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Foreword

The present dissertation is the result of the research done at the Membrane Protein
Crystallography ILaboratory of the Macromolecular Crystallography Unit at Instituto de
Tecnologia Quimica e Biolégica (ITQB), from Universidade Nova de Lisboa (UNL), under

the supervision of Doctor Margarida Archer.

The work was performed during the term of a 4 year Ph.D grant from Fundacio
para a Ciéncia e a Tecnologia (FCT), and concerns the X-ray structure determination of two
extremozymes (enzymes from extremophilic microorganisms): the sulfide:quinone
oxidoreductase  from  Acdianus  ambivalens and  the  CTP:inositol-1-phosphate

cytidylyltransferase from Archaeoglobus fulgidus.

The thesis comprises a first chapter that introduces the reader to the major features
of extremophiles, types of extremophily, domains of Life and importance of studying this

type of enzymes.

A second chapter is devoted to the crystallographic studies performed on the
sulfide:quinone oxidoreductase from Acidianus ambivalens. An introduction to the sulfur cycle
and sulfur metabolism, as well as to Acidianus ambivalens, a model organism to perform sulfur-

related metabolic studies, topics is presented.

Chapter 3 refers to the CTP:inositol-1-phosphate cytidylyltransferase from
Archaegglobus fulgidus and the topic of osmolytes (also called compatible solutes). A brief
description of this type of molecules and its function in cells submitted to osmotic shock is

performed.

The thesis ends with a short chapter presenting some concluding remarks as well as

future perspectives on the study of these two enzymes.



Acknowledgments

During this long walk on Macromolecular Crystallography (not only during my Ph.D but also
before that), I am grateful to a great deal of people which I would like to express my

profound gratitude:

To my Supervisor, Doctor Margarida Archer: with you I did not learn only Crystallography; 1
learned how to write papers, projects and grants, to organize congresses and workshops, and
to manage the day-to-day tasks of a Membrane Protein Crystallography Laboratory
(purchasing lab reagents and equipments, organize lab space and bench work, plan
synchrotron trips, manage computer resources, ...). Thank you for the opportunity you gave
me to become a Linux Systems Administrator (two intensive courses on the subject at the
Instituto Nacional da Administragao), to present my work in several scientific meetings all
around Europe and the chance to work in two World-class Science Centres, the University of

Madison — Wisconsin (USA), and the University of Leeds (UK). Thank you “Chefe”.

To the Macromolecular Crystallography Unit Coordinator, Professor Maria Arménia
Carrondo. It has been a privilege to work next to you and to witness your continuous effort
to always give the Unit the best equipments (we were the first Crystallography Group in
Portugal to have a crystallization robot), the best resources (we were members of SPINE and
SPINE2complexes which gave us access to world-leading experts and laboratories), to be
around renowned experts in Macromolecular Crystallography (the Erice Crystallography
School and the BioCrys meetings), and to access top-class research facilities (namely
synchrotrons). I am also honoured to have you several times as my partner dancing the “Vira

Minhoto”.

To Doctor Pedro Matias, for everything you teach my regarding Linux (namely Fedora core
stuff), data collection (devising a strategy and then collect the datall), reduction (with XDS,
the horrible “black box”), and phasing (your tricks in Phaser became legendaryl!l). For your
patience during those long nights at the synchrotron and for always sorting out a solution to a
problem that seemed unsolvable. Also for showing me where to eat an exquisite “Fish Soup”

and a delicious “Shark Steak™.

vi



To Doctor Clemens Vonrhein, for your assistance solving the structures of SQR and IPCT,
and for the valuable lessons regarding experimental phasing and refinement. Together with

Pedro Matias, you are my Guru.

To Doctor Carlos Frazao, for all the “Crystallography 1017 crash-courses you gave me
whenever I had a question, and for the all assistance when running SHEIL.X or interpreting

the log files.

I would also like to acknowledge:

Professor Miguel Teixeira, Doctor Manuela Pereira and Doctor Filipa Sousa, for all the hard
work in the SQR project. At some point, it seemed like a “Never Ending Story” but together,

with your help and assistance, we managed to get a “Happy Ending”.

Professor Helena Santos and Doctor Nuno Borges, for your valuable contribution, inputs
and suggestions in the IPCT project. We proved that Crystallographers and “NMRers”, often
regarded as “opposite sides of the same coin”, can work together and get very interesting and

complementary research results.

Professor Peter Henderson and all the colleagues in the Astbury Centre for Structural
Molecular Biology in the University of Leeds (UK), namely Doctor Nick Rutherford, Doctor
Pikyee Ma and Doctor Kim Bettaney. Thank you for receiving me there and teach me all the
molecular biology and protein expression and purification techniques that are now part of the
day-to-day work in the Membrane Protein Crystallography Laboratory at ITQB. A special
thanks to Doctor Nick Rutherford for his friendship and support.

Master Mario Correia, for his true friendship and honesty at all times. You are a good friend

and I miss our sushi lunches and “Casal Garcia” afternoons.

Doctor Tiago Bandeiras and Doctor Célia Romio, for their friendship and guidance when
the future (or a project), seemed rather “fainted” or “cloudy”. Thank you for being my “Pool

of Sorrows” when I was feeling “blue” and for all the comforting words that kept me going.

All my colleagues, past and present, in the Macromolecular Crystallography Unit for their

support and friendship.

vii



Aos meus Pais, José e Lurdes, por sempre terem conseguido, muitas vezes com prejuizo
pessoal e dificuldades financeiras, proporcionar-me todas as condi¢bes para estudar e
perseguir a carreira em Ciéncia que sempre desejei. E gracas a vocés que cheguei onde

cheguei e espero que vos tenha conseguido fazer ter orgulho em mim.

A Liliana, minha mulher, pelo Amor, carinho e compreensdo demonstrado em todos estes
anos, especialmente nesta recta final da escrita da tese. Nio foi facil mas com o teu 4animo,
forca e palavras de encorajamento fui arranjando forga e vontade para continuar a lutar por
este sonho. Nem sempre to digo ou expresso da melhor forma mas espero que saibas o

quanto te adoro. Es o Amor da Minha Vida e sem ti ndo sei nem quero viver.

Aos meus filhos, José Miguel e Maria Leonor, por permitirem e compreenderem que o Pai
nem sempre estivesse com eles, especialmente quando passava dias em sincrotrdo ou num
{ (13 ot 2 A 1 1 ~
qualquer pais “esquisito” num congresso ou conferéncia. Obrigado pelas recep¢oes calorosas
e, especialmente, pelos beijos e abragos que me “sabiam a mel” quando chegava dessas

viagens. Vocés sdo a razdo do meu viver e espero que saibam o quanto o Pai vos adora.

