questo progetto sono state caratterizzate da un
punto di vista termodinamico e catalitico tre laccasi, POXC, POXAlb e POXA3 dal
fungo basidiomicete white-rot Pleurotus ostreatus, le cui strutture tridimensionali
SONo pero ancora sconosciute.

Il mio lavoro di tesi ha previsto la predizione dei modelli tridimensionali delle laccasi
da P.ostreatus e la successiva caratterizzazione dei determinanti molecolari
dell'attivita catalitica. L'analisi e la comparazione delle sequenze primarie delle
laccasi da P.ostreatus con le sequenze delle laccasi da basiodiomiceti a struttura
nota, accoppiata con lo studio dei modelli 3D ottenuti, ha permesso di individuare
delle singolari caratteristiche delle laccasi in esame. In particolare dall’'allineamento e
emerso che sia POXC che POXAlb presentano un prolungamento nella sequenza
del C-terminale di sei e sedici amminoacidi rispettivamente. E’ stato dimostrato che
la regione C-terminale influenza le proprieta delle laccasi, suggerendo un suo
possibile ruolo funzionale nellattivita laccasica. | modelli tridimenionali ottenuti sono
stati utilizzati per predire complessi enzima-substrato permettendo di individuare i
residui in diretto contatto con il substrato (acido violurico), probabilmente responsabili
dellaffinitd dellenzima per quest'ultimo. Date queste ulteriori analisi e stato
identificato un residuo di arginina nel sito del legame al substrato in POXA3 al posto
di un residuo di acido aspartico altamente conservato nella maggior parte delle
laccasi da basidiomicete. Il residuo di acido aspartico nella zona del sito catalitico
risulta probabilmente coinvolto nella stabilizzazione del catione ottenuto
dall'ossidazione del substrato fenolico. Noi suggeriamo che la presenza di
un’arginina porterebbe alla repulsione del radicale cationico e quindi ad una minore
efficienza catalitica.

Al fine di investigare il ruolo della regione C-terminale delle laccasi da P. ostreatus
sono stati progettati e realizzati i mutanti tronchi POXAl1bA4, POXA1bAl16 e
POXCAG6. Inoltre, allo scopo di caratterizzare i determinati molecolari coinvolti
nell'interazione con il substrato, sono stati realizzati i mutanti POXA1b(D205R) e
POXC(D210R). Successivamente tutti i mutanti sono stati espressi nel lievito S.
cerevisiae. Per gquanto riguarda POXC e i suoi mutanti, & stato possibile effettuare
solo un’analisi qualitativa dalla quale € emerso che il mutante POXCA®6 risulta meno
attivo dellenzima POXC mentre il mutante POXC(D210R) sembrerebbe aver
totalmente perso attivita enzimatica. Per quanto riguarda POXA1b e i suoi tre mutanti
(POXA1bA16, POXA1A4 and POXA1b(D205R)), e stato possibile purificare le tre
proteine ed € stato possibile effettuare una caratterizzazione cinetica e catalitica
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dalla quale € emerso che: la costante di Michaelis-Menten (Ky) dei mutanti tronchi
paragonabile a quella dell’enzima wild-type rispetto a tutti i substrati saggiati, mentre
il valore di Ky di POXA1b(D205R) e circa il doppio rispetto a quella della proteina
ricombinante POXA1b. Questi dati evidenziano l'importanza del residuo Asp
nell'interazione con il substrato, essendo questa l'unica differenza nelle relative
sequenze. Inoltre, dall’analisi della stabilita a differenti pH e risultato che i mutanti
tronchi sono piu stabili del wild-type a pH acidi, mentre tutti i mutanti in esame
perdono drasticamente la peculiare stabilita a pH alcalini di POXA1lb. Inoltre, la
termoresistenza effettuata a 60C ha mostrato che P OXA1bA16 e POXA1b(D205R)
sono sensibilmente meno resistenti di POXAlb.

Dai dati ottenuti si pud dedurre che il residuo di acido aspartico presente nel sito
attivo e direttamente coinvolto nell'interazione con il substrato e che la sostituzione
con un residuo di arginina potrebbe generare un riarrangiamento della struttura che
avrebbe ripercussioni sulla stabilitd della proteina. Inoltre I'estremita C-terminale
sembrerebbe essenziale nello stabilizzare la proteina in condizioni estreme di
temperatura e di pH. Un’analisi puramente computazionale & stata invece effettuata
su alcuni mutanti generati dalla Dott. G. Festa mediante la tecnica dell’evoluzione
guidata (Tesi di dottorato 2006, Universita di Napoli “Federico II”).

Simulazioni di dinamica molecolare in soluzione sul modello 3D di POXAlb e sui
mutanti che presentavano le migliori performaces catalitiche hanno permesso di
integrare i risultati sperimentali ottenuti e di razionalizzare a livello molecolare la
diversa stabilita e la diversa attivita.

Sistema 2: Interazionie di anticorpi monoclonali antimalarici con la proteina di
superficie MSP139 da Plasmodium falciparum

P. falciparum, uno dei quattro potozooi responsabili della malaria, rappresenta la
specie non solo piu diffusa, ma anche la piu virulenta. La resistenza sempre
crescente di questo ceppo ai farmaci piu diffusi e a basso costo, ha creato
un’urgente bisogno di sviluppare nuove strategie per debellare la malattia. Dato l'alto
costo dei trattamenti fin’'ora adoperati € chiaro che l'interesse per lo sviluppo di un
vaccino che possa abbattere non solo la mortalita causata dalla malattia ma anche |l
Suo costo sta crescendo notevolmente.

Il parassita responsabile della malaria presenta svariati antigeni, riconosciuti dal
sistema immunitario, che variano a seconda del momento del ciclo di vita del
parassita stesso. L’identificazione di questi € fondamentale per lo sviluppo di un
vaccino multifasico che potrebbe offrire una completa protezione. Le proteine sulla
superficie del merozoite sono dei targets eccellenti, in quanto possono essere
facilmente riconosciuti dagli anticorpi. Una delle proteine di superficie piu studiata é
MSP1 (Merozoite Surface Protein 1) da P. falciparum. MSP1 e inizialmente
sintetizzata come una preproproteina di circa 200 kDa. Essa subisce due processi di
maturazione proteolitica che rilasciano sulla superficie del merozoite un frammento di
19 kDa denominato MSP-1i9. La struttura cristallografica della proteina MSP-1,9 €
stata recentemente risolta mediante NMR e, inoltre, esperimenti di cross-saturation
effettuati su complessi proteina-anticorpo hanno permesso di individuare il residui
dell'antigene in diretto contatto con gli anticorpi monoclonali inibitori Fabl12.8 e
Fab12.10. In particolare € risultato che Il'antigene interagisce con entrambi gli
anticorpi utilizzando la stessa faccia.

Lo scopo di tale sessione é stato quello di predire l'interazione antigene-anticopo e di
caratterizzare i residui degli anticorpi coinvolti nell’interazione.



Le strutture dei due anticorpi non sono state ancora risolte, ed e stato quindi
necessario prima di tutto costruire i modelli tridimensionali di entrambi gli anticorpi
Fabl12.8 e Fabl12.10. Successivamente per la predizione dei complessi anticorpo-
antigene e stato utilizzato un programma di docking rigido, ZDOCK, che e risultato il
migliore per lo studio di questo tipo di interazioni. Per ogni complesso sono state
predetti 2000 complessi che sono poi stati selezionati in base ai dati sperimentali
NMR a nostra disposizione. La strategia utilizzata e stata verificata utilizzando la
struttura cristallografica del complesso MSP1,4-FabG12.17 per appurare che tale
metodo fosse valido. La struttura cristallografica MSP1,o-FabG12.17 e i complessi
selezionati sono stati successivamente sottoposti a simulazioni di dinamica
molecolare al fine di migliorare le iterazioni antigene-anticorpo. Dalle analisi
effettuate abbiamo dedotto che I'antigene si posiziona in maniera differente rispetto
gli anticorpi e sembrerebbe che tale posizione € influenzata dalla presenza di residui
positivi sulla superficie degli anticorpi. L’identificazione dei residui responsabili del
legame sara utilizzata per la progettazione di nuovi esperimenti che permetteranno di
migliorare l'affinita dei complessi antigene-anticorpo.

Sistema 3: Interazioni di protein uname antivirali APOBEC3F e APOBEC3G
(A3F/G) con HIV-1 Vif.

Negli ultimi anni € emerso che le cellule umane presentano una difesa immunitaria
contro le infezioni di lentivirus ed in particolare contro il noto virus dellHIV. Tale
difesa immunitaria € ad opera di due proteine omodimeriche, APOBEC3F e
APOBECS3G, appartenenti alla famiglia delle citosina-deamminasi (CDA). Questa
superfamiglia € largamente distribuita ed ha un ruolo fondamentale in diversi
meccanismi enzimatici. Questa classe di enzimi converte la citosina a uracile
producendo quindi un effetto sulle funzioni fisiologiche della cellula. In particolare le
proteine APOBEC presentano uno o piu domini che legano lo zinco mediante una
sequenza specifica H-X-E-Xp3.28-P-C-X24-C (dove X sta per ogni amminoacido),
denominati CDA. Sfortunatamente, il virus dell’AIDS ha sviluppato una contro difesa:
produce infatti una proteina chiamata VIF (Fattore Virale Infettivo) la quale innesca la
distruzione dei limitatori retrovirali, impedendo cosi le mutazioni del suo DNA.
Individuare i1 determinanti molecolari responsabili di tale interazione potrebbe
condurre al disegno di nuove proteine A3G/F che presentino una minore affinita
verso la proteina VIF.

Solo di recente € stata risolta la struttura cristallografica di un membro della famiglia
delle APOBEC, la proteina APOBEC2 (A2). A2 e una proteina tetramerica che
presenta 4 domini CDA. | quattro monomeri interagiscono tra di loro formando una
struttura allungata e piatta. Tale struttura € certamente atipica paragonata con le
altre strutture risolte che presentano un folding globulare.

La struttura di A2 é stata quindi utilizzata per predire le strutture tridimensionali dei
monomeri e successivamente dei dimeri formati da A3G/F. Ancora non € noto come i
monomeri di A3G/F interagiscano per formare il dimero, ma il tipo di dimerizzazione
sembra limitato alle possibili interazioni testa-testa o coda-coda dei monomeri. |
possibili dimeri molecolari sono stati predetti per entrambi i sistemi utilizzando il
programma MODELLER che permette di predire e calcolare I'energia di centinaia di
modelli generati. | modelli che presentavano minore energia sono stati selezionati, in
particolare due famiglie di modelli sono state generate: una estesa ed allungata (che
presenta un folding analogo a quello della proteina stampo) e quella piegata che



presenta un folding leggermente diverso, con la superficie di contatto tra i due
monomeri piu’ estesa, formando una struttura a piegata a V inversa.

Le interfacce tra i monomeri sono state analizzate valutando non solo i residui in
contatto tra i monomeri ma anche la natura elettrostatica dell’interazione. | dati
ottenuti per la dimerizzazione testa-testa sono in accordo con i dati sperimental
presenti in letteratura, in particolare all'interfaccia e stata riscontrata la presenza di
residui responsabili dell'interazione con VIF. | dati ottenuti mediante I'analisi
computazionale sono in accordo con recenti risultati sperimentali di mutagenesi sito-
specifica effettuati dal gruppo del Prof. Malin del King’s College di Londra ed hanno
permesso di individuare i residui che influenzano la dimerizzazione; in particolare, tali
analisi hanno evidenziato che i monomeri interagiscono mediante i domini N-
terminale. Infatti, I'analisi approfondita sui modelli ha messo in evidenza che non solo
nella dimerizzazione testa-testa sono coinvolti i residui responsabili dell'interazione
con VIF, ma anche che questo tipo di interazione produce all'interfaccia del dimero
una regione carica positivamente, particolarmente adatta ad alloggiare |l
ssDNA/RNA, molecola ben nota per la sua natura acida.

Simulazioni di dinamica molecolare sono state effettuate sui dimeri testa-testa come
pure sulla struttura cristallografica di A2 al fine di approfondire la caratterizzazione
della natura dell'interazione di tali proteine. Dalle analisi effettuate sulle dinamiche si
evince che durante la simulazione i monomeri si avvicinano per ottimizzare
'interazione e che questo parziale movimento, seppur lieve, origina un
riarrangiamento delle interfacce. L’'analisi dei residui in contatto prima e dopo le
simulazioni hanno evidenziato che due nuove regioni dei monomeri sono in contatto
e sono stati individuati nuovi residui che stabilizzano l'interazione tra i monomeri. |
dati forniti dall’'analisi computazionale potranno essere utilizzati per progettare nuovi
esperimenti di mutagenesi per validare i dati ottenuti e per caratterizzare
ulteriormente i residui responsabili della dimerizzazione.



Chapter 1



Purpose of the thesis

The general purpose of this thesis was to master and apply methods for the
optimization of enzyme design and for the characterization of protein-protein
interactions. In particular, we focused on the application of these methods to
molecular systems of biotechnological interest.

The originality of the approach relies on the combination of computational biology
tools with experimental procedures by correlating genotypic and phenotypic mutation
data and by designing new experiments to enhance the functional properties of the
studied molecules.

The following systems of biotechnological interest have been analysed in this study:

. System 1: Laccases from Pleurotus ostreatus.

Laccases belong to the multicopper enzyme family and are phenol-oxidases that
catalyze the oxidation of a wide variety of substrates and they have been used in a
number of biotechnological applications [1].

The development of new bio-based processes using laccases requires a deep
understanding of the structure/function relationships of native enzymes and the
design of molecules with improved performance that are more suited for industrial
applications. In this context the research has been aimed at characterizing molecular
determinants of the activity of these enzymes, and at developing and characterising
new laccases using P.ostreatus isoenzymes.

. System 2: Interaction of Malaria Parasite-Inhibitory Antibodies with the
Merozoite Surface Protein MSP1,g.

The development of vaccine candidates for the malaria parasite would provide a way
of alleviating the devastating effects of this disease in the world. No effective vaccine
has been developed yet, mainly because there is no scientific consensus on the best
approach to the problem. So far, an enormous amount of resources has been wasted
on trials of ineffective vaccines, while one should focus on generating better
candidates. This is the outcome of a report released on the 17th September 2007 by
the George Institute for International Health in Sydney, Australia. The report
documents the status and future prospects of 47 vaccines and 21 drugs in various
stages of development. The vaccine being in a more advanced stage has been
developed by GlaxoSmithKline (GSK). It should enter phase lll trials in 2008 and
potentially licensed in 2012. That vaccine nearly halved severe malaria in a 2005 trial
on 2,000 children younger than 5 years in Mozambique [2]. Nevertheless the report
claimed a need of more basic research on malaria.

More than 30 distinct antigens identified in various life cycle stages of the malaria
parasite have been proposed as potential vaccine candidates, based on various
observations, such as the surface expression of the antigen on one or more life cycle
stages. Recent protection studies in the monkey model system have shown
promising results with a 42 kDa MSP1 protein produced in baculovirus [3]. Several
monoclonal antibodies (mAbs) directed against the C-terminus of MSP1 (MSP1,o)
have been identified; some inhibit invasion of erythrocytes in vitro [4], while some
inhibit both, secondary processing of MSP1 and erythrocyte invasion [5].

Structural information of Plasmodium falciparum proteins is very scarce and therefore
molecular modelling and molecular docking can be particularly useful in elucidating
the details of protein-protein interactions in the parasite.



The purpose of this part of the thesis was an investigation of the interaction between
the protein MSP1,4 and two inhibitory antibodies by means of docking calculations.

. System 3: Interactions of the human antiviral proteins APOBEC3F and
APOBEC3G (A3F/G) with HIV-1 Vif.

In recent years it has emerged that the cells of the immune system themselves
harbour an ancient defense mechanism against infection by viruses that takes place
in the interior of the cell. The human proteins APOBEC3F and APOBEC3G mediate
this so-called innate immunity by selectively mutating and inhibiting the production of
the viral DNA. Unfortunately, HIV has evolved a protein called the Virus Infectivity
Factor (VIF), which binds to and subsequently destroys the APOBEC3F/G proteins.
Very recently, the crystal structure of the APOBEC2 (A2) family member has been
solved[6]. Although A2 has no known function and certainly does not inhibit HIV, its
reported structure provides an ideal template for structural modelling of the A3F/G
proteins.

The purpose of this part of the study consisted in modelling the structures of
APOBEC3F/G proteins and in using these models to rationalize mutation
experiments targeted to key residues from each predicted dimer-interface. The native
proteins and their mutants were evaluated by a subsequent assay of the antiviral and
dimerization properties of such mutants [7].

Why computational methods?

Whole genome sequencing of a number of organisms, including the complete human
genome (2003), have produced a large amount of genomic DNA sequences in the
genetic databanks. This enormous amount of data would contribute to a complete
picture of biological information only if all the links between genome sequence and
protein structure and function were established. However, the rapidly growing
number of sequenced genes and genomes is heavily outpacing the number of
experimentally determined structures. Genome annotation has produced a larger gap
between the number of known protein sequences and the number of solved three-
dimensional structures. The latest data from SWISS-PROT-TrEMBL (non-redundant
database) contains over 45.000 protein sequences.

Although there is a considerable gap between the number of known sequences and
the number of available 3D structures, the knowledge of three-dimensional protein
structures is crucial for answering many biological questions. Firstly, structure is more
conserved than sequence during the course of evolution [8]. Secondly, function is
more conserved than structure, but function is often attributed to a few spatially
proximate atoms; therefore, the knowledge of the 3D structure is a fundamental step
in the assessment of the function of a new protein.

The quest for more structural knowledge has inspired the formation of a structural
genomics consortium that is dedicated to the production of representative
experimental structures for all classes of protein folds [9]. Because it is difficult,
expensive and time-consuming to obtain experimental structures from methods such
as X-ray crystallography and protein NMR for every protein of interest, protein
structure prediction methods can provide useful structural models for generating
hypotheses about protein function and for directing further experimental work.
Therefore, this scenario represents a unique opportunity for theoretical methods to
help in filling the sequence/structure gap. The development of efficient structure



prediction methods can contribute to the determination of structures of proteins with
high sequence identity (>30%) with other proteins of known 3D-structure.

Comparative homology modeling

Protein structure predictions can be used to obtain accurate protein structure models
for evolutionarily related sequences that share similar structures [8, 10]. This
technique is called “homology modeling” or “comparative modeling”. It is a
computational tool to construct an atomistic model of a protein from its amino acid
sequence (the "query sequence" or "target"). Almost all homology modelling
techniques use one or more known protein structures (known as "templates" or
"parent structures") that are likely to resemble the structure of the query sequence.
From the sequences of query and templates a sequence alignment is created that
maps residues in the query sequence to the residues in the template sequence. The
sequence alignment and the template structure are then used to generate a
structural model of the target. As a consequence, a three-dimensional model of a
protein can be built from a related protein or proteins of known structure that shows a
sequence identity above a certain threshold (around 30%).

Two important factors influence the ability to predict accurate models: the
correctness of the alignment and the role of structural conservation between the
protein of interest (target) and the template [10, 11]. On the other hand, sequence
identity between target and template is not the only important parameter to calculate
approximately the quality of a comparative model [11, 12]. A good evaluation of the
model quality is the distribution of sequence identity in a multiple sequence alignment
comprising the target, template and intermediate homologous sequences [13].
Generally, models based on 30% sequence identity seem to be sufficiently accurate
for molecular replacement techniques used in X-ray crystallography [14]. The quality
of comparative models tends to decrease with increasing evolutionary distance
between target and template [10-12]. However, when template and target share the
same function and specificity, usually functional regions are structurally better
conserved than other regions [12]. When their function or specificity differs, larger
structural changes are expected in functional regions [15].

Accurate modeling of the differences between similar structures (insertions and
deletions) is one of the most biologically relevant applications of comparative
modelling, because these structural changes usually modify functions and/or
specificities.

Very recently [16] protein structure prediction methods have been shown to be
helpful in predicting the crystallographic phase with surprising accuracy. These
results suggest that the combination of high-resolution structure prediction with state-
of-the-art phasing tools could become an integral part of the process of X-ray
structure resolution in the future.

The insights gained from comparative models may be used to identify critical
residues that are involved in catalysis, binding or structural stability. The 3D model
can be a departure point to examine protein—protein interactions, to design new
drugs and to devise future experiments.

Used in conjunction with molecular dynamics simulations, homology models can help
in generating hypotheses about the kinetics and dynamics of protein interactions, as
demonstrated by excellent studies on the ion selectivity of a potassium channel [17].
Large-scale automated modelling of all identified protein-coding regions in a genome
has been performed for the yeast Saccharomyces cerevisiae, resulting in nearly
1000 quality models for proteins whose structures had not yet been determined at
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the time of the study, and identifying novel relationships between 236 yeast proteins
and other previously solved structures [18].

Structure Prediction of Protein Complexes

One of the ultimate goals of genomic and proteomic projects is to determine the
biological functions and cellular roles of all genes and proteins. Additionally, recent
developments in proteomics technology such as mass spectrometry, genome-scale
yeast 2-hybrid experiments and display cloning experiments are uncovering
numerous novel protein-protein interactions. These interactions influence directly and
indirectly the biological networks of which they are a part. X-ray crystallography has
provided us with many structures of protein—protein complexes, but limitations of
resources and experimental design have left many protein complex structures yet
unsolved.

While techniques such as homology modeling and mutational analysis yield some
information about binding sites, more information is needed to understand the nature
of protein—protein interactions. Thus, it is useful to employ protein docking to predict
complex structure. By means of docking it is possible to identify the residues that are
directly involved in binding and to reveal the nature of the interface itself.
Protein—protein docking can be defined as the computational determination of the
complex structure between two proteins, given the coordinates of the individual
proteins. This methodology is often used to predict protein-DNA, protein-RNA and
protein-small molecule interactions.

Predictive docking procedures start from the individually determined (unbound)
structures of two proteins and they aim at predicting the complex structure. Binding
site information rarely accompanies novel protein-protein interactions uncovered by
proteomics analyses. All docking programs contain 1. a scoring function to
discriminate between near-native docked orientations and incorrect orientations, and
2. a search algorithm that is designed to sample rapidly all possible docking
orientations. Proteins undergo conformational changes upon complex formation to
varying extent. Even though structural flexibility is mostly restricted to surface side
chains [19], the innate flexibility renders protein docking extremely difficult. The
algorithm by Abagyan and colleagues [20, 21] allows for surface side chain flexibility;
however, such algorithms typically require hundreds of hours of computation for each
complex [20], which is not feasible for genome-scale applications. The alternative is
to adopt the rigid-body approach, which samples only the six rotational/translational
degrees of freedom, but uses target functions that are tolerant to some overlap of the
two proteins being matched. ZDOCK (rigid-body docking) [22] is an accurate
accurate program with a simple target function. In particular, it is essential to have
some correct predictions among the complexes that are produced. The terms
employed during initial stage docking are shape complementarity, desolvation free
energy and electrostatic energy [23]. The ZDOCK program uses two PDB files as
input (the two molecules to dock) and creates a list of top-scoring ligand orientations
as output. For every rotational orientation, ZDOCK keeps the 10 best translational
orientations. The basic search algorithm samples exhaustively the entire rotational
and translational space of the ligand with respect to the receptor, which remains fixed
at the origin. For every rotation, the algorithm rapidly scans the translational space
using fast Fourier transformation (FFT).

Three lists are kept at all times, each containing ligand orientations: the first list with
the best shape complementarity score Ssc, the second list with the best shape
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complementarity and desolvation score aSsc + Sps and a third list with the best
shape complementarity, desolvation and electrostatics score aSsc + Sps + BSe|ec.
Shape complementarity (SC) is the most basic ingredient of all scoring functions for
docking. As the name implies, it is a geometric descriptor, stemming from the
practical observation that protein surfaces are complementary to each other at the
binding interface.

The total Desolvation Free Energy (DS) of complex formation (Sps; DS stands for
desolvation) is calculated by summing over the Atomic Contact Energy (ACE) scores
of all atom pairs between the receptor and the ligand that are within 6 A distance
[23]. ACE is a desolvation free energy measure, defined as the free energy of
replacing a protein-atom/water contact with a protein-atom/protein-atom contact.
Combined with an electrostatics term, ACE has been shown to accurately predict the
free energy changes associated with transferring amino acids from the protein
interior to water, to predict site-specific mutations of hydrophobic amino acids and to
assess protease-inhibitor binding [24-27].

The electrostatics energy (ELEC) can be expressed as a correlation between the
electric potential generated by the receptor and the charges of the ligand atoms, as
described by the Coulomb formula [28]. Additionally, grid points in the core of the
receptor are assigned a value of O for the electric potential to eliminate contributions
from non-physical receptor-core/ligand contacts.

However, in an unbound docking study, surface side chains tend to be at non-optimal
positions and therefore the resulting electrostatic energy can be inaccurate and even
unrealistic. Artifacts can also be introduced by the grid representation.  Therefore
the electrostatics energy Sgec is scaled by a factor B. Also the shape
complementarity score has been weighted by a scaling factor a. The final target
function is:

S=aSSC + SDS + BSELEC (1.1)

The default values for scaling factors are a= 0.01 and 3= 0.06.

One useful feature of ZDOCK is that it allows the user to “block” residues, making it
unfavorable for selected residues to be in the interface. This can be used, for
example, to constrain the antigen of an antibody—antigen complex to be bound to the
CDR loops of the antibody. It is also useful when experimental and/or biological
information is known regarding the location of the binding site. Blocking is
accomplished by assigning a special atom type to all atoms of the residues to be
prohibited from the putative binding site.

Protein docking methods have improved substantially over the past few years. This
can be seen from results of the Critical Assessment of Predicted Interactions
(CAPRI) — the first community-wide experiment devoted to protein docking [29].

Molecular Dynamics Methods

Molecular Dynamics (MD) is a computer simulation technique in which the time
evolution of a set of interacting atoms is computed by integrating their equations of
motion. Therefore, MD allows us to view how a molecular system evolves through
time and to derive average properties of the system, given a simulation of sufficient
length. MD is particularly useful when the system cannot be studied by experimental
methods.

The equations of motion can only be solved numerically for a multi-body problem. To
calculate the dynamics of the system (i.e. the position of each atom as a function of
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time), Newton's classical equations of motion are solved for each atom given an
empirical force field:

d,l?'l-
Fi=mia;, =m; 7 (1.2)

The force on each atom is the negative of the derivative of the potential energy with
respect to the position of the atom:

__ av
Fo=—o (1.3)

Once the coordinates of the atoms of a starting structure and their velocities are
defined, the force acting on each atom can be calculated for each point in time t + dt
and a new set of coordinates can be generated. The repetition of this procedure
generates a molecular trajectory corresponding to the time-dependent fluctuations of
the atomic positions. The accuracy of the simulations is directly related to the
potential energy function that is used to describe the interactions between particles.
In MD a classical potential energy function is used that is defined as a function of the
coordinates of each of the atoms.

The potential energy function is separated into terms representing covalent
interactions and non covalent interactions.

The covalent interactions may be described by the following terms:

Viona = E‘:-:hi%k? [’-"e - '-"u.e}z (1.4)
Vangls = E:Ei%kiﬂ (6; - 'Eu.z']'z (1.5)
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The equations correspond to two, three, four and four body interactions, respectively.
These interactions are represented by harmonic potentials for the bond lengths r;,, for
the bond angles 6i, for the improper dihedral (out of the plane) angle éi and by a more
complex potential for the dihedral angles ®i. The non-covalent (non-bonded)
interactions, which correspond to interactions between particles separated by more
than three covalent bonds, are usually described by Coulomb's law
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for the electrostatic interactions and by a Lennard-Jones potential:
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for the van der Waals (vdW) interactions, where rij is the atomic distance between
particles i and j. The force field parameters describe the strength of the interactions.
For bonded interactions parameters are defined for bond stretching, bond bending
and torsional rotation. Another set of parameters determines the strength of non-
bonded electrostatic and van der Waals interactions.

Electrostatic interactions are generally represented by point charges located at the
center of the atom.

It should be kept in mind, however, that MD is affected by several limitations. Firstly,
MD is computationally very demanding and the computational load scales with the
square of the system size. Simulation times are currently limited to hundreds of
nanoseconds or a few microseconds at most. The phenomena that can be explored
must occur with sufficient statistical significance within time scales that are
encompassed by the computation.

How the system evolves through time is specified by the force field and by an
integration time step that determines where the atoms will be positioned at time t +
dt. MD requires the use of a very small time-step (1-2 fs) to achieve accurate results,
because small time-steps limit the approximations that are introduced by the
numerical integrator. This limits the overall scope of the simulated time and the
computable properties.

According to statistical thermodynamics, physical quantities are represented by
averages over configurations belonging to a certain statistical ensemble. A trajectory
obtained by molecular dynamics provides such an ensemble. Therefore, a
measurement of a physical quantity by simulation is simply obtained as an arithmetic
average of the various instantaneous values adopted by that quantity during the MD
run. Statistical thermodynamics is the link between the microscopic ensembles and
and the macroscopic properties. In the limit of an exact force field and very long
simulation times, one could expect the phase space to be fully sampled and in that
limit the averaging process would yield exact thermodynamic properties. In practice,
MD runs are always of finite length and one should exert caution when judging the
sampling quality. An important constraint in deriving average properties is to extract
configurations only from an ensemble at thermal equilibrium. Therefore, MD
simulations start generally with an equilibration phase. Once equilibrium is reached,
the simulation enters the production phase. The production run should be long
enough to sample the property of interest with sufficient statistical significance.
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Chapter 2



Introduction: Industrial use of enzymes

The systematic and indiscriminate exploitation of the resources of our planet has
caused growing problems for the environment; for this reason the development of
environmentally friendly and, at the same time, economically sustainable
technologies has acquired increasing interest during the last few years.

Industrial biotechnology, also known as white or environmental biotechnology, is the
application of nature’s toolset for the sustainable production of biochemicals,
biomaterials and biofuels from renewable resources, using living cells and/or their
enzymes. This results generally in cleaner processes with minimum waste generation
and energy use. Current practice in industrial biotechnology demonstrates that the
social, environmental and economic benefits of bio-based processes go hand in
hand. The potential economic value of industrial biotechnology for the chemical
industry alone is estimated to be € 11-22 billion per annum by 2010. McKinsey &
Company estimate that biotechnology could be applied in the production of 10 to
20% of all chemicals sold by 2010, starting from the current level of about 5%.
Industrial biotechnological strategies based on biocatalytic processes represent an
area of great interest. The recent sequencing of the human genome and the
associated sequencing of bacterial and yeast genomes have also played their part in
this area. In addition, the fields of metabolic engineering, bioinformatics and
computer-based modelling as well as process optimization are opening up
opportunities for new products and cost reductions.

The enzyme industry already from the eighties started to exploit the developments
taking place in the fields of biotechnology and genetic engineering. The advantages
offered by enzymes compared to conventional chemical catalysts rely on their
biodegradability and their extreme selectivity. It is well known that natural enzymes
are capable of catalysing reactions with up to 10*'-fold rate accelerations [1], and
with exquisite control of regio- and stereochemistry. Such control makes the use of
enzymes very attractive as an alternative to traditional catalysts in the synthesis of
complex molecules, especially when chemical routes are difficult to implement [2, 3].
This meant a rapid and radical development in enzyme production technologies to
improve the production efficiency and the product quality of enzymes through
genetically modified organisms.

Enzymes have replaced classical reagents in numerous applications, e.g. proteases
[4] and cellulases [5] in place of phosphates in the detergent sector, and amylases [6]
and pectinases [7] instead of sodium hydroxide in the textile industry. The list of
enzyme applications grows day by day, bringing with it a list of significant social and
environmental benefits: enzymes, in fact, are biodegradable and come from
renewable energy sources, they work under relatively mild conditions of pH and
temperature and tend to offer selectivity in both reactant and product stereochemistry
[8].The research of new, efficient and environmentally benign processes for several
industrial purposes has increased interest in the ‘green’ catalysts.

Laccases represent one of these ‘ecofriendly’ enzymes. Their uses span from the
textile to the pulp and paper industries, from food applications to bioremediation
processes; therefore, laccases have received much attention in recent years.

Biotechnological applications of laccases
Laccases (EC 1.10.3.2, p-diphenol: dioxygen oxidoreductase) are part of a larger
group of enzymes named multicopper oxidases, which includes among others
ascorbic acid oxidase and ceruloplasmin.
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Laccase is one of the very few enzymes that have been studied since the end of 19th
century. In the 1883 Yoshida was the first to describe a laccase as a component of
the Resin ducts of the lacquer tree Rhus vernicifera and in 1985 Bertrand
characterised a laccase as a metal containing oxidase [9]. This makes laccase one of
the earliest enzymes ever described. Although known for a long time, laccases
attracted considerable attention only after the beginning of studies of enzymatic
degradation of wood by white-rot fungi.

Laccases are commonly found in plants, where they participate in the radical-based
mechanisms of lignin polymer formation [10] and in fungi, where laccases probably
play several roles including morphogenesis, fungal plant-pathogen/host interaction,
stress defense and lignin degradation [11].

Laccases are phenol-oxidases that catalyze the oxidation of a wide variety of
substrates, comprising substituted phenols, polyamines and aryl diamines. The one-
electron oxidation of the reducing substrate occurs concomitantly with the four-
electron reduction of molecular oxygen to water. As these enzymes have low
substrate specificity, they can oxidize a variety of substrates, either of natural or
synthetic origin. In the presence of small molecules, capable to act as electron
transfer mediators, laccases are also able to oxidise non-phenolic structures with
redox potentials higher than their own [12].

It is well known that laccases have been applied to numerous processes such as: i)
pulp delignification, where laccases can be used in the enzymatic adhesion of fibres
in the manufacturing of lignocellulose-based composite materials such as
fibreboards. Laccases have been proposed to activate the fibrebound lignin during
manufacturing of the composites, thus, resulting in boards with good mechanical
properties without toxic synthetic adhesives [13]; ii) textile industry, where the use of
laccases is growing very fast, since besides to decolourise textile effluents as
commented above, laccases are being used to bleach textiles and even to
synthesise dyes [14]. Related to textile bleaching, in 1996 Novozyme (Novo Nordisk,
Denmark) launched a new industrial application of laccase enzyme in denim
finishing: DeniLite®, the first industrial laccase and the first bleaching enzyme acting
with the help of a mediator molecule; iii) food industry, in which the potential
applications of laccase [15] have been described recently in relation to
bioremediation, beverage processing, ascorbic acid determination, sugar beet pectin
gelation, baking and as a biosensor [16].

The white-rot fungus (WRF) P. ostreatus produces at least eight different laccase
isoenzymes, five of which have been isolated and characterized [17-21]. Although
the POXC protein (59-kDa with pl 2.7) is the most abundant in cultures, both, extra-
and intracellular, the highest mMRNA production was detected in POXA1b, which is
probably mainly intracellular or cell wall-associated as it is cleaved by an extracellular
protease [19, 21]. POXAlb and POXAlw isoenzymes exhibit a similar molecular
weight around 61 kDa. Moreover, P. ostreatus produces two heterodimeric enzymes
POXA3a and POXA3b consisting of large (61-kDa) and small (16- or 18-kDa)
subunits. The production of laccase isoenzymes in P. ostreatus is regulated by the
presence of copper and the two dimeric isoenzymes have only been detected in the
presence of Cu ions [18, 22]. It should be noted that POXAlb exhibits atypical
stability at alkaline pH. This is of interest for its use in the elimination of industrial
effluents, often characterized by strongly alkaline pH values besides high
concentrations of phenols. The oxidative enzymatic system of white-rot fungi is also
capable of catalysing the degradation of various xenobiotic substances and dyes
[23]. Generally, these xenobiotic compounds are removed slowly and tend to
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accumulate in the environment. Due to the high degree of toxicity, their accumulation
can cause severe environmental problems. A large number of these molecules, e.g.
those structurally related to natural laccase substrates, are readily degraded or
removed by microorganisms found in soil and water. The detoxification potential of
white-rot fungi can be harnessed thanks to emerging knowledge of the physiology of
these organisms as well as of the catalytic and stability characteristics of their
enzymes.