Por fim, a trés pessoas que ja nao estdo connosco. Ao Engenheiro Jodo Santos e ao Doutor
José Sant’Ana Pereira, foi um privilégio privar convosco e ganhar de vocés o gosto pelo
desconhecido, pela descoberta e pela Ciéncia. Com o Engenheito Jodo Santos aprendi o
Método Cientifico e com o Doutor José Sant’Ana Pereira aprendi a leva-lo ao extremo e a
indagar mais e mais. A minha tia Prazeres por ter sido uma segunda mie para mim quando
estava a fazer investigagdo na Universidade do Minho (Braga), e ter sempre uma palavra
amiga e de carinho quando eu desanimava por nio ter resultados. O meu muito obrigado aos

trés e que Deus vos tenha em descanso.

A Fundagio para a Ciéncia e a Tecnologia (FCT), e Fundo Social Europeu (FSE), o apoio
financeiro no ambito do Quadro Comunitirio de apoio (Bolsa de Doutoramento

SFRH/BD/30512/2006).

viii



Para José e Lurdes

Para Liliana, José Mignel

e Maria L eonor

ix






Thesis publications

The work presented in this dissertation is based on the following publications:

José A. Brito, Tiago M. Bandeiras, Miguel Teixeira, Clemens Vonrhein, Margarida Archer
(2000). "Crystallization and preliminary structure determination of NADH: quinone
oxidoreductase from the extremophile Acidianus ambivalens", Biochimica et Biophysica Acta -

Proteins and Proteomics 1764, 842-845.

José A. Brito, Filipa I.. Sousa, Meike Stelter, Tiago M. Bandeiras, Clemens Vonrhein, Miguel
Teixeira, Manuela M. Pereira and Margarida Archer (2009). Structural and functional insights

into sulfide:quinone oxidoreductase, Biochemistry 48, 5613-5622.

José A. Brito, Nuno Borges, Helena Santos and Margarida Archer (2010). "Production,
crystallization and preliminary X-ray analysis of CTP:inositol-1-phosphate cytidylyltransferase

from Archaeoglobus fulgidus", Acta Cryst F66, 1463-1465.

José A. Brito, Nuno Borges, Clemens Vonrhein, Helena Santos and Margarida Archer
(2011).  "Crystal  structure  of  Awbhaeoglobus  fulgidus ~ CTP:inositol-1-phosphate
cytidylyltransferase, a key enzyme for di-myo-inositol-phosphate  synthesis in

(hyper)thermopbhiles", | Bacteriol 193, 2177-2185.

xi



Dissertation Abstract

While Aristotle cautioned “everything in moderation”, the Romans, known for
their eccentricities, coined the word “extremus”, the superlative of exter, “being on
the outside”. By the fifteenth century “extreme” had arrived to English, via Middle
French. At the beginning of the 21t century, we know that Earth contains
environmental extremes unimaginable to our ancestors of the 19% century. Even
more unimaginable to them would be the fact that there are organisms that live, and
grow, in these environmental extremes. R. D. MacElroy named these organisms
lovers (from the Greek “philos”), “extremophiles” as in “lovers of extreme
environments”.

The discovery of extremophiles has put vitality in the biotechnology
industry as this discipline has exploded in the past 20 years. Several reviews have
been published on extremophiles and an increasing number of meetings and
conferences are organised around the theme. Genomes of extremophiles have been
sequenced, patents have been filed and several funding programmes have been
launched namely the US National Science Foundation and NASA’s programmes in
“Life in Extreme Environments, Exobiology and Astrobiology”, and the European

Union’s “Biotechnology of Extremophiles” and “Extremophiles as Cell Factories”.

Environmental extremes where we can find extremophiles include physical
extremes (e.g., temperature, radiation or pressure), and geochemical extremes (e.g.,
desiccation, salinity or pH). Common designations of extremophiles are
thermophiles, psychrophiles, acidophiles, alkaliphiles, piezophiles, xerophiles and
halophiles (which thrive at high temperature, low temperature, low pH, high pH, and
under extremes of pressure, dessication and salinity, respectively) (see Chapter 1 for

details).

Proteins from hyperthermophiles, organisms that thrive at temperatures of
80 °C and above, and that do not propagate at temperatures of 50 °C and

below, are in general intrinsically far more stable than their counterparts in
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mesophilic organisms. There is enormous interest in revealing the structural basis of
these stability differences, not only to understand mechanisms of high-temperature
adaptation but also to be able to design proteins with a desired combination of

stability and function.

Most  cultivated hyperthermophiles are chemolithoautotrophes, these
organisms can obtain their cell carbon from carbon dioxide and display respiratory
metabolism, gaining energy from the oxidation of sulfur, sulfides, hydrogen, or
ferrous iron. The most important electron acceptors are  oxygen
(aerobic/microaerophilic respiration), nitrate, ferric iron, sulphate, sulfur, or catbon
dioxide (anaerobis respiration). Interestingly, novel metabolic pathways have been
detected in some hyperthermophilic archaea. For example, glucose fermentation in
Pyrococus furiosus proceeds via an Embden-Meyerhof-Parnas pathway involving a
glucokinase and phosphofructokinase, which are ADP-dependent as opposed to the
classic ATP-dependent enzymes found in other microorganisms. Thus, it appears
that hyperthermophiles are excellent sources for novel enzymes and metabolic

pathways.

In this thesis, we describe the work done on two hyperthermophilic
enzymes: sulfide:quinone oxidoreductase (SQR) from Acidianus (A.) ambivalens and
CTP:inositol-1-phosphate  cytidylyltransferase (IPCT) from _Archaeoglobus (Are.)
fulgidus. These are two de movo structures, solved in collaboration with the
Metalloproteins and Bioenergetics Laboratory, headed by Professor Miguel Teixeira,
and the Cell Physiology and NMR Laboratory, headed by Professor Helena Santos,
both from ITQB, that contribute a little bit to the effort of understanding life and

the mechanisms that undetlie thermostability.

The SQR enzyme was isolated from the membranes of the
hyperthermoacidophilic archaeon A. ambivalens and was functionally and structurally
characterized. The enzyme was previously characterized as a type-2 NADH:quinone
oxidoreductase but the X-ray structure prompted for a new characterization. The
structure was solved to 2.6 A resolution by the single isomorphous replacement with

anomalous scattering (SIRAS) method using two iodide and platinum derivatives and
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showed a covalently bound FAD cofactor and three sulfur atoms bridging two active
site cysteine residues. A catalytic mechanism for sulfide oxidation is presented and

the sulfur dependent bioenergetics of A. ambivalens is discussed.

IPCT from .Ar. fulgidus is the cytoplasmic N-terminal domain of a
bifunctional enzyme ([IPCT/DIPPS), that catalyzes the conversion of
L-myo-inositol-1-phosphate and CTP to di-mye-inositol-1,3’-phosphate-1’-phosphate
(DIPP).  The IPCT  domain  catalyzes the initial  reaction  of
L-myo-inositol-1-phosphate with CTP to produce CDP-inositol, and the DIPPS
C-terminal membrane domain catalyzes the reaction of CDP-inositol with
L-myo-inositol-1-phosphate to produce the final product DIPP. This molecule is
further dephosphorylated leading to the production of di-myos-inositol-1,3’-phosphate
(DIP), which is the most widespread organic solute in (hyper)thermophiles. The
enzyme was solved at 1.9 A resolution by the SIRAS method using a mercury
derivative. IPCT is composed of a central seven-stranded mixed B-sheet surrounded
by six a-helices, a fold reminiscent of the dinucleotide-binding Rossmann fold and
typical of nucleotide-diphospho-sugar transferases (SCOP Superfamily 53448). The
enzyme shares structural homology with other pyrophosphorylases and based on this

homology, CTP, inositol-1P and CDP-inositol were docked into the catalytic site.
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Resumo da Dissertacdo

Enquanto que Aristételes advertia “fudo com moderagio”, os Romanos,
conhecidos pelas suas excentricidades, cunhavam a palavra "Extremus", o
supetlativo de Exter, “estar do lado de fora". No século XV “extreme” jd tinha chega
ao Inglés, via Francés Médio. No inicio deste século XXI, conhecemos na Terra
condicGes ambientais extremas inimaginaveis para nossos antepassados do século
XIX. Ainda mais inimaginavel para eles setia o facto de haverem organismos que
vivem, e crescem, nestas condicGes ambientais extremas. R. D. MacElroy chamou a
estes amantes (do grego, “philos”), “extreméfilos”, como em “amantes de ambientes

extremos”.

A descoberta dos extremofilos causou grande vitalidade na industria
biotecnoldgica a medida que esta disciplina emergia nos dltimos 20 anos. Virias
revisGes tém sido publicadas sobre extreméfilos e um numero crescente de reunides
e conferéncias tém sido feitas em torno do tema. Genomas de extremofilos foram
sequenciados, patentes foram depositadas e varios programas de financiamento tém
sido lancados nomeadamente os programas da National Science Foundation e da
NASA (EUA), “Vida em ambientes extremos, Exobiologia e Astrobiologia”, e os
programas da Unido Europeia “Biotecnologia de Extremofilos” e “Extremofilos

como Fabricas Celulares”.

As condig¢des ambientais extremas onde podemos encontrar organismos
extremofilos incluem extremos fisicos (por exemplo, temperatura, radiacio ou
pressio), e extremos geoquimicos (por exemplo, disseca¢do, salinidade ou pH). Entre
as designacoes comuns de extremoéfilos encontramos termofilos, psicrofilos,
acidofilos, alcaléfilos, piezoéfilos, xerdfilos ou haléfilos (que prosperam em alta
temperatura, baixa temperatura, pH baixo, pH alto, e sob condi¢Ges extremas de

dissecagio, pressao e salinidade, respectivamente) (ver Capitulo 1 para detalhes).

Proteinas de hiperterméfilos, organismos que se desenvolvem a

temperaturas acima de 80 °C, e que ndo proliferam a temperaturas abaixo

XV



dos 50 °C, sio, em geral, intrinsecamente muito mais estaveis do que suas homologas
de organismos mesoéfilos. Existe um enorme interesse em revelar a base estrutural
destas diferencas de estabilidade, ndo s6 para compreender os mecanismos de
adaptacio a altas temperaturas, mas também para permitir a engenharia de proteinas

com uma combinac¢io desejada de estabilidade e funcéo.

A maioria dos hiperterméfilos  crescidos em laboratério  sdo
quimolitoautotréficos. Estes organismos podem obter o carbono celular a partir de
diéxido de carbono e apresentam metabolismo respiratério obtendo energia a partir
da oxida¢do do enxofre, sulfuretos, hidrogénio, ou ferro ferroso. Os receptores de
electroes mais importantes sio o oxigénio (respiracio aerobia / microaerdfilos),
nitrato, ferro férrico, sulfato, enxofre, ou didxido de carbono (respiracao anaerdbia).
Curiosamente, novas vias metabdlicas foram detectadas em algumas hipertermofilos
do domino Archaea. Por exemplo, a fermentacio da glucose em Pyrococus furiosus
prossegue através da via de Embden-Meyerhof-Parnas envolvendo uma
glucoquinase e uma fosfofrutoquinase que sio ADP-dependentes, em comparagao
com as classicas enzimas ATP-dependentes encontradas em  outros
microorganismos. Assim, os hiperterméfilos aparecem como excelentes fontes de

novas enzimas e vias metabolicas.

Nesta tese, descrevemos o trabalho realizado em duas enzimas de
hipertermoéfilos: a sulfureto:quinona oxidorredutase (SQR) de _Acidianns (A.)
ambivalens e a CTP: inositol-1-fosfato citidililtransferase IPCT) de .Archaeoglobns (Are.)
fulgidus. Estas sdo duas estruturas de novo, determinadas em colaboracio com o
Laboratério de Metaloproteinas e Bioenergética, liderado pelo Professor Miguel
Teixeira, ¢ o Laboratério de Fisiologia Celular ¢ RMN, liderado pela Professora
Helena Santos, ambos do ITQB, que contribuem para este esfor¢o de compreensio
da vida e dos mecanismos subjacentes a termoestabilidade. A enzima SQR foi isolada
das membranas do archaeon hipertermoacidéfilo A. ambivalens e foi funcional e
estruturalmente caracterizada. Esta enzima tinha sido anteriormente caracterizada
como uma NADH:quinona oxidorredutase do tipo-2 mas a estrutura de raio-X

apontou para uma nova caractetizacio A estrutura foi resolvida a 2.6 A de resolucio

XVvi



pelo método SIRAS (do ingl., Single Isomorphous Replacement with Anomalous
Scattering) usando dois derivados de iodeto e platina, e mostrou uma molécula de
FAD como cofactor covalentemente ligada, e trés atomos de enxofre ligando duas
cisteinas no centro activos. F sugerido um mecanismo catalitico para a oxidacio do

sulfureto e é discutida a bioenergética dependente do enxofre em A. ambivalens.