Structural properties of laccases
Numerous laccase isoenzymes have been identified in many fungal species.
Generally, more than one isoenzyme is produced in white-rot fungi. Until now, more
than hundred laccases have been purified and characterised from fungi. It is possible
to draw some general conclusions about laccases.
Typical fungal laccase is a monomeric protein of approximately 60—70 kDa with an
acidic isoelectric point around pH 4.0 (Table I). It seems that there is considerable
heterogeneity in the properties of laccases isolated from ascomycetes, especially
with respect to molecular weight.
Laccases are glycoproteins like many fungal extracellular enzymes; the extent of
glycosylation usually ranges between 10% and 25%. Glycosylation of fungal
laccases is one of the main problems for their heterologous production. It was
proposed that in addition to the structural role, glycosylation can also participate in
the protection of laccase from proteolytic degradation [24].
Laccases contain four copper ions distributed into three sites, defined according to
their spectroscopic properties. The catalytic ability of this enzyme family is
guaranteed by the presence of these different copper centres in the enzyme
molecule; based on spectroscopic analysis, which reflects geometric and electronic
features, copper centres are differentiated as Type 1 Cu (T1), or blue copper centres,
Type 2 (T2) or normal copper centres, and Type 3 (T3) or coupled binuclear copper
centres [25-27] (Fig. 2.1(a)-(b)).
The T1 copper, which is the primary oxidation site, is characterized by a strong
absorption around 600 nm, which gives rise to the typical blue colour of the copper
oxidase. The T2 copper exhibits only weak absorption in the visible region and is
electron paramagnetic resonance (EPR)-active, whereas the two copper ions of the
T3 site are EPR-silent due to an antiferromagnetic coupling mediated by a bridging
hydroxyl ligand (see Fig.2.1).
Figure 2.1: Laccase copper sites and
their environment. (a) The trinuclear
B NEes e - T2/T3 site. Copper coordinations are
: : = indicated with dark lines. (b) The T1 site

\ N —— s and the neighbouring 2,5-xylidine ligand
] rJ e (green model). Image taken from
/ . ) reference [28].
(a) H452 (b)
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Table I. Properties of fungal laccases [9].

Property n Median Qs Qs Min Max
Molecular weight (Da) 103 [66 000 |61 000 |71 000 }43 000 [383 000
pl 67 [3.9 3.5 4.2 2.6 6.9
Temperature optimum (C) B9 55 b0 /0 D5 B0

pH optimum

ABTS 49 3.0 2.5 4.0 2.0 5.0
2,6-Dimethoxyphenol 36 |4.0 3.0 5.5 3.0 8.0
Guaiacol 24 4.5 4.0 6.0 3.0 7.0
Syringaldazine 31 6.0 4.7 6.0 3.5 7.0

Km (M)

ABTS 36 |39 18 100 4 770
2,6-Dimethoxyphenol 30 [405 100 880 26 14 720
Guaiacol 23 420 121 1600 W4 30 000
Syringaldazine 21 |36 11 131 3 4307
Keat (™)

ABTS 12 [24050 [5220 41460 |198 350 000
2,6-Dimethoxyphenol 12 (3680 815 6000 |100 360 000
Guaiacol 10 [295 115 3960 |90 10 800
Syringaldazine 4 [21500 (18400 (25500 |16 800 |28 000

n, number of observations;

Q2s, lower quartile; Qvs, upper quartile.

Substrates are oxidised close to the mononuclear site, and the electrons are
transferred to the trinuclear site, where the molecular oxygen is reduced. Neither the

OH [o}}

electron transfer mechanism nor the oxygen reduction to
water is fully understood. The reactio follows a radical
type mechanism: substrates (phenols and aromatic or
aliphatic amines) are oxidized by the T1 copper to
produce radicals, which produce subsequently dimers,
oligomers and polymers. The extracted electrons are
probably transferred through a strongly conserved His-
Cys-His tripeptide motif to the T2/T3 site, where
molecular oxygen is reduced to water [27] (Fig. 2.2).
Kinetic data suggest a mechanism of reaction “two site
ping-pong bi bi” type; in this mechanism the products are
released before a new substrate molecule is ligated [29].

Figure 2.2: Catalytic cycle of laccase.
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Current information about laccase structures is based on the 3D structures of the five
fungal laccases mentioned above: Coprinus cinereus
(in a copper type-2- depleted form) [30], Trametes
versicolor [28, 31], Pycnoporus cinnabarinus [32]],
Melanocarpus albomyces [33] and Rigidoporus
lignosus [34], the last four enzymes with a full
’ complement of copper ions. Generally laccase is a
./ monomer, organized in three sequentially arranged
domains (Fig. 2.3) and the molecule has dimensions
of about 65x55x45 A3 Each of the three domains
presents a similar B-barrel type architecture, related
o to that of small blue copper proteins such as azurin
Figure 2.3: Ribbon or plastocyanin. Domain 1 comprises two four-
representation of T. versicolor stranded B-sheets and four 31p-helices. Three of the
laccase X-ray structure. Domain 1 3, helices are in connecting peptides between the
is showed in red, domain 2 in g_gtrands, and one is in a segment between domain
green and domain 3 in bleu. 1 o4 5 The second domain has one six-stranded
Copper ions are show in VAW ,n4 gne five-stranded B-sheet, and like in domain 1,
representation [31]. . . . .
there are three 3ip-helices in peptides connecting
individual B-strands and domains 1 and 3, respectively. A 3;10-helix between domains
2 and 3 forms part of a 40-residue-long extended loop region. Finally, domain 3
consists of a B-barrel formed by two five-stranded B-sheets and a two-stranded [3-
sheets that, together with a a-helix and a B-turn, form the cavity in which the type-1
copper is located. The trinuclear copper cluster (T2/T3) is embedded between
domains 1 and 3 with both domains providing residues for the coordination of the
coppers. The third domain has the highest helical content with one 3;0-helix and two
a-helices located in the connecting regions between the strands of the different -
sheets. Finally, at the C-terminal of domain 3, three sequentially arranged a-helices
complete the fold. An a-helix formed by 13 residues at the C-terminal end is
stabilized by a disulfide bridge to domain 1 (Cys-85—-Cys-488), and a second disulfide
bridge (Cys-117—Cys-205) connects domains 1 and 2. Both N-terminal and C-
terminal amino acids benefit from hydrogen bonding networks to the rest of the
protein. Despite the amount of information on laccases as well as on other blue
multicopper oxidases, neither the precise electron transfer pathway nor the details of
dioxygen reduction in blue multicopper oxidases are fully understood [34].

The aim of the present work

Evolutionary design approaches have devoted considerable attention in modifying
native proteins. The generation of stable enzymes with improved or novel catalytic
activities is a fascinating topic of modern protein biochemistry. This goal is relevant
for basic research purposes as well as for applications in biotechnology. In addition,
the search of new biocatalysts can have a major impact on the applications of
enzymes in industrial processes. Enzyme engineering can, for instance, force
enzymatic reactions to proceed in a desired direction, enhance their selectivity and
their stability. Two different strategies can be applied to change enzymatic properties
at wish. The first one is the directed evolution, which requires the gene (or genes) of
interest, but does not require a detailed knowledge of structure and function of the
coded protein. The second strategy is rational design, which is the planned redesign
of the protein sequence by site-directed mutagenesis. In this case, the design of a
new protein requires the knowledge of both structure and sequence as well as the
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mechanism of action of the enzyme. Selected residues are targeted for site-directed
mutagenesis and after expression and purification the properties of the new enzymes
are assessed by comparison with those of the native protein. Further residues may
be targeted in further rounds of site-directed mutagenesis. This strategy, which has
been applied extensively with variable success, depends on detailed structural and
mechanistic information on the parent enzyme. Site-directed mutagenesis has been
successful, for example, in redesigning the substrate specificity of a large number of
common classes of enzymes, such as oxidoreductases (dehydrogenases and
reductases) [35], hydrolases [36], transferases and restriction enzymes [37].

The development of new bio-based processes using laccases requires deeper
understanding of the structure/function relationship of native enzymes and the design
of novel an improved molecules that are better suited for industrial applications.

The aim of this part of my thesis was to model and to characterize molecular
determinants in the mechanism of functioning of laccases form P. ostreatus.
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Rational mutagenesis of laccases POXAlb and POXC

from Pleurotus ostreatus

This section is aimed at the characterization of molecular determinants in the function
of laccases, and at the development and characterization of new laccases using P.
ostreatus isoenzymes (POXAlb and POXC) as templates for rational mutagenesis.



Results and Discussion
Sequence alignment analysis

Several laccase genes have been isolated and characterized, and in some cases,
the sequences have been deposited in the appropriate gene register. The
comparison of primary protein sequences of P. ostreatus laccases, whose structures
are unknown, with any sequences of basidiomycetes laccases whose structures are

known, were performed using PRALINE program [38] (Fig. 2.4). As shown below, all
fungal laccases contain several highly conserved ungapped regions, distributed
almost throughout the entire length of the proteins. In particular, four ungapped
sequence regions (1-4) that are clustered around the catalytic regions can be
considered as the overall sequence fingerprint that can be used to identify the
laccases, distinguishing them from the broader class of multi-copper oxidases.

TVLIKYA . G GPVADLT | TNAAVSPDG F. SRQAVWN GG. . . .. ... ... TPGPLI T
TvL1GYC . Al GPAASLV VANAPVSPDG F. LRDAIWN GV. .. ........ FPSPLI T
POXC . Al GPAGNWY | VNEDVSPDG F. ARSAVWAR SVPATDPTPATASI PGVLVQ
POXALb AS| GPRGTLN | ANKVI QPDG F. YRSTVLAG G . ... ... ... SYPGPLI K
R GLV10 ATV. . ALDLH | LNANLDPDG TGARSAVTAE G . ......... TTIAPLI T
CcL1A65 Q VNSVDTMI LTNANVSPDG F. TRAGILWN G .. ......... VHGPLI R
POXA3 .. ATKKLDFH | RNDWSPDG F.ERRAITWN G ... ........ FPGTPVI
TVL1KYA GNMVGDRFQLN VI DNLTNHTM LKSTSI HWHG FFQKGTNWAD GPAFI NQCPI
TvL1GYC GKKGDRFQLN WDTLTNHTM LKSTSI HWHG FFQAGTNWAD GPAFVNQCPI
POXC GNKGDNFQLN VWNQLSDTTM LKTTSI HWVHG FFQAGSSWAD GPAFVTQCPV
POXALb GKTGDRFQ N VWNKLADTSM PVDTSI HWHG LFVKGHNWAD GPAMVTQCPI
R GLV10 GNI DDRFQ N VI DQLTDANM RRATSI HWHG FFQAGTTEMD GPAFVNQCPI
CcL1A65 GGKNDNFELN VWNDLDNPTM LRPTSI HWHG LFQRGTNWAD GADGVNQCP!
POXA3 LQKNDKVQ N TI NELTDPGM RRSTSI HWHG LFQHKTSGVD GPSFVNQCPI
Region 2

TVL1KYA SSGHSFLYDF QVPDQAGTFW YHSHLSTQYC DGLRGPFVVY DPNDPAADLY
TvL1GYC ASGHSFLYDF HVPDQAGTFW YHSHLSTQYC DGLRGPFWY DPKDPHASRY
POXC ASGDSFLYNF NVPDQAGTFW YHSHLSTQYC DGLRGPFWY DPSDPHLSLY
POXAlb VPGHSFLYDF EVPDQAGTFW YHSHLGTQYC DGLRGPLWWY SKNDPHKRLY
R GLV10 | PNESFVYDF VVPGQAGTYW YHSHLSTQYC DGLRGAFWWY DPNDPHLSLY
CcL1A65 SPGHAFLYKF TPAGHAGTFW YHSHFGTQYC DGLRGPMVI Y DDNDPHAALY
POXA3 PPNSTFLYDF DTAGQTGNYW YHSHLSTQYC DGLRGSFI VY DPNDPLKHLY
TVL1KYA DVDNDDTVI T LVDWYHVAAK . .. L...GP. AFPLGADATL | NGKGRSPST
TvL1GYC DVDNESTVI T LTDWYHTAAR . ..L...GP. RFPLGADATL | NGLGRSAST
POXC DI DNADTVI T LEDWYHI VAP ... Q .. NA. Al PT. PDSTL | NGKGRYAGG
POXAL DVDDESTVLT VGDWYHAPSL ...S...LT. GVP. HPDSTL FNGLGRSLNG
R G110 DVDDASTVI T | ADWYHSLST . .. VLFPNPN KAPPAPDTTL | NGLGRNSAN
CcLA65 DEDDENTI | T LADWYHI PAP ...SI..... QGAAQPDATL | NGKGRYVGG
POA3 DVDDEST! | T LADWYHDLAP HAQNQFFQTG SVPI . PDTGL | NGVGRFKGG
TVL1KYA TTA. DLSVI S VTPGKRYRFR LVSLSCDPNY TFSI DGHNMT | | ETDSI NTA
TvL1GYC PTA. ALAVI N VQHGKRYRFR LVSI SCDPNY TFSI DGHNLT VI EVDG NSQ
POXC PTS. PLAI I N VESNKRYRFR LVSMSCDPNF TFSI DGHSLL VI EADAVNI V
POXALb PAS. PLYVMN VWKGKRYRI R LI NTSCDSNY QFSI DGHTFT VI EADGENTQ
R GLV10 PSAGQLAWS VQSGKRYRFR | VSTSCFPNY AFSI DGHRMT VI EVDGVSHQ
CcL1A65 PAA. ELSI VN VEQGKKYRMR LI SLSCDPNW QFSI DGHELT | | EVDGELTE
POXA3 PLV. PYAVI N VEQGKRYRFR LI Q SCRPFF TFSI DNHTFD Al EFDG EHD
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TvL1KYA
TvL1GYC
POXC
POXAlb
R GLV10
CcL1A65
POXA3

TvL1KYA
TvL1GYC
POXC
POXA1b
R GLV10
CcL1A65
POXA3

TvL1KYA
TvL1GYC
POXC
POXA1b
Rl GlVi0
CcL1A65
POXA3

TvL1KYA
TvL1GYC
POXC
POXA1b
R GLV10
CcL1A65
POXA3

TvL1KYA
TvL1GYC
POXC
POXA1b
Rl GlVi0
CcL1A65
POXA3

TvL1KYA
TvL1GYC
pPOXC
POXA1b
Rl GlVi0
CcL1A65
POXA3

PLWDSI Q F
PLLVDSI Q F
PI TVDSI Q F
PLQVDQVQ F
PLTVDSLTI F
PHTVDRLQ F
PTPAQNI DI Y

SAI LRYDGAA
SAI LRYQGAP
SAI LRYAGAT
SAI LRYKGAR
SAl FRYQGAA
SAI LRYAGAA
RAI LRYKGAP

I NMAFNFNGT
LNLAFNFNGT
I NLAMAFDFT
I NLNFAFDPA
LNLRI GRNAT
LRFQLGFSGG
I TLNI AQPNP

LPSNADI EI S
LPAHSTI EI' T
LEANKVVEI S
| KLGDVVEI T
LPANQVI EI' S
LPRNQVVELV
LPANKLI EVS

DWSTGTPAA
DWSTGTPAA
DVVNTGT. GA
DVVSI GDDPT
DWSI G . GG
DWSLGV. . T
DVLPIN. . ..

| PDVASANPV
VADVKAANPY
VTSI SA. . P.

VNQTAAANPY
| PNI Pl ANAI

MANTVDANNP
VNEGEQAQ V

AAQRYSFVLE
AAQRYSFVLN
AGQRYSFVLT
AGQRYSLVLN
AGQRYSVWE
TGQRYSFVLD
AAQRASI | VH

AVEPTTTQTT
VAEPTTTQTT
EDDPTTTSST
SI DPTTPEQN
VAEPTTSQNS
NADPTTSANP
AVEPTTVATT

NF. . FI NGAS
NF. . FI NNAS
TFELTI NGVP
TALFTANNHT
TADFTI NGAP
RF. . TI NGTA
PF. FDI NG S

FPATAAAPGA
LPATALAPGA
MP. . ALAVGG
MP. . ALVFAG
IPG....GG
VP. . AGVLGG
IPG....AG

GDNVTI RFRT
GDNVTI RFQT
NDNVTI RFVT
. DNVTI RFVA
GDNVTFRFVT
GDEVTI RFVT
GCNTTFRFFS

PQAWSDL CPT
PKAWSDL CPI
PAAWDDL CPI
PEAWANL CPI
SPAWDDL CPK
PVEWAQLCEI

TQDWRTLCPA

ANQAVDNYW
ANQTVGNYW
ANQAVDNYW
ANQAVGNYW
ANQAVGNYW
ANQPVDNYW
ANQTI DNYW

STAPLNEVNL
SVI PLI ETNL
ST. PLLETNL
ATNPLHEYNL
GTA. LNEANL
NPAQLNEADL
GGHKLNDAEM

FTPPTVPVLL
FTPPTVPVLL
FLPPTAPVLL
FVPPTVPVLL
FI PPTVPVLL
YESPSVPTLL
YLSPSVPVLL

Region 3
PHPFHLHGHA
PHPFHLHGHA
PHPFHLHGHT
PHPI HLHGHT
NHPFHLHGHN
PHPFHLHGHA
AHPFHLHGHT

DNPGPWFLHC

RANPNFG\VG . . . .
RANPNFGTVG . . ..
RANPNLGSTG . . ..
RANPNSGDPG . . .

RANPSNGRNG
RAQPNKGRNG
RAPLTGGNPA

HPLVATAVPG
HPLARMPVPG
VPLENPGAPG
RPLI KKPAPG
| PLI NPGAPG
HAL| DPAAPG
HPI AQEG. PG

Q | SCAQNAQ
Q LSGAQTAQ
Q LSGASTAA
Q LSGTRDAH
Q LSGVTNPN
Q MSGAGQSAN
QWL SGARKPQ

FAVWRSAGST
FAVWRSAGST
FDVI RSAGST
FAVVRSAGSS
FDWRTPGSS
FSVWRSAGSS
FDI VRTSNSD
Region 4

HI DFHLEAGF

FTGG N
FAGG N
FVGG N
. FENQWN
....FTGE N
LAGTFANGVN
GNPNLDI SLI

SPVAGGVDLA
SPTPGGVDKA
PPVPGGADI N
KPFPGGADHN
NPVPGGADI N
| PTPGAADVN
NLGTGPPDIVA

DLLPSGSVYS
DLLPAGSVYP
SLLPSGSI YE
DLAPAGSI YD
DLLPGGAVI S
DLLPAGSVYE
DFLPSEQVI |

VYNYDNPI FR
TYNYNDPI FR
TYNFDTPARR
TYNYENPVRR
VYNYVNPVRR
TYNFVNPVKR
VVNLVNPPRR

AWFAE. . .

DNPGPWFLHC

HI DFHLEAGF

Al VFAE. . .

DNPGPWFLHC

HI DWHLEI GL

DNAGPWFLHC

HI DWHLDLGF

D
D
AWEFAE. .. D
AWEFAE. . . G

DNPGPWFLHC

HI DWHLEAGL

AWFAE. . .

DNPGPWEFHC

HI EFHLMNGL

GNSGAWFLHC

H DWHLEAGL

D
Al VFAE. .. D
AWFAERPAE

YDARDPSDQ
YDGL SEANQ
YNAL SDNDKG
YNSSNPSKLL
YNANNPDS. .
YDDL PPEA. .
YDGLAPEFQ

Figure 2.4: Sequence alignment performed using the PRALINE program [38].

In purple are highlighted C-terminal regions of POXA1b and POXC laccases. The
Asp residues highly conserved in all laccases are in blue and in red are shown the
conserved histidine and cysteine.
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Moreover, it is possible to observe that the copper-ligating residues in laccases are
present in regions that are conserved across all analyzed laccases. A total of 11
histidine residues and 1 cystein residues are conserved across all multi-copper
oxidases and are thought to serve as the copper ligands.
T. versicolor has a 459Leu-Glu-Ala461 sequence, typical for the high E° laccases
[39], whereas CcL has Leu-Met-Asn in the equivalent position. Glu-460 forms a
hydrogen bond (H-bond) between and Ser-113, the latter being situated in the
opposite domain 1. In particular, this serine residue is presumably forced by the H-
bond into an unfavourable main chain conformation. As a consequence of the
attractive H-bond interaction, the whole helix, which contains His-458, is pulled
toward domain 1, thereby increasing the Cu-N distance that seems to be responsible
for the high E° of this laccase (800 mV) [31] (Fig 2.5). In POXA1lb the positions
corresponding to Ser-113 and Glu-460 are taken by a glycine and an asparagine
residue, respectively. These two residues cannot form an H-bond; a similar situation
is found also in CcL (Coprinus cinereus laccase), a
laccase with a redox potential of 550 mV [30].
Moreover, an unusual protruding extension present
in the C-terminal region, normally absent in other
laccases, has been identified in POXC (six amino
acids extra) and in POXA1b (sixteen amino acids
extra).
3D models of POXAlb and POXC (Fig. 2.6)
Figure 2.5: The hydrogen bond were generated using T. versicolor laccase (PDB
between Glu-460 and Ser-113 code 1GYC) that exhibits about 60% identity with
which would subsequently cause an  hoth enzymes. To build the last sixteen residues
elongation of the Cul-N (His-458)  of pOXA1lb, the coordinates of the reported C-
Itz:%rg:hsata:ge gI/lenSIitr?' AI] Zestrz(r)nnsd terminal protruding extension (available only for
Image taken form [31] " the ascomycete laccase from M. albon_]yces PDB
' code 1GWO) were used [33]. Hakulinen et al.
(2000) proposed that proteolytic cleavage of the C-terminus allows the opening of the
tunnel for the entrance of the oxygen molecule and the exit of water [33]. Moreover,
by replacing 11 amino acids at the C-terminus with a single cysteine residue, Gelo-
Pujic et al. (1999) managed to change the redox potential of the type-1 Cu of laccase
from T. versicolor, produced in Pichia pastoris, [40].

C-terminus

Figure 2.6: POXA1b (right) and POXC (left) models
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From all these observations it seems reasonable to suspect that C-terminus may play
a key role in the function of the laccase enzyme.

In order to investigate the role of the C-terminus in P. ostreatus laccases, site-
directed mutagenesis experiments have been performed in this region. Mutants of C-
terminal truncated laccases were designed: particularly POXAl1bA4 and POXA1bA16
and POXCAG6 have been created.

It is widely accepted that in an evolutionarily related family of proteins fewer
mutations occur in the functionally important residues. Many of the residues of
catalytic regions are conserved in the analyzed laccases. The study of the 3D models
of POXAlb and POXC has allowed for the identification of those residues
constituting the catalytic site and involved in the interaction with substrates. The
crystal structure of T. versicolor with 2,5-xylidine revealed two important residues for
the interaction between the amino group of the reducing substrate and the enzyme:
the first is a histidine residue (458) that also coordinates the T1 copper and acts as
the primary electron acceptor from the substrate. This His458 is highly conserved
among all laccases. The second, aspartate 206, is hydrogen bonded via the terminal
oxygen of its side chain to the amino group of 2,5-xylidine. Asp206 appears relatively
buried in the cavity, surrounded by hydrophobic residues which lie in a more exposed
region [28]. The comparison of 3D models of POXAlb and POXC with POXAS
models and docking with violuric acid, a phenolic substrate (Fig. 2.6), show that the
arginine present in POXA3 could generate a repulsion that could lead to a decrease
in the affinity for the substrate.

a) b)

Figure 2.6: Docking with violuric acid, the T1 Copper ion (yellow) and the violuric acid are
shown in vdW representation. In licorice representation are highlighted the residues in close
contact with the substrate for a) POXAlb, b) POXA3 and c) POXC.

The Aspartic Acid, negatively charged, could stabilize the radicalic cation formed
during the catalytic reaction; indeed the Arginine cannot stabilize the radicalic
intermediate being positively charged. To characterize the molecular determinants
involved in the interaction with substrates, mutants of POXAlb (D205R) and
POXC(D210R) have been designed.

The cDNAs of these two mutants have been introduced into the expression vectors
by using host homologous recombination system in the yeast S. cerevisiae.

POXC mutants: a qualitative evaluation

The recombinant expression represents a good strategy in order to obtain sufficient
recombinant protein for the characterization analyses. For the heterologous
expression of POXC and of its mutants POXCA6 and POXC (D210R), the expression
vector pSAL4 has been used. This plasmid is characterized by the presence of the
inducible promoter of metallothionein (CUP1) from S. cerevisiae and of the signal
peptide of P. ostreatus.
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Production of recombinant laccases was first assayed on plate using ABTS (2,2'-
azino-bis(3-ethylbenzthiazoline-6-sulphonic acid)) as substrate as shown in Figure
2.7. The purple halo obtained from the oxidation of substrate proves the presence of
laccase activity. The marked difference of the halo intensity
\ has led to the supposition that the mutants are less active
D than POXC. In particular, as shown in the Figure 2.7, mutant
POXCA6 turns out to be less active than the wild-type
protein, while mutant POXC(D210R) seems to be inactive.

However, when a similar analysis was conducted on
liquid culture, activity production was too low to allow for the
purification and subsequent characterization of these new
laccases.

Figure 2.7 : Plate assay of POXC wild-type and mutant laccases, using ABTS. (A)
pSAL4; (B) pSAL4+poxC; (C) pSAL4+poxC(D210R); (D) pSAL4+poxCA6.

POXAlb
In order to obtain heterologous expression of recombinant wild-type POXAlb and
of its mutant proteins (POXA1lbA4, POXA1lbAl16 and POXA1b(D205R)), the
respective cDNAs were cloned in psal4 (see Methods) under the control of a strong
promoter that is inducible by Copper. The yeast S. cerevisiae was transformed with
each construct and cellular growth was obtained in selective medium (SD).
Optical density (O.D.) and laccase activity production measurements were performed
during the time course of the preparative culture.
Mutants and wild-type expressing yeast growth
curves did not differ significantly (data not shown).
The analysis of the activity production has
highlighted a higher specific activity production for
the mutants POXA1bA4 and POXA1bA16 than for
E the wild-type protein; this could be attributed to a
more effective enzymes production for these
mutants. Instead the specific activity production of
POXA1b(D205R) is comparable to that of the wild-
type protein (Fig 2.8).

Figure 2.8: Laccases’ specific activity production in preparative cultures with ABTS;
POXAlb (blue), POXA1lbA4 (red), POXA1lbAl1l6 (green) and POXA1lb(D205R)

(purple).

Purification of wild-type and mutant laccases

Culture broths collected at the 6™ growth day were used for laccase purifications.
The recombinant POXA1b protein and the three mutants (POXA1bA16, POXAlbA4
and POXA1b(D205R)) were purified by ammonium sulphate selective precipitation
followed by gel filtration chromatography Superdex 75 prep grade as described in
Materials and Methods. Similar amounts of total protein were obtained in all cases.
The active fractions were pooled and concentrated on an Amicon PM-30 membrane.

In Table Il the yields after protein purification are given, obtained following the
described procedures (see Materials and Methods).
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Table II: Wild type and mutant proteins purification from S. cerevisiae cultures.

Purification
step

o (O]

. g Broth

XS

25 (NH)S0»
and SEC

=]

>, Broth

é <

£ (NH,)SOz»
and SEC

5 Broth

<

X ©

8 a‘ (NH,),SO4*
and SEC

§ g Broth

x AN

29  (NH,),S0.*
and SEC

Total

activity (U)

170

100

225

135

107

66

128

82

Total

protein (mg)

471.6

5.8

509.6

6.3

527.4

5.8

463.3

9.33

Specific

activity

(U/mg)
0.36

17.2

0.44

21.6

0.20

11.3

0.28

8.8

Recovery Purification
(U%) fold
100 1
59 47
100 1
60 49
100 1
62 56
100 1
64 31

*Laccase activity was recovered from supernatant of 100% ammonium sulphate precipitation

Kinetic and catalytic parameters determination
Some kinetic and catalytic parameters for three different substrates : 1) 2,2'-azino-
bis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS) at pH 3; 2) 2,6-dimethoxyphenol
(DMP) at pH 5; 3) syringaldazine (SGZ) at pH 6) were determined; they are reported

in Table Il1.
Table Ill: Kinetic and catalvtic parameters of wild
Specific Catalytic
Laccases Km (mM) activity efficiency
(U/mg) (U/mg*mM)
ABTS
\Wild-type 0.16+0.01 37+1 23142
POXAlbA4 0.11+0.01 23+2 209+3
POXA1bA16 0.14+0.02 O+1 63+1
POXA1b (D205R) [0.33+0.05 O+1 P7+1
DMP
\Wild-type 0.57+0.01 18+1 32+1
POXAlbA4 0.43+0.04 2212 5242
POXA1bA16 0.43+0.05 15+1 3542
POXA1b (D205R) [1.26+0.07 0.4+0.2 0.3+0.1
\Wild-type 0.04+0.01 2,0+0.8 A9+1
POXAlbA4 0.03+0.01 2,3+0.5 77+1
POXA1bA16 0.03+0.01 1,6+0.5 53+1

POXA1b (D205R)

N.D.

ABTS structure

o

X
-0 \N’N\ 0
HO

0

DMP structure

oM
= \\/J\x‘ ~CHy

.

P

SGZ structure
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In general only slight differences have been observed in the Michaelis-Menten
constant (Ky), toward all substrates, of mutants POXA1bA4, POXA1bA16 compared
with that of the wild-type protein. On the other hand, the Ky value of POXAlb
(D205R) toward ABTS and 2,6-DMP as substrates is 2-fold the one of the wild-type
protein toward the same substrates. This reduced affinity for both substrates could be
attributed to the introduced mutation. This mutation (Asp205 — Arg), located in the
active site, could cause an alteration of the substrate-enzyme complex stabilization.
This supports the hypothesis of a key role played by this aspartate residue in the
interaction with the substrate.

Effect of pH and Temperature on laccase activity

The effect of pH on the activity of laccases towards DMP has been studied in the pH
E ; range 3,0+6,4. In general, a bell-shaped profile of the

\.K activity as a function of pH has been observed for all the

\

7R
Vaa

\ tested laccases. The optimum reaction pH of laccases
/ N\ for DMP oxidation was exceptionally high around pH
: 7 / \\\- values of 5.4-5.6.

) // \ In particular, both POXA1bA16 and POXA1bA4 show

a broader range of optimum pH than the wild-type
- protein. The mutant POXA1b(D205R) shows its

maximum activity at | r val fpH (~ Fi
Figure 2.9: Effect of pH on the 2 g;(l Hm activity at fower value ot p =5 (Fig
activity of wild-type and mutated e />//\\\

laccases. POXA1lb  (blue), \
POXA1bA4 (red), POXA1bAl6 / / \
(green) and POXA1b(D205R) [_/V'

activity (%)

(purple). /
Optimal reaction temperature was determined by
varying the reaction temperature, by 10C increments, / in

the range 20-70<C.

POXAlb and the truncated mutants show their
maximum activity at 60C, whereas POXAlb
(D205R) at lower temperature (50C) ( Fig. 2.10).

Temperature (°C)

Figure2.10: Effect of
temperature on the activity
of wild type and mutated
laccases. POXA1lb (blue),
N _ POXA1lbA4 (red),
Stability as function of pH and temperature POXA1bA16 (green) and

POXA1b(D205R) (purple).

The

laccase stability at different pH values
has been examined by pre-incubating
the enzymes at various pH values
varying from 3.0 to 10.0 and by
measuring the residual activity under
standard assay conditions.

As shown in Figure 2.11, the mutant
POXA1b(D205R) exhibits a similar
trend under all examined

ty), Days

Figure 2.11: Stability of POXAlb (blue) and mutated laccases POXA1bA4
(red) and POXA1bA16 (green) and POXA1lb(D205R) (purple) at different pH

values.
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conditions, except for pH 3, which is an extreme condition for all the examined
proteins. Therefore, the pH value seems not to influence strongly the protein stability.
The generally low stability of POXA1b(D205R) could be attributed to a
conformational change in the highly conserved region due the presence of the
mutated residue with a positive charge (Asp-Arg).
An unusual behavior was observed for the truncated mutants. In particular, at pH 5
both show a t1, values more than 3-fold with respect to that of POXA1b, in addition at
alkaline pH the mutants loose drastically the high characteristic stability of POXA1b
(Figure 2.11 and Table 1V). At neutral pH POXAlb and its mutants are similarly
stable.
These data suggest that C-terminal tail could be essential to stabilize the laccase
structure at alkaline pH. In fact is well known that POXA1b is one of most stable
laccases at this extreme pH and it is the only one that presents a protruding C-
terminal.

Table IV: Protein half life values at different pH values

t12 (Days)

pH3, pHS5, pH7, pH7, pH10,
Laccases Mcllvaine Mcllvaine NaP Tris-HCI Tris-HCI
buffer buffer buffer buffer buffer
Wild-type 0.9 2.8 8.1 7.1 29.6
POXA1lbA4 1.9 13.3 8.1 7.2 9.3
POXA1bA16 3.9 13.3 6.0 9.2 6.0
POXA1b(D205R) 3.0 7.2 6.0 6.0 8.2

In order to determine their thermostability, all enzymes were incubated at 60° at
neutral pH and cooled down to room
temperature prior to measuring the residual

’ N\ activity using ABTS as substrate.

k\* The enzymes appeared to be reasonably
- stable with respect to temperature; in

particular POXA1lbA4 displays similar
' stability compared with that of wild type
(Fig. 2.12 and Table V) whereas mutants
POXA1b(D205R) and POXA1bA16 show a

considerable loss of
Figure 2.12: Stability of wild type and mutated laccases at  Stability.

60C. POXAlb (blue), POXAlbA4 (red), POXA1lbA16
(green) and POXA1b(D205R) (purple).

% activity

5 00

Time (min)

Table V: Proteins half life values at 60C

Laccases t1» (hours)
Wild-type 4.5
POXA1bA4 5.1
POXA1bA16 3.3

POXALb (D205R) 3.3 29



The obtained results have highlighted that POXA1b(D205R) shows not only
diminished affinity for the substrate (Table IIl) but also loss of stability under all
tested condition. These data suggest that the residue Asp205 is crucial for the affinity
to the substrates, and that substitutions occurring in the catalytic region influence the
stability of the protein, probably as a result of a rearrangement of the phenolic-
substrate cavity.

The truncated mutants exhibit a small dissimilarity in the Michaelis-Menten
constant (Ky) but a considerable difference of stability with respect to the wild-type.

The unusual C-terminal extension seems to be directly responsible for the
extraordinary stability of POXA1lb at alkaline pH.

Materials and Methods

Strains, media and plasmids

The Escherichia coli strain Top 10 (F-mcrA D (mrr-hsdRMS-mcrBC) f80lacZDM15
DlacX74 deoR recAl araD139 D (ara-leu) 7697 galU galK rpsL (StrR) endAl nupG)
was used in all DNA manipulation. The medium used for growing E. coli was the rich
medium Luria-Bertani (LB). Bacterial cultures were conducted at 37<C. Bacte rial cells
competent to chemical transformation were obtained from cells grown on SOB
medium.