A IPCT de Are. fulgidus é o dominio N-terminal citoplasmatico de uma
enzima bifuncional (IPCT / DIPPS), que catalisa a conversio de
L-myo-inositol-1-fosfato e CTP a di-myo-inositol-1,3’-fosfato-1’-fosfato (DIPP). O
dominio IPCT catalisa a reagdo inicial de L-myo-inositol-1-fosfato com CTP para
produzir CDP-inositol, e o dominio membranar C-terminal DIPPS catalisa a reacio
do CDP-inositol com L-yo-inositol-1-fosfato para produzir o produto final DIPP.
Esta molécula é posteriormente desfosforilada levando a producio de
di-myo-inositol-1,3’-fosfato (DIP), sendo que este é o soluto organico mais difundido
em (hiper)terméfilos. A esterutura da enzima foi determinada a 1.9 A de resolucio
por SIRAS usando um derivado de mercirio. A IPCT é composta de uma folha-§
central rodeada por seis hélices-o, uma reminiscéncia do arranjo de Rossmann de
ligacdo a nucledtidos, um arranjo tipico das difosfotransferases de nucleétido-agticar
(Superfamilia SCOP 53448). A enzima partilha homologia estrutural com outras
pirofosforilases e com base nesta homologia, as moléculas de CTP, inositol-1P e

CDP-inositol foram modeladas no centro activo.
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Abbreviations

A Adenine

A Acidianus

A Angstrom

a.a. amino acid

Ae. Acidithiobacillus

All. Allochromatinm

Ag. Agnifex

Apre. Archaeoglobus

C Cytosine

CDP Cytidine diphosphate

CDP-inositol Cytidine diphosphate-L-zyo-inositol

CTP Cytidine triphosphate

Da Dalton

DDM n-dodecyl-f-D-maltoside

DIP Di-myo-inositol-1,3’-phosphate

DIPP Di-myo-inositol-1,3’-phosphate-1-phosphate
DIPPS Di-myo-inositol-1,3’-phosphate-1-phosphate synthase
DNA Deoxyribonucleic Acid

dTDP Deoxythymidine diphosphate

dTTP Deoxythymidine triphosphate

dUuQ Decylubiquinone

EDTA 2,2' 2" 2" (ethane-1,2-diyldinitrilo)tetraacetic acid
e.g. example given (for example, for instance)
ESRF European Synchrotron Radiation Facility

et al. And other people

FAD Flavin adenine dinucleotide

FCC Flavocytochrome ¢

FDRs flavoprotein disulfide reductases

FMN Flavin mononucleotide

G Guanine
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GIlmU

Gy

Gyr
HEPES
HQNO
Inositol-1P
IPCT

J
LUCA

MALDI

Myr
NADH
NCS
NDH
NMR
OD
Pa
PAGE
PDB
RmlA
RNA
rRNA
SDS
SQR
SSU

Tris

uv

N-acetylglucosamine-1-phosphate uridylyltransferases
Gray

Billion year
n-(2-hydroxyethyl)-piperazine-n’-2-ethanesulfonic acid
2-heptyl-4-hydroxy-quinolone-n-oxide
L-myo-inositol-1-phosphate
CTP:inositol-1-phosphate cytidylyltransferase
Joule

Last Universal Common Ancestor

Molar

Matrix-assisted laser desorption ionization
Molecular Weight

Million year

Reduced nicotinamide adenine nucleotide
Non-crystallographic symmetry

NADH dehydrogenase

Nuclear Magnetic Resonance

Optical density

Pascal

Polyacrilamide gel electrophoresis

Protein Data Bank

Glucose-1-phosphate thymidylyltransferase
Ribonucleic Acid

Ribossonal ribonucleic cid

Sodium dodecylsulfate

Sulfide:quinone oxidoreductase

Small subunit

Thymine
Tris(hydroxymethyl)-aminomethane

Uracil

Ultraviolet
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Aminoacids

A Ala  Alanine

C Cys  Cysteine

D Asp  Aspartate

E Glu  Glutamate
F Phe  Phenylalanine
G Gly  Glycine

H His  Histidine

1 Ile  Isoleucine
K Lys  Lysine

L Leu Leucine
M Met  Methionine
N Asn  Asparagine
P Pro  Proline

Q Gln  Glutamine
R Arg  Arginine

S Ser  Serine

T Thr  Threonine
\% Val  Valine
W Trp  Tryptophan
Y Tyr  Tyrosine
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1.1. WHAT IS LIFE?

Schrédinger (Figure 1.1), was the first one to ask it formally but many others
before him, as most likely some of us today, have made the question: “What is Life?”
(Schrédinger, 1944). Not only this is a scientific and intellectual challenging question
but also one that closes an esoteric and holistic meaning. However, if many have
asked the question, only a few have tried to answer it; and even fewer have tried to
give “Life” a definition. The failures are considerable: physiological, metabolic,
biochemical, genetic and thermodynamic definitions for Life were attempted but all
of them faced serious problems (Chyba & Hand, 2005). As examples, we can refer to
the metabolic, which finds it hard to exclude fire (which grows and reproduces via
chemical reactions), and the biochemical definitions of Life, which does not exclude
enzymes (which are biologically functional but not living systems), as well as the
thermodynamic definition which does not exclude mineral crystals (which create and

sustain local order and may reproduce) (Jortner, 2000).

Figure 1.1 — Edwin Schrodinger (1887 — 1961, left), and Leonardo da Vinci
(1452 — 1519, right), two of History’s greatest thinkers.
Schrédinger received the Nobel Prize in Physics in 1933 for “the discovery of new productive forms of atomic

theory”, namely his contribution to the quantum mechanism field with the so-called «Schrédinger’s
equation»; Leonardo da Vinci was one of the most versatile and productive men ever being a painter,
sculptor, architect, musician, scientist, mathematician, engineer, inventor, anatomist, geologist,
cartographer, botanist and writer.
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More than four centuries before Schrodinger, Leonardo da Vinci
(Figure 1.1), also tried to answer a simple, yet similarly complex at that time,
question: “What is water?” (da Vinci, 1513). It was not only until the twentieth
century, with the establishment of the proper molecular composition and the
structure of the H»O molecule, together with the globally condensed phase
properties of the liquid (e, H-bonding, local order, radial and angular distribution,
solvation and nuclear dynamics, among others), that a conceptual framework of an
appropriate scientific theory was provided (Jortner, 2006). The same happens with
“Life”: we do not need a definition to the term but rather a scientific theory to it
(Cleland & Chyba, 2002).

A notable attempt to provide an unified description of Life was provided by
Lars Onsager and Harold Morowitz (Figure 1.2): “Life is that property of matter that
results in the cycling of bioelements in aqueous solution, ultimately driven by radiant
energy to attain maximum complexity” (Folsome, 1979). However, the Onsager-
Morowitz definition overrides the characterization of complex biological matter and
how it differs from complex chemical matter. Eigen (Eigen, 1971, Eigen, 1990),
addressed this issue and the basic differences between a chemically coupled system
and a living system. The three essential characteristics of all living systems, yet
known, are self-reproduction (without which information would be lost), mutations
(which allow evolution), and metabolism (which allows an optimal choice of a
system for a certain function). It was the same author, together with others [for
review see (Jortner, 2000)], that advanced and developed the concept of
self-organization (self-assembly), and proposed that it resulted in the evolution of

biological complex matter (Eigen, 1971, Eigen, 1996).

1.2. LIFE ON EARTH
Earth has approximately 4.5 billion years (Gyr), and it is assumed that Life
arose within 1 Gyr of its formation, i.e, 3.5 Gyr ago. In its early stages, Earth was a

fairly inhospitable place when we compare it to present day: it was hot, lacked
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oxygen in the atmosphere and, as a consequence, it could only form little ozone to
protect the emerging biota from harmful ultraviolet (UV) light. However, studies in
the geological layers of the Issua formation in Greenland (Mojzsis et al, 1996,
Schidlowski, 1988), showed traces of metabolic activity (carbon metabolism),
indicating that Life existed on Earth as eatly as 3.8 Gyr ago. These observations
suggested that Life began rather rapidly, roughly within 200 million years (Myr), of
Earth formation, when the planet cooled and thereby became habitable for carbon-

based Life (Nealson & Conrad, 1999).

Figure 1.2 — Lars Onsanger (1903 — 1976, left), and Harold Morowitz (1927 — , right).
Onsanger was a norwegian (naturalized American), physical-chemist and theoretical physicist, winner of
the 1968 Nobel Prize in Chemistry for his work "for the discovery of the reciprocal relations bearing his name,
which are fundamental for the thermodynamics of irreversible processes”. Morowitz is an ametican biophysicist
noted for a number of publications, beginning with his 1963 “Life and the Physical Sciences”, on the topic
of the use and application of thermodynamics in the study of biology, with focus on the origin of life
topic. Morowitz’ believes that life arose on earth by processes that may be understood by considering
the laws of chemistry and physics as applied to complex adaptive systems.

These discoveries triggered speculation about Life in general but it is widely
accepted that a set of conditions had to be present at a certain moment for Life to
begin. These are (i), the existence of liquid water as an universal solvent (Blum, 1962,

Darwin, 1871, Oparin, 1924); geological evidence indicates that liquid water might
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have been present on FEarth 4.3 Gyr ago (Watson & Harrison, 2005); (ii) the
availability of raw materials like biotic elements (eg, C, H, N, O, P, S, Fe, Mg),
simple biotic molecules (e.g., Ha, HoO, NH3, CO, CO», HoS, CH4, S and SO»), and
minerals containing Si, Fe, Ni, P and S (Crick, 1981, Miller & Orgel, 1974, Folsome,
1979); terrestrial sources for these elements can be minerals, hydrothermal sources,
marine aerosols, volcanic exhalations and the atmosphere of the primitive Farth
itself (Jortner, 2006); (iii) the availability of soutrces of energy, like solar light,
lightning, cosmic rays and heat; and, (iv) the prevalence of appropriate chemical and
thermal conditions, like the existence of proper sites for biosynthesis and
temperatures high enough to drive activated chemical reactions (Chyba & Hand,
2005). For the sake of simplicity, we will not refer to Panspermia, as proposed by
Richter, Lord Kelvin and Arrhenius, which claims that reproductive bodies of living
organisms can exist throughout the Universe and develop wherever the environment
is favourable (Richter, 1865, Arrhenius, 1903, Thomson, 1894). In this case,
interstellar dust particles might have been the source of prebiotic C, H and N (Chyba
& Sagan, 1992, Chyba & Hand, 2005), pointing towards the connection between
interstellar chemistry and the terrestrial origin of Life.

The bulk of evidence of the eatly Life on Earth is in the form of chemical
records, since there are very few well preserved ancient fossils (Knoll, 1992, Schopf
& Klein, 1992). Chemistry tells us that until about 2 Gyr ago there was very little
oxygen on the planet and the development of eukaryotic cells (which thrive through
oxygenic respiration), was not possible. Based on the study of ancient soils, it was
concluded that oxygen first appeared in the atmosphere approximately 2 Gyr ago
(Rye & Holland, 1998), and reached current levels approximately 500 Myr ago
(Knoll, 1992, Schopt & Klein, 1992). The appearance of atmospheric oxygen made
possible the development of eukaryotic organism but even before the rise of oxygen,
Earth was already crowded with Life.

Since the mid-1700s, from the work of Linnaeus (Figure 1.3), Life was seen
as the “traditional five kingdoms” tree (Monera, Protista, Fungi, Animalia and
Plantae, Figure 1.3). That diagram, called phylogenetic tree but also known as the

“Tree of Life”, was used to illustrate the evolutionary relationships that may exist, or
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have existed (fossil records), among organisms. Of course, that Tree was a logical
consequence of the taxonomic system used, a system that relied on the observation
of the visible features of organisms to give each one a name (e.g., Homo sapiens, for
humans; Canis familiaris, for dogs), and to group together organisms of similar
appearance (Nealson & Conrad, 1999). It is clear, that this classification was strongly
influenced by the available tools at the time: human eyes, hand lens and, after the
work of Leeuwenhoek (Figure 1.3), the optical microscope. Hence, it is not
surprising that this tree was dominated by the macroscopic, multicellular organisms
such as fungi, animals and plants.

The groups Fungi, Plantae and Animalia, being eukaryotic, were considered
to be the most developed organisms and topped the tree. The tiny Protists (amoeba,
paramecia, giardia), although also eukaryotes, being visible but not understood, were
relegated to a second level in the tree, while the microscopic prokaryotes (the
Monera group also called Bacteria), were relegated to the very bottom. This view of
the biosphere has dramatically changed in the past three decades with the advent of
molecular taxonomy and phylogeny. From an eukaryote-centric view (five kingdoms,
three of them eukaryotic), we moved towards a prokaryote-centric view (with three

domains/kingdoms, two of them prokaryotic).

NEXT PAGE: Figure 1.3 - Carl Linnaeus (1707 — 1778, top left), and Carl Woese (1928 - , top
right). Classical five kingdoms Tree of Life as biodiversity was seen since the 1700s (middle
left), and phylogenetic tree based on the SSU rRNA as proposed by Woese (middle right).
Antoine von Leeuwenhoek (1632-1723, bottom left), and examples of 18 century microscopes
(Musée des Arts et Métiers, Paris).

Linnaeus (or Lineus or Linné), was a swedish botanist, physician, and zoologist, who laid the
foundations for the modern scheme of binomial nomenclature; he is known as the father of modern
taxonomy, and is also considered one of the fathers of modern ecology.

Woese is an American microbiologist and physicist known to conceive a new concept for the Tree of
Life and Kingdoms, or Domains, of Life; he was the first to introduce the Archaea domain in 1977 by
phylogenetic taxonomy of SSU ribosomal RNA, a technique he pioneered.

Leeuwenhoek was a dutch scientist considered to be the first microbiologist and the great improver of
the optical microscope.
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Molecular phylogeny, as proposed by Carl Woese (Figure 1.3), in 1977
(Woese & Fox, 1977), used comparative analysis of the small subunit (SSU)
ribosomal RNA (tRNA), a slowly evolving molecule common to nearly all Life on
Earth, to create this new view of prokaryotic diversity. Woese’s analysis showed that
the four eukaryotic kingdoms were a rather homogeneous single group, while the
prokaryotes were found to be sufficiently diverse that they should be expanded
(Nealson & Conrad, 1999). Moreover, Woese proposed the creation of a separate
group of prokaryotes, besides Bacteria, which he called, originally, Archaebacteria
(Woese & Fox, 1977).