LB

Bacto tryptone (Difco) 1% (w/v)

Yeast extract (Difco) 0.5% (w/v)

NaCl 1% (w/v)

MgSO,

Selective medium was supplemented with 100 pg mi-1 of ampicillin; solid medium
contained agar 15% (w/v) (Difco).

The S. cerevisiae strain used for heterologous expression of mutant laccases was
W303-1A (MAT ade2-1, his3-11, 15, leu2-3, 112, trpl-1, ura3-1, canl-100). The
medium used for growing wild-type S. cerevisiae was the rich medium
YPD

Yeast extract (Difco) 1% (w/v)

Bacto tryptone (Difco) 2% (w/v)

Glucose 2% (w/v)

Cultures were conducted at 28C. Solid medium contained 15% (w/v) of agar
(Difco). Plasmids used for cloning procedures were pUC13 (Amersham Biosciences)
for the gene poxc and pUC18 (Amersham Biosciences) for the gene poxalb.

Competent cells preparation and chemical transformation

E. coli TOP 10 cells were picked up from a solid culture and grown in 5 ml of SOB
medium at 37° C for 16 hours on a rotary shaker (250 rpm). The culture was then
diluted 1:100 in the same medium and grown up to an optical density at 600 nm of
0.6-0.7. Growth is stopped by putting the culture on ice for 20 min., and cells are
sedimented by centrifugation at 3000 x g at 4T for 10 min. Cells were washed twice
by incubation with cold CaCl, 0.1 M for 20 min on ice. Cell pellet was then
resuspended in CaCl, 0.1 M, and Glycerol 15% was added to the suspension. After
vigorous mixing, the suspension was aliquoted and promptly frozen in dry-
ice/acetone bath. Competent cells was thawed and incubated with transforming DNA
plasmid (up to 100 ng) for 30 min. on ice. Mixture was then shocked by incubation at
42<C for 90 sec. and on ice for the same time. Cell s were spread on selective solid
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LB medium after 1 hour incubation at 37 € in LB me dium.

Gel electrophoresis of DNA

The PCR products were separated and analysed on agarose gel 1% (w/v). The

electrophoresis was conducted in TAE (40 mM tris-acetate, 1mM EDTA pH 8) at
100 V. To visualize DNA 0.5 pug ml-1 ethidium bromide was added to the agarose gel.
This substance contains a planar group that intercalates between the stacked bases
of DNA. DNA fragments were visualized with ultraviolet light (365 nm).

PCR products and linear plasmid were extracted and purified from agarose gel
with the kit Quiaex from Quiagen as specified by the manufacturer.

Mini-preparation of plasmid DNA (alkaline lysis method)

Bacterial cells grown on solid LB medium were inoculated at 37<C over night in 3
ml of selective LB on a rotary shaker (250 r. p. m.). 1.5 ml of culture was centrifuged
for 30 sec. at 13000 x g at room temperature. The cellular pellet was resuspended in
100 pl of solution 1 (50 mM glucose, 10 mM EDTA, 25 mM Tris-HCI pH 8). 200 pl of
solution 2 (0.2 N NaOH, 1% SDS) were added to the cellular suspension. After a
vigorous shaking, the solution was incubated on ice for 5 min to denaturate the
cellular proteins. Then 150 pl of solution 3 (potassium acetate 5M pH 5.2,
CH3COOH 11.5ml, H,O 28.5ml) were added, and the solution was incubated on ice
for 5 min to allow the precipitation of genomic DNA. The suspension was centrifuged
for 5 min at 13000 x g at room temperature. The supernatant, containing plasmidic
DNA, was extracted with an equal volume of phenol: chloroform: isoamyl alcohol
(25:24:1). The plasmidic DNA was then precipitated by adding 1ml of 100% EtOH at
room temperature and rinsed with 200 ul of cold 70% EtOH. The plasmidic DNA was
resuspended in 50 pl of TE 1X/RNase pH 8 (10 mM Tris HCI pH 8, 1 mM EDTA),
RNAaseA (10 mg/ml) and incubated at 37 for 30 min.

Mini-preparation of plasmid DNA from S. cerevisiae [41]

Yeast cells were grown in 3 ml of liquid SD medium at 28T over night on a rotary
shaker (150 r. p. m.). 1.5 ml of culture was harvested for 5 min. at 5000 x g at room
temperature, and the pellet was re-suspended in 100 ul of cold STET (8% sucrose,
50 mM Tris-HCI pH 8, 50 mM EDTA, 5% Triton X-100). Cells were lysated by adding
0.2 g of 0.45 mm glass beads and vigorously vortexing. Following steps were:
addition of another 100 ul of STET, briefly vortexing and incubation in a boiling water
bath for 3 min. The suspension was then cooled on ice and centrifuged for 10 min. at
5000 x g at 4C. To 100 pl of the supernatant was added 2.5 M ammonium acetate:
the sample was incubated at — 20C for 1 h and centrifuged for 10 min. at 12000 x g
at 4C. At this stage, residual chromosome DNA, large RNA species, and the
putative impurities which inhibit E. coli transformation are precipitated. To 100 ul of
the supernatant were added 200 pl of ice-cold ethanol, and DNA was recovered by
centrifugation. The pellet was washed with 70% ethanol and re-suspended in 20 ul of
water. 10 ul of this solution were used to transform competent bacteria.

Transformation and growth of S. cerevisiae

S. cerevisiae transformation was done by using a lithium acetate protocol (Gietz et
al. 1992). The cell pellet was then incubated in 1 ml of 0.1 M LiAc for 5 min at 30 .
Cells were sedimented by centrifuging at 12000 x g for 5 sec, resuspended in a
mixture containing: 240 pl of PEG (50% wi/v), 36 ul LIiAc 1 M, 25 pyl SS-DNA (2.0
mg/ml), transforming DNA plasmid (up to 5 ug), 45 ul of H,O and incubated at 42°C
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for 20 min. Cells were then centrifuged, resuspended in H,O, and spread on selective
medium: plates were incubated inverted for 4 days at 28C and checked for the
development of green or orange colour.

Experiments of homologous recombination were performed following the previous
protocol and transforming the yeast cells with different ratios (1: 1 and 1:3) of
linearized plasmid (1.5 pg) and mutated cDNA.

Laccase production by transformants was first assayed on SD plates
supplemented with 0.6 mM CuSO, and 0.2 mM ABTS or 0.1 mM 2,6-DMP. Inocula
grown on selective SD medium were used to seed flasks (250 ml) containing 50 ml of
selective medium, starting from 0.5 ODgpo. Cultures were grown at 28 on a rotary
shaker at 150 rpm. Preparative culture was done in 1-| flasks containing 200 ml of
medium. Culture aliquots (1 ml) were daily collected, centrifuged at 12000 g for 2 min
at 4C and assayed for optical density and laccase activity determination. Preparative
cultures were performed in 1L flasks containing 200 ml of medium.

Transformed yeast was grown in a selective medium:

Selective medium SD

Yeast nitrogen base w/o AA (Difco) 6.7 g/l

Casaminoacids (Difco) 5 g/l

Glucose 2% (wi/v)

Adenine 30 mg/I

Tryptophane 40 mg/l

Succinate buffer pH 5.3, 50 mM

Copper sulphate 0,6 mM

Homologous recombination

Expression of mutated laccases in S. cerevisiae was performed taking advantage
of the high level of homologous recombination in yeast, which makes in vivo
approaches fast, efficient, and non-mutagenic. The optimal length of the homologous
overhangs is usually over 100 bp on both 5" and 3' —ends. Overhangs can be
generated by restriction of the cDNAs on the basis of the restriction map of the
recombinants vectors. This study was performed starting from the most promising
construct for both cDNAs, C-pSAL4 and B-pSAL4. Appropriate enzymes must cut the
cDNA once or twice (if a deletion is wanted) in the latter case leaving at least 40 bp
on each edge, and must not cut into the plasmid. The B-pSAL4 construct was cut
with Smal and Bglll restriction enzymes leaving 155 bp at 5-end and 475 bp at 3'-
end of the original poxalb cDNA sequence. The overhangs will allow homologous
recombination between the plasmid and the mutated cDNAs within the yeast cells
allowing the closed plasmid to be maintained and propagated again. poxalb cDNA
was cloned in B-pSAL4 expression vector, digested with Smal and Bglll restriction
enzymes, and poxc cDNA was cloned in C-pSAL4 expression vector, digested with
Aatll restriction enzyme, by using homologous recombination expression system of
S. cerevisiae.

Mutant poxalb inserts were cotransformed with open plasmid that contains
sequences homologous to the ends of the poxalb cDNAs on both ends. Homologous
recombination combines these to form complete plasmids. Negative control was
performed transforming the yeast cells only with the B-pSAL4 open plasmid carrying
poxalb cDNA termini. Yeast cells, where homologous recombination between B-
pSAL4 plasmid and mutated cDNAs takes place will be able to grow on selective
medium, since they carry out a closed plasmid.
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Digestion with restriction enzymes

The PCR products, the cloning vectors and cDNAs were hydrolysed with
opportune restriction enzymes (Promega). The reactions were performed using 5U of
enzyme each ug of DNA incubating at restriction nuclease optimum temperature for 2
h and 30 min.

Ligation of cDNA in a plasmid

The ligation was performed with ligase from T4 bacteriophage (Boehringer
Mannheim) at 16T over night. A maximum of 100 ng o f plasmid was used for each
reaction, and several molecular ratio plasmid: insert were tested (1:2, 1:3, 1:4), in a
mix containing 1mM ATP, ligase buffer 1x and 1 U of enzyme.

Polymerase chain reaction (PCR)

To insert the cDNA of truncated poxc into pSAL4, was amplified in the presence of
an upstream primer Fwpoxc using pUC13 containing poxc cDNA, as template,
downstream primer RevpoxcA6 contain restriction sites for EcoRI and Hindlll have
been used to remove last eighteen nucleotides. To gain poxalbA4 and poxalbA1l6,
cDNAs of poxalb were amplified in the presence of an upstream primer Fwpoxalb,
using pUC18 containing poxalb cDNA, as template. Different downstream primers
contain restriction sites for EcoRI and Xhol were used to remove last twelve and
forty-eight nucleotides to obtain the two truncated genes (Table ). To obtain poxalb
(D205R) and poxalb (D210R), a point mutation was chosen so that the new codon
fitted the peculiar S. cerevisiae codon. The PCR methodology has been used to gain
a site-directed mutagenesis

Table VI: List of the primers used in amplification experiments.

Fwpoxc TTTGAATTCAAGCTTATGTTTCCAGGCGCACGG
Revpoxc A6 TTATCTAGAAAGCTTTCATTGCGTTGTCG
Fwpoxalb TGTTGCAGATCTTGTCGG

Revpoxalb A4 TAAGCATCCCTCGAGTCACGCAGGCAGACG
Revpoxalb A16 TAAGGATCCCTCGAGTCAGAGTTTCGATGGG
Revmutpoxalb(dr) TTGATAGTTGGATCTGCAGGAAGT

FwA(dr) ACTTCCTGCAGATCCAACTATCAA
Revmutpoxc(dr) CGTGAAATTGGGTCTACAAGACAT

Revpoxc(dr) ATGTCTTGTAGACCCAATTTCACG

Laccase purification from S. cerevisiae

Culture media were harvested on the optimal laccase production day (6° day),
cells were sedimented by centrifugation at 1600 g at 4C for 15 min. Secreted
proteins were filtered throw whatmann sheet. The sample was concentrated with
Amicon stirred cells with ultrafiltration membranes with cut-off 30000 NMWLC. Then,
most secreted proteins were precipitated by the addition of (NH4),SO,4 up to 100%
saturation at 4C and centrifuged at 10000 g for 40 min. The supernatant from
ammonium sulphate precipitation was loaded onto a 26/60 Superdex 75 prep grade
(Amersham Biosciences) column equilibrated with 0,15M NaCl 50 Mm Na-phosphate
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buffer pH7. The active fractions were pooled and concentrated on an Amicon PM-30
membrane.

Enzymatic assay

Culture aliquots (1 ml) were collected daily and cells were pelleted by
centrifugation (12000 g for 2 min 4<C). Laccase activity in the culture supernatant
was assayed at 25T, monltorlng the oxidation of AB TS spectrophotometrically at

420 nm (s o 36 MM cm ) the assay mixture contained 2 mM ABTS, 0.1 M Na-

citrate buffer pH 3.0. Laccase activity towards 2,6-DMP was assayed in a mixture
containing 1 mM 2,6-DMP and the Mcllvaine’s citrate-phosphate buffer adjusted to
pH 5.3. Oxidation product was followed by an absorbance increase at 477 nm (8477:

-1 -1
14.8 mM cm ). Laccase activity towards syringaldazyne (SGZ) was assayed in a
mixture containing 0,1 mM SGZ and 0,2 M Na-phosphate buffer adjusted to pH 6.0.
Oxidation of SGZ was followed by an absorbance increase at 526 nm (€s26= 6.5 X
104 M-1 cm-1).
Plate assay was performed on solid selective medium supplemented with enzyme
substrate, 0.2 mM ABTS.

Protein determination
Protein concentration was determined allow Bradford method and  using
commercial reactive of BioRad, with BSA (bovine serum albumin) as standard.

Kinetic parameters determination

Laccase activity in the culture supernatant was assayed utilizing increasing
substrate concentrations (ABTS, 2,6-DMP and SGZ), until obtaining the complete
saturation of the enzyme. Ky values were estimated using the software GraphPad
Prism, on a wide range of substrate concentrations. The values of AA/min according
to values of concentration of the substrate have been brought back in diagram and
have been determine the parameters to you of the curve of Michaelis-Menten, for
that substrate.

Effect of pH and temperature

The effect of pH on laccase activity towards 2,6-DMP was measured using a
Mcllvaine’s citrate-phosphate buffer adjusted to different pH level in the range 3.0-
6.2. The effect of temperature on laccase activity was measured in the temperature
range 20-70C in 50 mM Na-phosphate buffer adjusted to pH 7.0.

Stability at pH and temperature

Phenol oxidase stability at 60C was measured in 50 mM Na-phosphate buffer
adjusted to pH 7.0. Stability at pH values was measured using a Mcllvaine’s citrate-
phosphate buffer adjusted at pH 3 and 5; 50 mM Na-phosphate buffer adjusted at pH
7.0; Tris-HCI buffer adjusted at pH 7 and 10.

Molecular Modelling and construction of enzyme substrate complexes

The structure of POXA1b and POXC were obtained by homology modelling from
the crystal structure of Trametes versicolor (1GYC pdb entry) [31], with which it
shares about 60% sequence identity. It is well known that a sequence identity
threshold for obtaining a reasonable model is 30% [42]. The last sixteen residues
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were modelled using the coordinates of the C-terminus of the crystal structure of the
M. albomyces laccase (LGWO pdb entry). This choice is justified in consideration of
the fact that the fold of the M. albomyces and of the T. versicolor laccases is very
similar, in particular in the C-terminal region the fold is almost identical. 3D models
were generated using the SWISS-MODEL web server by means of the project mode
option that allow to select the template and control the gap placement in the
alignment [43].

To obtain a reasonable starting model of the complexes between laccases
models and violuric acid, the crystal structure of T. versicolor laccase complexed
with an arylamide [28] (PDB code: 1KYA) was chosen as template based on the high
sequence identity (60%) of proteins. The backbone and the common residues of
laccase models were superimposed onto that of T. versicolor laccase. The violuric
acid was also superimposed onto the 2,5-xylidine and then was merged with
structure of each models.
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Development of new laccases by directed evolution: functional
and computational analyses

The aim of this section is to integrate the results of the generated mutants by Festa
G. (PhD thesis 2006, University of Naples “Federico 11”) through structural and
computational analyses to investigate some of the reasons, at a molecular level, for
the enhanced activity shown by specific mutations.
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Materials and Methods

Strains, media and plasmids.

The Escherichia coli strain Top 10 (F-mcrA D (mrrhsdRMS- mcrBC) f80lacZDM15
DlacX74 deoR recAlaraD139 D (ara-leu) 7697 galU galK rpsL (StrR) endAl nupG)
was used in all DNA manipulations. E. coli was grown in Luria—Bertani (LB) medium
(in g I"*: 10 bacto tryptone, 10 NaCl, 5 yeast extract), supplemented, when required,
with 100 pg mI™ of ampicillin.

The S. cerevisiae strain used for heterologous expression was W303-1A (MATade2-
1, his3-11, 15, leu2-3, 112, trpl-1, ura3-1, canl-100). The plasmids used for S.
cerevisiae expression were C-pSAL4 and B-pSAL4," both carrying URA3 gene for
auxotrophic selection. S. cerevisiae was grown on a selective medium [6.7 g I yeast
nitrogen base without amino acids and ammonium sulfate, 5 g I"* casamino acids, 30
mg I™* adenine, 40 mg I tryptophan, 50mM succinate buffer (pH 5.3), 20 g I
glucose].

The K. lactis strain used for heterologous expression was CMKS5 (a thr lys pgil adh3
adh1URA3 adh2URA3).° The plasmids used for K. lactis expression were pYCps
and pYAlbps.™ K. lactis was grown in YPPG medium (in g I™": 10 yeast extract, 40
bacto tryptone, 20 glucose), supplemented with ethanol (0.5%), CuSO, (0.1mM) and
when required, with 100 pg ml™ of geneticin G418.

Random mutagenesis.

DNA shuffling of poxc and poxAlb cDNAs was performed using the protocol
described by Van der Veen'’ based on the shuffling method described by Zhao and
Arnold®®. The cDNAs were fragmented using the following restriction enzymes: NlalV
and Tagl for poxc and Hinfl and Tagl for poxalb. Fragmented genes were subjected
to a PCR without primer (PCR1) using Tag DNA polymerase (Promega Corp.,
Madison, Wisconsin, USA). Cycling parameters were 40 cycles of 95T for 1 min,
55¢C for 1 min, 72<C for 1min + 5 s/cycle. Aliquots of the product of PCR1 were used
as template in a conventional PCR with four different combination of primers:
1)POXAlbfw and POXalbrev; 2) POXAlbfw and POXCrev; 3) POXCfw and
POXA1Brev; 4) POXCfw and POXCrev (Table I). Cycling parameters were 10 cycles
of 95C for 30 s, 55C for 30 s, 72<C for 45 s and 14 cycles of 95T for 30 s, 55T for
30 s, 72T for 45 s + 5 s/cycle. The full-length sh uffled cDNAs were purified using
QIAquick Gel Extraction Kit (Qiagen GmbH, Hilden, Germany).

Random mutations were introduced with low, medium and high frequency of
mutation, into the POXC and POXA1b encoding cDNAs using GeneMorph™ PCR
Mutagenesis Kit (Stratagene, La Jolla, CA, USA). Error-Prone PCR was performed
with primers POXAlbfw and POXAlbrev for poxalb and POXCfw and POXCrev for
poxc (Table I).

Construction of a mutant library.

The cDNAs resulting from DNA shuffling were digested EcoRI/Hindlll and ligated in
B-pSAL4 vector digested with EcoRI/Hindlll restriction enzymes. The cDNA resulting
from EP-PCR on poxalb cDNA were cloned in B-pSAL4 expression vector, digested
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with  Smal and Bglll restriction enzymes, by using homologous recombination
expression system of S. cerevisiae. The cDNA resulting from EP-PCR on poxc cDNA
were cloned in C-pSAL4 expression vector, digested with Aatll restriction enzyme, by
using homologous recombination expression system of S. cerevisiae. Yeast
transformation was done by using the lithium acetate protocol.’® The cells were
spread on selective medium supplemented with 0.6 mM CuSO, and 0.2 mM ABTS
and the plates incubated upside down for 4 days at 28<C.

Library screening.

Single clones grown on plate were picked and transferred into 96-well plates
containing 30 pl of selective medium per well. Plates were incubated at 28T, 250
rpm for 24 h. After 24 h 130 pl of selective medium was added to each well and the
plates were incubated at 28T, 250 rpm for 24 h. Thirty microliters of each culture
was transferred to a new 96-well plate to measure the ODggo value. The plates were
then centrifuged for 10 min at 1,500xg, 4C and a suitable volume of supernatant
was transferred to a new 96-well plate to perform laccase assay. Phenol oxidase
activity was assayed at 25T using 2 mM 2,2’-azino- bis(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS) in 0.1 M sodium citrate buffer, pH 3.0. Oxidation of ABTS was
followed by absorbance increase at 420 nm (¢ 36,000 M™* cm™), using Benchmark
Plus microplate spectrophotometer (BioRad, Hercules, CA, USA). Enzyme activity
was expressed in international units (U).

Cultures in shaken flasks were also performed. Pre-cultures (10 ml) were grown on
selective medium at 28° C on a rotary shaker (150 r pm). A volume of suspension
sufficient to reach a final ODgy value of 0.5 was then used to inoculate 250 ml
Erlenmeyer flasks containing 50 ml of selective medium and cells were then grown
on a rotary shaker. Optical density and laccase activity determination were daily
assayed.

DNA sequencing.

Sequencing by dideoxy chain-termination method was performed by the Primm
Sequencing Service (Naples, Italy) using specific oligonucleotide primers.

Protein purification.

Preparative cultures were performed in 1L flasks containing 200 ml of medium.
Culture media were harvested on the optimal laccase production day, cells were
sedimented by centrifugation at 1600xg at 4C for 15 min. Secreted proteins were
filtered throw Whatmann sheet. The sample was concentrated using Amicon stirred
cells with PM30 ultrafiltration membranes (Millipore, Billerica, MA, USA). Most
secreted proteins were precipitated by the addition of (NH4).SO, up to 100%
saturation at 4C and centrifuged at 10000xg for 40 min. The supernatant from
ammonium sulphate precipitation (containing laccases) was loaded onto a 26/60
Superdex 75 prep grade (GE healthcare Bio-Sciences, AB, Uppsala, Sweden)
column equilibrated with 0.15M NaCl, 50 mM Na-phosphate buffer pH7. The active
fractions were pooled and concentrated on an Amicon PM-30 membrane.

Protein concentrations were determined using the BioRad Protein Assay (BioRad),
with bovine serum albumine as standard.

Laccase activity assays.

Phenol oxidase activity was assayed at 25T using ABTS, 2,6-dimethoxyphenol
(DMP), and syringaldazine (SGZ) as substrates as follows. (a) The assay mixture
contained 2 mM ABTS and 0.1 M sodium citrate buffer, pH 3.0. Oxidation of ABTS
was followed by absorbance increase at 420 nm (€420 36,000 M™* cm™). (b) The assay
mixture contained 1 mM DMP and the citrate-phosphate buffer was adjusted to pH
5. Oxidation of DMP was followed by an absorbance increase at 477 nm (€477 14,800
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Mt ecm™). (c) The assay mixture contained 0.5 mM syringaldazine (dissolved in
ethanol) and 50 mM phosphate buffer, pH 6. Oxidation of syringaldazine was
followed by an absorbance increase at 525 nm (gsp5 65,000 M cm™). Enzyme
activity was expressed in 1U.

Phenol oxidase activity as a function of pH was measured at room temperature using
citrate-phosphate buffer adjusted to different pH levels in the range 3.0-6.2. Stability
at pH values was measured using citrate-phosphate buffer adjusted at pH 3, 5 and
7.0, Tris-HCI buffer was adjusted at pH 10.

Molecular Modelling and Molecular Dynamics simulations.

The structure of POXAlb was obtained by homology modelling from the crystal
structure of Trametes versicolor (1GYC pdb entry), with which it shares 60%
sequence identity. It is well known that a sequence identity threshold for obtaining a
reasonable model is 30%.%° The last sixteen residues of POXAlb were modelled
using the coordinates of the corresponding residues at the C-terminus of the crystal
structure of the Melanocarpus albomyces laccase (1GWO pdb entry). This choice is
justified in consideration of the fact that the fold of the M. albomyces and of the T.
versicolor laccases is very similar, in particular in the C-terminal region the fold is
almost identical. As can be seen in Fig. S2, the additional tail can be easily allocated
onto this region of the protein

3D model and in silico mutants were generated using the SWISS-MODEL web server
by means of the project mode option that allow to select the template and control the
gap placement in the alignment.**

5e21;inement of the models has been performed by Molecular Dynamics simulations.
Simulations on the wild type POXA1lb and on the in silico generated mutants 1M9B
and 3M7C were performed with the GROMACS package® using the GROMOS96
force field.>® The systems were neutralized and were solvated in a box of SPC
water,?® in a solution of 50mM NaCl (17 Na* and 18 CI'). All the simulated boxes
contained about 16,500 water molecules. Simulations were carried out at a constant
temperature of 300K. The Berendsen algorithm was applied for the temperature and
pressure coupling.?’ After a first steepest descent energy minimization with positional
restraints on the solute, the LINCS algorithm was used to constrain the bonds® and
to carry out an initial 200ps simulation with the positions of the solute atoms
restrained by a force constant of 3000 kJ/(mol-nm?) in order to let the water diffuse
around the molecule and to equilibrate. The particle mesh Ewald method (PME)®
was used for the calculation of electrostatic contribution to non bonded interactions
(grid spacing of 0.12 nm). The systems were run for 4 ns each and the last 500 ps of
simulations were used for the energy decomposition analysis. GROMACS package
and self-written programs have been used for the analysis of the data. Images were
produced with visual molecular dynamics (VMD 1.8.5.).%°

Results

Construction and screening of mutant laccase libraries

Random mutations were introduced into poxalb and poxc cDNAs by error-prone
PCR. Three different PCR conditions were used to yield low, medium and high
average of mutation frequency (0+3 mut/kbases, 3+7 mut/kbases and more than
7mut/kbases respectively). Moreover a shuffled cDNA library was constructed by
poxc and poxalb cDNA digestion followed by in vitro recombination.

Both K. lactis and S. cerevisiae were used as expression systems for P. ostreatus
laccases heterologous production, although K. lactis is a much more effective
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producer than S. cerevisiae®. Mutated cDNAs were introduced into the expression
vectors by using host homologous recombination system. When K. lactis was used,
several mutants (70%) able to grow on selective medium but unable to express any
laccase activity were obtained. Even if K. lactis was transformed with the open vector
(control) several clones growing on selective medium were obtained. As a fact, the
budding yeast K. lactis, in contrast to S. cerevisiae, is known to show, variable, but
generally low, gene targeting efficiency.3*?> Therefore random recombination of the
resistance gene could explain the achievement of clones able to grow on selective
medium even if transformed with the open vector. On this basis S. cerevisiae was
preferred to K. lactis as host for expressing laccase mutated cDNAs, because no
problem related to low gene targeting efficiency was faced in this case. 1100
transformants were obtained by S. cerevisiae transformation with pSAL4 vector and
mutated cDNAs. Thirty-eight mutants were selected, by multiwell plate screening,
having activity towards ABTS higher than that of the controls (yeasts expressing wild
type POXC and POXA1b). The second screening, performed following growth rate
and activity production of the clones in multiwell plates for three days, allowed us to
confirm positivity of only 7 mutants out of the 38 previous isolated. These seven
clones were then grown in shaken flasks for six days for further analyses. The mutant
1M9B, originated from error-prone PCR with medium frequency using poxalb as
template, showed significantly higher activity (about 50% increase) than that of wild
type POXA1b (Fig. 1).

1m9b cDNA was used as template for a second round of error-prone PCR at low and
medium frequency of mutation. A second generation library of 1200 clones was
obtained and screened using the same procedure described before. Three mutants,
1L2B, 1M10B and 3M7C, were selected showing 70+100% activity increase with
respect to 1M9B towards the substrate ABTS. Figure 1 shows the laccase specific
production (mU/OD) of these clones compared to that of the wild type.
Characterization of mutated and wild type laccases.

The recombinant POXAlb protein and the four selected mutants (1IM9B, 1L2B,
1M10B and 3M7C) were partially purified by ammonium sulphate selective
precipitation followed by gel filtration chromatography as described in Materials and
Methods. Similar amounts of total proteins were obtained in all the cases.

A non phenolic substrate, ABTS, and two phenolic substrates, SGZ and DMP, were
used to analyse the catalytic properties of mutants compared with those of the wild
type enzyme (Table II). All the mutants show Michaelis constant (Ky) values similar
to that of wild type towards ABTS, while their affinity towards DMP is higher than that
of wild type protein. Only 1L.2B mutant showed Ky value towards SGZ lower than that
of the wild type. The specific activities of the mutants towards ABTS increased
(1.7+2.5-fold) with respect to the wild type protein. 1L2B, 1IM10B and 3M7C mutants
also exhibit 1.5 to 1.8-fold specific activity increase towards DMP, while no significant
changes of their ability in SGZ oxidization were detected. On the other hand 1M9B
shows a specific activity value lower than that of wild type protein towards both
phenolic substrates.

All proteins, including the wild type, are fully active in the temperature range 40-65<C.
The effect of pH on the activity of recombinant laccases towards DMP was studied in
the pH range 3.0+6.2 (Fig. 2). All the laccases tested show maximum activity at pH
value of ~4.2, but all the mutants are slightly more responsive to the pH increase
above pH 4.4 value than the wild type protein.

Stability of the enzymes with respect to temperature at neutral pH was studied. All
the mutants, except for LM9B, showed higher half life at 60C with respect to the wild
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type recombinant protein (Table Ill). Stability of the laccases in different buffers and
pH values was also studied at room temperature (Table Ill). Mutant 1M9B is the less
stable one in all the analyzed conditions, while 1L.2B, 1M10B and 3M7C show t;;,
values similar or higher than that of the wild type protein.

Sequence analysis of the mutants led to the identification of nucleotide substitutions
producing the mutations reported in Dbrackets: 1M9B (L112F); 1L2B
(L112F/N248Y/N261K/V350l); 1IM10B (L112F/K37Q/K51N); 3M7C (L112F/P494T).

In silico structural analyses

Models of the 3D structure of POXAlb was constructed by homology modelling from
the crystal structure of the Trametes versicolor laccase * as a template, with which
shares about 60% of identity (alignment of the two proteins is shown in Figure S1).
The last sixteen residues [L498-A513] of POXAlb were modelled using the
coordinates of the corresponding residues at the C-terminus of the Melanocarpus
albomyces laccase,** the only laccase whose structure has been resolved showing a
protruding C-terminus, like POXALb. Inspection of the sequence alignments of the
laccase family revealed that the position 112, which is mutated in all the isolated
mutants, follows the consensus region 98-111 (WYHSH) where the histidine residues
coordinating type 3 copper ions are located. In position 112 there is a generally
conserved leucine in all laccases from basidiomycetes, while a phenylalanine seems
to be conserved in laccase sequences from ascomycetes. POXAlb 3D model shows
that residue 112 is located in the channel through which the solvent has access to
the oxygen-reducing T3 site (Fig. 3).

As far as 1L2B mutant is concerning, position 248 is quite variable in laccase
sequences: N, E, D, T, H or K residues can occur at this position but a Y residue is
never found. Differently, the two residues N261 and V350 are highly conserved and
no laccase showing a K residue in position 261 or an | residue in position 350 can be
found. From the 3D model we can observe that position 261 is located in a loop
potentially interacting with the substrate (Fig. 3).*

The two additional substitutions observed in 1IM10B mutant occur in positions 37 and
51 that are generally conserved in laccase sequences and occupied by amidic
residues.

The last mutant analysed, 3M7C, presents only one substitution (P494T) besides the
L112F. Position 494 is located in a variable and mobile loop at the C-terminus that, in
accordance with modelling data, forms a sort of “plug” blocking the channel through
which the solvent has access to type-3 copper sites (Fig. 3B).

Molecular Dynamics simulations

Two selected mutants generated by the first and second screenings, 1IM9B and
3M7C respectively, have been further characterized and compared to the wild type
POXAlb by means of MD simulations. The simulations performed on the three
systems have reached equilibration after 500 ps as can be seen from the RMSD
(Root Mean Square Deviation) of the Ca atoms as a function of time (Fig. 4A). The
molecules are stable under the simulated conditions and converge to similar energy
values as shown in Table IV.

The major differences between the systems are highlighted by the analysis of their
flexibility exhibited in solution. POXA1b is mostly rigid and does not show any major
concerted motion. In Figure 4 (panels B and C) is shown the plot which represents
the difference of the Root Mean Square Fluctuation (A-RMSF) of the Ca atoms
between POXAlb and the 1M9B and 3M7, respectively. 1M9B experiences a large
fluctuation in the region 300-380 while 3M7C shows a highest fluctuation in the
regions 265-270 and 330-350.
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The Principal Component Analysis (PCA) method is used to reduce the complexity of
the data obtained by MD simulations and to highlight the principal components
responsible of the observed motion. The total motion is decomposed in the principal
components to which an eigenvector and an eigenvalue are associated. We decided
to present only the analysis of the first two eigenvectors because they account more
than 45% of the total amount of the motion of the systems.

1M9B shows a rearrangement of the residues in proximity of the F112 giving rise to
an increased flexibility of the entire subdomain. On the other hand 3M7C presents
more rigidity in that subdomain, while showing a major rearrangement in proximity of
the substrate binding region (Fig. 5), leading to a more accessible T1 copper site.
Nevertheless the secondary structure remains generally preserved for both mutants
and the fold is not affected by the enhanced flexibility.

A significant effect generated by the mutations is observed in the permeability to
water of the T2/T3 channel. Residue F112 is located at the entrance of the channel
and its steric hindrance affects the passage of water molecules towards the trinuclear
copper cluster. A detailed analysis of the water molecules in close contact with the
channel residues has been performed, in terms of both their distances from these
residues and their residence times in the channel (Fig. 6). Moreover, snapshots from
the MD simulations (Fig. 6 D, E, F) show the location of the water molecules in the
channel T2/T3 for each system. In the case of 1M9B an average of five water
molecules are trapped near the cluster, while only three were found in the POXA1lb
channel (Fig. 6 A, B). The F112 residue of 1M9B acts as a gating residue for the
water molecules preventing their exit from the channel as shown in Figure 6E. A
different behaviour was observed in 3M7C because the mutation P494T affects the
position of F112. As a consequence, F112 is not obstructing the channel anymore,
and although an average of three water molecules remain locked in the channel, as
for POXAlb (Fig. 6 A, C), more water molecules can enter in the cavity remaining
coordinated for a shorter time then in 1M9B and POXA1b.

Discussion

In this paper we describe the in vitro evolution of laccases from Pleurotus ostreatus
leading to enzymes endowed with increased specific activity towards phenolic and
non-phenolic substrates as well as increased stability. We performed random
mutagenesis experiments on poxc and poxalb cDNAs, using Error Prone PCR (EP-
PCR), the most frequently used non recombinative method, and DNA shuffling, the
most traditional among recombinative methods.*® Applications of these methods
resulted in collections of shuffled and mutated sequences with low, medium and high
frequency. After transformation into Saccharomyces cerevisiae, a first library of 1100
clones was obtained and screened.

As far as DNA shuffling is concerning, only 40% of the clones were able to express
active laccases. Although the most significant changes in enzyme functions can be
created using the DNA shuffling technique, cDNAs coding for inactive proteins are
mainly produced during “gene reconstruction” confirming the idea that this
methodology leads to frequent damages of essential structural protein components.®
As a matter of fact, no “better performing” variants were obtained from DNA shuffling.
When EP-PCR was used, the number of mutants able to produce laccase activity
drastically dropped down, increasing the frequency of mutation (90, 30 and 10% for
low, medium and high frequency of mutation, respectively). This is consistent with the
generally accepted concept that the probability of discovering beneficial mutations
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decreases at high mutation rate, since the majority of random mutations are either
neutral or deleterious.*’

The POXA1b mutant named 1M9B selected from the screening of the first library, is
more active towards ABTS but less stable with respect to POXA1b in all the analyzed
conditions. To elucidate the role played by the single mutation L112F of 1M9B, MD
simulations were performed and compared to those of POXAlb. The analyses show
a movement of the subdomain around position 112 as a consequence of a
conformational rearrangement due to the presence of the bulkier residue of
phenylalanine. Moreover a larger number of water molecules in the T2/T3 channel
has been observed for 1IM9B (Fig. 6B). These data could suggest an increased
affinity of this mutant towards oxygen molecules, thus justifying its improved specific
activity.

This mutant has been used as a template for a second round of EP-PCR. From the
library of 1200 clones obtained, three mutants have been selected (1L2B, 1M10B
and 3M7C), partially purified, and characterised. These mutants, besides improved
activity towards phenolic and non-phenolic substrates, exhibit higher stability then
POXAL1b in all the conditions analysed. Therefore the additional substitutions found in
the second generation mutants, compensate for the destabilizing effect of the L112F
substitution either in a correlated or uncorrelated fashion.

The most stable and active mutant, 3M7C, presents, besides L112F, only one
substitution (P494T) that has to be responsible of its improved performances. The
position 494 is located in the C-terminal loop that has already been ascertained to
affect the function of fungal laccases. Hakulinen et al.>* proposed that a
conformational change in the C-terminus allows opening of the tunnel for the
entrance of oxygen molecule and the exit of water in the laccase from the
Ascomycete Melanocarpus albomyces. Moreover Gelo-Pujic et al.*® have changed
the redox potential of the type-1 Cu of laccase from Trametes versicolor, produced in
Pichia pastoris, replacing 11 amino acids at the C-terminus with a single Cys residue.
During the MD simulations of all the studied systems, POXAlb, 1M9B and 3M7C,
high flexibility of the C termini and involvement of these regions to direct water
molecules towards the T2/T3 channel has been observed.

Furthermore MD simulations of the 3M7C mutant protein reveal a lower flexibility of
the subdomain around position 112 with respect to that of 1M9B, this could be
related to the recovered stability of 3M7C. On the other hand, an increased mobility
of loops forming the reducing substrate binding site has been observed leading to
higher accessibility of water molecules to the T1 copper site and possibly leading to
an increased activity of the enzyme.

Laccases are proteins with highly conserved and functionally essential wide regions;
therefore not many positions can be mutated without loosing activity. The identified
serendipitous mutations, although not directly involved in catalysis, have been proved
to influence the efficiency and the stability of the enzyme. Our mutagenesis
experiment has led to more efficient enzymes and to an increase of our knowledge of
the structure-function relationships of this class of enzymes.
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Table 1I:

List of the primers used
experiments.

in amplification
Nucleotides in bold are complementary to the

laccase cDNA sequences. Nucleotides in italics are recognized by
restriction enzymes.

Primer Nucleotide sequences Ann. T
POXAlbfw  ATAAAAGCTTGAATTCATGGCGGTTGCATTCG 90<C
POXAlbrev TAAGGATCCAAGCTTTTATAATCATGCTTC 82C
POXCfw TTTAAGCTTGAATTCATGTTTCCAGGCGCACGG 96C
POXCrev AAAAGAATTCAAGCTTTTAAGAAGTAGGAATAAGAAG 94<C

Table II. Catalytic parameters of the wild type pro

tein and the selected mutants.

ABTS DMP SGZ
Kwm Specific Catalytic Kwm Specific Catalytic Kwm Specific Catalytic

Laccases (mM) activity efficiency (mM) activity efficiency (mM) activity efficiency

(Umgh)  (Umg'mmMm™ Umgh)  (Umg'mM™) (Umgh)  (Umg'mm™
Wild type 0,085+0.007 183+1 2153+15 0,54+0.02 187+1 346+7 0,048+0.006  23.2+0.8 483+2
1M9B 0,067+0.005 315+1 4701123 0,36+0.02 168+1 46719 0,0 38+0.007 9,3+0.5 245+1
1L2B 0,107+0.009 42012 3925171 0,31+0.01 295+2 952+19 0,025+0.004  24,3+0.5 97242
1M10B 0,100+0.009 421+2 421076 0,35+0.01 281+1 8038 0,040+0.006  24,3+0.6 60712
3M7C 0,077+0.009 45412 5896+106 0,24+0.01 33712 1404128 0,055+0.011  26,9+0.9 48915

Table 11l Half-life of the wild type protein and the

selected mutants at different pH values and at

60C.

t12
Laccases ty, (days
% (days) (hours)
pH3 pH5 pH7  pH10 60<C, pH7

Widtype | 09 28 7.6 29.6 2.2

1M9B 0.6 1.9 3.6 24.0 1.7

1L.2B 1.1 4.0 6.3 344 2.8

1M10B 1.1 3.9 8.6 44.6 2.5

3M7C 15 5.7 13.5 31.9 3.1
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TABLE IV: Energy decomposition analysis of MD simul ations
The first and the last 500 ps of simulations were used for the energy decomposition analysis.

POXAlb
Energy (kJ mol ™) E initial Energy (kJ mol ™) E final
Protein-Protein (EI) -38626 Protein-Protein (El) -38819
Protein-Protein (LJ) -18286 Protein-Protein (LJ) -18822
Protein-Protein (total) -56912 Protein-Protein (total) -57641
Protein-Solvent (total) -32272 Protein-Solvent (total) -32101
1M9B
Energy (kJ mol ™) E initial Energy (kJ mol ™) E final
Protein-Protein (El) -38502 Protein-Protein (El) -38790
Protein-Protein (LJ) -18235 Protein-Protein (LJ) -18735
Protein-Protein (total) -56737 Protein-Protein (total)  -57525
Protein-Solvent (total) -32325 Protein-Solvent (total) -32544
3M7C
Energy (kJ mol ™) E initial Energy (kJ mol ™) E final
Protein-Protein (EI) -38805 Protein-Protein (El) -38873
Protein-Protein (LJ) -18414  Protein-Protein (LJ) -18681
Protein-Protein (total) -57219 Protein-Protein (total)  -57554
Protein-Solvent (total) -31650 Protein-Solvent (total)  -32730
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Figure 3 (A) and (B) show ribbon representation of POXAlb model. The mutated residues
are in licorice rendering (L112 blue; N248, N261, V350 orange; K37, K51 gray;
P494 red). Trinuclear coppers and T1 copper are highlighted in van der Waals
representation (purple and yellow respectively).

A)
5 500 R0 RGN0, Figure 4. Panel A: RMSD of the Ca atoms from their
Time e=) initial coordinates as a function of time, for the three
B) s, simulated systems. Black line, POXALlb; light gray,
25 1M9B; gray, 3M7C.
229 Panels B and C: ARMSF of 1M9B (B) and 3M7C (C)
£ of the Ca atoms with respect to their average position
;'°' along their entire simulation compared to the Ca
N T JH. jl,ui kil J l atoms from the simulation of POXA1b.
C)

0 50 100 150 200 250 300 350 400 450 500
Residue

Figure 5. ‘Sausage’ plots representing the motions observed during simulation trajectories
along the first eigenvector. (A) POXALlb; (B) 1M9B; (C) 3M7C.
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Figure 6. Analysis
of the water
molecules that are
in close contact
(0.4 nm) with the
channel residues
of (A) POXAlb,
(B) 1M9B and (C)
3M7C during the
entire  simulated
time. Ribbon
representation of
models, POXA1lb
(D), 1M9B (E) and
3M7C (F). Cu ions
(T2/T3 cluster in
green and T1 in
magenta) and the
water molecules
in close contact
with the channel
of T2/T3 cluster
are shown in van

der Waals
rendering. In
panel D residue
L112 is
highlighted, in

panel E residue
F112, and in
panel F  both
residues F112
and T494 are
shown.
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Structural characterization of heterodimeric laccas es
from Pleurotus ostreatus

The aim of this section was to generate the models of the two isoforms of POXA3
generated by a different sliced and to analyses the sequence diversity of POXA3 with
respect to other laccases.
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Abstract The subfarmly of POXAT laccase iseensvmes
produced by the fungus Plewromy osreamy has besn
characterized as an exampls of the complexity and hetero-
geneity of fungl Boenzvme patterns, Two  Soermeymes,
POX AJa and POX AJh, were previously purified, exhibiting
an unususl heterodimeric stucture composad of a large
{67 kDa) and a small (18 or 16 kDa) subunit, A unigue gene
encirdes the larpe subunit of both POXAJa and POXAGH,
but alternative splicing produces two vatams—differing for
an ingertion of four aming acids—for each isoensyme. Two
genes encoding POX AJa and POXA L small subunits have
heen identified, and the corresponding armine acid sequences
show only two amino soid substitutions. The T8- and [6-kDa
subunits of both POXAZa snd POXAZh differ for N-
elveosylation ot Asni 50 of the [6-kDa subunit, The POXAZ
large subunit 30 model allows us to highlight peculiarities of
this molecule with respect to the laccases whose 3D
structures are Known,

Kevwaords Phenol oxidase - White rot fungi -
Cluaternary strociure
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(7. Sannia
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via I Castelling 111,

Waples 80131, Taly

Introduction

Laccasss are multicopper oxidative enzvmes, useful for
biotrans Brrmation of envirenmental organic pollutants and
exploited industrinlly in varnous oxidative processes, Mul-
tiple isoforms of liccases are usually secmeted by each
fungs depending on species and environmental conditions.
Up to 17 laccass-encoding genes have been Bund m the
genome  of Coprinopsis einerea (Kilaru et al. 2006).
Laccases are the major extracellular components of the
lignin-degrading svstem of the white rot fungi belonging to
the Plewrotuy penus (Baldrian et al, 2005) The isoenzymes
produced by Plewrotus ostreatus have besn extensively
studied. POXC laccase i the most abundantly produced
under all the prowth conditions examined (Palmieri et al,
1993} other moenzvmes secreted by the myeshium have
also been purified and cheracterized (POXAIw and
POXA L) (Palmieri et al, 1997; Ginrdina et al, 1999).
Twor closely related Inccase soenzymes (POXAJ and
POXNA3D) prodduced by Poostreans in copper supplemented
cultures were purified (Pabmieri ¢t al 2003), Thev exhibit
urmsual structural fatures. Unlike most of the known laccases
thal am momomens proteins, both naive Bosnoymes o
heterodimers constituted of a large (67 kDa) and a small (18-
or W6-kDa) subunit (Palmien et al. 2003) Some laccases
endowead with quatemary structurg have alrendy been found
in Phellinus ribis (Min et al. 2000), Trameies villosa (Yaver
el al, 1996), Plegrotus pulmonarivg (De Souzn and Peralta
20083, and Rhizoctonia sedani {Wahleithner et al. 1996), but
all of them are homodimeric proteins, A few hetemoligo-
meric laccases were Bund in the ingt Wonocdliem indfcum
{Thakker et al, 1992), Agaricus bisporus (Perry et al. 1993)
and Armillaria mellea (Curir et al. 1997), but only limited
characterization of these proteing was reportad.
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Deespite their remarkably different chromatogmaphic behav-
or, POXN A and POXNAZh soeneymes show similar catabytic
properties {Pabmien et al, 2002 % Ther large subumits share the
same MALDI-MS peptide maps, comesponding o the amino
acid sequence encoded by the umigue pawe§ gene. This protem
sequence 5 clarly homologos to other knoen laccase
sequences, and contuns all the four putative copper-binding
residues and the four Cvs residues forming disulfide bridges m
most of other laccases (Colken 19971, Each small subunit,
either from POXAla or POXA3D, i= produced as tao
ofomms of E- or 16-kDa molecular mass. Peptide-mapping
anabysi of the small sutimits shows ¢lose relationships among
them. The amino acid sequence of some tryptic peptides from
the [5-kDa subumit of POXAZa did not show agmificant
homalogy with other knoam proteins (Palmien e al. 2003 ),
leaving the nature and the wle of these subunis sl ohseure.

The singular propertics of POXA3a and POXNAZH
isoengymes led us o deeply mvestigak their structural
features, also taking into accoumt their hiotechnological
potential. Among F astreaner [accases, POXAZ isoeneymes
are able to efficiently decolonze the anthraquinonic dye
Remam| Briliant Blue R, showing a catalyhic efficiency
sufold higher than that of POXC (Palmen et al, 2005),

In this paper, the stnxtuml chamctenstics of varios
POXAZ forms are analyzed. The beterogeneity observed
fior this laccase can be an example of the complexity of
fumgal 1soereyme patterns,

Muterials and methods

Cirganism and autwre conditions Dikaryotic stran of e
white rot fungus, F osxtreatey (Jacg: Fr) Kummer (type:
Flonda) (ATOC no. MYA-2306) was mamtaned through
penodic ransfer at 4°C on potato dextrose agar plates in he
presence of 0.5% yeast extmet (Difon, Detroit, ML USA)L
Mycelia were grown in shaking flasks comtaining potato
dextrose (24 g/l) broth with 0.5% veast exiract. Frily
milliliters of a S5-day-old culhoe were tansfered in 1-
| flasks comaining 430 ml of broth supplemented with
150 pM of CoS0y. Emryme punfication was perfommed
from 10 days of culture broth.

Enzyme purification Secreted  proteins were  precipitated
from the filtered medmm by addibon of (NHypS04 up to
B{®% saturation and, after extensive diahpsis, loaded onto a
DEAE Sephamse Fast Flow (GE Healthcare, Milan, Raly)
columm, Two fractions comtaining laccase activity, recov-
ered with the equilibmating buffer, were sepamtely pooled,
concentrated on an Amicon PM-10 membmne (Millipore,
Billerica, Ma, USA), and equilibmted in Tns—HCI, 50 mM,
pH B0, Each pool was loaded onto an anion exchange
Mono () HR5/S (GE Healthcare) column in a fast proten

'{'_.-! Springer

liguid chmomatogmphy system (GE Heal theare ) equilibrated
with the same burfer. The enzyme was chited with a linear
gmdient (0-0.2 M NaCl), Ammon o solfate at | M of the
final concantration was added to the active fmetions pooled
and desalted, These fractions were loaded onto a Phenyl
Superose PC LLAS (GE Healthcare) at 0003 ml/min, Elotion
was performed by saline lmear gradient (1-0 M ammonnm
sultate],

Protein deglycosylation was parformed by incubating
laccase samples with 1 ml of endoglycosidase H (Boeh-
ringer Ingelheim GmbH, Ingelheim, Germany) in 20 mbd
sodium acetate, pH 3.2, 001% sodium dodecyl sulfate
{503), md 5 mM dithiothreito| overnight at 37°C.

lsolation and sequencing of POXAT small subunit genes
and cDNAs Amplification experiments of P osfreatus
penomic DMNA weme performed at 44°C annealng tempera-
ture, usmg the following ohgonuckotde couples: 5-CAR
ATYCAYGTBAAYATYCC-3' and 5-CATCATHN
GTNGTRTANGT-3' (Y = TIC, R = G/IAN = GAO/A, B =
GTA, I = GAST, n= GAACTIC), A 400Cbp framment was
obtained, cloned in pGEM T Easy vector, and sequenced,
This fragment, 2p labeled by mndom priming, was used as
probe to screen a F asfrents genomic lbman. Colomy
hybndization experiments were camied out in 5= 580
{0.75 M NaCl, 0,075 M sodum atrate) at 6590,

Total RNA was extmeted from lyophilized mveeha,
harvested from 2 days of culture as already desaribed (Lucas
et a. [977). Revere tmnscnption reaction was performed
using Supemenpt 11 {Gibeo BRL, Carlshad, CA, USA) and
following the manufacturer’s imstructions. Amplification
experiments of specific ¢cDMA were performed at 55°C
amnealing tenpemture using the following oligome leotide
couple: #-GOAGUTAAATACGUTACAAGC-3" and 5%
AATTOGOGGECCGCTTTITITITTITITT-2. The amphi-
fied fmpment was cloned in the pGEM T Easy wvector
{Promega, Madison, W1, USA) and sequenced.

In situ digestion Mass spectmmetric analyses were per-
formed on the Coomassie bluestined protens excised
after prepamtive 505 electrophoresis on a 12% polyacryl-
amide gel {Laemmb 1970}, Excwed bands were washed
with acetonitrile and then with 0.1 M of ammonium
bicarbonate. Protein samples were reduced by imcubation
m 10 mM dithiothreitol for 45 min at 56%C and carbox-
amidomethylated by usineg 55 mM iodoacsamide i 0.1 M
of NHHCO, for 30 min, in the dark, under mitrogen
atmosphere at room tempemtre, The gel particles were
then washed with ammomum bicarbonate and acetonirile
(1T, Baker, Phillipsturg, M1, USA), Eneymatic digestions
were caried out with 15 me/ml trypsin { Sigma-Aldrich, 5t
Louis, MO, USA) m 50 mM of ammoniun bicarbonate,
pH 85 at #C for 4 h The buffer solution was then
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removed and a neow aliquot of enzymehufter solution was
added for 18 h a 37°C. A mimimum maction volome,
sufficient for complete rehydmtion of the gel wis used.
Peptides were then extmeted washing the gel particles with
20 mM of ammaoniom bicarbonate and (0. 1% mfluomacetic
acid {Cado Erba, Milan, Italy) m 50% acetonitnle at mom
termpematre and then fyvophilized. Aliguots of the digests
were directly analyzed by MALDI-MS or separated on a
namow bore Wdae Oz cohmmn (2520.21 em, & pm) {The
Separation Group, Hesperia, CA, USA) unsing 0.1%
trifhworoacetic acd {Sigma-Aldrich) as solvent A and
0,07 mfleormacetic acd m 95%, acetomimle as solvent
B. A linear gradient of solvent B from 5 to 65% in 60 min
at flow mte of 0.2 mlmin was employed. The UV
absorbance of the eluent was monitored at 220 nm.

Mass spectrametry  anatwis MALDI mass spectm were
recorded using a Voyager DE Pm MALDETOF mass
specrometar (Applied Biosystams, Foster City, CA, USA)L
A mixture of analyte solution and c-cyano-4-hydroooy-
cinnamic acid a5 matrix was applied o the sample plate and
air-dried. Mass caltbration was obtamed wsmg the guasime-
lecular ions {MH") from an external calibmtion mischure
provided by the mamifacturer, Raw data were analyzed by
using the computer software provided by the manufacturer
and are meported 15 MonOiE0OPIC MESsE,

Alignment and modeling Amino aod sequonce alignment
was generied by using the T-coffee program (Motredame et al.
2000) using as option the Lalign algorithm (Huang and Miller
L) from the FASTA package (Pearson and Lipman [988),
The template was selected on the hase of high alignment
score and resohation of the X-ray stncture. Followng these
cnteria, the template chosen was Trametes wersizolor lacease
(1GYC: pdb codel. 30y models weme pemerated wsing the
SWISS-MODEL web server by meanz of the project mode
option that allows ws to submit o mamally optimized
maodeling request. In this way it is possthle to control a wide
range of pammeter, eg, selection of template md gap
plcement in the alignment (Schwede et al. 2003,

Nucleatide sequence acceszion numbers The EMBL acces-
sion numbers of the sequences of the £ agreatiy genes
encoding the small submits of POXAZa and POXAYh
laccases reported in this paper are AM40UI IR and
AMARILY, respectivety,

Resolts
(reme donring The amino acid sequence of some peptides

from the tryptic digest of POXNA3a small subunit had been
previously determimed {Palmien etal. 2003), On the bass of

these sequence data, degenemte oligomickeotide primers
were designed and used in amplification experiments on £
astreatus gevomic DNA. A P osfremtis genomic bbrary
(Ciardina et al. 1995) was soreened using the amplified
frgment Two different genes {1 and 2) eneoding the small
subumnits were identified, whose sequences only differed for
s bases, The cormsponding )M As were amplitied, wsing
specific oligonucleatides. One of the solated gene clones
enclosed a S-untranzlated region (LUTR) extendmg about
200 mucleotides upstream the ATG (EMBL accession no.
AMAEIIY, In this region, some stretehes closely matching
consensus sequences of regulatory elements have been
recogmized: one putative MRE (115-121), two moative
XREs {6d—6% and 74-79), and one mutative HSE {89 102).

The mooded amino acid sequences ane meported in Fig. 1
and msulied o be difforent for two resdues at positions 68
and 86, The deduced protein sequences did oot share
significant homology with amy protein sequence in datn hanks.

As far a5 POXA3 large subumit is concemed, same
clIN A fragments with sequences dif fering from that already
published (Palmieri et al. 2003) wene found by anabyzing
several clones, An insertion of 12 bp (S-CTTGTTCAC
TAG-3Y at the X' termimus of intron X1 was detected, thus
mdicating that alternative splicing could ocour at the
junction between exons X1 and XII, with canonical
aplicing sequences conserved in both cases, The encoded
amino acid sequence linear function fest meplacement
{LFTR) is inserted betareen P267 and L268 of the matmre
large subunit sequence. MALDEMS typtic peptide maps
of the large subunits showed the presence of both forms,
with and without the four amine acid insertion, in both
POX A A ard POXAID purified isoenzymes. As o matter of
fact, besides the peak at 19907 miz comesponding to
peptides 206285 of the POXAI sequence, o penk at
[821.1 miz was mrecorded in both MALDI spectm. The

MEFRPELLVEVAALLVEVVASELHEPRQSEN 20

THPATYQAT EVLSROIHVNIPELNTLOASE &0

GATDLTVENELMNELTDAFTLARATTITNTAY S0
) A
SSGDTTHFPTHDDISI TYAVALOLVASTAR 120

¥
GLEOVNELTTYTTMMSDLDPATAATHVALN 150
ETLENS INLVEVMMLDAQOFLTOQASLTOSR 180
ASLGFA
Fig. 1 Amino scid sequence of PONASa and POMASH amall
sl Amine acid substtton m POXASh ool subumt sre
imelicated . The putsdive dimal pepiide 4 underfined, and the six sntno

s redues cleaved 3 the N fermini are dbubly underdined. Tha N
lyoosylaion ate & mdicated by an areme

ﬂﬁpcr.ingn
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additional peak was assigned to peptides 272-289 of the
POXA3 LFTR sequence {according to Fig. 4 sequence
numberng), doe to the ocoumrence of the additional tryptic
site of this vanant.

Small suburit characterization Un the hasis of the protein
sequences deduced from the comesponding cDMAs (Fig. 1),
MALIM-MS tryphc peptide maps of POXA3a and
POX AL small subunits (18- and 16-kDa) were amabyred,
allowing the amimo acid sequences differing for two
residues to be azsigned (Tablke 1), In fact, mass signals at
miz 23466 and 25468 comesponding to the sequenced
peptides 45658 are only present m POXA3a 15 and 16
kDa subumits, respectively, indicating that gene | encodes
the proten contaiming B ot position 68, comesponding to
the POXAZa small subumits.

It has been previously reported that none of the POXA3
small subumits could be dimectly sequenced because they
have all blocked N termini. Furthermons, when the peptide
at miz 19325 was anabyzed by Edman degradation, no
segquence was obtained, thus suggesting that thi fragment
has a blocked N terminus { Palmien et al. 2003,

The mass signals at abomt m'z 1932 present in all the
tryptic maps { Table 1) occumred 17 Do lower than the mass
value epected tor pephides 27—, suggesting that (027 had
been comverted mito a pyrmlidone catboxyl residue. A
putative signal peptide, cormesponding to fragments 120,
was recogmized submitting the cDMNA deduced amino acid
sequences to SignallP software (httpeiamanachs.d.dkd
services'), Therefore, further six amino acid residues at
the M termmimus of each small subumit {(from $21 to B26)
should have bemn cleaved and 027 cychization should have
ogourred, giving nse to the blocked N termimi,

A zingle putative N-glycosylation site was inferred at
M150 in both small subunit sequences, The signal at myz
42610 found in the POXAZa 15-kDa small subunit

(Table 1) was assigned to peptides 124-151 on the hxis
of sequence data. Therefore, NSO has to be: modified
this peptide by high-mannose-type glycans with two
mannose residues linked to the pentasacchande core, On
the other hand, the signals at 3046 ae'z observed m the mass
spectm of POXAZa and POXAZD 16-kDa small subunits
{Tahle 1) were assigned to the immodified peptides 124
151, Therefore, the mass differences between the 16 and
1 &k subunits of both POXNA3a and POXAZD are due to
the presence of a glyeosidic motety attached to NISD in the
I 8-kl submts {Fig. ). These results were confimmed by
meuhation of POXAla and POXA3D isoensymes with
endoglycosidase H followed by sodimm dodecy] sulfate
polvaerylamide gel ekctmophoresis (SDS-PAGE) anabsis
1Fig. 2). After deglycosylation treatment, the 1 8-kDa small
subumt signals deappeared and only hands with mobility
comesEponding to the [6-kDa subunits were ohserved.

Taking into account the identified posttrimslational
madifications, the expected molecular mass values of the
small subunits are in agresment with those experimentally
determined {Palmicn et al. 2003),

[soenzyme heterogenany When POXAZa or POXAID were
analyzed on Phenyl Supemse chromatography, two active
peaks from each somzyme have been eluted with the salt
gmdient, comesponding to the complexes formed by the
large subunit and either the 15 or 16-kda small subunit,
respectively (Fig 3). Therefore, four heterodimeric POXNAZ
isnenzymes have been sepamted (FOXA3al6, POXA3alE,
POXAI16, and BOXAIDIE), as demonstrated by SD5-
PAGE analysis. Peptides onginated from hoth splicing
vanams descibed above weare found in the MALDE MS
maps of all the four 1soforms. When kinetic parameters or
stbilities at different temperatires or pH values of the four
complexes were analyzed, no significant differences could
he observed. Moreover, two further peaks eluted at the end

Talkle 1 MALDI-MS analvses of tryplc peptides from POX A2 and PONASH anell subunits

Pepticdes MH" PO AGs 16 WDa PON AT 18 MDa Pepiide MH" PR ASH 18 kDa POXASH 18 kDa
(smquenca 1} theoretical mh MH" exper suh MH" eiper (secuence 2} fheoretical subh MH" exper suh. MH" exper.
2128 Toa4 21-24 TeA

27-44 12490 19322 19310 27-44 198890 19325 1932.0

45-68 25473 25468 25406 45-13 LU RN

69-123 56158

124-151 JdaS 354 124-151 LS a7 0

Neglye 124-151 4261

152-1a1 11267 11245 11245 152141 11267 1128 1250

162-1580 21381 21380 213349 162-180 21381 21383 21383

181-18a 5853

151186 5a53

suh Bubumt exper ekperments]

&1 Springer
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MW 1 2 3 4 &

e - |e—c7ikDa
*— 1§ kia
— +— 16 kDa

Fig 1 SDE-PAGE of POXA3a and POXASh before and after
trestment with endoglyoosidass 1 (Endo M. Lane T POXASS, fane 2
PO AGE alter FndoH irestment, fone 3 Endot, fane & POXASH, lone
5 POXASh & fler BndoH trestment

ot the gradient of the POXAYb Pheny| Supersse chroma-
tography, comesponded to the free 18- and |6-kDa small
subunits a5 demonstrated by mass mapping analysis,
accounting for abot 108G (molmal) of the complexes
On the other band, large subunts have mever been found
isolated, and are only present m an associated form.

POXAT large subunit model The structure of POXAZ large
subunit was modeled onto the T versicolor laccase
strcture 1GYC, POXA3 large subunit exhibits 51%
identity with the template, while POXAS small subumnis
do not show adequate identity with amy protein in the
Protein Dam Bank database to enable ws to build a 3D
model.

The mubiple ahgnment of POXAZ |arge subunit se-
gquence with the other laccases whose structures had been
resalved (Fig. 4) highlights some differences among them
According with the 3D model, the majority of the amimo
ncid substitutions with respect to these other laccases are

Fig 3 n Clromsogrephy pro- a

file of POXASH boaded on Phe- it

randomly distibuted on the protein surface. Some mterest-
ing insertions or deletions are located m the loops
delineatng the phenolic substrate cavity (Fig 51 One of
these insertions (HIST-0161) is located in LES411 70 loop
imvolved i substrate interaction. A sumilar msertion was
only fomd in Rigidoparus laccase but is stuchine was not
resolved, probably because of the high flexibility of this
long loop, Therefore, positions of these amino acids and
thar effect on the overll sbochre cannot be accurately
deduced on the basis of the data nowadays available.

Another loop (P267-LZT9) on the same side of the
cavity shows an insertion comesponding to the stretch
G275-N27E. A gimilar insertion was only found m
Caprinopris laccase bowever, in this case it is positioned
far from the substrate cavity, On the other hand, the LFTR
insertion fmmd m the POXAZ varant is located m this loop
next @ P267. Because the residues of this loop delineating
the cavity are T260-P273 the LFTR msertion should affect
the posifion of the following residues belonging to the
cavity,

Om the opposite side of the cavity the G395-A398 loop
15 shorier than that fomd in most of the other laccases
becanse of a deletion between G293 and A6, A similar
structure was only found i the Rigidaparus laccase where
thiz deletion scems to make T1 copper more accessible to
the solvent.

Thme residues: belonging to the substrate cavity are
remarkably different with respect to the other laccases. The
5167 mwidue, located on the boundary of the cavity,
substitutes 2 hydrophobic rezidue, which should be directly
mvolved i protein-ligand interaction. In position 211 of
the POXAZ sequence the residoe D, conserved in most of
the other laccases, is meplaced with B In the crystallo-
gmphic structure of T varsioolar laccase (pdb code 1EKYA)
complexed with the arylamine (Berfrand et al. 2002), this
aspartate is hydrogen-bonded via the terminal oxygen of i

b

nyl Sopedesie. Peaks marked
with { and fare 18- and 16-kDs
atimal] aubiimts, respectvely.
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Fig. 4 Multple sequence alyn-
med af lsccases whese 3D
atrnctines had héen redolvad and
the two PONAS large subund
forns (POXAS and POXAS_
LFTR) TwiKVA T7 verscolor
laocsie (b omde 1EYAL
Tvilf VO T versicolor lacssse
{padb cocde 1GY )Y, Col 4465 O
cinerea bocsis (pedb oode
1AGSY, BRI VIO Rigidapons
firnosus laccsse (pdb code

1V 10 The kaps mvalvad n
sulsirate hmding | Larremdo e
al. 2005 ) &re 1 gdake and an
brackets. The thres resddues aff
the sutsirste cavity o fferent
from the ather laccades are in

bold
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side chain to the amino group of 2 5-xylidine. This residue
is alzo substituted in the Rigidoporus lacoase, but in this
case by the hydmphobic residue F. Moreover, the apolar
residue F in postion 213 of the POXA3 mplaces the
conserved polar residue N found in maost of the other
laccme sequences.

IFisenssion

P ostreatss produces a wide vanety of laccase isoeneymes
{Giardina e al. 199% Palmieri o al. 1993, 1997, 2003),
Thiz heterogeneity is certainly doe to the multipheity of the
comesponding encoding genes, but the isoenzymatic pattem
15 made mome comples by the different postransiational
modifications (protealytic processing, glycosylation, ete)
that each isoenzvme can umderpo. Moreover, altematmve
aplicing can ocour, further mcreasing the isoform mumber.
The subfamily of POXAZ isoenzyme s emblematic of this
complexity, consisting of beterodimers showing further
heterogeneity on both subumits. In this paper, a deep
analyziz of all POXAZ forma i meported 52 an example of
complexity of fimgal isoenzyme pattern.

A unigue gene codes for both POXNA3a and POXASH
large subuntts, Among fhe large subunit transcrpts, the
presence of two splice variants has been observed. In hoth
cases, the splicing ocours at consensus sphice junction
sequences. A variant, |2 nucleotides longer than the
previonsly published mucleotide sequence, encodes a
protein with an insertion of four amino acids between
P2ET and L2588, Mowadays, seveml authors have reported
altemative sphicing m fungt { Larmondo ot al. 2004; Lodato
et al. 2003 Stuardo et al. 2005), but, at the best of our
knowledge, no information ® availsble on the encoded
protein vanants, We have demonstmted that both splicing
vafants are tmnslated and the two comesponding proteins
were found i the punfied POXA3a and POXAZb
complexes. Further imvestigations are needed to evaluate
the effect of this insertion on the enzymatic activity,

Only two genes differing for six mucleotides encoding
POX A small subunits have been identified. Becase of the

dikaryotic state of the analyzed fimgal stmin, these genes
could be allehe forms of the same gene. Analysis of the 5-
LUTR of pava 3h small subumt gene showed the presence of
putative MRE md XRE, as found in the comesponding
region of the lamge subunit gene, thus suggestmp the
hypothesis of transcrptional coregulation of the tao genes,
The structural charactenstics of POXAZ small subunits and
the differences among them were analywed by comparison
of the sequences deduced from the encoding genes and the
tryptic maps of the proteins. These analyses allowed us to
ascertaimn that (1) POXAZa and POXA3L small subunits
differ for two amino acid substitutions, (2} differences
between 18- and 16-kDa submits of both POXA3a and
POXAL are only due to posttranslational modification of
the 16 kDa subunit by A-glyeosylation at Asn 150, (3) all
the small subunis undargo a protealytic cleavage at their N
termini followed by (Gn27 cyclization. Therefore, the
umgue difference between POXA3a and POXAJD ermymes
seems to be related to the ocaumrence of two amino acid
substitutions i their small subumits, The differemt chro-
matographic behavior of the tao socnzymes on anionic
exchange chromatography (Falmien et al. 2003) can be
caused hy the substiution of the pesitively charged amino
acid B m POXAZa small subumit with a neutral one
POXAZL, Moreover, ench soemeyme can be further split
into twn forms differing for the presence of the ghycosydic
maoiety m the small subunits, All of these isoeroymes
contain both variants of the large subunit orginating from
the altemative splicing.

POXAY large subumit & clearly homologows to fungal
laccases and shows all known conrensur sequences mvolved
copper hinding (Palmmen et al, 2003), The reason wiy only
this protein, among severl other bioese isomaymes prodoced
m the same culture, is found associated with another
polypepide cham & o clucidate, The sequence of the small
subumit does not show swmficant homology with any
sequence in data bmmks, therefore, no indication on the
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function of this subumit can be infered flom s promary
stcture. A 30D model of the lage subunit has been built ©
investigate om the peculiar charactenistics of this enzyme. On
the other hand, no model of the POXA3S small subumit can be
built because of the absence of kmown homologous proteins.
Analysis of the POXA3 large subunit protem surface does not
indicate atypical areas that could be pomted out as putative
small sutumit binding regions. Major differences shoam by
POXAZ large subumt 30 model with respect to the other
laccase struchmres are locaied on one side of the substrate
cavity. Omne of these substintions concerns the residue R211,
replacing the D mesidue conserved W most of the other
laccases and shown to be involved in imteraction with substrate
{Berirand et al. 2002 Madzak et al. 2006). The differences
observed in the POXAZ lamge subunit structure, compared
with other laccases, could be responsible of the complex
formation and therefore of the smgleness of these proteins.

Acknowledgment  This work was supporied by the Boropesn
Commmmgsdon, Sixth Framework Program (SOPHIED contrsct NMP2-
CT2004-505899%, by grant from the Mmntero dell Univeraitd & della
Ricerca Sctentifica (Progeni di Rilevante Interese Masonals, FRIMY,
INTAS (Infenatimal Asociation for the promotion of cooperation
with scientiits from the Mew Independent States of the former Soviel
Umian, refl no. (3-51-5889), and from Centro Regiemale di Com-
peterms BioTekMet. The anthors thank Prof. Plero Poos and De
Franca Fratemali for helpfol discossiona.