1.3. THE ARCHAEA DOMAIN
The proposal of Woese (Woese & Fox, 1977), for the existence of a third

domain in Life, the Archaea, took the discussion to a whole new ground and
reignited the controversy on the basic dichotomy “prokaryote zersus eukaryote”.
Prokaryotic cells are simple and usually small (1-2 um), with few or no intracellular
structures, no nuclear membrane surrounding the genetic material (DNA), and
(often) rigid cell walls. On the other hand, eukaryotic cells are larger (10-25 um),
more complex and with intracellular structures, a nucleus (surrounded by a nuclear
membrane), and (for the animals) usually non-rigid cell walls. Moreover, prokaryotes
are unicellular while eukaryotes can be either unicellular (algae and protists), or
multicellular. For most of the eukaryotes, their energy soutce is organic carbon and
the respiratory metabolism is oxygen-based. In clear contrast, prokaryotes can have a
great diversity of both organic and inorganic energy sources and respiratory oxidants,
surviving perfectly in the absence of oxygen and with a wide variety of oxygen
“substitutes” for respiration (Figure 1.4) (Gottschalk, 1994, Nealson, 1997, Schlegel,
1993).

Although, the assignment of Archaea as a third domain of Life has been
validated by comparative genomics, for several years this domain was puzzling since

numerous components of archaeal informational processes are more similar to their

10
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eukaryotic than bacterial homologues. Moreover, some of them are uniquely shared
between Archaea and Eukarya to the exclusion of Bacteria. Striking cases are the
DNA  replication apparatus, with archaeal/eukaryal primases, helicases and
replicative polymerases being totally unrelated to their bacterial counterparts (Olsen
& Woese, 1996), or a number of ribosomal proteins that are uniquely shared
between Archaea and Eukarya while none is uniquely shared with Bacteria or
between Bacteria and Eukarya (Lecompte ef @/, 2002). However, Archaea are also
quite similar to Bacteria in many aspects, like the size and organization of their
chromosomes, the existence of polycistronic transcription units and the utilization of
Shine-Dalgarno sequences for the initiation of translation (although nor exclusively)

(Londei, 2005).

Figure 1.4 - Dissimilatory metal reducing
bacteria Shewanella oneidensis (also known
as Shewanella putrefaciens) growing under

anaerobic conditions.

In the absence of molecular oxygen, this
bacteria can use either iron oxides or manganese
oxides as ‘oxygen substitutes' for respiration. It
attaches to such oxides, uses them as its
respiratory oxidant, eventually dissolving the
oxides and producing reduced metals (ferrous
or manganous ions) in solution: taken with an
environmental scanning electron microscope
shows what the organism looks like in nature —
a particle of metal oxide coated with bacteria
that are invisible because of the polysaccharide
film produced by the bacteria (top), and taken
in the same orientation and with the same
magnification, but with a high vacuum scanning
electron microscope, the bacteria and the metal
oxide on which it sits are cleatly visible (down)
[from (Nealson & Conrad, 1999)].

In summary, the Archaea could be regarded as organisms that use

eukaryotic-like proteins in a bacterial context (Bell ¢# a/., 2002, Grabowski & Kelman,

11
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2003, Myllykallio e af, 2000). This is easily perceptible if we analyze some of the
universal rooted phylogenetic trees that were produced between the end of the 1980s
and the end of the 1990s [check (Gtibaldo & Brochier-Armanet, 2006) for an
excellent review on the origin and evolution of the Archaea]. All of these studies
agree that Bacteria derived directly from the Last Universal Common Ancestor
(LUCA), while Archaea and Eukarya share a common ancestor more recent than

LUCA and, hence, are sister lineages (Woese ¢z al., 1990).
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Figure 1.5 — SSU tRNA archaeal phylogeny [adapted from (Schleper et al., 2005)].
Triangles are proportional to the diversity of groups; filled triangles represent groups for which
cultivated species are available and empty triangles indicate groups represented only by environmental

sequences; asterisks indicate groups with hyperthermophilic species (taken from (Gribaldo & Brochier-
Armanet, 20006).

As shown in Figure 1.5, SSU rRNA sequences from Archaea are currently

assigned to four phyla: the Crenarchaeota, the Euryarchaeota, the Nanoarchaeota

12
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and the Korarchaeota. However, only the Crenarchaeota and the Euryarchaeota
phyla are recognized by the Bergey’s Manual of Systematic Bacteriology (Boone &
Castenholz, 2001).

The Nanoarchaeota phylum was proposed by Huber ¢ a/. (Huber ef al.,
2002) and currently has only one representative, the hyperthermophilic coccoid-
shaped Nanoarchaeum (IN.) equitans (Figure 1.6). This organism was isolated from a
submarine hydrothermal system at the Kolbeinsey Ridge (Iceland), is the smallest
living organism known with a cell diameter of cz. 400 nm and grows attached to the
surface of a crenarchaeotal host, a member of the genus Ignicoccus. Cells of N. equitans
were never found isolated, i.e., without being attached to its host, and the fact that it
has a limited biosynthetic and catabolic capacity suggests that this symbiotic
relationship might be parasitic (Stetter, 2006). Two recently found SSU rRNA
sequences from the Uzon Caldeira (KKamchatka, Russia), and Yellowstone National
Park (USA), exhibit 83 % sequence similarity to IN. equitans and, therefore, should
represent a distinct family within this phylum. These two novel Nanoarchaeota are
again tiny cocci, about the size of IN. equitans, but grow attached to a different host,
in this case a rod-shaped Pyrobaculum-like host (Stetter, 20006). According to Kandler
(Kandler, 1994), symbiotic systems like these may represent remains from pre-
Archaea communities.

The phylum Korarchaeota was proposed more than ten years ago and for a
long time it did not had any representative including only sequences from
uncultivated (environmental) species. Analysis of their SSU rRNA gene sequences
suggests that they are a deeply-branching lineage that does not belong to the main
archaeal groups Crenarchaeota and Euryarchaeota (Barns ez a/, 1996). Analysis of the
genome of one korarchaeote (Candidatns Korarchaeum cryptofilum OPES), that was
enriched from a mixed culture, revealed a number of both Crenarchaeota- and
Euryarchaeota-like features that supports the hypothesis of deep-branching ancestry
(Elkins ez al., 2008).

Recently, a new phylum was proposed based on phylogenetic data and the
presence of a form of type I topoisomerase that was previously thought to be unique

to eukaryotes (Brochier-Armanet e# al., 2008a, Brochier-Armanet e al., 2008b). The

13
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newly-proposed phylum is called Thaumarchaeota and contains four species:
Nitrosopumilus — maritimus, ~ Cenarchaenm — symbiosum, — Nitrososphaera  viennensis  and
Nitrososphaera gargensis (Brochier-Armanet ef al, 20082, Tourna et al, 2011) All
organisms from this lineage are chemolithoautotrophic ammonia-oxidizers and may

play important roles in biogeochemical cycles such as the nitrogen and carbon cycles.