References

Baklrian P, Valaskova W, Merthantova 'V, Gabriel 1 (2005) Degradation
of lignocelluleie by Mewroius osreass in the presence of
COfieT, mananeie, lesd amd wme. Res Microlial 15667087

Bertramd T, Jolivalt C, Brozso P, Caminsde E, Joly N, Madwak C,
Mougin C (2002) Crysal stroctore of & forr-copper laccise
complexed with an arylamdne: maights indo mbstrate recogmition
and correlatiom with kinetica. Biochenistry 41:7325-7333

Cullen D (197} Recent sdvances o the moleculsar genetica of
ligminalytic fungi. ) Biotechmal 53:273-289

Cunr B, Thurston CF, Dac[u:ih F, Peam , Marcheim A (19975
Charsclerization of a boode secreted by Armilloria mellea
pathagenic for Cemaa Plant Phydal Biochem 35147153

Die Sonza O0M, Peradts RM 2003} Posd ficstion and chasseten zation of
the mmin lsccase prodoced by the whitesol fongm Plewroius
pubmonariis on wheat bran salid stste medinm. J Basic Migobial
43278286

Charding P, Camio B, Martiran L Marello L, Pabnierd G, Sanna G
(1995} Cleming and sequencing of & laccase pene from the lignin-
degrading hasidiomyoste Plwones astrearus. Appl Eavinon
hlicrabiol 6124082413

Chiamchna P, Palngen G, Scalomd A, Femtanells B, Faraco V), Camanms
G, Sanma G (1999 Protem and gene sirocture of a bloe lacsse
from Meuratus ostreasis. Biochem 1 341655663

Huamg X, Miller W (191} A dtime-efficent, Imesrapoe local
s banity alponilon. Adv Appl Math 12:337-357

Kilsru 5, Hoegger PI, Kies 1 (2006) The ocse mult-pene family o
Caprinopsis cinerva has seventeen different members that divide
mibo two distine suhfanmbes Cor Genet 504560

ﬂ Springer

Lasmmmli UK {1970 Cleavage of stuctural protems doring the
amtembly of the heasd of bacteriophage I MNature 227680685

Larronda LF, Salas L, Mek F, Vicma B, Cullen D {2003 A novel
extracelluby mulicopper oxdise from Phanerochaele chiyso
sporim with ferrocidese sctvity. Appl Bowiron Micrahial
62576263

Larranda LF, Gonzllez B, Collen D, Vicoda B (2004) Charscten za-
tem of & muldomper axidise pene clister in Phanermchaere
chrysosparsum smd evidence of aliered sphcing of the meo
tramdcripti. Microhalogy 15027752783

Ladsta P, Alcama ), Barshona &, Retaales P Cifuentes W (2003
Alemative Splicing of Trameripts from ord and oriV# genes of
Xanwhophyllomyces dendrorhous. Appl Bawiron Microbiol
9457 64682

Lucas MO, Jascohson W, Chles MH {1977} Charscienxation amd m
vitre trandlation of polyadenylated mesenper rhamucleic scid
fremn Newraspara crassa. | Bacterial 130:1192-1198

Madeak C, Mimmn MO, Cammade E Braol A, HBammberger &
Briceen P, Mougin C, Johivalt O (20063 Shifing the optimsal pH
all sctivity for & laccase from e fongw Dametes versicalor by
sructire-hased mntsgensis. Proten Eng Des Sel 19:77-84

MMm EL, Km YH Eim YW Jumg HE Hah YO (2000 Charscter-
tration of & novel bosie producad by the wood-ratting fingns
Fhellinus ribis. Asch Biochem Hiaophys 392:279-285

Naotradamse O, Higgma D0, Herings 1 (2000) Tooffes: a novel methad
fir fasl amd sccurste multple sequence abgmment J Mal Hial
302205217

Palmmer O, Ciardina P, Marsollo L, Dedideno B, Mg O, Camio B,
Bamma (7 (1993) Swhility and sctivity of & phenol axidase from
the ligmnalyte fungs Mecoas oseeaus. Appl  Micrabiol
Bigtechnol 394732636

Palmmen O, (Harhos P Bianco O, Scalam A, Capidao A, Sams G
(1997 A novel white boosse from Pl asrearus. | Bial
Cham 2723130131307

Palmmier 0, Cermama 0, Farseo ¥, Amoredano A, Samits 0, Ciandina
P {2003} Atypical bccsse moenzymes from copper supplemened
Flewroas osevaius culiwres. Enzyme Microb Technol 33220
250

Palmmen O, Cennsmao (3, Sanma G {2005} Remsral Balliant Blue B
decolourizsaton by the fumgus Mewmomus ostreaius and 8
oxidative enrymatic syslem. Enzyme Micob Technol 35:17-24

Pearson WR, Lipman [0 (1928} lnproved dook for bialogcal
sequence oomparison. Proc Matl Acad Sci [SA 852444 2448

Perry CR, Matcham 5E, Wood DA, Thurston CF {1993) The stroctune
of lsccase protem and it synthess by the cmmencial mushroom
Aparicus bisporus. ) Gen Microhal 139:171-178

Schweds T, Kopp I, Guex M, Pedtsch MO (2003 SWISS-MODEL: an
andomsed rofein hamolgy-modeling server Nucles Ackls Res
355K 1-35K5

Stpsrdo M, Laronda LF, Visquer M, Vicuna R, Ciemzhlex B {205
Inconmplete pmossng of peroxddise iramcipis in the Hgnin
degrachng fumgs Phonerochaese chrysosporam. FEMS Microhial
Lett 2425744

Thaiker GD, Bvams U5, Rao KK (19492} Purification and charscter-
wation of laccsse from Manocflium ndicum Saxena. Appl
Micrahiol Biotechnal 37:321-323

Wahleflmer 1A, Xuo F, Brown KM, Hrown SH, {'.m]:ig}ﬂ]'_l,- El, Halcier
T, Kauppinen 5, Pedersom A, Sclmeider I (1998) The identifi-
cation and characterization of four bocsies from the plant
pathogenic fungus Rhooctonia solan. Corr Genst 20305405

Yaver D%, Xo F, Golighdy El, Brown KM, Hrown SH, Rey MW,
Sclmexder P Halkier T, Monderf K, Dalboge H (1998}
Porification chamclerization, molecular clomng, and expresion
of two laccsie genes from the white rol baadiomyeste Trameses
villosa. Appl Environ Microbiol 62834841

64



References

(1]
(2]

(3]
(4]
(5]
(6]
(7]

(8]
9]

(10]

(11]
(12]

(13]
(14]
(19]

[16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(29]

(26]

(27]

Radzicka A, Wolfenden R. A proficient enzyme. Science (1995);267:90-3.

Schoemaker HE, Mink D, Wubbolts MG. Dispelling the myths--biocatalysis in industrial
synthesis. Science (2003);299:1694-7.

Straathof AJ, Panke S, Schmid A. The production of fine chemicals by biotransformations.
Curr Opin Biotechnol (2002);13:548-56.

Gupta R, Beg QK, Khan S, Chauhan B. An overview on fermentation, downstream processing
and properties of microbial alkaline proteases. Appl Microbiol Biotechnol (2002);60:381-95.

Ito S. Alkaline cellulases from alkaliphilic Bacillus: enzymatic properties, genetics, and
application to detergents. Extremophiles (1997);1:61-6.

Pandey A, Nigam P, Soccol CR, Soccol VT, Singh D, Mohan R. Advances in microbial
amylases. Biotechnol Appl Biochem (2000);31 ( Pt 2):135-52.

Kashyap DR, Vohra PK, Chopra S, Tewari R. Applications of pectinases in the commercial
sector: a review. Bioresour Technol (2001);77:215-27.

Zaks A. Industrial biocatalysis. Curr Opin Chem Biol (2001);5:130-6.

Baldrian P. Fungal laccases - occurrence and properties. FEMS Microbiol Rev (2006);30:215-
42.

Hoopes JT, Dean JF. Ferroxidase activity in a laccase-like multicopper oxidase from
Liriodendron tulipifera. Plant Physiol Biochem (2004);42:27-33.

Thurston C. The structure and function of fungal laccases. Microbiology (1994);140:19-26.
Bourbonnais R, Paice MG. Oxidation of non-phenolic substrates. An expanded role for
laccase in lignin biodegradation. FEBS Lett (1990);267:99-102.

Huttermann A, Mai C, Kharazipour A. Modification of lignin for the production of new
compounded materials. Appl Microbiol Biotechnol (2001);55:387-94.

Setti L, Giuliani S, Spinozzi G, Pifferi P. Laccase catalyzed-oxidative coupling of 3-methyl 2-
benzothiazolinone hydrazone and methoxyphenols. Enzyme Microb Technol (1999);25:285-9.
Minussi RC, Pastore GM, Duran N. Potential applications of laccase in the food industry.
Trends Food Sci Technol (2002);13:205-16.

Kuznetsov, Shumakovich GP, Koroleva OV, Yaropolov Al. On applicability of laccase as label
in the mediated and mediatorless electroimmunoassay: effect of distance on the direct
electron transfer between laccase and electrode. Biosens Bioelectron (2001);16:73-84.
Sannia G, Giardina P, Luna M, Rossi M, Buonocore V. Laccase from Pleurotus ostreatus
Biotechnol Lett (1986);8:797-800.

Palmieri G, Giardina P, Bianco C, Fontanella B, Sannia G. Copper induction of laccase
isoenzymes in the ligninolytic fungus Pleurotus ostreatus. Appl Environ Microbiol
(2000);66:920-4.

Palmieri G, Giardina P, Bianco C, Scaloni A, Capasso A, Sannia G. A novel white laccase
from Pleurotus ostreatus. J Biol Chem (1997);272:31301-7.

Palmieri G, Giardina P, Marzullo L, Desiderio B, Nitti G, Cannio R, et al. Stability and activity
of a phenol oxidase from the ligninolytic fungus Pleurotus ostreatus. Appl Microbiol Biotechnol
(1993);39:632-6.

Giardina P, Palmieri G, Scaloni A, Fontanella B, Faraco V, Cennamo G, et al. Protein and
gene structure of a blue laccase from Pleurotus ostreatusl. Biochem J (1999);341 ( Pt 3):655-
63.

Palmieri G, Cennamo G, Faraco V, A. A, Sannia G, Giardina P. Atypical laccase isoenzymes
from copper supplemented Pleurotus ostreatus cultures. Enzyme Microb Technol
(2003);33:220-30.

Wesenberg D, Kyriakides I, Agathos SN. White-rot fungi and their enzymes for the treatment
of industrial dye effluents. Biotechnol Adv (2003);22:161-87.

Yoshitake A, Katayama Y, Nakamura M, limura Y, Kawai S, Morohoshi N. N-Linked
carbohydrate chains protect laccase-Ill from proteolysis in Coriolus versicolor. J Gen Microbio
(1993);139:179-85.

Solomon E, Sundaram U, Machonkin T. Multicopper Oxidases and Oxygenases. Chem Rev
(1996);96:2563-606.

Messerschmidt A, Steigemann W, Huber R, Lang G, Kroneck PM. X-ray crystallographic
characterisation of type-2-depleted ascorbate oxidase from zucchini. Eur J Biochem
(1992);209:597-602.

Messerschmidt A. In: Messerschmidt A, editor. Multi-Copper Oxidases. Singapore, 1997.

65



(28]

(29]

(30]

(31]

(32]

(33]

(34]

(39]

(36]

(37]
(38]

(39]

[40]
[41]

[42]
[43]

Bertrand T, Jolivalt C, Briozzo P, Caminade E, Joly N, Madzak C, et al. Crystal structure of a
four-copper laccase complexed with an arylamine: insights into substrate recognition and
correlation with kinetics. Biochemistry (2002);41:7325-33.

Petersen LC, Degn H. Steady-state kinetics of laccasse from Rhus vernicifera. Biochim
Biophys Acta (1978);526:85-92.

Ducros V, Brzozowski AM, Wilson KS, Brown SH, Ostergaard P, Schneider P, et al. Crystal
structure of the type-2 Cu depleted laccase from Coprinus cinereus at 2.2 A resolution. Nat
Struct Biol (1998);5:310-6.

Piontek K, Antorini M, Choinowski T. Crystal structure of a laccase from the fungus Trametes
versicolor at 1.90-A resolution containing a full complement of coppers. J Biol Chem
(2002);277:37663-9.

Antorini M, Herpoel-Gimbert I, Choinowski T, Sigoillot JC, Asther M, Winterhalter K, et al.
Purification, crystallisation and X-ray diffraction study of fully functional laccases from two
ligninolytic fungi. Biochim Biophys Acta (2002);1594:109-14.

Hakulinen N, Kiiskinen LL, Kruus K, Saloheimo M, Paananen A, Koivula A, et al. Crystal
structure of a laccase from Melanocarpus albomyces with an intact trinuclear copper site. Nat
Struct Biol (2002);9:601-5.

Garavaglia S, Cambria MT, Miglio M, Ragusa S, lacobazzi V, Palmieri F, et al. The structure
of Rigidoporus lignosus Laccase containing a full complement of copper ions, reveals an
asymmetrical arrangement for the T3 copper pair. J Mol Biol (2004);342:1519-31.

Dementin S, Arnoux P, Frangioni B, Grosse S, Leger C, Burlat B, et al. Access to the active
site of periplasmic nitrate reductase: insights from site-directed mutagenesis and zinc
inhibition studies. Biochemistry (2007);46:9713-21.

Seitz C, Ameres S, Forkmann G. Identification of the molecular basis for the functional
difference between flavonoid 3'-hydroxylase and flavonoid 3',5'-hydroxylase. FEBS Lett
(2007);581:3429-34.

Penning TM, Jez JM. Enzyme redesign. Chem Rev (2001);101:3027-46.

Simossis VA, Heringa J. PRALINE: a multiple sequence alignment toolbox that integrates
homology-extended and secondary structure information. Nucleic Acids Res (2005);33:W289-
94.

Xu F, Berka RM, Wahleithner JA, Nelson BA, Shuster JR, Brown SH, et al. Site-directed
mutations in fungal laccase: effect on redox potential, activity and pH profile. Biochem J
(1998);334 ( Pt 1):63-70.

Gelo-Pujic M, Kim HH, Butlin NG, Palmore GT. Electrochemical studies of a truncated laccase
produced in Pichia pastoris. Appl Environ Microbiol (1999);65:5515-21.

Robzyk K, Kassir Y. A simple and highly efficient procedure for rescuing autonomous
plasmids from yeast. Nucleic Acids Res (1992);20:3790.

Rost B. Twilight zone of protein sequence alignments. Protein Eng (1999);12:85-94.

Schwede T, Koop J, Guex N, Peitsch MC. SWISS-MODEL: An automated protein homology-
modeling server. Nucleic Acids Res (2003);31:3381-33815.

66



Chapter 3



Introduction: Malaria as a public health problem

Still in the 21st century malaria represent one of the major threats for health in many
parts of the world. It is estimated that between 400 and 900 million febrile episodes
occur every year only for African children, with a minimum of 750,000 deaths
(probably up to 3 million). Sub-Saharan Africa is the most affected region in the
world, but malaria is also a serious problem in several other places, such as South-

East Asia, Oceania, Middle East and Latin America. Although transmission of the
parasites via the Anopheles mosquitoes was discovered in 1880 by Charles Alphonse Louis Laveran,

malaria remains a serious public-health problem for roughly 40% of the world's
population.Human malaria is caused by one of four parasites: Plasmodium
falciparum, P. vivax, P. malariae, and P. ovale. Of these the two species P.
falciparum and P. vivax are the most widely distributed, both causing a vast amount
of human pain. All trials to develop a new vaccine have paid considerably more
attention to P. falciparum than to P. vivax. This is because P. falciparum is more
virulent and is responsible for more than 95% of the malaria deaths worldwide; it is
also the only human malaria parasite resistant to chloroquine and other antimalarial
drugs. Humans are the intermediate hosts in the plasmodia life cycle and are usually
infected when bitten by a female mosquito carrying the parasite. Transmission can
be prevented by the use of repellents and insecticides, but nevertheless according to
World Health Organization (WHO) the prevalence of malaria is on the rise.

The cost of malaria is particularly heavy for developing countries, because the
economic effects of preventing and treating malaria are very high and present
therefore a large burden on the health budget. The economics of developing new
pharmaceuticals for different diseases, including malaria, are such that there is a
great disparity between the public health importance of the disease and the amount
of resources invested in developing new cures.

Due to the lack of cost-effective treatments and the emergence of resistance, a
malaria vaccine is likely to be crucial in reducing both the morbidity and the mortality
of this disease. Drug resistance has been implicated in the increase of malaria to
new areas and re-emergence of malaria in areas where the disease had been
eliminated. Population movement has introduced resistant parasites to areas
previously free of drug resistance. In general, resistance appears to happen through
spontaneous mutations that confer reduced sensitivity to a class of drugs. For some
drugs, only a single point mutation is necessary to give resistance, while for other
drugs, multiple mutations appear to be required. Vaccination is a successful method
of disease control. Many are the factors that make the development of a malaria
vaccine an incredibly difficult challenge. In fact it is the complex biology of the life
cycle of the parasite that impedes vaccine development. The malaria parasite
presents thousands of antigens to the human immune system that vary throughout its
life cycle. Identifying those that may prove to be vaccine targets is complicated. Most
vaccines are targeted at individual stages of the malaria life cycle, although it is likely
that only the development of a multistage vaccine will offer complete protection to
both visitors to, and residents of, a malaria-endemic area. Even if the development of
a vaccine would result successful, other issues such as cost, distribution, education,
and compliance will have to be addressed.
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Life cycle of the malaria parasite

The life cycle of the malaria parasite is very complex. It can be divided into two
distinct stages, one occurring in the mosquito host and another in the human host
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Figure 3.1: Schematic illustration of the life
cycle of malaria parasites. Image from [1]

(Fig 3.1). The sporozoites are
transmitted into the subcutaneous tissue
via the bite of infected mosquito. The
sporozoites enter hepatocytes shortly
after  inoculation into the blood
circulation; it's demonstrated that this
process involves surface proteins of the
sporozoites and host cell surface
molecule. Once inside hepatocytes, the
sporozoites develop into schizonts
containing thousands of merozoites. The
merozoites are released into the blood
flowing through the sinusoids of the liver
after 6-15 days, depending on the

Plasmodium spp. The circulating
merozoites infect erythrocytes within a
few seconds and begin the asexual

cycle. Within the erythrocyte, the parasite passes through the ring and trophozoite
stages before the production of the erythrocytic schizont; each mature schizont
produced about 20 merozoites. The merozoites are released after 48 h, with the
destruction of the erythrocyte, and are then free to infect further cells. Finally some
merozoites within the erythrocytes differentiate into immature gametocytes. On biting
an infected intermediate host the mosquito ingests blood containing the parasite and

the normally asexually dividing bloodstream forms (merozoites) die.

The

gametocytes are stimulated and the sexual stage of the cycle then continues in the

mosquito.
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The aim of the present work
Vaccination is a useful tool to control the malaria disease. Studies of the immune
response to the malaria parasite in humans and in animal models have provided a
wealth of information on possible protective mechanisms. Antigen identification have
produced many candidates for subunit vaccines [2]. Single proteins or peptides have
been shown to be at least in part protective when are used in vaccination studies [3].
While different antigens epitopes have been identified, such as those recognized by
neutralizing antibodies [4], multiple target vaccine have not yet been successfully
designed.Proteins on the surface of the merozoite are excellent targets for
development of vaccines against malaria, because they are exposed to antibody.
One of these proteins is the merozoite surface protein 1 (MSP-1). Its C-terminal
sequence is the target of protective antibody for this reason it can be a candidate for
vaccine development. This protein is involved in the initial recognition of the
erythrocyte; MSP-1 interacts with spectrin on the cytoplasmic face of the erythrocyte
membrane [5].
Initially MSP-1 is synthesized as a large (~200 kDa) precursor during intracellular
merozoite development; it is present on the surface of the released merozoite and it's
anchored by a glycosyl phosphatidyl inositol tail [6].
MSP-1 is cleaved by proteases in two processing
steps; the second step releases the bulk of the
protein from the surface and goes to completion
during successful red blood cell invasion. The
precursor is first cleaved into four pieces in a primary
processing step that occurs on merozoite release; at
some point between merozoite release and
completion of erythrocyte invasion, the membrane-
bound component (MSP-1,4,) of this surface complex
: . : is further cleaved at a single site to form two
IS 2 bon (eBIeSenalon fragments, MSP-Ls and MSP-Li, (secondary
blue and in magenta the domain 2.  Processing). After that the majority of the complex
In licorice representaton in IS being shed from the parasite surface, leaving
highlighted the cysteines forming only a 96 amino acid residue C-terminal fragment
disulphide bridge [7]. (MSP-1,9) onto the surface of the parasite. The
structure of P. falciparum MSP1,9 has been
solved by NMR [7] (Fig 3.2), and its homologues from Plasmodium cynomolgi [8] and
Plasmodium knowlesi [9] have been solved by X-ray crystallography.
This fragment is composed of two epidermal growth factor (EGF)-like motifs. Each
domain presents a major stretch of antiparallel 3-sheet containing the third and fourth
Cys residues of each domain, as expected for an EGF-like fold, as well as an
additional minor antiparallel B-sheet at the C-terminal end of domain-1, similar to
almost all EGF family members. The C-terminal fragment of MSP1, is a leading
candidate antigen for development of a vaccine against the blood stages of the
malaria parasite. In fact, antibodies binding to the C-terminus of P. falciparum MSP-1
can inhibit both the processing and erythrocyte invasion (inhibitory antibodies). On
the other hand, other antibodies that bind to either the C-terminal sequence or
elsewhere in the molecule are termed blocking antibodies, because on binding
prevent the binding of the inhibitory antibodies [10, 11].
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Fab 12.8 Morgan et al [12, 13] have

ey . studied by TROSY NMR
experiments, the complexes
of P. falciparum MSP119 with
Fab fragments from three
monoclonal antibodies. Two
of them, Fabl12.8 and
Fab12.10, have shown a
parasite-inhibitory activity in

Fab 12.10 vitro [6]. NMR epitope
: Y e <> | mapping of Fabl2.8 and
Ly . | Fab12.10 have shown a
A ﬁ?ﬁ! close relationship between
c-(__‘f_’*_‘ ol binding sites for the two
S ?;- inhibitory antibodies, distinct
v ‘N from the location of the non-
. inhibitory antibody. Cross-
. saturation mapping of the
cross-saturation shift perturbation

Figure 3.3: Interface residues for the P. falciparum epitopes reCOQ”'Z,ed, . by
MSP1,,-Fab complexes mapped by TROSY NMR. The (hese two parasite inhibitory
residues most sensitive to cross-saturation are shown by ~ anti-MSP1ig monoclonal
colour (panel A and D) and residues that experienced a ~ antibodies  exhibited  a
large chemical shift perturbation are displayed in colour remarkable degree of
(panels C and F) on the antigen surface. The amide similarity. The most affected
groups of the same residues are also highlighted on the  residues identified for each
ribbon diagram (B and E) [11]. of the inhibitory monoclonal

antibodies cluster in a region
located on one of the two broad surfaces of the disk-shaped MSP1,9 molecule (Fig
3.3). From these experiments, six residues have been individuated for antibody 12.10
(GIn 6, Cys 7, Asn 15-Cys 18) and five residues for antibody 12.8 (GIn 14-Cys 18).
These results are in good agreement with previous binding studies showing that
antibody 12.8 bounded to MSP1,9 domain 1 by itself, while binding of mAb 12.10
required the presence of both domains [14]. This was consistent with the greater
degree of perturbation of domain 2 residues by Fab12.10. It is important to remember
that, one limitation of this method is that it provides no information on contacts to the
side chains of antigen residues. In order to investigate this further, we decided to
model the antibody structures, and to investigate protein-protein interactions with the
antigen (including potential side chain contacts) by means of docking calculations
and therefore to refine the resulting complexes from the docking procedure by
performing Molecular Dynamic simulations. Moreover ,in order to validate the
docking procedure the X-ray structure of a Fab complex formed with PfIMSP1,9 [15]
was used as test case.
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ABSTRACT Merozoite surface protein 1 (MSP1)
of the malaria parasite Plasmaodium faleiparum is an
important vaccine candidate antigen Antibodies
apecific for the C-terminal matoration prodoct,
MSP1,4, have beenshown toinhibit erythroeyie inva-
sion and parasite growth. Specific monoclonal anti-
hevidies react with conformat ional epit opes contained
within the two EGF-like domains that constitute the
antigen MSP1s. To gain greater insight into the in-
hibitory process, the anthors selected two strongly
inhibitory antibodies (designated 128 and 12.10) and
modeled their stroctures by homology., Computa-
tional docking was nsed to generate antigen—aniti-
hiody complexes and a selection filter hased on NMR
data was applied to obtain plansible models. Molecou-
lar Dynamics simulations of the selected complexes
were performed to evaluate the role of specific side
chainsg in the hinding. Favorabhle complexes were
ohitained that complement the NMR data in defining
apecific binding sitea These models ¢ an provide valo-
able guidelines for foture experimental work that is
devoted to the mderstanding of the action mecha-
nism of invasion-inhibitory antibodiesa Proteins
ZO0THEGESII-GIT. o D00 Wiley-Liss, Ine.

Key words: antibody-antigen complex; docking;
molecular dynamies; NMR; malariag
Plasmaodium falciparum; MSP1 (mero-
zoite surface protein 1)

INTRODUCTION

Malaria iz one of the most widely apread disesses,
with more than 40% of the world populstion at risk of
being infected. The development of effective malaria vac-
cinss iz therefore & mandatory public health challengs.”
Acute elinieal malaria from infection with Plasmodinm
faleiparum ia associated with replication of the assxual
blood-stage parssite (merozoite) in eirculating erythro-
oyten, After invasion, the merszoite multiplies within
the host cell causing its rupture and to liberste several
newly formed merozoitea, These, in turn, invade other
erythrocytes thus dramatically incressing the level of

22004 WILEY-LISS, INC.

paragiterda  that causes the ftypical symptoms of
malaria, The merozoite expreases a number of surface
proteing, one or more of which are thought to mediate
the initigl interaction between the parssite and host
erythroeyte ** Merozoite aurface protein 1 (MSP1) iz one
of the moat extensively atudied molecules of B falapa-
rurt* and & preasnt on the surfase of the released mearo-
zoite in the form of & multicomponent protein complex
dorived wia proteclytic processing®® In betwesn the
merpzaite release and the completion of erythrocyte
imvagion, the membrane-bound component (MSPL) of
thiz surface complex iz further cleaved at & single zite to
form two fragments, MEPL:: and MSP1lg. As a8 conse-
quence, the majority of the complex iz shed from the
peragite surface, leaving only MSPL;, exposed. There-
fore, this protein is considered & very promizing malaria
vaceine eandidate.” Seversl monoelonsl antibodies
(mAba) directed against MSPLl, have been identified,
and aome inhibit invasion of erythroeytes in vitro™ while
aome inhibit both sscondary processing of MSPL and
erythroeyte invasion ® These antibodies that are apecific
for MSFLyg but are not inhibitory can be claszsified as
blocking antibodies (that interfere with the binding of
inhibitory antibodiea) and neutral antibodies (which
bind to MEPLyy but neither inhibit invasion nor block
the binding to inhibitory antibodies), ™!

Abbravigtions: CDR, complementarity determining region; El

electmatatic potential; L, Lennard<lones potential; mih, monedeo-
nal mntibedy; MDD, molecolar dynamics; VH, variahle heavy chading
VL, varishle light chain; SR, short rmnge.
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The atructure of P folciparum MSPLly,, has been
aolved by NME,'® and its homologues from Plasmodinm
cynomolgis and Plasmodizm  knowlesi'™ have heen
aolved by X-ray eryatallography. The molecule iz oom-
posed of two EGF-like domaina forming a disk-sha ped
atructure. The hinding mode to specific antibodies was
auhject of different structursl studiea. Recently, the erys-
tal atructure of MSP 1y in complex with the Fab-frag-
ment of mAb (G17.12 has heen solved.” This antibody is
certainly not inhibitery, but it has not yet been deter-
mined whather it iz a neutral or 8 bleeking antibody, A
recent atudy haz been devoted to the discrimination
between blocking, inhibitory, and neutral antibodies for
MEP1,, mapping via mutageneais the epitopes for inhib-
itory mAbs 128 and 12.10" and for blocking mAbs such
aa 1EL and 7.5

NME epitope mepping has been performed with =sev-
eral MSP 1 ,-apecific antibodies using chemical shift per-
turbation as well aa the more precise cross-saturation
method, ' From thiz experiment, six residues have
been individuated for antibody 1210 (Gln &, Cya 7, Asn
L5-Cya 18) and five residues for antibody 128 (Gln 14-
Cya 18). This technigue ia convenient for mapping pro-
tein—protein interactionz, zince there iz one ohaervable
probe for each residue in the antigen. In practice, a frac-
tion of the backbone amide signals may not be ohaerved
because of exchange line broadening or signal overlap.
One limitation of this methed & that it provides no in-
formation on contacta to the side chains of antigen reai-
dues, To investigate thiz further, we decided to model
the antibody structures, and to inveatigate protein—
proten intersctions with the antigen (including poten-
tial aide chain contactz) by means of docking ealeuls-
tiona, Prior knowledge of the epitope on the antigen, s
obtained fram NMR eross-saturation, provideas reliahle
reatrainta to guide thess caleulations ™

The rigid body docking slgarithm ZDOCE proved to
be very effective in predicting protein—protein complexes
in previous studies® The effectivenesa of the method
reliea on & seoring function that properly takes into
aeeount the major deter minanta of protein—protein asso-
ciation, such aa shape, electroatatic eomplementarities
and desolvation energiea ™ The methed profita from a
very efficient search engine, based on & Fast Fourier
transformation algorithm,® and was found to be one of
the beat protein—protein intersction predictors for ant-
body-sntigen prediction™ Preclze mapping of the epi-
topea that are recognized by the mAbs 128 and 1210
has important implications for rational vaccine de-
gign and development of antibody-based therapeutics.
Recently, the importance of local protein flexibility on
protein—protein association has bean shown,™ and there-
fore we decided to refine and optimize the resulting oom-
plexea from the docking procedure by performing Molee-
ular Dynamic asimulations in explicit solvent. The use of
MD simulations for the unbound state of protein—protein
camplexes has shown that core interface residuss are
leaa mwobile than the rest of the surfree and therefore
rigid docking procedures do not secount for different
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mohilities. ™ This implies that while rigid docking is
aoceptable for core reaidues, it ia not ideal for the reai-
dues on the surface of the protein We observed that the
docked complexea are not optimally positioned. The two
proteing tend to be in genersl more distant in the model
than in the reference complex, probsbly because of
IDOCE R weak electroatatic term (see also Discusaion),
Therefore, we opted for an MD refinement that should
correct for the relative poaitioning through a more aoow
rate foree fleld and added residue mobility st the inter-
face,

The methodology used here may prove to be a valua-
ble general approach to the problem of antibody—antigen
interactiona, as in cases where experimentsal atructure
resalution is difficult,

METHODS
Sequence Alignments and Modeling
of the Antibodies

Bequence alignments were generated by using the T-
Coffee method™ that uses the Lalign slgorithm™ from
the FASTA pa.d{age.ﬂ The heat alignments were aelected
aecording to not only the alignment seore but alao the
length of the hypervarisble loop gaps in the eomplemen-
tarity determining region (CDR)L When multiple choices
were posaible, we opted for the template atructure with
the higheat reaolution. Threse-dimensional models were
gererated using the SWISS-MODEL web server hy
means of the projeet mode option that sllows for submit-
ting & manuslly optimized modeling requeat. This way it
iz poaaible to control & wide rage of parsmeters, for
example, sslection of template and gap placement in the
alignment * Sinee only the variable regions of the anti-
hody were sequenced, the antibodies were modeled in
the form of single chain variable fragments (2cFv), with
the light and heavy chaina connected by a flexible linker
segment.

MNMRE Filter

The cross-asturation technigue involves exeitation of
protans in one macromalecule (in this case the antibody),
followed by tranafer of magnetization to protons within
the sscond macromolecular component of the ocomplex
(the antigen in this csse). Crosssaturation is detected
by monitoring the backbone amide eross peaks in &
HEQC or TROSY correlation apectrum of the antigen,
which is perdentersted and uniformly labeled with ™M,
The maximum range of ssturation transfer has been
etimated at 7 A, indicating that for each antigen reai-
due where & atrong cross-saturation effect iz obssrved,
at least one antibody proton iz lecated within this dis-
tange from the backbone amide proton of that residue.
The nomenclature used for the models iz the following:
models 1210 _2ZFRT and 12 10_LTHL were built using tem-
plates ZFBJE! and LTHL®® pespectively; model 12.8_1TND
was built using template 1IND™ and model 128 1GGT
ming template 1GGL™

DT 10 1002 prot

73



MALARLA PARASITE-INHIBITOEY ANTIBDDIES 615

Complex Selection and Clastering

The mAbs were submitted to a docking procedurs
with antigen MSPl;; using the program ZDOCEK
23HEE Oply the framework of the sntibody was
exgluded from the docking aearchea,

Complexes were aslected on the basis of experimental
NOE couplings (see NMR filter) and clasaified by cluster
analyzsia as expleined in the following. From NMR
experimenta lista of cross-saturation antigen HN atoms
in pozaible contact with ANY of the antibody's H atoms
AT given.

For antibody 1210 the HN of reaidues &, 7, 15, 16, 17,
L8 (List 1}, while for antibedy 128 the HN of residues
14, 15, 16, 17, 18 (Liat 2) have been identified by these
MNMR experimenta. These few restrainta are clearly not
aufficient for an unambiguous complex selection; there-
fore, 8 number of anslyzes (distances from the hyper-
variahle regions, solvent aocessibilitiea, mamial inspee-
tiona) are necesaary to be able to propee models.

An HN-H (antigen—antibody) distance below the cut
off of 7 A (aee NMRE filter) was counted ss 8 reatraint
aatiafaction. The total number of restraint satisfactions
for each of the Z000 model atructures was taken as the
rank of the atructure and & list sorted by structure rank
was compiled. The top 17 models (zelected astructures)
for 1258 and the top @ models for 12,10 of the sorted liat
were analyzed in detsil by elustering. Clustering was
performead in two dimensiona: structural aimilarity as
firat dimension and constreint satisfection similerity as
geoond dimenzion. Structural similarity valies were
obtained from atructural alignments of sll paira of
gelected astructures, using & modified contact-based
alignment 1:|r-cgra.m.aIEi The root mean aguare deviation
({BEMED) values of all min—1V2 pairs form & triangular
matrix (excluding diagonal elements). Conatraint aatis-
faction aimilarity was ealculated the same way by ealeu-
lating the difference of restraint aatiafections between
all pairs, yieding another trisngular matriz. The two
triangular matrices were combined in & nonsymmetrical
aguare matriz, and two-dimenzional elustering was per-
formed using the “heatmap”™ funetion of the B enviran-
ment.* Thiz funetion performa hierarchieal clustering in
twao dimenaions based on the distance matriz valuea and
generates a false color image of the custer matrix,

The gualitatively same result was obtained when the
triangular difference matricea were both acaled to the
walue range [0:1], but the grouping of favorable solutiona
was more scattered.

The docking of mAb G17.12 with antigen MSF1,, waa
performead s & teat case to check the relishility of the fil-
tering through externsl restraints and the applied clus-
tering. To teat the validity of using & model for the anti-
body in the docking procedure, we have additionally con-
atructed & model for the mAb GL7.12 sequence from the
template 1TAT with 83% sequence identity. We have alao
performed the docking on the modeled astructure that we
will call MG17.12 and have compared the resulta with the
anes from the origingl complex (see Reaults).

PROTEINS: Structure, Func

Far the analyzis of the dats relative to GIT.12, an ar-
tificial dataset of restreinta had to be created (in this
cage there are no NOE experimenta but one can assume
to use the reatraints from the eryatal astructure in an
analogous way)l. Specifically, the distance between 20
HIN atema in the antigen (reaidues 815, 21-28, and 37—
41 and 58 hydrogen atoma of the antibody® heavy chain
lwopa (11 on HL, 11 on H2, and 36 on H3) was ealeu-
lated. In this case the top 50 models were considered for
further analyais.

Clustering allowed us to divide the solution space into
subgraups and to investigate whether the grouping is
aimilar in terms of structursl similarity and restraint
aatiafaction. We expect favorable subsolutions to he
atructurally aimilar and to have similar rank, Moreover,
we expect favorahle acutions to have & high number of
reatraint aatiafaetions, meaning a low rank. Therefore,
in Figure 1 and Figure S4{A B), Supplementary Materi-
ala, we were selecting for clusters of intense red cells
(low distanee) with low-ranking labels.

Molecular Dynamics Simula tions

All asimulations were performed with the GROMACS
package™ using the GROMOS0E fares field ™ The atrus-
turea were aolvated in & box of SCF water,™ in a aolu-
tion of 50 mid MNaCl AN simulated bomes contained
about 17,000 water molecules. Simulations were carried
out at & constant temperature of 300 K The Berendsen
algorithm was applied for temperature and presaure
eoupling.*” After & first steepeat descent energy minimi-
zation with positional reatraints on the solute, the
LINCS algorithm was used to constrain the bonds™ and
to earry out an initial 200 pa aimulstion with the posi-
tions of the aolute atoms restrained by a force constant
of 3000 kIt mel nm®) to let the water diffuse around the
malecule and to equilibrate, The particle mesh BEwald
method (FME*" was used for the esleulation of elestro-
gtatic eontribution to non bonded interactions (grid apac-
ing of 0,12 nm). A reaction fisald method* was used for
the galeulation of electroatatic contributions in the simu-
lationz of the X-ray atructure, and ions were added to
neutralize the aystem,

During 8 number of simulation trials we obeerved the
flexible loop of the antigen encompaszsing reaidues 65-T5
to bhe rapidly attracted toward the antibody and to
directly interact with the aide chains of loops L1 and L2
of antibody 12,10 and with lops HL and H2 of antibady
12 8. Thiz sattraction foree would govern the antigen
positioning at the binding surface. In some cases, as for
antibady 12.10, it would even ohstruet a proper docking
to the CDRa Conzidering that the NMR data rule out
zignificant interactions with this loop, we decided to
keep the residuea 65-T5 reastrained to the NMR confor-
mation during the simulation with & foree constant of
S000 If mol nm®).

and Bisinfor SO 101 100 2prot
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RESULTS
Test of the Docking and Complex
Belection Proocednre

To teat the adopted decling procedure, in partieular
the filtering of atructures based on externsl reatraints,
we chise as 8 teat case s known complex of the antigen
MEP Ly with the Fab-fregment of mAb GIT.LE, recently
aolved by X-ray crpatallography, ®

We separated antigen and antibody and generated
2000 docked structures, starting from rendamly chigen
relative orientations, Favorable complexea were press-
lected by & combination of restreint filtering and two-
dimensional-clustering a3 followa:  astructures were
rankad by the number of HN-H {(antigen—sntibady) dis-
tancen below 7 A for & given list of 20 HN atoma and 58
H atoma (aee Mathods for detaila). These restraints are
chsen in snalogy with the NMR data that sre available
for the unknown complexes of antigen MSPL,, with anti-

PROTEINS: Strugture, Functi

and Bisinformat

bodiea 12,10 snd 128 The 50 top-renked complexes
were clustered scoording to their pairwise structural dif-
ferences (firat cluster dimension) and their pairwise
restraint-astiafection differences (second duster dimen-
gion), The cluater map in Figure 1 highlightz & fevorable
aubgroup within thee top ranking complexes that ahow
low pairwize differences in both dimenaiona.

One favorable representative of this selection was sub-
mitted to & naof MD simulation. A= s reference, we alao
performed 2 na of MD gn the pative structure, te con
firm: that the structure would be steble wunder the
adopted conditions (dats not shown),

In Figure 2(A), & ribbon repressntation of the X-ray
atructure of complex mABGLT 12-MEP 1, ia shown, The
binding region a2 ealeulsted with POPSY* iz shown in
dark grey. In Figure 2B}, & supseimposition of the
selected docked atructure (bleck) and the X-ray astroe-
ture (grey) iz shown, while in Figure 2C) the superim-

DO 10, 1003 pret
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Fig. 2. {A&) Rbban mpresantation of thae }(—w’ stuciurg. The residues of e binding-sita buded wpaon
L

comphix formation as calcdated by POPSoo

am dispfind in Hack [B) Supainmgosion of tha X-ay

stuctum (gray) and the dockad complax (biadck). (O Supaimpostan o the docked complas befara folack)

el adior {geay) S nis of MD.

poaition of the decked atructure (black) and the final
canformer after 5 na of MD (grey) s displayed,

The docked complex, slthough very aimilar to the
X-ray structure, is initislly not in ita optimal sonfigura-
tian, s can be asen from the comparizon of the distances
between the centers of meas of antibody &nd antigen
[Fig. A1, Thess are about 30 A becauss of the aize of
the antibaody

The X-ray atructure shows a value of 31 A for this dis-
tange, while the docked complex shows an initial valus
of 33 A, During the MD simulation, antigen and snti-
bady maove closer to each other and the distance hetween
their centers of mass shortena by 2.0 A, after about 3800
pa becames very close to the X-ray value, and toward
the end stabilizes sround 30 A,

In Table I, the aolvent aocesaible aurface areas buried
upen formation of the twoe complexes (X-ray and final
canformer from MD) are reported. By comparizon with
the X-ray structure we found that 5% of the original
cantacts formed by the antibody and 60% of those in the
antigen ware preserved, As ahown alresdy in Figurs
(A, the antibody conteina contseta in all surface
regiona thet are buried in the X-ray complex, and it
manages to draw alao the loop of the sscond EGF do-
main [reaidues 65-T5, in black in Fig. 2A)] cloaer to the
antibody with respect to the structure from ZDOCE.
The time evodution of the number of hydrogen honda
that are formed between the sntigen and the CDRa of
the light (grey line) and heavy (black line) chains of the
antibody iz shown in Figure 3{B). During MD, we
ohgerve an ineresse of the number of hydrogen bonds st
the interfaoe, reaching & total number of eight at the
end of the simulation. For the X-ray structure the total
numhber of antibody-santigen hydrogen bondas was
reported to be 11,7

PROTEINE: Structure, Funct
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gon bands farmad with ihe herey chain and ®w ighl chan am dis-
piayed in biack and in grey, respecivaly.

Faor the modelad structure of GL7. 12 mnto the template
FAB T20.14 (MGIT.LZ), the docking performed with the
mndaled atructure (MG LT, 12) gave rise to 8 heat complen
very aimilar to the one obtained with the original cryatal
atructure. The superimpition between the complex
from the modelad structure and the X-ray structure is
reported in Figore 51, Supplementary Materiala, The
complexes from G1712 and MGIT.12 have a similar

and Hisinformath DT 1600 1008t
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TABLE L Solvent Accessible Surface Areas Buried
Upon Formation of the Complex Betwesn Antigen
MEP1,; and Antibody G17.12

F_AUTORE ET AL.

TABLE L (Continued)

Camplex ABASA ABASA
ZDack At X-ray At DR
[EY] ﬂml.pm'.'um af the selected sonformer from FDOCHE
with the X-ray structure
Antibady
THR Hi 56 H1
THR Hil A THR Hi1 143 H1
THF H5) 134 THF H5) GRG —
ABN H52 18.7 HZ
5d (iR HIS Hi4 A H
GLN H5% 318 —_
ASN Hid 13.3 Hi
TYR H1iH B2 K] TYR H1iH n.sy Hi
TYR HliMka [ 7] TYR HliMka TS Hi
ARG HIMIb 51.1 ARG H100b 4] Hi
EER L0 4.2 L1
EER Li1 3 L1
TYR L LUK TYR L3 55 -
HIS Lag .9 L3
HIS L 1%.1 L3
TYR L&7 17.3 L3
Antigen
VAL & 47.1
LYS 9 1085 LYS 9 [T
LYS 10 164 LYS 10 568
GLN 11 14400 GLN 11 1680
CYS 12 120
PRO 13 ) PHRO 13 FAR]
GLN 14 1324 GLN 14 b )
ASP &3 f: )
GLU 24 45.5
ARG 25 7.3
GLN 38 35.2
ASP 89 LiWLT ASTP 9 1105
LYS 40 369
il ﬂml.pm'.'um af the last conformer aller 5 s of MD
atmulations of the X-ray structure
Antibady
THER H&& 8 H1
THE Hid 48.7 H1
THR Hil Pt THR Hil 143 H1
THF H5{ 383 HZ
ASN H52 18.7 HZ
HIS H54 5.0 HIS H54 B4 H
GLN H5% 318 —_
TYR H1H 208 TYR H1H .7 Hi
TYR HliMka Ti5 TYR HliMka TS5 Hi
ARG HlMb i ARG H1b0b 4 Hi
ASP H1n 18.0 Hi
HER L 34.2 L1
EER Li1 3 L1
SER L3Z 16.3 L1
TYR L ThE TYR Li3 55 —
FHE L#2 13.4 L3
HIS L 115 HIS L3 Pt L3
HIS L4 1%.1 I3
TYR L7 20,0 TYR LH7 174 L3

Complex ASASA ABASA
Fhack AF H-ray AF CDR
Antigen
VAL & 471
IXS 9 A I¥S 9 .0
L¥S 10 T6 5 L¥S 10 56.6
GLN 11 128 GLN 11 168.0
CY312 478
PFRO 13 f7.1 PFRO 13 2.8
GLM 14 1015 GLN 14 .y
ASP 23 29
GLU 24 1015 GLU 24 455
ARG 25 ars
CY828 127
ASP a9 106 8 ASP 39 1105
LYE 40 b6

PROTEINEG: Strudture, Function, and Bidnformatics

In held: matching proton restraints of the ZDOCK complex and the
Xemy stroctone.

distanee in ros from the X-ray complex: 2.8 and 3.2 A,
respectively. We decided therefore to use the original
complex for further analysis.

Omn the basia of the above reaulta, we considered the
miopted complex modeling procedure to be reliahble in
detecting plauaible complexes, and therefore we applied
it to the modeling of the unknown complex atructures of
MEP,;; and mAhbs 128 and 12 10,

Maodeling of the Antibodies

In order to model the atructures of single chain vari-
ahle fragments (2cFv) of the two mAbs 128 and 1210
(aee Methods aection), we selected the templates sccord-
ing to the guidelines of Mores et al*" The key role of
loop H3 in the antigen recognition apecificity reatricts
the choice of templates to the ones with the same length
of thiz loop. In Tahle II, the PDB codes of theass potential
template structures are reported together with the H3
loop segquence and sequence identitiea. The structures
that were finally selected as modeling templates are
ghown in bold. For mAb 1210 we selected templates
LIHL and 2ZFBJ, because they share the most similar
sequence in the central part of the H3 loop, which
ghould be eritical to the intersction with the antigen.
The nomenclature used for the models is apecified in the
Methods section. Complete sequence slignments are
reported in Figure 4. In Figure 5 the electroatatic surfa-
ces of the modeled antibodies and of the antigen are dis-
played. The chosen view iz from the top of the hinding
gite of the CDR loops. The surfaces are gquite different in
the hinding region: 128 1IND presents a more pro-
nounced positive surfree (blue) in the ecentral region,
while 128 1GGI presents & more negative surface (red)
an the right side of this surfece. For mAb 1210, both
madeled surfaces are on average mare hydrophohic than
128, with 12.10_LITHL presenting & eavity with negative
alactroatatie potential in the central binding =ite region.

DOT 10, 1002 pret
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TABLE IL Parameters of Potential Template Structures for the Modeling of Antibodies 128 and 12.10

PDE cade Renolution 4 Tdentity % Length (H3) Sequence (HI)
128 — — 1 CUGEVT DNWGE
1IND* 3 A1 () 10 CASERFVEWG
1GGTY 28 AT (50 10 CVIRGY TYWG
1210 — — 14 AR W FE VWG
1BED* 28 G (%) 14 COGYES Y DT WG
1JHL* 2.4 B (48 14 CTR OO Y5 AM DY WG
ZFRJY 1.9 5% (43%) 14 CARLEY S YHAYHG
TFAB™ 2. A5 (57D 14 CARMLIAGGI DVHG
1IMFE* 2.1 51% (36%) 14 CTRGGHGY Y6 DY WG
LJEL™ 28 65 (5T%) 14 CARVMGEIYE VNG

The length and the sequencss of I loop ame raported for ench potential template strosture. Percentages of identity with 128 and 12.10
given relative to the entine seqoence; identities i parenthess ame given relastve to the HS leop enly In bold: stroctores thet wene selected

as temnplates

The surface of LZ.10_ZFBJ iz on the other hand more
hydrophobie. The negatively charged surface of the
MEP1,, region, s identified by epitope mapping, should
prave to be more complementary for intersctions with
either more hydrophobic aurfaces or aurfaces with fewer
negative apota in the electrostatic potential.

We have also modeled the sequence of G17.12 mAhb
with the template FAB T30.14, aa a control test {aee
methods ssetion) and the ssguence alignments are
reported in Figure 52, Supplementary Materiala, The
ria deviation on the C% atoms between the model and
the X-ray mAhs iz 1.39 A and the CDE= loops are very
aimilar in zequence; therefore, we expect a aimilar
behavior in terms of hindingfelectivity.

Docked Structures
Docking of 12,10 and MSP1s

We performed ZDOCK caleulations with the antigen
MEP L, and the two modeled antibadies 12.10_2FBJ and
12,10 LTHL. For the latter, mone of the 2000 docked
camplexes that were pasaing the NMR filter (zee Meth-
oz section) presented the antigen in a suitable position
for binding, that iz, located more or lees st the centre of
the hinding CDE loops. Therefore, no further analysia
was performed on this complex. For 1210 2ZFBJ a tobal
of nine complexes were aatiafying the NMRE data (Fig. 53
and Teble 51, Supplementary Materialsl

The clustering procedure deacribed in the Methods
aection of thess nine complexes is shown Figure S4(A)
and we aslected complex 1 (low distanes, intense red
cells with low ranking labels).

Faor this atructure, 5 na of MD zimulations were per-
formed, and the final conformer was used for further
analyziz. In Figure 6A B) the selected ZDOCE complex
and the fingl MD conformer are shown superimposed.
As for the ease of the X-ray complex, the MD simulation
has the effect of pulling the antigen closer to the anti-
bady. In Table IIla the aress that were buried by forma-
tion of the complex as caleulated by POPSsomp*™ are
reported. All of the residues indicated by the NMR
croas-aaturation data (Gln 6, Cya 7, Aan 15-Cya 18) are
in eontact with the heavy chain of the antibody, and as

PROTEING: Structure, Function, and Bidnformati

can be aeen from Table IITh, four of the six residues of
the NMRE data set are close to the H3 loop. Specifieally,
for the antigen reaidues with atrong eross-asturation,
the madel shows interaction of the aide chain of Arg
HET (flanking loop HE) with residues Gln & and Cya 7,
of gide chaina Tyr HLO0b and Trp H100: (oop H3) with
regidues Asn 15 to Cya 18, and reaidues Asn 15 and Sar
16 alao near hydrophilic side chains of loops L1 and L3,
Theas reaults are summarized in Figure &C)1: the NME-
predicted intersction surface iz colered in blue, while the
regidues identified by POPScomp are plotted in orange.
In sddition, the residues that did not show sufficient
burial deapite respecting the NMR filter are colored in
yellow. In Table IVe, Lennard—Jonea (LI} and electro-
static contributions (El) are reported for the intramolec-
ular energlea of the antibody and the antigen (mAb-mAb
and MSPLig-MSPlis  contributions respectively), to-
gether with the intermaolecular antigen—antibody contri-
butions, For the latter term, which reflects the relative
atrength of the interaction, the El and LJ contributions
become increasingly more favorable during the MDD aim-
ulation, suggeating that the syatem relsxes toward &
more favorable structure. The energetic contributions of
the loops contain most of the entire binding intersction
af the antibody: therefore, while thess become maore
favorable, the antigen manages to position itzelfl hetter
at the CDRa. The fingl hinding mode shows one side of
the dizcoidal MSPly, facing the CDRE lmops, with the
antigen loop comprizing residuss 6575 pointing toward
the left of the central binding =ite, facing antibody loops
L2 and L1 [Fig. &A1

Docking of 12.8 and MSPII9

As for antibody 12.10 we performed ZDOCK calcula-
tiona with the antigen MEPLl,; and the two modeled
antibodies 128 _LTND and 128 GG Bath gave rise to
& aeries of complexes reapecting the NMR filter: 16 com-
plexes for 128 1TND and 15 complexes for 128 LGGI
(Fig. 85 and Tahle 511, Supplementary Materials),

Additiona]l NME infor mation was obtained by perform-
ing 3AD-TROSY-NOESY experiments (W, Morgan, unpub-
lizhed resultz) for the complexes of the 12 8 and 12,10 mAb

DT 10 1002 pret
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Fig. 5. Compassan of the akectrostatio potenfal of o studed anfibodas and M5P1,. Each moboouia
& vewad fram Se fop of Sa Bieding-2ite. The pofertianl i rangad fom 10 BT {rad) % e rasmal posiiia
g <9 KT flia).

fragments with perdeuterated, S0r*N-lsbeled MSPL,,
under conditions aimiler to those used previously,™™ Tnter-
maoleculer NOEa from szignala showing methyl group-
region chamical shifte to the antigen could be identified in
the apectrum of the mAb 12 8 complex. Thease must origi-
nate in the mAb fragment, aince the aliphatic side chains
in the antigen are perdeuterated, slthough sz the mAb
fregment cannot be isctope-labeled, there iz no mssign-
ment informsation for this somponent (no NOEa with
methyl region chamical shifts were obzerved with the Fab
12 I eomplex), Two antigen reaidues that showed atrong
crosa-saturation in the 128 complex, Aan 15 and Ser 16,
ghoewed backbone smide NOE eroea peaks with a pair of
methyl signala. One of thess methyl signala ahowead an

PROTEING: Strudure, Function, and Risnfermatioa

miditional NOE to the aide chain amide protons of & reai-
dus inthe antigen, tentatively identified s Gln L4, From
thess dats, we conclude thet there iz & close contact
between antigen residues Asn 15 and Ser 16 and an ali-
phatic reaidue of the antibody, probably Val, Ile, aor Leu,
The 125 docking results were manually inspected sooord-
ing to this hypotheaiz, Among the adected complexes,
mne was found te have valine, isolewine, or leucine In
ghart resch from the amides of residues LS and 16 and we
therefore generated 1000 additicnal complexes for each
antibody. On the surfece of the CDERz, we can identify Ie
20 in loop LL Leu 53 inloop L2, and Val 10 in loop HS as
posaible candidatea for the interaction in guestion It
ghould be noted that Ile L2 and Leu L53 are aituated at

DT 16, 100 2ot
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Fig. 6. Panes (&), (H), and {(C) mier to comolex mab 12 1085P1 g (&) and ) show the supermposion of S complax betane (Tighl Blue)
and sl § ne of MD simustion purple). Panel (C) dsplige e sudace of he anigen bured won complax darmation, 8= calcuated by POPS-
cormp. ™ The msidues pmdicted by NMRA axpaimans are disgiayad in biue, in palow ara shoan e resdues Sal, sfer MD smuladion, =51 pass
the MMA S In arange are displyed e mmaning meiduos P Bury a ASASA = 10 A% dus b the famafian of e complex falues shown in
Tatia N} Parals {0, ), and §F) mier to compias mAb 120-M5P 1, D) ad [E) show S supadmpaskion of e complaoes balaos {aranga) and

atar s of MO gmuision jrem). Panal [F) s cokimd ke pane (C) fvaluss shown i Takia V),

\Y

Fig. 7. Pand [A) Rbbon mpreserfafion of complee mAb 12 10-M3F . bn foodos mndasing Asg HET
{H2 fonp) Saming a sal bridga with Giu 26 af MEP1, ,, and Trp H1000 thae shiaks S ety n S ol
Bircling siba mgion wit) nogave e meet potarda. Residues Tyr H1008 and Tra H1002 a0 fund B0 ba
in cortact wih S atigen. Pand (8): Fitbon rensesentation of compbax mas 12 8-M3P1 . in fcodon ron-
ding, Lys LA2 forming a hydrogon Bond with S carbamd avigen of Oy 7 of MEP1 . The ool me
Ieduse i1 oo H3 [Ser SOVl HT00-6 M1 00 ) ave highiightad.
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TABLE IIL Residues of Antigen MSP1,, in Contact With mAb 12.10_2FBJ
After 5 na of MDD Simulation

{a) Accassible surface areas buried upon formation of the anbigen-antibaly camplex

Antigen Antilody
Comples 12 10-M8P1,,  ASASA A® Complex 1210-M3P1,, AS484 &° (CDR
ASM 1 4.1 SER H31 4.8 H1
ILE 2 526 TYR H33 25.8 H1
GLN 4 B2 ILE H52 58 H2
Ha 5 12 ASH HE 6.9 H2
GLN & 6.0 ASN H35 6.2 H2
GLN 11 B8 ARG H57 1729 —
CYE 12 1 ASH HES 647 —
GLN 14 S8 TYR H100h 4.4 H3
ASM 15 494 ASP Los 7.8 L1
TYE 34 198 SER La0 282 L1
L¥S 40 14.0 SER L&7 2.0 -
GLU 43 4.4 SER La2 2.9 L3
TYR &4 1.0 SER L33 458 La
PHE &7 18.9 THE L 54.7 L3

i) RBesidues complying to the WMR filler

Antigen Antibody
Fesidue Fesidiue DR
ASH 1 SER Hi1 H1
ILE 2 SER Hi1 H1
TVE Hid —
SER & TYR Hi% —
GLN 4 ARG HA&7T —
HIS 5 ARG H5 —
GLN & ARG H57 —
ASN Had —
Y87 ARG H57 —
VAL & ARG H57 —
L¥5 Hés —
OYS 12 SER L L4
THE L L3
PRO 13 THE L4 La
OLN 14 SER Lad L3
THE LM La
ASN 15 TVE Hibib H3
SER Lin L1
SER Loz L4
SER L3 L3
THE LM L3
SEF 16 TYE H1idb Hi
SER Lin L1
SER L2 L3
SER Lad L4
OLY 19 TVE Hiib H3
THF Hide Ha
SER Lo La
OYS 18 TRP Hide H3
SER Lad L4
LEI 41 TVE H1ib H3
LI 43 SER L&7 —
PR 85 TVE Hid H1
LEL 8 TVRE Hid H1
PHE &7 TYR Hitdb H3
ASF 88 TVE H1idb Hi

PROTEINE: Strucdture, Function, and Biknformatica Db T 10 100 2 pret
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TABLE IV. Energy Decomposition Analysis of the Docked Compl exes

{a) Energy decomposition for mAb12 10-M3P1,,

Laaps Antibady Laaps Antibady Laops Antibady
Camplex 12.10-M8PLg AT AL 1 na MD 1 ns MD 5 ma MDD 5 mas MDD
E1-8H: mAl-mAl —415%.5 ek ] —4840.5 — 102679 —5054.8 — 108605
LI mAb-mAl —3555.8 —T5427 —3516.9 —TH56.1 —3491.7 —Tid5.2
E1-14: mAb-mAl 12464.4 BEETTS 130288 ET685.1 12036 5 ATHET.T
LI-14: mAb-mAb -142.1 -317%6 2065 4018 1464 3564
E1-8R: mAl-M3F1,, -5.3 —H.6 —Bi2 —Bidd — 10 6 —1040
LI mAL-MEPL,, —Bh.0 —ET.0 —24RT —&56.5 —4E.T —f5da
E1-8K: M3F1lie-MSF114 ~3528.9 —4342.9 —4180.7
LI: MEP1, M8P1,, - 16478 —3811.6 — i T
E1-14: M8P14-ME8P1w 106467 1B, 0 100676
LI-14: MEP1:0MEP 1ig 1575.7 1045 116
k) Energy decomposition for mAb12 8-MEPw; same as for (a)
E1-8H: mAl-mAl —1%#15.8 —10626.7 —30d1.4 — 106268 —1775.0 - 108457
LI mAb-mAl —1218.7 —GisEAA — 15088 —T701.1 -148754 —TEB5.5
E1-14: mAb-mAl 54738 DHER0D 58061 ETH00.5 56515 ATRS5.6
LI-14: mAb-mAb —60.7 —356.4 1575 496.3 4 4.1
E1-8R: mAl-M8F1.4 1.7 ZH.6 —554 —45.0 —iML 6 -116.6
LI mAL-MEPL,, A2 142508 -1256 -151.2 ] — 2208
E1-8R: M8F1ie-ME8F1.14 —35120 — 43469 —4448.5
LI: MEP1, M8P1,, —1641.2 —aTenT L
E1-14: M8P1,,-M3P1, 106464 101749 10184.1
LJ-14: MEP1,MEP g 15768 7.7 GH.8

The COR kops have heen decompesed from the entite antibedy, in order to estimate thedr contritution to the hinding. Values have hesn
raported for the starting configuration (ZDOCE), after 1 ns of M and ot the end of the § ns of MD. The intermolecular energy contribut ions
{amtigen-antihedy) ame given in hold Energies ame given in umts of klfmel.

the edge of the binding region. Therefore, to ohaerve a
contact between theae residues and residuss L5 and 16 of
the antigen, the antigen itzelf would not be anymore cen-
trally located with respect to the hinding site, and in
particular it would not be in contact with the H3 loop.
With these concepta in mind we were ahle to select anly
one eomplex (fram 128 1IND) with Aan 15 and Ser 16 of
MEF Lig at & gshort distance from residue Vel HLOD of the
antibody. From the custering procedure (a2 deseribed in
the Methods section) of the total of 1T acceptable com-
plexes, our selected somplex ia number 10 (Fig. 54, Sup-
plementary Materialzl, All complexes betwean 1 and 11
are equally good with respect to the clustering, but com-
plex 10 iz the only one semong them that has the antigen
centered relative to the antibody’s binding loopa.

Far thiz complex, 5 na of Molecular Dynamics ainmla-
tions were performed and further analyses were done on
the final complex. In Figure (D E) the selected ZDOCK
complex and the final MD conformer are shown auperim-
posed. As in the previous cases, the MD simulation has
the effect of pulling the antigen closer to the antibody. In
Table Va the areas that are buried upan formation of the
emmplex 83 ealeulated by POPSeomp™ are reported. Alao
in this case moat of the antigen reaiduess indicated by the
NMRE datas are in cantact with the antibodys heavy chain
CDRa. Because loop H3 of antibody 128 ia particularly
shart and lacks long aide-chainz, moat of the interactions
are found to form with loops HL and H2, Table Vb shows
that reaidue Gln 14 iz in contact with Val HLOO, and this

PROTEINE: Strusture, Function, and Bisinformatics

ghould represent one of the key intersctions for this com-
plex, The Val HIOO zside chain iz atill too far from the
hackbone amides of antigen residues Asn 15 and Ser 16
to generste a atrong NOE, while residues Gly 17 and
Cya 18, where croga-saturation was obaerved, are not auf-
ficiently close to the antibody protons. These reaidues
were chae to the antibody in the ZDOCKE complex, but
maved away during the MD refinement. Thiz effect could
be sscribed to some repulzsion between residues Lys O
and Lya 10 of the antigen and residue Iya L5SZ of the
antibady. The electroatatic intersction as described in the
MD force field eould amplify auch an effect. The orerall
results are summarized in Figure 6(F). In Tehle IVh LJ
and electroatatic contributions are reported anslogously
to Teble IWa. As for the 1210 camplex, the electrostatic
and intermaecular LJ eontributions become increasingby
mare favorahle during the aimulated time (Table IVh),
with larger contributions to the binding fram CDR loopa.
We observe for this antibody & slightly different binding
mide when compared with 1210, with the antigen hind-
ing primarily to the first EGF-like domain to leops L2,
HI and H3. The antigen loop eomprizsing residuea 65-75
points toward loop H2 and is tilted with a larger distance
from H2 than from L2,

CONCLUSIONS

We present here the docking refinement and analysis
of two atrangly inhibitory antibodies (designated 128

DOT 10 1002pret
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TABLE V. Residues of Antigen MSP1,s in Contasct With mAb 128 After 5 ns of
MDD Simulation

ia) Accassible surface areas burisd upon formation of the antigen-antibad y camples

Antigen Antibody
Complex 12.8MSPl,  ASASAA®  Complex 12.8MSPl,  ASASAA®  CDR
VAL & 248 LY H28 17.9 H1
L¥S & 3440 TYR HZY 104 H1
GLN 11 5.5 THE H28 514 H1
PRO 14 142 ASN H1 29 8 H1
GLN 14 1549 TYR Hi2 475 H1
ASN 15 182 THE H53 107 H2
TYR 34 187 PHE H54 504 H2
ASP 3% 203 VAL H100 35.1 Hi
LYS 40 465 SER L51 18.9 L2
Y5 41 102 LYS La2 .2 L2

i} Residues complying to the NMR filler

.r’mﬁm Amntibody
HResdue Resddue CDR
CY87 L8 LA2 Lz
VAL & L¥8 L52 L2
LYS % SER L&l L2
L8 L52 Lz
LEU L53 L2
L¥S 1 LEU L53 L2
GLN 11 TYR L4& -—
ASF L% -
L¥8 L52 L2
LEU L&3 L2
CYS12 TYR L4& -
L¥8 L52 L2
PR 13 TYR HiZ Hi1
TYR L4& -—
GLM 14 THR HZ& H1
TYR HiZ HEZ
VAL HL Hi
ASN 15 THE HZE H1
TYR HiZ H1
SER 16 THERE HZ5 Hi1
TYR HiZ H1
GLY 38 GLM H1 -
ASP 5% GLM H1 -
ILE HZ -_—
LYS 40 GLN H1 -
ILE HZ —
GLY H26 H1
TYR HZ7 H1
THR HZ& H1
TYR HiZ H1
CYS41 TYR HZ7 H1
THE H28 H1
TYR HiZ L1
SER Hi#3 Hi
VAL 42 TYR HZ7 H1
THER HZE H1
GLU 43 THR H2& H1

and 12 10) to the antigen atrusture MSPL,, aa aolved by aereened by aslecting the atructures with the help of
NME.' The antibodies were modeled by comparative data from NME eross-saturation and chemicsl shift per-
homaogy modeling and the docking results were tarbation experiments,”™¥ complementad by additional
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NOE experiments. Maecular Dynamics simulations in
explicit solvent were performed on the aelected com-
plexea to refine their structures to evaluate the role of
apecific aide chaina in the binding. The trisl exercize
uzing the Fab G17.12-MSPL,; complex X-ray atructure
indicated the feasibility of cbtaining succesafully docked
atructures uzing this NME-hased docking/MD approach.
With this exercize we mainly wantaed to teat our filter of
atructures based on external reatraints. Moreover, the
additionsl docking performed with the modeled Fab
GI7.12 gave rise to & complex very aimilar to the one
obtained with the origingl X-ray atructure. Thiz finding
aupparis the use of models in the case of absence of X-
ray atructures for the antibady, but this procedure iz of
eourae limited to & sufficiently high sequence identity
between the sequences of model and template, in partic-
ular in the hinding region.

Thiz izaue iz very importent, especially in relation to
new atructural genomics’ayatem biology initistivea that
attempt the structural reconstruction of protein—protein
intersetion netwarka,®*

Our computed complexes show two alightly different
binding modes for the two antibodies 1210 and 128:
emmplex 12 10-MSP1,, shows antigen hinding with one
face of ita discoddal ahape, lying flat on the surface of the
CDRa; complex 12 8-MSP1liy preaenta the antigen in a
tilted position, anchored to the antibody mainly through
ita first EGF-like domain. The asecond EGF domain ia
more distant fram the HZ loop. |t is noteworthy that pre-
vious experimentsal evidences had pointed out that anti-
bady L2 10 ean only bind in the presence of bath MSP 1y,
EGF dunaing, while for LZ8 only the pressnce of domain
1 ia sufficient to ohserve hinding ** For this antibody we
atreas that loop HE iz particularly short and without long
gidechain residuss that could be apecifie for the hinding.
Thiz could be the cause of the observed hinding to mainly
ange EGF-like domain of MEFL,,.

Fram a detailed analyziz of our docked complexes we
underline the importance of & positively charged residue on
the surface of the antibody, In particular antibody 1210
has reaidue Arg H5T onthe HE loop that forma a s alt bridge
with Glu 26 of the antigen [Fig. T(AJ. Antibody 128 con-
taina residue Lya L52 that forma & hydrogen bond with the
earbonyl aeygen of Cya 7 of MSPL,, [Fig. TTB]l. Our analy-
ais painted out the neceasity of a positively charged electro-
atatic apot on the CDBa aurface that seema to be 8 general
raquirement for the recognition and binding of this antigen.
Accordingly alao mAb GIT7.12 has been obaerved to form a
aalt bridge with MSPL,, through its residue Arg HO8 '

Each docking experiment produced a limited number of
rerults conzistent with the NMR data and the general ex-
pectation of typical antibody binding modes (recognition
through the CDR loopz), alas in reason of the few re-
atrainta obtained from cross-saturation experiments. In
principle & few restraints would be enough to define the
binding mode precisely if these were distributed ahout the
vertives of & triangle covering one face of the antigen.
Onee & binding maode iz adopted having one of the diseoi-
dal faees lying flat on the surface of the CDHE=a, we can

PROTEINE: Strusture, Function, and Bisinformatica

oheerve that the NME dats are eoncentrated on ane half
of thiz surface, therefore the docked aolutiona are only
mildly restrained [Fig. 6(C.F 1. For the antibody 1210 we
had two more reatrainta (on a distant apot from the main
anes (HN 6, 7 ve HN 15, 16, 17, 18)) and therefore the
docking procedure proved to be more straightfor ward,

Although it would be desirahle to eryatallize one or both
af the 12 8 and 1210 mAbcomplexes to verify the modeled
atructures, useful information can be derived from the cur-
rent modela, They provide a more detailed picture of the
binding inter face, and predict intermalecular interactions
that ean be used, for example, 83 a guide for mutagenesia
work. The maodels will be valusble for understanding the
mechaniam of action of invasisn-inhibitory antibodies and
for atudying therapeutic effects of antibody reagents
derived from theae antibody sequences.
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Chapter 4



Introduction: Restriction factors of retroviruses r eplication

The latest data published from UNAIDS/WHO in the 2006 estimated that 39.5 million
people are living with Human immunodeficiency virus (HIV). There were 4.3 million
new infections in 2006 with 2.8 million (65%) of these occurring in sub-Saharan
Africa and important increases in Eastern Europe and Central Asia, where there are
some indications that infection rates have increased by more than 50% since 2004.
More than 2.9 million people died of AIDS only in 2006. With numbers such as these,
AIDS has attracted vast resources from governments, universities, and industry the
world over for the single purpose of controlling, preventing, and ultimately curing the
disease.