Figure 1.6 — Four cells of N.
equitans (small spheres),
attached to Ignicoccus strain
Kin 4M (large).
Freeze-etched image from
transmission electron micrographs;
scale bar at bottom represents
1 pm [taken from (Huber ez al,

2002)].

1.4. EXTREMOPHILES

As mentioned above, organisms from the domain Eukarya are almost
entirely limited to growth on organic carbon with oxygen as the oxidant and any set
of conditions in which organic carbon or oxygen is absent is potentially life
threatening. For Archaea and Bacteria, on the other hand, these environments simple
address a challenge to continue living with a different metabolic system. Having a
simple structure confers prokaryotes a degree of environmental toughness not seen
in the more complex eukaryotes. The word “extremophile” (from the latin,
“extremus” meaning extreme, out of range; and “philos”, meaning love or lover),
was coined to refer to these organisms that endure tough/extreme conditions; these
“extremes” can either be physical (eg, temperature, radiation or pressure), or
geochemical extremes (eg, desiccation, salinity, pH, oxygen species or redox

potential) (Table 1.1) (Nealson & Conrad, 1999, Rothschild & Mancinelli, 2001).

14
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Table 1.1 — Classification and examples of extremophiles [adapted from (Rothschild &

Mancinelli, 2001)]

Environmental
Type Definition Examples
parameter
Hyperthermophile Growth > 80 °C Pyrolobus fumarii, 113 oC
Thermophile Growth 60 — 80 °C Synechococens lividis
Temperature
Mesophile 16 — 60 °C Homo sapiens
Psychrophile <15°C Psychrobacter, some insects
Radiation Deinococeus radiodurans
Barophile Weight-loving Unknown
Pressure
Piezophile Pressure-loving For microbe, 130 MPa
Tardigrades, insects, microbes
Vacuum Tolerates vacuum
and seeds
Abrtemia salina; nematodes,
Desiccation Xerophiles Anhydrobiotic
microbes, fungi, lichens
Halobacteriaceae,
Salinity Halophile Salt-loving (2-5 M)
Dunaliella salina
Natronobacterinm, Bacillus firmuns
Alkaliphile pH>9 OF4, Spirnlina spp.
pH (all pH 10.5)
Cyanidium caldarium, Ferroplasma
Acidophile Low pH-loving
sp. (both pH 0)
Anaerobe Cannot tolerate O Methanococcus jannaschii
Oxygen tension Microaerophile Tolerates some O Clostridium
Aerobe Requires O3 Homo sapiens
Gases Cyanidinm caldarinm (pure COp)
Can tolerate high Ferroplasma acidarmanus
Chemical
concentrations of (Cu, As, Cd, Zn)
extremes Metals

metals

(metalotolerant)

Ralstonia sp. CH34
(Zn, Co, Cd, Hg, Pb)

An organism that thrives in an extreme environment is an extremophile; in

more than one extreme it is a polyextremophile (Rothschild & Mancinelli, 2001). It

should be kept in mind that it is seldom in nature that an organism encounters just

one extreme (Nealson & Conrad, 1999). The words “extremophilic organisms”,

15
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build-up in the past 30 years to the synonym of “prokaryotic organism”, yet the

taxonomic range of extremophiles spans all three domains of Life (see below).

TEMPERATURE

Temperature creates a series of problems, from the structural destruction
through ice crystals to the denaturation of biomolecules. Temperatures approaching
100 °C normally denature proteins and nucleic acids, and increase membranes
fluidity to lethal levels. Moreover, chlorophyll degrades above 75 °C hampering
photosynthesis. However, in nature we find thermal preferences of microorganisms
ranging from hyperthermophilic (maximum growth above 80 °C, see Table 1.1), to
psychrophilic (maximum growth below 15 °C) (Rothschild & Mancinelli, 2001).

All hyperthermophilic organisms belong to the Archaea domain with
Pyrolobus fumarii, a crenarchaeote capable of growing up to 113 °C, being the current
“record-holder” (Blochl ¢ al, 1997). However, hyperthermophilic enzymes can have
an even higher optimum temperature like amylopullulanase which has activity up to
142 C (Schuliger ¢f al., 1993).

Thermophilic species (optimum growth between 60 — 80 °C), are found
among phototrophic bacteria (eg., cyanobacteria, purple and green bacteria),
eubacteria (e.g., Bacillus, Clostridinm, Thiobacillus and Thermus among numerous other
genera), and archaea (e.g., Acidianus, Archaeoglobus, Pyrocuccus and Sulfolubus genera, just
to mention a few). In contrast, for eukaryotes the upper limit is ¢ca. 60 °C (Figure 1.7),
a temperature suitable for some protozoa, algae and fungi. The maximum
temperature for mosses is about 50 °C, for vascular plants about 48 °C and for fish
about 40 °C (possibly owing to the low solubility of oxygen at high temperatures
(Rothschild & Mancinelli, 2001).

Representatives of all major taxa inhabit temperatures just below 0 °C. Many
microorganisms and cell lines can be successfully preserved in liquid nitrogen
(-196 °C), but the lowest recorded temperature for active microbial communities is
-18 oC (Clarke, 2003). For animals, the Himalayan midge is active also at -18 °C
(Kohshima, 1984).

16
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At low temperatures and with nucleation, water freezes. The freezing of
intracellular water and the resulting ice crystals can destroy cell membranes which is
invariably lethal. The only exception to this rule, besides cryopreservation, is the
nematode Panagrolaimus davidii which can withstand freezing of all body water (Figure

1.9) (Wharton & Ferns, 1995).

Physical temperature

-20 °C 50°C 115 °C

psychrophiles mesophiles thermophiles hyperthermophiles

Chemical pH

extreme acidophiles acidophiles neutralophiles alkalophiles

Figure 1.7 — Physical and chemical extremopbhiles.
This diagram shows one physical variable (temperature), and one chemical variable (pH), the ranges that
life is known to tolerate for both eukaryotes and prokaryotes, and the names that have been erected to
describe the organisms that live over these ranges. Similar profiles can be shown for many other
variables, including radiation, dryness and salinity (Nealson, 1997). The pictures depict environments on
carth: the Antarctic (upper left), a thermal pool in Yellowstone Park (upper right), an acidic pond
resulting from acid mine drainage (lower left); and, Mono Lake (California, USA, lower right), an
alkaline lake of pH approximately 10. Adapted from (Nealson & Conrad, 1999).