At the present time, no effective cure or vaccine exists for AIDS. However, due to the
relative success of Highly Active Antiretroviral therapy (HAART) survival of infected
individuals has dramatically improved in the last 20 years. Untreated, AIDS
compromises the body's immune system, and a wide variety of opportunistic
infections do occur. These AIDS-related complications span the gamut of diseases
and include bacterial, viral, protozoal and fungal infections. Current therapy regimens
target the viral reverse transcriptase, protease, envelope and most recently integrase
proteins, most commonly as a combination treatment of three different drugs.
Nonetheless, due to the high level of genetic drift of HIV, (multi)-drug resistance is
increasingly interfering with current therapies. Hence there is a continuous demand
for novel drugs that target HIV.

In recent years it has emerged that the cells of the immune system themselves
exhibit a defence mechanism against infection by viruses that occur in the cell. The
proteins that mediate this innate immunity (restriction factors) are the human proteins
APOBEC3F and APOBEC3G (A3F/G). These proteins act as a barrier to the
replication of viruses that replicate via a single-stranded minus strand DNA
intermediate. Unfortunately, the antiviral function of A3G is neutralized in by the HIV-
encoded protein VIF (Virus Infectivity Factor) [2, 3]. In the absence of VIF, the host
anti-retroviral factor A3G is packaged into the HIV-1 virus and down-regulates HIV-1
infection by causing extensive lethal deoxycytosine-to-deoxyuracil mutation in the
newly synthesized HIV-1 negative-strand DNA [4].

VIF binds specifically ASF/G and then targeting it for ubiquitination and degradation
[4], prevents efficiently A3SF/G being packed into the newly synthesized virus so that
the virus remains infectious. The interaction of Vif with the A3F/G proteins clearly
represents an attractive target for the development of new anti HIV drugs, as
therapeutic disruption of this interaction is thought to leave the virus defenceless
against the antiviral action of A3F/G.

The APOBEC family of cellular deaminases

Cytidine deaminases are a large superfamily of enzymes involved in pathways such
as lipoprotein metabolism, pyrimidine salvage pathways, antibody diversification and
the maintenance of genome integrity. This class of enzymes converts cytosine to
uracil by deamination. Cytidine deaminases (CDA), are characterized by a Zinc-
binding catalytic domain with a specific consensus sequence H-X-E-Xz3 2g-P-C-X5.4-C
(X indicates any amino acid) [6]. In Humans the APOBEC sub-family is constituted
by: Activation Induced Deaminase (AID), Apolipoprotein B mRNA editing catalytic
subunit 1 (APOBECL1 or A1), APOBEC2 (A2), APOBEC3A-APOBEC3H (A3A-A3H)
and APOBEC4 (Fig 4.1). APOBECL is the founding member of this APOBEC family
of proteins, having first beeen demonstrated to edit specifically a single codon in the
MRNA of Apolipoprotein B, leading to the synthesis of a truncated protein. Other
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members have been named after APOBEC1, although it subsequently emerged that
these enzymes edit DNA rather than RNA and they do not affect Apoliprotein
metabolism. For example, the family member AID hypermutates the variable region
of immunoglobulin genes leading to antibody diversification.
More recently, A3F/G were shown to hypermutate single stranded DNA replication
intermediates of viruses and mobile genetic elements such as retrotransposons.
Human APOBEC3F and 3G are expressed in CD4+ B cells that are the natural target
@ e of HIV [4, 7, 8]. The substrate specificities of A3F and
. =} A3G are finely different, the former preferring to edit
frd . - the cytidine in a TC dinucleotide context to TU, while
== A3G shows a preference for CC dinucleotides [4, 9].
, To manage this, the A3G/F protein must be

APOBEC3E [N
APOBEC3C [
APOBEC3D/E [ T
]
[

APOBEC3F
APOBEC3G =
APOBEC3H [ ]

APORE: . packaged into virions and transferred to target cells
i Xam Gl X o Pro-Cys-Xan, -Cys but in the presence of VIF this process is inhibited;
® Cytidine Urdine VIF connects A3G/F to an E3 ubiquitin ligase,
e oy inducing polyubiquitylation and the subsequent
| > /w .
e o proteasomal degradation [1].
PQ'—T\EE&?‘ PO, _CHE

Figure 4.1: (a) Domain organization of human APOBEC proteins. In red the cytidine
deaminase motifs in each protein are highlighted; the consensus amino acid sequence is
shown below. (b) The cytidine deamination reaction catalysed by APOBEC enzymes.
Image from [1].

Structures of APOBEC proteins
The crystal structures of several nucleotide CDAs have been reported showing a
canonical mixed [-sheet motif with the catalytic
residues exposed in a-helices at one side of the
sheet (Fig. 4.2 A). However, these structures are
of limited use as templates for the modelling of
APOBEC proteins, as they are considerably
smaller due to their function of binding a nucleotide
rather than polynucleotide substrate.
Tetramerisation of nucleotide CDAs shows one
monomer interacting with other two forming a
square arrangement of subunits (Fig. 4.2). The
. . . interaction between each monomer is through
Figure 4.2 Ribbon representfatlon residues of the a-helices (Fig. 4.2 B-C) [13, 14].
of crystal structure of CDDL: (A) Recently, the crystal structure of A2 has been
monomer; (B) dimer; (C) tetramer. ’ . :

reported [12], representing the first structure of an
APOBEC protein and showing considerable differences with the nucleotide CDAs.
Currently, the function of A2 is unknown, although it has been shown to be
specifically expressed in skeletal and cardiac muscle. A2 is a tetrameric protein of
224 amino acids, each monomer contains one CDA domain that consists of five beta-
sheet flanked by six helices (Fig 4.3 A). The major difference between the structure
of A2 and other CDAs is in the mode of multimerization, which in A2 is linear rather
than globular. The A2 dimer is formed by joining two 3-sheets sideways in order to
form one wide B-sheet.
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Many hydrogen bonds are formed between
the B-sheet of monomers through main-
chain atoms, providing the main bonding
force between the two monomers (Fig 4.3
B). The way in which the two monomers
interact is extremely different from the ones
previously described. A2 tetramer is formed
by two dimers that interact through head-to-
head interactions (Fig 4.3 C).

There are large number of  contacts
between the two dimers formed
indiscriminately by hydrophobic, aliphatic
Figure 4.3: Ribbon representation of and charged residues [12].

crystal structure of A2: (A) monomer;

(B) dimer; (C) tetramer.

Aim of the work

The HIV-1 VIF protein by interacting with A3G/F at the time of virus production
induces the elimination of these two important restriction factors proteins, and lifts the
barrier to viral replication that they cause. The therapeutic blockade of the Vif-A3F/G
interaction represents an ideal goal for rational drug design. The disruption of the Vif-
A3F/G interaction would leave the virus defenceless, leading A3F/G to inhibit reverse
transcription and to hypermutate the viral genome, stopping this way viral replication.
Recently, Huthoff and Malim from the Division of Virology, King’s College London
have published a prediction of a possible structural arrangement for APOBEC protein
domains based on secondary structure predictions [15] and have performed alanine
scanning mutagenesis experiments to identify the domain within A3G that mediate
sensitivity to HIV-1 Vif [16]. In particular, these data have allowed identifying a three-
amino acid motif Aspizg-Proize-Aspizo (D-P-D) in A3G that is essential for the
interaction with VIF to occur. In addition, a motif of four amino acids YYFW (Tyrizs-
Tyri25-Phe1s-Trpi27), immediately precedent to the D-P-D motif was identified to be
essential for virion packaging [16].

It is worth mentioning that A3F does not contain the D-P-D motif, suggesting the
presence of different sites of interaction between VIF and A3F.

In order to define the molecular determinants playing a role in the interactions
between A3F/G and VIF, an interdisciplinary approach has been used to analyze the
structure-function characteristics of these complexes comprising the following
techniques: molecular genetics, biochemistry, viral evolution, virus infectivity and
computational analysis. My contribution in this interdisciplinary effort has focused on
the generation of molecular models by means of computational techniques. The
resulting models assist rationalization of the results obtained from the other
methodologies.
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Results and Discussion

Dimerization models:
eHuman APOBEC3G

In order to model the 3D structure of APOBEC3G, the structure of A2 was chosen as
template. Recently a model of monomeric A3G has been also based on this structure
[17]. The difference with our approach is that we extended the modelling to include
the dimeric structure of A3G. While A2 is a tetramer formed by four monomers of 224
amino acids with one CDA domain, A3G contains two CDA domains within a 384mer
polypeptide (Figure 4.1). Hence we reason that an A3G monomer is equivalent to the
dimeric structure of A2 and that dimerization of A3G mimics tetramerization of A2.
The amino-terminal CDA domain (N-CDA) of A3G is required for viral encapsidation
but not cytosine deamination, whereas the cytosine deamination is performed by the
C-CDA domain. [18-20].

To build up the dimer model, each CDA domain of A3G was modelled with respect to
the corresponding monomer in the A2 structure.

The dimerization of A3G can be modelled in two possible ways: i) dimerization
mediated by N-terminal CDA domains, termed head-to-head (HHd) and ii)
dimerization mediated by C-terminal CDA domains, termed tail-to-tail (TTd). Each of
this possible dimerization models has been considered as equally probable in a first
instance. A2 shows 33% of identity on average with each CDA domain of A3G. In
Figure 4.3 the alignment performed with the program praline [21] of the sequence of
A2 dimer with the entire sequence of A3G is shown.

A2 SGGEGM VTGERL PANFFKFQFRNVEY SSGRNKTFL CYVWEAQCGKGEQVQASRGYL EDEHA
A3G MKPHFRNTVERMYRDTFSYNFYNRPI LSRRNTVW.CYEVKTKGPSRPPLDAKI FRGQVYS

A2 A- - - AHAEEAFFNTI LPA- - FDPALRYNVTWYVSSSPCAACADRI | KTLSKTKNLRLLI L
A3G EL- KYHPEMRFFHWFSKWRKL HRDQEYEVTWY I SWEPCTKCTRDVATFLAEDPKVTLTI F

A2 VGRLFMAEEPEI QAALKKLKE- - - - AGCKLRI MKPQDFEYVWNFVEQEEGESKAFQPVE
A3G VARLYYFWDPDYQEAL RSL CQKRDGPRATMKI MNYDEFQHCWEKFVYS- - - QRELFEPWN

A2 DI QENFLYYEEKLADI LK* GSGGGM VTGERL PANFFKFQFRNVEYSSGRNKTFL CYVVEA
A3G NLPKYY!l LLHI MLGEI LR*---------- HSVDPPTFTFNFNNEPW/RCRHETYLCYEVER

A2 QEKCEVQASRGYLEDE- - HA- - - - - - - AAHAEEAFFNTI LPA- FDPALRYNVTWYVSSS
A3G  MHANDTW/L L NQRRGFL CNQAPHKHGFLEGRHAEL CFLDVI PFWKL DL DQDYRVTCFTSWS

A2 PCAACADRI | KTLSKTKNLRLLI LVGRLFMAEEPEI QAALKKLKEAGCKLRI MKPQDFEY
A3G  PCFSCAQEMAKFI SKNKHVSLCI FTARI YDDQ GRCQEGLRTLAEAGAKI SI MTYSEFKH

A2 VWONFVEQEEGESKAFQPWEDI QENFLYYEEKLADI LK
A3G  CWDTFVDH- - - QGCPFQPWDGL DEHSQDL SGRLRAI LQ

Figure 4.4: Alignment between two monomers of A2 and a whole sequence of A3G. The

stars indicate the beginning of monomeric unit of A2. The residues of N-CDA and C-CDA are
displayed in red and in green, respectively.

In the C-CDA domain there is an insertion of twelve amino acids that precedes the
histidine of the catalytic site, while this insertion is shorter in the N-CDA domain.
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Beta Gal (0.D. 540 nm)

To build the models we used the program MODELLER [25]. This software generates
hundred models for each query (see methods) and performs an optimization of the
generated models with respect to a defined objective function.

The selected models were chosen on the basis of the objective function’s score and
on the basis of the rotamers adopted by the catalytic residues (H-X-E-Xz3.28-P-C-X5.4-
C) coordinating the Zn ions. Two ‘families’ of dimerization modes were generated by
MODELLER: a bent and an elongated model (FIG 4.5).

Figure 4.5 : The elongate (left )and bent (right) modelobtained from HHd dimerization

The major difference between the 3D models and the template is in the extended
loop in the C-CDA that connects strand B2 and helix2 (see Fig.4.5), corresponding to
an insertion in the sequence. The TTd bent model brings these two loops too close to
each other, presenting a distance between the two monomers of 13 A, whereas the
same distance is of 30 A for the HHd model. The two loops are exposed to the

solvent in the HHd bent model.
The fold adopted from TTd bent model disposes the CDA domains at the hinge
region of the dimer, making them not easily accessible to ssSDNA/RNA, and not in an
ideal disposition for the enzyme activity. To characterize the interaction surface, the
program POPScomp was used [22, 23] to detect the residues that were hidden from
the dimerization (Table | and Table Il). POPScomp calculates the solvent accessible
surface area (SASA) of each residue before and after the formation of a complex. In
this case a difference of SASA of 15 A* was used as cut-off to select the residues

buried upon complex formation.
The elongated dimers present only few contacts between the two monomers. In
particular, the residues involved in the HHd comprise the two motifs essential for the
interaction with VIF (128DPDi3g) and for virion packaging (124YYFWi27); on the
contrary the TTd exposes these residues and places the C-CDA at the interface. In
the bent dimerization models there are
a larger number of contacts in the
hinge region between the two
monomers (Table II). Also in this case
]L in the HHd the DPD and YYTW motifs
]L u are at the dimer interface. To better
characterise the dimer interface, site-
y directed mutations were introduced at
residues 123, 124, 314 and 315 as the

TNl

HHd predicts subunit interactions at

residues 122-130 and the TTd
oy ey oo waowaow e we o ws osos Predicts involvement of residues 313-
Figure 4.6 : yeast two-hybrid assay 320 (Fig. 4.6).

92



Table I: Accessible surface areas buried upon formation of elongated dimer.
HHd TTd
Elongated Models
Residue = ASASA Residue  ASASA

(A% (A%
Chain A

ARG 24 41.4 TRP 211 78.5
ILE 26 15.4 VAL 212 459
LEU 27 66.5 ARG 213 59.2
SER 28 325 TRP 285 31.7
TRP 94 14.5 PHE 289 15.3
LYS 99 28.6 ARG 313 25.9
ARG 122 40.2 ASP 316 34
TYR 125 95.5 GLN 318 28.1
TRP 127 107.5 ARG 320 115
ASP 128 25.3 ARG 374 58.2
PRO 129 16.7 ALA 377 16.8

ASP 130 39.1

Chain B

TYR 22 26.2 TRP 211 54.8
LEU 27 83.7 VAL 212 58.9
SER 28 40.7 ARG 213 69.8
ARG 29 40.9 TRP 285 25.5
ARG 122 28.4 ARG 313 28.2
TYR 124 23.6 ASP 316 38.4
TRP 127 54.7 GLN 318 47.3
TYR 181 30.3 ARG 320 24.9
GLU 366 26.5
HIS 366 225
ASP 370 71.5
ARG 374 50.1

Subsequently, yeast two-hybrid assays have been performed with these mutants,
measuring the interaction of a mutant subunit (prey) with wild-type A3G (bait)
(Huthoff and Malim, unpublished results). In the yeast-two hybrid system, successful
interaction is indicated by b-galactidase activity in the cell lysate. Indeed, the wild-
type/wild-type (peak 5) control shows a strong signal that is comparable to a positive
control (peak 2: the TSG101 and VSP28 proteins from the human endosomal sorting
pathway). Negative controls show low signals (peaks 1, 3 and 4). A signal
comparable to the wild-type is observed with mutations at residues 314 and 315
(peaks 7-9), whereas mutations at 123 and 124 (peaks 10-13) show a signal that
resembles the negative control. Expression of the wild-type and mutant A3G proteins
in the yeast cell was confirmed by western blotting (not shown) indicating that loss of
signal represents a loss of interaction. Thus, this experiment suggests that
dimerization of A3G is mediated by the N-terminal CDA domain, which corresponds
to the HHd model.
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Table II: Accessible surface areas buried upon formation of bent dimer

HHd TTd
Bent model
Residue ASASA Residue ASASA
(A% (A%
Chain A Chain B Chain A Chain B

ARG 24 36.9 ARG 14 43.9 PHE 204 24.7 HIS 195 60.9
ILE 26 47.9 ASP 15 17.7 TRP 211 275 SER 196 119.7
LEU 27 26.4 SER 18 36 VAL 212 70.7 MET 197 50.9
SER 28 31.6 TYR 19 66.1 ARG 213 84 PRO 199 43.4
ARG 29 50.8 TYR 22 21 GLY 214 34 PRO 200 19.4
ARG 30 65.4 ILE 26 32 ARG 215 33.1 THR 203 55.6
TYR 59 55.6 LEU 27 17.1 HIS 248 26.3 PHE 204 103.1
LEU 62 43.5 SER 28 33.1 HIS 250 339 TRP 211 34.2
TYR 64 29.9 ARG 29 139 GLY 251 30.1 VAL 212 13.4
THR 98 22.4 ARG 30 26.3 LEU 253 755 ARG 213 82.1
LYS 99 23.2 ASN 31 17 GLU 254 23.3 HIS 216 43.6
ARG 102 65.7 THR 32 22.1 GLY 255 48.3 GLU 217 25.3
THR 106 23.6 VAL 58 33.9 PHE 289 40.1 ARG 313 50.5
ARG 122 40.9 TYR 59 26.3 SER 290 35.7 ASP 317 36.9
TYR 124 15.5 TRP 94 46.4 GLN 293 26.7 GLN 318 97.9
TYR 125 57.4 ARG 122 255 GLU 294 35.2 ASP 362 41.8
PHE 126 19.1 PHE 126 37.9 LYS 297 13.6 GLY 363 11.5
TRP 127 114.9 TRP 127 90.6 TYR 315 22.3 GLU 366 38.9
PRO 129 65.7 ASN 177 26 ASP 316 17.5 HIS 367 19.7
GLU 133 66.7 TYR 181 64.5 ASP 317 155 ASP 370 67.2
LEU 184 74.4 GLN 318 72.2 ARG 374 49.3

GLY 319 67.3

ARG 320 63.5

GLU 323 51.1

To better understand the electrostatic contribution to the dimerization, the potential
electrostatic surfaces were generated for all systems (Fig.4.7).

5

Figure 4.7: Comparison of the electrostatic potential of the predicted modes. In the
panels A and B the elongated and the bent models of HHd, respectively, are
displayed. In panels C and D the elongated and the bent models of TTd,
respectively, are shown. The potential ranges from -10kT (red) to the maximal
positive value +10KT (blue).
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The electrostatic surface analysis shows that the contacts in the HHd models are
prevalently formed by positive surfaces (blue coloured surfaces), whereas in the TTd
models less charged residues are present at the interface. The positive interface in
the HHd could represent an ideal surface for the interaction of a strong acid molecule
as ssDNA/RNA. Therefore the absence of such a surface in the TTd and the close
vicinity of two monomers in the bent model could be used as discrimination criteria
against it. Lastly, the C-CDA domains would be too hidden in these models to exert
their activity.

Human APOBEC3F

The models of A3F were constructed with the same procedure adopted for A3G.
Human APOBEC3F is a protein of 374 amino acids; this provides a shorter protein
sequence than A3G.

A2 SGGEGM VTGERL PANFFKFQFRNVEYSSGRNKTFLCYWEAQCKG GQVQASRGYLED- -
A3F MKPHFRNTVERMYRDTFSYNFYNRPI L SRRNTVW.CYEVKTKGPSRPRL DAKI FRGQVYS

A2 - - EHAAAHAEEAFFNTI| LPAFDPALR- YNVTWYVSSSPCAACADRI | KTLSKTKNLRLLI
A3F  QPEH- - - HAEMCFL SWFCGNQL PAYKCFQ TWFVSWT PCPDCVAKLAEFLAEHPNVTLTI

A2 LVGRLFMAEEPEI QAALKKLKEAGCKLRI MKPQDFEYVWONFVEQEEGESKAFQPVED! Q
A3F  SAARLYYYWERDYRRAL CRLSQAGARVKI MNDDEEFAYCWENFV- YSEGQ: - PFMPWYKFD

A2 ENFLYYEEKLADI LK* GSGGGM VT CERL PANFFKFQFRNVEYSSGRNKT FL CYVVEAQGK
A3F DNYAFLHRTLKEI LR* NP- - - M - - - EAMYPHI FYFHFKNL RKAYGRNESW.CFTMEVVKH

A2 GEQVQASRGYLE- - - DEHAAAHAEEAFFNTI L- PAFDPALRYNVTWYVSSSPCAACADRI
A3F HSPVSWKRGVFRNQVDPETHCHAERCFL SWFCDDI LSPNTNYEVTWY TSWSPCPECAGEV

A2 | KTLSKTKNLRLLI LVGRLFMAEEPEI QAAL KKLKEAGCKLRI MKPQDFEYVWINFVEQE
A3F  AEFLARHSNVNLTI FTARLYYFWDTDYQEGLRSL SQEGASVEI MGYKDFKYCVENFVYND

A2 EGESKAFQPVEDI QENFLYYEEKLADI LK
A3F D- - - EPFKPWKGLKYNFLFLDSKLQEI LE

Figure 4.8: Alignment between two monomers of A2 and a whole sequence of A3F.The
stars indicate the start of monomeric unit of A2. The residue of N-CDA and C-CDA are
displayed in red and in green, respectively.

The 3D models were generated to predict the dimerization of A3F. MODELLER
produced only for HHd the two ‘families’ of dimers (Fig. 4.9).

PSP
6428000

Figure 4.9 : The elongate (left )and bent (right) modelobtained from HHd dimerization
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As one can see from the analysis of the electrostatic surfaces, the bent TTd would
lead to a dimer with two negative surfaces in too close contact; may be the repulsion
of this two surfaces have not allowed the construction of this dimer (Fig.4.10).

The interface of the dimer HHd appears very similar to that of A3G even though the
C-CDA domains of A3F show a larger negative surface respect to those of previously
described.

Figure 4.10: Comparison of the electrostatic potential of the predicted modes. (A)
Elongated HHd, (B) bent HHd and (C) elongated TTd. The potential is ranged from
-10KT (red) to the maximal positive value +10kT (blue).

In order to characterize the interaction surface, POPScomp was used [22, 23] to
detect the residues that were buried upon dimerization (Table IlI).

Also in this case a difference of SASA of 15 A? was used as cut-off to select the
residues buried upon formation of the dimer.

For HHd dimerizations modes the residues correspondent to DPD and YYTW motifs
are at the interface, in particular the Tyr residue is directly involved in the formation of
the dimer. In the HHd bent model the residues of monomer A contribute in large part
to the dimerization surface, whereas only few residues of monomer B are in contact
with monomer A.

Even though there are very few data indicating details on the possible dimeric form
for A3F, the results obtained from homology modelling and the study of interaction
surface induce to think that the most plausible dimerization mode is a Head-to-Head
one, similarly to A3G.
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Table Ill: Accessible surface areas buried upon formation of dimer

HHd TTd HHd
Elongated Models Bent Model
Residue ASASA Residue ASASA Residue ASASA
(A% (A% (A%
Chain A

TYR 19 18.4 LYS 205 32.2 TYR 22 17
ARG 24 26.1 LYS 209 51.7 ARG 24 26,6
LEU 27 59.3 ALA 210 27.3 ILE 26 59,4
SER 28 435 TYR 211 90.8 LEU 27 71,7
ARG 29 25.8 TRP 277 18.4 SER 28 27,3
ARG 121 31.8 ARG 305 34.7 ARG 29 185,1
TYR 123 19.3 TYR 308 92.2 ARG 30 22,5
TYR 124 39.5 TRP 310 84.2 THR 32 35,7
TYR 125 12.7 ASP 311 46.5 TYR 59 33
TRP 126 81.5 ASP 313 16.6 SER 60 21,2
GLU 127 15.6 PHE 363 15.8 GLN 61 72,8
LYS 172 35.7 PRO 62 27,1
PHE 179 42.7 HIS 65 2,1
Chain B ASP 98 73,9
ILE 26 21.3 LYS 209 40.3 ARG 121 18,7
LEU 27 84.4 ALA 210 27.7 TYR 124 37,9
ARG 29 29.8 TYR 211 94.2 TRP 126 70,3
TRP 93 30.7 TRP 277 28.1 GLU 127 29,3
ARG 121 325 ARG 305 24.1 ARG 128 99,8
TYR 124 91 TYR 307 21.3 ASP 129 39
TYR 125 23.4 PHE 309 221 HIS 227 59
TRP 126 08 TRP 310 82.6 HIS 228 15,8
GLU 127 47.8 ASP 311 15.1 ASN 266 20

ARG 128 35.1 ASP 313 35 Chain B
ASP 129 38.8 PHE 363 29 PHE 5 19,5
PHE 179 30.5 SER 18 35,8
TYR 19 97,7
ASN 20 16,5
TYR 22 13,4
ILE 26 59,8
LEU 27 52,3
SER 28 68,1
ARG 29 126,1

Molecular dynamic simulations

Molecular Dynamics (MD) simulations is a useful method to refine the 3D models,
but also to characterize at the molecular level the effect of specific mutations and
their perturbation on the overall structure. This technique may be used to investigate
structural consequences of any given mutation of interest (e.g. Vif-resistant and
packaging mutants). MD simulations were performed onto the elongated head-to-
head dimerization models of A3F/G as well as onto the crystal structure of
APOBEC2, used as a reference in our analysis.

In order to evaluate the stability of the elongated structure of A2 and A3G/F models,
5 ns and 10 ns of MD simulations were performed on each of these models. As one
can observe from Fig 4.11, all monomers have reached equilibration within the firsts
200 ps and show the same average value of RMSD (Root Mean Square Deviation)
around 2 A for A2 and 3 A for A3G/F. The molecules are stable under the simulated
conditions and converge to similar energy values as shown in Table IV.

During the simulations each monomer moves towards each other, getting in closer
contact and improving this way the interaction. As we can see from Table V, the

97



RMSD (A)

RMSD (4)

RMSD (A)

2000 4000 6000 8000 1
] e C
L B d
3 ANV
2

Figure 4.11: RMSD of the Ca
atoms from their initial
coordinates as a function of
time, for the three simulated
systems; (A) A2, (B) A3G, (C)

contacts between the monomers are somewhat

different, nevertheless in both dimers the residue
Tyrl24 remains in the contact region for all the
simulated time, in good agreement with the

experimental data previously described.

Some interactions are lost during the dynamics, in
particular for the A3G dimer, where only two (Trpl27
and Tyr 181) of the starting interactions, involving the
residues of monomer B, remain in contact till the end of
the simulation. Visual inspection of A3G simulation
revealed that a new secondary structural segment (helix
Asnl77-Metl188) of each monomer causes, after 2 ns,
the two subunits to move closer to each other. This
movement influences the position of each monomer and
causes the loss interactions in another region (Tyr22-
Ser28). A similar situation is observed in A3F, where a
corresponding helix  (Aspl74-Leul84) for each
monomer comes in close contact after few ns. This
motion observed in both dimers could demonstrate that
the residues of these helices could play an essential
role in the dimerization. This observation would suggest
that these residues could represent good candidates for

new experiments of site-direct mutagenesis.

Table IV: Energy decomposition analysis of MD simul

ations

The first and the last 500 ps of simulations were used for the energy decomposition analysis.

Energy APOBEC2 APOBEC2 A3G A3G A3F A3F
(kJ/mol) E initial E final E initial E final E initial E final
Pr-Pr (El) -21319.8 -21958.3 -20446.5 -21682.9 -20457.2 -21785.4
Pr-Pr (LJ) -26493.6 -27202.9 -27570.3 -29014.9 -27679.3 -28945.4
Pr-Sol (EIl) -45859.4 -44159.4 -43159.1 -40086.1 -42958.5 -41345.2
Pr-Sol (LJ) -3153.1 -2744.9 -4792.0 -3953.2 -3956.6 -3246.2

Principal component analysis (PCA) is a powerful tool for finding global, correlated
motions in atomic simulations of macromolecules [24]. PCA is often used to reduce
the complexity of the data obtained by MD simulations. The motion is decomposed in
the principal components, associated to an eigenvector and an eigenvalue. PCA
analysis performed on the modelled dimmers and on the crystal structure showed
that in all systems a-carbon fluctuations are almost fully described by the first 10
eigenvectors. In the A2 simulation the first eigenvector accounts for the 50% of the
total amount of the motion. In the A3G and A3F the first eigenvector account for the
56% and 36%respectively. Given that, we decided to analyse the first eigenvector of
all systems, reducing reasonably the description of the overall motion. In Figure 4.13
the ‘porcupine’ plots of the first eigenvector of A2, A3G and A3F are shown. This
analysis revealed that the large part of the observed motion between the two
monomers of A3G/F is due the residues at the interface
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Table V: Accessible surface areas buried upon formation of dimers.The residues that
remain in contact during all the simulated time are highlighted in bold.

3G A3F
Initial Final Initial Final
Residue ASAZSA Residue ASA28A Residue ASA28A Residue ASAZSA
(A% (A%) (A%) (A%)
Monomer A Monomer A
ARG 24 41.4 ARG 24 38.7 TYR 19 18.4 TYR 22 26
ILE 26 15.4 SER 28 15.5 ARG 24 26.1 ARG 24 32.3
LEU 27 66.5 TRP 94 18.7 LEU 27 59.3 TRP 93 15.2
SER 28 325 ARG 122 17.2 SER 28 435 ARG 121 25.1
TRP 94 14.5 TYR 124 21.4 ARG 29 25.8 TYR 123 17.8
LYS 99 28.6 PHE 126 81.6 ARG 121 31.8 TYR 124 70.6
ARG 122 40.2 TRP 127 31.8 TYR 123 19.3 GLU 127 48.5
TYR 125 95.5 ASN 177 18.2 TYR 124 395 ARG 128 15
TRP 127 107.5 LYS 180 93.2 TYR 125 12.7 ASP 129 25.7
ASP 128 25.3 TYR 181 31.2 TRP 126 81.5 TYR 171 88.7
PRO 129 16.7 LEU 184 19.4 GLU 127 15.6 LYS 172 69.4
ASP 130 39.1 LYS 172 35.7 ASP 174 11.7
Monomer B PHE 179 42.7 ASP 175 60.6
TYR 22 26.2 PHE 126 105.8 TYR 19 18.4 PHE 179 50.9
LEU 27 83.7 TRP 127 92 Monomer B
SER 28 40.7 PRO 129 26.1 ILE 26 21.3 LEU 27 148.2
ARG 29 40.9 ASN 179 21.2 LEU 27 84.4 SER 28 52.7
ARG 122 28.4 LYS 180 73.2 ARG 29 29.8 TYR 124 48.4
TYR 124 23.6 TYR 181 48.7 TRP 93 30.7 TYR 125 28.8
TRP 127 54.7 ILE 183 40.7 ARG 121 325 TRP 126 63.5
TYR 181 30.3 LEU 184 69.3 TYR 124 91 GLU 127 26
MET 188 20.8 TYR 125 23.4 ARG 128 126.9
TRP 126 98 ASP 129 45.3
GLU 127 47.8 ARG 131 71.3
ARG 128 35.1 ASN 176 48.8
ASP 129 38.8 PHE 179 57.2
PHE 179 30.5 THR 183 44.5
A .
On the other hand A2 appear more
rigid and the helices at the interface
do not interact with each other.
These very preliminary data could
lead at the design of new mutants
< _ and are essential to better clarify at
’\Q&g.;g\- molecular level the interactions
B I\ @gé,h it essential for the dimerization.
S i 55
“7: oA ; C )
‘14

Figure 4.12: Images of the
motions corresponding to the
first eigenvector for
simulations of A2 (A), A3G
(B) and A3F (C). Each Ca
atom has a cone attached
pointing in the direction of
motion described in the
eigenvector for that atom
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Methods

Molecular Modelling

The structures of A3G/F were obtained by homology modelling from the crystal
structure of human A2 (2NYT pdb entry), with which it shares 30% sequence identity
with each monomer. 3D dimer models were generated using MODELLER.
MODELLER is used for homology or comparative modelling of protein three-
dimensional structures [25]. MODELLER implements comparative protein structure
modelling by satisfaction of spatial restraints [26, 27], and can perform many
additional tasks, including de novo modelling of loops in protein structures,
optimization of various models of protein structure with respect to a flexibly defined
objective function.

Molecular Dynamics simulations.

Refinement of the models has been performed by Molecular Dynamics simulations.
[28, 29]Simulations on the crystal structure of A2 and on the models A3G/F were
performed with the GROMACS package [30] using the GROMOS96 force field[31].
The systems were neutralized and were solvated in a box of SPC water [32], in a
solution of 50mM NaCl (20 Na" and 38 CI). All the simulated boxes contained about
20,000 water molecules. Simulations were carried out at a constant temperature of
300K. The Berendsen algorithm was applied for the temperature and pressure
coupling.[33] After a first steepest descent energy minimization with positional
restraints on the solute, the LINCS algorithm was used to constrain the bonds [34]
and to carry out an initial 200 ps simulation with the positions of the solute atoms
restrained by a force constant of 3000 kJ/(mol-nm?) in order to let the water diffuse
around the molecule and to equilibrate. The particle mesh Ewald method (PME) [35]
was used for the calculation of electrostatic contribution to non bonded interactions
(grid spacing of 0.12 nm). The crystal structure of A2 was run for 5 ns whereas the
models A3G/F for 10 ns each. The Dynamite server (www.biop.ox.ac.uk/) was used
to produce further PCA analysis of the MD trajectories.
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Abstract In prokaryvetes, protein disulfide bond oxida-
tien, reduction and isemenzation are catalvesd by
members of the thioredoxin superfamily, characterized
by the conserved C-X-X-C molil in their sctive sile,
Thicredoxins 2nd  glosredoxing  contnibule o the
reducing power in the cvtoplesm, while the Dsb system
catalyess disulfide bonds formation in the perplasmic
space. This paper addresses the question of disulfide
bonds [ormation in o cold-adapled  micro-orginism,
Prewdoalteromona fofoplanttic TAC 125 (PATACIIS)
by charactenzng the DsbA system. We found disinetive
features respect mesophilic counterparts that highlighted
for the first time the occurrence of two mljacent chro-
mosomal 4 genes crganised in a functional operon.
The soplusticited transcnptional regulation mechanism
that controls the expression of these twoe penes was alse
defined. The two DsbA proteins, named PaDsbA and
FPhbAZ, respectively, were expressed in Ercheriohia
cofi and characterized Results reporied in this paper
provide some insights into disulfide bonds formation in
a4 e orgamsm s laled in the Anlarclic sen wiler,
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Introduction

A kev step in omidative protein folding is the formation
of 55 bonds betwesn correct cvsteing pairs, In prok-
arvoles, oxidation of cysteine residues s a catalvesd
process depending on the protean suboellular localien-
tion, Generally, ovioplasmic profeins do not contiin
structurnl disullide bonds, althoueh some enevmes Like
ribonuclectide reductase, thioredoxin peroxidase and
methionine sullfoude reductase form 5-8 brdges as part
of thar catalviic cveles (Bardwell et al, 1991 Schallre-
uter el al, 1991),

In prokaryvoles, disulfide bond formaton is achieved
in the periplesmic space by the Dsb system, comprising @
family of disulfide oxidoreduciases belonging o the
thicredoxin superfamily. This svatem cn be divided inte
by pathwavs: an oxidaion pathway, consisting of the
Db and DsbBE proteins, and an isomerization pothway
that includes DshC, Dbl and DsbGoproteins (Hiniker
et al, 2004), The initial exidative event is catalveed by
Dsba, which inleracts with reduced protein substrates
and catalvses oxidation of their cvsteine residuss Lo
disulfide bonds, Homologues of DsbA, charactensed by
the conserved ~C-P-H-C- motl of the catalvie ste,
have been [ound in & wide range of bacteria {Hiniker
el al, 2004), supeesting the conservalion of the mecha-
nisms involved in disulfide bond Formation within the
CGrram negaiive bacieria

Recently, besides the chromosomal DisbA, 4 second
disulfide oxidoreductase homologus was wdentified in
Salmonella enterica serovar Typhimurium, located in o
virnlence plasmid (Bouwman et al. 2003), This DsbA-
like protemn, named SreA, s characlenzed by o -C-P-P




Lk

Ce maotil and shows 37% identity with the canonical
Db A, Other SrgA homelogoes were also identified in 5.
enterica serovar Typhi and 5 enterica serovar Enteritidis
strains (Rodriguee-Penap et al. 1997, It is extremely
unusual for organisms te contain more than one chro-
mosormal Dsb A to the best our knowled ge the only case
reported s far is that of Neiseria meningitidis with thres
Db sugpested o have different activities in folding
specific trget proteins (Sinhe e al. 2004; Tinslew et al,
2004y,

This puper addresses the question of disulfide bonds
formation in a cold-adapted micre-oreanism, Preuwdoal-
teromonay hafoplanks TAC 125 (PATACIZS) (Birolo
et al. 200000 by characterizing the DisbA svsiem. Results
reported in this paper describe key eneyvmes of thiol-
disulfide oxidored uctase svstem in o cold adapled micro-
organism und demonstrate for the fest time the existence
of an uncommen DsbA gene orpamzation,

Materials and methods
Bacteria] strains, DMNA constructs and media

Plasmids are all reported in Table |, Praowdoalteromonas
hatpplernketiz TACT2S {PATACI25) was collected in 1992
fremm seawater near the French Antarctic Station Dhu-
mont d'Urville (607407, 2°001'E) and grown in aerobic
conditions ot [5°C in TYP broth, pH 7.5 (Birelo et al.
20005,

Escherichia coli sirains TOPF'I0 and HBIOL were
wsed as hosts for pene cloning. BL2ZHDER) £ coff strain
(Sambrock et al, 2000) was used as host for heterolo-
BOLS &K Pression,

E. cafi cells were routingy grown in LB {Sembrock
et al. 2000) contaimng 10 pgiml of ampidllin, when
transformed. £ cofi JCB370 and JCBAT1 wers used lor
mostility assavs (Bardwell et al, 1990 E. ooli JCBE 16 and
JCBRIT were used for Lac™ phenotype assays (Graus-
chopl et al, [1995), All these strains were a kind gilt from
Prof, 1O, Bardwell. pTRO99A expression plasmid
(Amersham Biosciences) wos used [or complementation
assay, pUCIE plasmid (Roche, Peneberg, Germany ) wis

Table 1 Plasmids comstrocted i this stedy

Plagmid Diuscrd st o™

T Phadoh A5 PTRCMA & (Neol- EeoB Ty 00 Phabb A gone)
Pl PhakhAZy  pTRO99A & (Neal- EeoB Ty 00 Phbb A2 gone)
T e 4) PTROCMA & (Neal- EeaRT) 0 Eadsbd gone)
PEL bl A pET22h A (Nakl- EcaRI) €3 (Phalsh A geims)

P el A2} pET2h A (Nebl- EcoRT) 03 (Phdeh A7 pene)
P pPLE A {Bom Al EcoBVh 0 (P 71355
Pladehd 2 PPLE A (Bam - FeaRV 00 (Pl 1640-1990)
Plasdrd)y PPLB A (Bam Al EcoRV )0 (Phadsh 1190-1341)
Pl 4™ PPLE A {BamHl- EcoRV) 0 (Phdd 11901279}
Pl A™) pPLE A (BamHl- EcoRV ) 0 (Phadsdh 1279-1341)

? Mucleotide coondinabs of Phdih locus as deposited in EMBL
Diatabank (ATEFANS) L4 maertion; A, deletion.

used for the construdion of the PATACIZS DNA
genomic hibrary. pPLE veclor was used for ranscrip-
tivnal analysis (Doilic et al. 2004) pET2IR + ) (Mow-
apen) was used [or the expression of recombinant

proteins { PhDsbA and PhDshAZ),

Cloning and sequencing of Phadsbd locus

Genomie DNA preparabion from PATACI2S was car-
ried oul us previously described (Tosos el al. 2003), The
Phadsh A locus was 1selated from a PATACIZS Hindll
genomic library by dot bloting screening, by using
degenerated ol gonucleotides as probes, designed on the
E. coli smino acidic sequences and from Fx o Py
EcDsbA [or PhDsbA.

The saesning was carried oul as reported by Geor-
lette et al 2003, and allowed o identify positive clones
for Phadebd, The positive clones were sequenced by the
Taq FS dve terminator kit {Perkin Elmer), Norwalk, CT,
USA, wsing the Applied Biosyvsigms Automabic Se-
quencer madel 3734 (Perkin Elmer).

In order o complete the sequence of the Phadibd lo-
cus, sequencing reactions were performed directly on the
genomic DNA by using the Thermo Sequenase radio-
labeled terminater evele sequencing kit (Amersham
Pharmacia Biotech., Freiburg, Germany), according Lo
the procedure reported by Krinet ol (2001). In the case
of DM A sequences with dyvad symmetries containing dG
and dC residues, 4 master mix con@inng dITP was used
[or the sequencing. Use of dITP regured longer exien-
sion Hmes (20 min) at &1°C,

The EMBL Databank accession number for Phdsh A
locus 15 AFA 34705,

Constructions of the expression plasmids

For the complementation assayvs, the Phash A, Phaihd2
and Fedzhd penes were amplified (Tosco et al, 2003)
and cloned inte the commercial expression vector
pTRCY9A, penerating the pT{PhdshA), pT{ Phasb40)
and pT{Ecdatd ) plasmids, respectively (Tahble 1),

For the purification of the recombinant protens,
Phidshd and PhDsh A2 penes were PCR amplified and
cloned  into the commercial  expression  veclor
pETIIH + ). The resulting consiructs were indicited as
pE{difid) und pE(ash A2, respectively (Table 1)

For the transcriptiona] lusion experiments, the pro-
mater regions upstream of fodhl and Phadab A2 penes
were ampli fied and donegd inte the reporter vector pPLB
(Dwlio et al. 20000, penerating PUin) and Plasb42)
plusmids  (Table 1), The two putative promolers
upstream of Phdshd pene were amplified and coned
together and separalely, generaling P{db 4), PldshdA®),
PiashA™) plasmids, respectively (Table 1),

All the resulting plasmids were used o transform
PHTACIIS @lls by interspecific @ojugation (Dhuilic
el al. 2000 ) and te perform the transcriptional assavs,




Complementation of £ coff dsbA mutant strains

Two different phenotvpes—dependent upon the pres-
ence of sctive Dsbd homologous protein—were usad for
the complanentation assavs: motility and Lac™ pheno-
tvpe of the MallF-p-galactosidase 102 [usion protein
{Bardwell et al. 1991),

pT{Phavbd), pTiPhdshA2) und pT{Feaibd) con-
structs were used [or both types of assavs, pTRO9A
wias used [or negative control.

For monlity assavs, the constructs described were
wsed Lo transform the non-monle £, colf strain JOB5T1
{dsbaA ) fellowing stendard procedure (Sambrook et al,
2001). FcICBET0 {dsbA ™) and EJCBSTHpT Eedshd)
strvims were ussd a8 posilive  controls,  while
JCBSTHpTROCYSA) strmin was used as negative control.

The complementation assavs with MalP-p-palactosi-
dase 102 [usion protein were performed in according Lo
the procedure reported by Grauschopl et sl {1995), by
wing  fefCBELT  (dsbA ) strein,  EeJCBRELG  and
EcJCBELT transformed with pT{ Ecdeh A) construct were
used as positive controls,

Transcriptional assavs

FEMA isclation rom PATACIZS cells (grown ot [5°C up
to 3 ODge) and Northern blotting analvsis were per-
formed as described by Tosco et al. (2003). The PI, P2
and P3 probes used [or these experiments were [rag-
ments internal o the Phvinfl, Phdsbd and PhDshA42
penes, respectively, ebtained by FCR amplilication,

Primer extension gaperiments were performed as de-
seribed by Tosce et al. (2003), by using 18-21 bp specific
cligonuclentides as primers,

Reporter assavs of transcriptionatl [usions measured
acivity of a cold-adapied f-galactosidase as deseribed
by Dhuilicy et wl. { 20040,

Overexpression and purification of PADsbA
and Phlsbd2

The recombinant Phashd and Phdsh A2 penes were
separtlely expressed in EeBL2NDET) cells, as follows:
fresh cultures 2 ml) were inoculated e 200 ml LB
medivm contuimmne 100 pgml of ampiallin: The re-
combinant cells were grown at 18°C [or 20 h without
any induction until the ODyq reached 4.5, The bactenal
pellets were resuspended in [0 ml of buffer A (30 mM
Tris-HC pH &, 20% sucrose, | mM EDTA pH £} and
incubated at room temperature for 20 min The shocked
cells were collected by centrifugation at [ 3000 rpmoat
47°C and resuspended in 10 ml dcecold 5 mM MpeS0,.
Adter incubation at 47C for 20 mun and centnlugatiion at
13,000 rpm, the supernatants (periplismic fractions)
containing the recombinant PalsbA and  PhDsbAZ
profems were collected and extensively dialvesd aganst
10mM MOFPS pH 7.2 and [0mM MOPS pH 7.6,

prespectively,

EE]

For PhDsbA protein purification, the somple was
lpaded on o DEAE-Sepharose  Fasm Flow column
(Pharmacia Biotech, Inc, NJ, USA) equibibrited in
[0mb MOPS pH 7.2 Prowins were eluted with a
linear MNaCl gradient {-0.3 M in equilibration buffer)
and (ractions were analvsed for reducing activity with
insulin a5 substrate (Holmegren 1979) The [fracions
containing the active protein were pocled. concen-
trated, dislyeed agoinst 20 mM Tris-HCT pH &, | M
MNH:S50, and leaded on o Phemy! Superose column
(Pharmacia Bictech. Inc.) equilibrated in the same
bulfer, The proteins were eluled with a near gradient
(20 mM Tris-HC] pH &, | M NH, 8020 mM Tris-
HCI pH B).

For PHD=bAZ protein purificetion, the sample was
Ioaded on a SP-Sepharose Fast Flow oolumn (Phar-
maecia Biotech Ine) equihibrated im [0 mM MOPS
pH 7.6 and proteins were eluted with o hinear MNaCl
eradient {105 M in equhbrabon bufferl The aclive
fractions were pooled, md leaded on o Superdex 75
PC 32730 column (Pharmacs Biotech, Inc) equili-
brated in 50 mM No-phosphate pld 7.5, 0015 M NaCl,
b {Fer,

Frodein concentration was determined with the Bie-
Fad protein assay (Bradford 1976), using bovine serum
albuming us standurd, The recombinant PADsbA and
PhDsbA2 proteins were stored at ~20PC.

PhDsbA and PADsbEAZ antibodies production

and Western bBlotling analvses

The anti- £ coli DsbA rubbit serum alread y described in
Charbonmer el al, { 1999) was shown Lo cross-réact with
FaDskbA but oot with PADsBAZ Thus, it could be wsed
in Western blotting experiments. An anlissrum wgainst
PhalsbA2 was ratsed inorat, using inclusion bodies of the
recombinant protein as antigen. The immunisation
protocel involved three injections of 330 pe protein
each; the first one in complete Freund adjuvant and the
twor further enes in incomplete Freund sdjuvant ot davs
30 and 60, The oplimal titer of antibodies were reached
al day 75 where ammals were blegded (Charbonnier
et al, 19997,

For Western blotting, protein sumples  were re-
solved by using [5% SDS-PAGE gel. Electrophoresis
wis done under reducing condilions using standard
procedure (Sambrook et al. 2000), The proteins werg
iransferred 1w 2 PVDF membrane using an elecirob-
lotting  transfer spparatus  (Trans-Blot  Semi-Diry
Transler Cell, Bio-Rad, USA). PADsbA and PhDsbal
were  detected by using  the anti-rol polvelenal
antibodies with ratio [LOO0 and 13000, respectively,
and peroxidase-conjugated anti-rabbit secondary ani-
ser (1200000} (A9169, Sigma, MO, USA) The
metnbranes were developed by using SuperSignal West
Femto Maximum Sensitivity Substrate detection kit
{Pierce).
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Mass spectrometnic analvsis

The maelscular mass of the PADshA and PhDsbAZ
prioteing was determined by electrospray mass spec-
troametty (ESMS) on o 20 aingle quadrupele mass
spectromeler (Walers), by injecting protein solutions
{10 pmol/pl) inte the fon source ot a Row of 5 pl/min.
Dats were elaborated using the Mass Lynx program
{Waters],

O spectroscopy
Spectroseopic characierization

For-UV CD spectra were recorded on a Jason J715
spectropolanmeter equipped with o Peltier thermos e
cell holder (Jasco model PTC-3E), in o guartz cell of
(.1 cm light path at o protein concentration of 1.0 pM.
Tempernture was messured directly in the quarte cell,
the solutions were Oltered just belfore use on 0,22 pm
pore size PYDF membrane (Millipore, Bedford, MA,
UsA), and det corrected by subtracting & control
from which the protein was cmtled. Spectrn wers pe-
corded at 25°C [rom 280 o 1584 nm at 0.2 nm resolu-
tion, b s response, ol o scon rate of 20 nm/min. All
data are the averapges of three measures, and the resuls
are expressed as mean residus ellipticity (), which is
defined as (0) = 100 8., /e, where B4, 15 the observed
ellipticity in degrees, ¢ is the concentration in residue
inoles per Hier, and ! is the length of the light path in
centimeters,

Thermal denaturation of the protein wis ellowed by
recording  temperature-indoced chanpes in secondary
structure. Elliptcity at 220 nm was measured a5 the
temperature was vared from 20w 100PC ol o rate of
1°C min . Bnevime concentration was | pM in 10 mM
HEPES, | mM DTT and 0.15 M NaCl, pH 7.5

Linear baselines were fited sbove and below the
transition zone and the apparent fraction of moelecules in
the unfolded swie (F)) has been derived from the
experimental mean residuoe ellipticity according to Eqg. 1:

_ (2 — o)

F, =
ki |:'F'.'r = 1-".1]

()
where 1, and y, are the pre-transitional ond post-tran-
sitiona] baselines, that are sssumed to depend linearly on
lemperatre,

Thermal unfolding transitions were analyeed with the
iwo-state M= [} model whose equilibium constant is
given by (21

Ky( T) = exp{{~AH(Ta/R)(1/T — 1/ Ta)} (2)

where Ty is the denswration temperature al which
Kg=1 and A 4Ty a5 the denaturation enthalpy
change. The denaturation heat capacily change, A, is
considersd Lo equal e becuuse 11 cannot rehably be
determined [rom CD measurenien s,

Correspondingly, the observed maolar ellipticity is {3
() = (0 + (@R} L+ Ky} (3

where (0 and (B are the molar ellipticities of the
native and denatured swies, respectvely, whach are as-
sumed Lo depend linearly en lemperatiorg, A noo-hnear
least-squares regréssion was carred oul o estimate the
unknown parameters associated wath the unfolding
transition, using Micromath Scientist for Windows.

Results

Cloning and genghic orgunisation analvas of P A
locus

Six thouwsand clones from a PATACIZS genomic library
were soreened using o depenerate primer as probe, de-
signed on the basis of 2 multiple alimment of several
armino-acid sequences from  bacteriazl DsbA proteins
available in protein databases, Two identical positive
clemes were identified, both containing o 1.9 kb insert,
whose complete sequencing revealed the presence of
three ORFs, two of which (ORF| and ORFY) wers
incomplete. The complete ORF2, consisting of 621 bp,
encodes o predicied protein of 207 aming acids, with
theoretcal Mw of 22091 Da, exhibiting 33% identity
with the £ coli Dsba protein (EcDsba) (Bardwell ef al.
99 and 40% adentity with @ DsbA homologue from
Fibrio parahaemolyticons {entry QR TG P4,

With the sim of cblaining the complete sequence of
the other two genes, the lanking remons of the ORF2
were sgquenced by using the penomic DNA - direct
sequencing method (Krin et al. 2000), As o control, the
genonic regions sequenced were amplified by PCR
reactions using the PATACIZS genomic DNA a5 tem-
plate, clonad in the pUCLE wector, snd sequenced on
both strands. Sequence datn revealed that ORFL s lo-
cated M bp upstream ORF2 and consists of 972 bp,
encoding o putative protein sharing 33% identity with
the E. cofi YihE protein (Belin et al. 1994), whose bio-
logical Tunction i still unknown, ORF3S, locaed 20 bp
downstream ORF2 and consisting of 636 bp, encodes a
protein of 212 amine scid residues with o theoretical Mw
of 23709 Dva, displaving 39% identity with the Dsha
homalogue from Fibrio aeinifos (gntry QEDDEF4).

Due to the canonical CPHC sequence of ils active
site, the protein encoded by the ORF2 was named
FrlishA, The prowin product of ORFS showed o novel
sequence al the active site {(—-C-P-A-C-), and, on the
basis of homelogy considerations, 10 was tentatively
identified as a DsbA-like protein, This protein shares
3% wdentity and 553% smmilarity wath FalsbA and
thersalier was named PADsb A2 In Fig. [, the ahignment
of PhDsbA and PADEbAZ o the EcDsbA sequence is
shown, Both PADsbA and PhDsbAZ, accordimg 1o Von
Heijne's rules (Von Hetjne 19835), contain at the N-ter-
minus & putabive ranslocationd sipnal, tvpical of the
periplisne prodeis,
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Fig. 1 Sequence alignment of 1
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The nature of the Manking regions of the Phasbd
locus was further investigated by direct seguencing
reachons, carpied oul on PATACI2S genonue DNA,
Divergent oliponucleotides designed on the Phdebd lo-
cus sequence were wsed s pimers. Partial sequencing of
the left side adjsoent region revealed the presence of an
ORF encoding a putative protein showing a high degres
of similarity with Terred oxin from Fibrio cholerae (4095,
Partial sequencing on the right side of Phadibd locus
revealed the presence of an ORF (ORFbB), coding [or a
putative protein, which showed o significant similarity
with the imbnag-associuied adhesion protein Fapl From
Streptocorcus parasanguis (47 %),

Transcriptional analvsis of Phdsbd locus

Morthen analvses were perfommed (o mvestigate the
transcnptiona orgainizalion of the Phashd Tocus, 12
Plabeled DNA frapments internal o PhoinE, PhdhA
and PhadehA2 penes were used as probes. As shown in
Fig. 24, PI probe recognized a 1.5 kb trunscrpt oor-
responding to the co-trmscription of the Phyit £ and
FPhdsh A penes. P2 probe hybridises with twe different
transcripts: (1) a 1.5 kb transcript corresponding in size
o Phywhf and FPhasb A penes together: (2) a 1,.2kb
transcripl that was attributed o the co-transeriplion of
the Phdsb A and Phalsb A2 penes. Finallv, P3 probe de-
ects two ranscopts: (1) o L2 kb transoript oorre-
sponding in size Lo the co-transcription of Phdsh 4 and
FPhadsh A2 genes; (2 o (063 kb transcript corresponding
tr the Phdefdl moncdstromic message, All probes

VG YAUTVEYLEE KE..

recopnize 4 2.0 kb lranscript whose siee s consistent
with the length of the mRNA corresponding o the
thiee ORFs together.

Taken topether (Fig. ZB)L these results sugpest the
existence of (1) an active promoier element located
upsiream of the Phritf pene that is responsible for the
full-length  locus transcription  and  PhyihE-Phasb 4
co-enpression; (2) o promoeter ¢lement upstream of the
Phdsb A gene, responsible for the Phasbd and Phdebd 2
co-transcription; (3 o promoler sequence  locuted
upstream of the Phdsh 42 gene, responsible for the syo-
thesis of the Phdsh 42 monocistronic message, M oreover,
these dat demonstrate the functionality of the putative
trenseripiione]  Rho-independent  termimator,  located
fr bp downstremm of the ORF3 step codon and indicate
the occurrence of o transcriptional terminator, likely
Rho-dependent, downstream of the Phaibd pene.

Figure } shows primer extension experiments that
explained the occurrence of the Phashd- PhaibA?
messeneer. These analvses revealed two different tran-
serphional start sites [or Phaihd gene (Fg 3A) A
multiple distal start site (T/T) was identified 108 bp
upstresmm of the transtational start site, while a proximal
atart site, corresponding o o single thvming base, was
ientified 29 bp upstream of the Phasbd swrt coden,
The putative —10 and putative —35 boxes identified
upstresm of the two transcriptione] start sites are shown
in Fig 3B No transcriptional start sile was experimen-
tally detected for Phyitf and Phdsh A2 penes although
Morthern analvses sugpested their presence and putative
promoter elements had been predicied by com putation:l
analvsis,
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The transenptional mechanism of the Phdshd locus
was [urther investigated by transcriptional  fusion
experiments. DMNA [ragments mmediately upstresm of
PhyvinE and Phasb A2 coding regions (130 and 300 bp,
respeciively) were individually fused (o o promoter-less
facd pene contained in 2 pPLB plasmid (Duilic et ol
2004), penerating the P{yhE) and Pldsbhd2) veclors
{Table [). Both [usion vectors displaved significant
frpalactosdase activity (Fig. 4A), compared 1w the
contro] vector (pPLE), thus confirming the presence of
promoeter elements within the regions upstream of Phy-
i and Phadshdl penes.

The trinscriptional activity of the Pl ond
Phash A2 promoters wis Turther invesbigated by mom-
torng frpalactosidase activity during the growth of re-
combinant PATACLI2S cells. Figure 44 shows  that
Pivint) transformed cells exhibited o poor promoeter
adtivity in the early growth phase, while, dunng the
exponential phase (2040 h), o rapid inereésse in
f-galactesidase accumulation was cheerved, with maxi-
mum  levels al the lake exponegntinl phase, As Tor
Pilasb A2)  transformed  cells, f-galactosidase  levels
reached the maximum value during the stationoary phase
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(Fig. 4A); in both cases, the enevme levels were constant
for at least 12 b These experiments clearly showed that
the regions upstream Phyihf and Phosh A2 are differ-
ently regulated, the fommer being much more active in
the late exponential phase and the latier in the stationary
phase.

Similar analvses were performed to investignte the
activity of the two promoters (FI and P2) located up-
atream of the Phdsbd pene. Pl oand P2 promoter ele-
ments were cloned both tegether and individuslly into
the pPLB plesmid, generating the Pladibd), PlaibA®) and
PiashA™) plasmids, respectively (Table ). The corre-
sponding f-galactosidase activity was then measured in
PHTACI2S transformed cells during the growth phases,
a5 shown in Fig 48, The promoter sctivity of the PL
region steadily increases up to o maximum value in the
stationary phuase, while the P2 region provided an
essenbially constant Pegalactosidase actvity durning the
cellular growth, The Plashd) plusmid, contaning the
whaole promoter region, showed o transcriptional activ-
ity strongly growth-phase dependent: in the exponential
phase, FATACIZS cells transformed  with  Plaibd)
exhibited a large increase in Prgolactosidase activity
reaching the maximum level in the late exponsntizl
phase

PhDsbA and PADSEAZ thermal stability

The Phaihd and PhadehA2 penes were expressedin £, coli
cells and the corresponding recombi nant proteins pur-
fied [roam the periplasmic fractions by using the insulin
reductose assuy (Holmgren 1979, us described in the
Materals and methods ssction. In both mses, ESMS
analysis of the purified proteins showed the presence of a
single  component  with o molecular mass  of
20,8088 £006 Do, and 21,4504 £0.5 Da, for PhlsbA
and FhDsbAZ, respectively. These values were per se
confirming the correct sequence of the recombinant
proteins in sgreement with the expected molecular mass
of the mature proleins,

The thermal unfolding of PADsbA and PADsbAZ wis
investigated by means of CD measurements in com-
parison to EelsbA. The far-UIV spectra are qualitatively
sumalar {data not shown), thus sugeestineg o conserved
secondary structure composition, Thermal unfolding of
the “actve” forms of DsbA wis momitored by recording
the molar elliphicity at 220 nm as a funchion of temper-
ature (Fig. 50 Results are presented in Table 2, showing
that PADsbA 15 less stable than PADsbAZ which is, in
turm, less stable than ErlshaA,

Preliminary analvses by dilferential scunning alo-
rimatry on PhlDsbA and PADsbA2 revealed that the
odidized forms have denaturation points about [2-167C
lower than their reduced lomms (data net shown). Ths is
coherent with the thermodynemical mechamsm of ox-
dative iransfer of their disulfide bradge o the substrate
protein in both cases, in agreement with the mechanizm
of EeDsbA (Zapun et al, 1993, Moutier e al, [999),
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Table 2 Themnodyiamic paameten of the thesnal wafolding of
onidioed DabAs (PADshA, PAD:shA2, EDasbA), obtained by
recording the molar ellipticity at 220 nm a8 & Tunction of temper-
ature

Ty (') Ay H{Ty) (kIjmaly™
FiDah A fox) 435404 44+04
FiRDal A2 o) 515405 313403
ErDahA {oa) 15203 A5£035

Cellular localization and functional chuaraclerznton
of PADsbA and PaDsbAZ in PATACI2ZS

The purified PRDsbA and PADsbAZ proeins were used
tor produce-specific pelvclonal antibodies inorat a5 de-
scribedd in the Matenals and methods section. Western
blotting anelvaes with anti- PADsBA and anti- PhDsbA2

Fig. & Western immunablot
ahowing the cellular localzation
of FADebA 2nd PADEhA 2

proteins, O soluble cytoplasmm 129 kDa

lraction, P periplasnic lraction, 79 kDa

T whole-cell lyaate. Dahi

purifed protein, DehA2

purified probem 47 kDa
33 kDa
24 kDa
20 kiDa

antibodies (Fig, f) clearly showed that both proteins are
actually produced by PRTACIZS, and wally translo-
caled into the periplasm. Indeed, immunoreaction was
oily observed i the perplismic fraction and not in the
cyloplasmic porton.

With the wim of investigating the in vive role of
FhlsbA and PHDsbAZ profeins, we set up o comple-
menlation st taking advantage of the observation that
£, cofi cells harbouring null mutations in the dsh 4 gens
have a pleiotropic phenotvpe as the correct folding of
many proteins is affected. In particular, thess mutants
lack maotility because of the improper assembly of the
Mapgellor motor, due tooancorrect disulfide bond Fomma-
tiom in the Poring protein (Daley et al. 1993 We tested
FHDsbA and PADsBA2 protens Tor their ability to re-
store the cellular moetility of £ coli mutants.

The cold-adapted genes were PCR amplified, and
separately doned inte pTRC®A expression plasmid.
The resulting constructs, named pT{Phdibd) and
pT{PhadibA2), were used [or complementation assay of
E. coli debA ™ strain JCBA7L. A construct containing the
Ecaibd pene, named pT{Eodehd), was used s posilive
contrel, snd @ non recombinant pTRC99A wector as
negative control, As shown in Fig, 7, pT{PhasbA) and
pT{ Phaled2) JCBST | recombinant cells {panels 3 and 4)
exhibited a restored cellular motility on soft agar plates
pangls | and 2 show the negative and positive controds,
respectively.

A Turther complementation sssay was performed in
the £, codi stramn JCBELT, harbouring the dxb 4 Kmonull
mutation, and encoding the MalF-LacZ102 [usion pro-
tein that confers o blue colour w0 bacterial colonigs on
plates containing  S-bromo-4-chlore-3-indolyl-f-D-ga-
luctopyranoside (X-GA L) (Bacdwell et al. E991), In this
strain, due o the dibd mutation the p-galactosidase
fused proteinis able ooassembles into an active ensyme,
vielding o Lact+ phenotvpe (blue colenies). In the
presence of DsbA-like activity, f-ealactosidase iz eney-
maticallv inactive {white colomes), since disulfide bond
formation causes the fused protein 1o be entrapped in
the cvtoplasmic membrane,  pT(fhaibhd) and
pT PhasbA2) JCBELT transformed ells did net develop

M CPT Dsba © P T DshAZ
F -
S




Fig. 7 Complementation asmay of £ coli dshA ™ atran JCBSTL. 1 nen recombinant pTROD9A vector (negative contrall 2 pT{EcdsbAj
JCBST] recombinant cells (posdtive controly. 3 pT{PidsbA) and pT(PidsbA2) TCBST mecombinant cells. 4 pT(PhdshA2) ICHSTI

Twocodmn il t cell

any blue colour, supresting that both proteins were able
Lo substitite For EeDsbA, TCBELT tiansformed with the
empty vector, used as negative control, readily devel-
oped a blue colour (data not shown).

Di .

The present stwdy on disulfide isomerases [rom the
cold-adapied Gram-negative bacterium  Prewdoaftero-
monas fadoplani il TACIZS provides some insights into
disullide bonds formation in & nucro-orgamsm iselated
in the Antarclic sea water.

PRTACI 25 carnes two adjacent chromosomal penes
{Phadibhd — Phdsh A2, encoding two disulfide oxidore-
ductases belonzing to the DibA [dmily, named FADsbA
and PRDsbAZ, The eipression of these two genes is
controdlad by o sophisticated transeriptionad regulation
mechamsm. To the best of our knowlades, this 15 the
first report of two genes coding for two DsbA-like
profeins organised in 4 functional operon.

A comparison of the amino acd sequences of
FhDsbA and PADsbAZ, showing an 33 and 36% den-
tity with EcDsbA, respectively, immediately gives evi-
dence that they are charaderzed by different moni of
the cutalytic site. The PADshA conliins the canonical -
C-P-H-C- motif, highly conserved in other DisbA ho-
melogues proteins, while in ADsbAZ the His in the
achive fite 15 substituted by an Ala (—C-P-A-C-). We
infer PalksbAZ as o proper DisbA isoenevme for several
reasons: (i) @ BLAST run mves DshbA with the highest
score, (i) since the proten is loaited within the per-
plasm, it has to be involved at some siage in the oxi-
dative [olding pathway, and (i) inally, PHDskAT 15 not
& meanbrane protein, thus o DsbB or DsbD-like recy-
cling role could be ruled out. Moreover, the protein is
maon e with & molecular mass of 21 KDw therefore,
it is nol a4 DsbCoor a DshG-like protein, smce both of
them are dimeric {ZLapun et ol 19935 Andersen et ol
1997, It 15 also worth mentiomng that a proper hono-
logue of DsbC s present in PHTAC 125 {unpublished
resulis).

Bardwell research group elepantly demonstrated, by
in vitre experiments carned oul on SrDshbA (Guddat
et al, 1997, the imporiance of the eectrostitic conln-
bution of the histidime residue, since mutants in the third

pesiticn of the catalviic site are less ellicient as oxidant
than wild tvpe enevime. Therelore, we would suggest o
lower oxidizing power for PADsbAZ IU is worth men-
tomng that an easy spectroscope determination of the
redox potential of FADsbA2 is impaired by the absence
of Trpl 25 resdue (Sillen et al, [999), Experiments aimed
ot determining this parameter by chromatographic
analvsis (Siedler et al, 19973 are currently in progress,

The occurrence of additional deb 4 penes in bacleria s
rare but well documented, such as in the case of
Shewanella  oneidensis {Entey names: QFEEBIRE and
QEEAMT and Salmionella enterica {Bouwman et al.
2003), Howewver, the genes encoding these Dsbi-like
proteins are either scattered on the chromosome or
locuted on extrachromesomal elements, Here we report
the first direct evidence in & Gram-negutive bacterinm of
& functenal operon comprising the genes encoding two
DsbA profeins,

We observed that the Manking regions of the dabd
eenes are well conserved and have o high similarity with
those of Salmonefla strains and £ cofi. Indesd, the
presence of vink immedintely upstream of the dibd gene
is quite widespread mmong the Gram-negative bactena
(Suntharalingam et al, 2005, as revealed by o compu-
tational comparison of bacterial genomes,

Partial sequence dala concerning the region down-
stream of the Phash 42 pene revealed the presence of un
ORF (ORFb) encoding o protein homelogous e the
fim brize-associated adhesin proteins, generally involved
in biofilm formation and in fmbrse assembly. A similar
genetic orgrmsation was observed in several Salmonella
strains, where these DsbA-like proteins are involved in
oxiduation of specific components of the fimbrial svstem
{Bowwman et al, 2003; Rodrigues-Penap et al. 1997).

Although any invelvement of the ORFb in the
wdhesion of PATACE2S is still under investigation, this
chazrvation sugpests o possible unction for PHDsbAZ,
This hypothesis is supported by the ability of PATACI 25
Lo Form bofilm ot 4°C {data not shown).

A complex mechanizm of transcriptional regulition
in PATACIZS for this operon wis highlighted. Northern
blotting analvsis demonsorated that thess penes are
trunseribed as o trcistromic messenger including the
Plvin £ pene, probably under the control of o promoter
region located upstream of it Additionslly, the Phdsb 4
gene an alse be ranscribed as two different bicistronic
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messengers: the [rst including the Phyidf pene, and the
second one induding Phadsb A2, Moreover, the Phashd2
gene is also transeribed 23 4 monodcstronic transcript.
Two adjacent transcription starl peints upstream of
Phadsh A, identilving two distinet promoters (PL and P2,
were located within the ¥-terminal regon of PhyhE, as
alse ehserved in Safmonsfla Typhinurium (Goecke et ol
2002).

The P2 promoter can be clissified as a constitutive
o' dependent prometer, resembling the ™ consensus
sequence of PATACI2ZS (Duilio <t al, 2002), The PI
promaoter shows significant differences with constitutive
promoters, sugpesting the possbility that itis controlled
by alternative o factors, possibly respensible for the
transeription under specific conditions. These hypothe-
sea are supported by transcriptional fusion wnalvses that
revesled a lairly constant activity of the P2 promoter
region during ellular growth, tpical of the L Sl
dependent promaters. On the contrary, the P promoter
region is prowlh-phase reguluted, exhibiting maximum
activity during the PATACI2ZS swtionary phase. The
whaole promoter region exhibits a marked dependence on
the celluliar growth, with a maximum activity during the
late exponential phise, sugeesting a svnergic effect of the
Lwe proaolers,

Although ne transcription start site wis detected
upstream of PiihE and Phosh A2 penes, transcriptional
fusion analvses clearly demonstrate the presence of two
active promaoters responsive 1o growth phase. Their
activity increases during the lake exponential and the
stationory  phases, sugpesting  their dependence on
alernative o folors,

This analvsis revealed that Phasb A and Phasb 42
expression clearly increases during the late exponentiol
phase, in which exidered uctase proteins are presumahbly
required For folding of components involved in the
physiolomcal changes that occur during this cellular
phase. It is possible to suppose that PATACIZS cells
devise o fing-tuning of tanscripienal contrel for each
gene, secording to different growth conditions and/or
different extra-cytoplasmic stimuli,

Both PhlDsbA and PHDsbAZ showed the ability o
substitute for EcDsbA in £, coll mutants lacking this
enevmatic activity. These daw indicated that both
profeins display similar oxidoreductase abilifies in vivi.
When multiple genes are discovered lor proteins with
apparently identical functions, the genes are often de-
seribed ux redunduant, Taking sdvantspge of the Prewd-
oatterommonay haloplanios TACI2ZS genome annotation
(to b2 published), the identification of fDsbAs pro-
tein substrites may, in the near [uture, be approached
bv o combination of proteomic ools and site-directed
random  muotagenssis experiments (Kadekura et al
2004
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