PH

Biological processes tend to occur in the middle of the pH spectrum and
intracellular and environmental pH often fall within this range. However, pH can be

higher than 14 (like in soda lakes or drying ponds), or as low as 0 and below.
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Acidophiles thrive at low pH and alkaliphiles prefer high pH. Fish and
cyanobacteria have never been found at pH’s lower than 4 while plants and insects
below pH 2-3 (Figure 1.8). Several unicellular eukaryotes live below pH 1 with one
example being the red alga Cyanidium caldarium which as been described to live in
nature at pH as low as 0.5 (optimum pH for growth is 2-3) (Doemel & Brock, 1971).
Several archaea also thrive in these harsh environments like the aerobic heterotrophs
Picrophilus oshimae and Picrophilus torridus isolated from Japanese soils permeated with
solfataric gases that grow at pH 0.7 and 60 °C (Schleper ¢z a/., 1995).

Ferroplasma acidarmanus has been described growing at pH 0 in acid mine
drainage in Iron Mountain (California, USA), thriving in a brew of sulphuric acid and
high levels of Cu, Ar, Cd and Zn with only a cell membrane and no cell wall
(Krulwich ef al., 1998). Several representatives of all domains are also capable of

tolerating pH’s as high as 11 (Jones ¢z a/., 1998).

Ephydrid ﬂie.

| Cyanidium | lphagnu;l
=

yrechococcn

Archaea

Chemical pH

Sulfolobus

Figure 1.8 — pH limits for Life.
Examples of known pH limits for Life are shown. Archaea are in red, bacteria in blue, algae in light

green, assorted protists in yellow, fungi in brown, plants in dark green and animals in purple [adapted

from (Rothschild & Mancinelli, 2001)].
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RADIATION

Exceptional levels of radiation, sufficient to qualify for “extremophile”
status, rarely occur naturally on Earth; rather, intense levels of UV and ionizing
radiation are well-studied because of their importance to medicine, energy
production, warfare and space travel (Rothschild & Mancinelli, 2001). The dangers
of radiation relate to decreased motility in microorganism as well to inhibition of
photosynthesis and damage to nucleic acids (either being direct damages to DNA or
indirect through the production of reactive oxygen species that create modified bases
and strand breaks).

The bacterium Deinococcus radiodurans (Figure 1.9), has the ability to withstand
ionizing radiation (up to 20 kGy), and UV radiation (doses up to 1.000 J.m?), but this
ability is thought to be a by-product of resistance to extreme desiccation (Battista,

1997). Other organisms that tolerate high levels of radiation are two Rubrobacter

species (Ferreira ez al, 1999), and the green alga Dunaliella bardawil (Ben-Amotz &
Avron, 1990).

Figure 1.9 - Panagrolaimus davidii (left), and Deinococcus radiodurans (right).
P. davidii is around 1 mm in length, lives in Antarctica’s soils and can freeze completely and get back to
life; D. radiodurans can not only withstand devastating levels of radiation (both ionising and ultraviolet),
but can also resist very harsh genotoxic chemicals and oxidative damage.
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PRESSURE

Pressure is known to alter gene expression (Nakasone ez a/., 1998), and when
pressure increases, or temperature decreases, the molecules in lipid membranes pack
tighter, resulting in decreased membrane fluidity (Pledger ef al., 1994). Pressure can
also stabilize enzymes (Pledger ez a/., 1994), but high pressure can also damage DNA
and proteins (Abe ¢ al., 1999).

The Mariana Trench is the world’s deepest sea floor with approximately
11 km of depth. However, it harbours organisms that can thrive at standard pressure

and temperature. It also harbours obligatory piezophilic species that can grow at

70 — 80 MPa, but not below 50 MPa (Kato ef /., 1998).

DESICCATION AND SALINITY

Water limitation is an extreme environment. Organisms that manage to
thrive under extreme desiccation enter anhydrobiosis, a state characterized by little
intracellular water and no metabolic activity (Rothschild & Mancinelli, 2001). A
variety of organisms can become anhydrobiotic, including bacteria, yeast, fungi,
plants, insects, tardigrades, mycophagous nematodes and the shrimp Artemia salina
(Glasheen & Hand, 1988, Potts, 1994, Wright, 1989, Crowe, 1971). Mechanisms of
death due to anhydrobiosis include irreversible phase changes to lipids, proteins and
nucleic acids, such as denaturation and structural breakage through Mayllard
reactions, and accumulation of reactive oxygen species during drying, especially
under solar radiation (Cox, 1993, Dose ¢z al., 1995, Dose & Gill, 1995).

Organisms live in a wide range of salinities, from (essentially) distilled water
to saturated salt solutions. Osmophily refers to the aspects of life at high salt
concentrations (turgor pressure, cellular dehydration and desiccation), and halophily
refers to the ionic requirements for life at high salt concentrations. Although these
phenomena are physiologically different, they are environmentally linked. Thus, an
halophile must cope with osmotic stress. Halophiles include a range of
microorganism, namely some archaea, cyanobacteria and the green algae Dunaliella

salina which tolerates periods in saturated NaCl (Rothschild & Mancinelli, 2001).
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OXYGEN

Extant organisms inhabit environments ranging from strictly anaerobic to
aerobic. Although Earth has been anaerobic throughout most of Life’s history,
aerobic metabolism is much more efficient than anaerobic. However, the use of
aerobic metabolism has its costs namely the oxidative stress resulting from the
reduced forms of molecular oxygen, especially the hydroxyl radical (OH)
(Rothschild & Mancinelli, 2001). Oxidative damage has been already implicated in a
wide range of health problems, from ageing to cancer (Beckman & Ames, 1998,
Pourzand & Tyrrell, 1999).

Reactive oxygen species arte a recursive and invasive threat. There is
photochemical production of these species as HoO2 by UVA radiation (320-400 nm),
within cells (Tyrell, 1991), and metabolic production during aerobic metabolism and
photosynthesis. In eukaryotes, there are also other endogenous soutces like
mitochondrial respiration (a valuable source of Oy), cytochrome P450 metabolism of
hydroperoxides (an important source of 'Oy, singlet oxygen), production of uric acid
and oxidative bursts used in fighting pathogens in animals and plants (Rothschild &
Mancinelli, 2001). Exogenous sources include the photochemical production of
H20O: in aquatic systems (Cooper & Lean, 1992), and the production of hydroxyl
radical by ionizing radiation.

The presence of oxygen can enhance radiation-induced DNA damage

(Tyell, 1991).

1.5. EXTREMOPHILIC STRATEGIES

The term “extreme”, or “extremophilic” is always in the optics of the
beholder. Our cozy body temperature (37 °C), would be impossible for
hyperthermophiles to thrive in; so, in s#ctu sensu, human body could be considered
an “extreme environment”. A little creative thinking could enlarge the list of
“extreme conditions” presented above, like redox potential, toxic or xenobiotic

(synthetic) compounds, heavy metal concentration and vacuum [link to Panspermia
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again where “living bodies” would stand traveling throughout of Space colonizing
meteors, asteroids and other planets (Rampelotto, 2010)]. Moreover, there are
organisms that thrive immersed in high levels of organic solvents (Isken & de Bont,
1998), and the electric eel (Electrophorus electricus), can produce, and hence withstand,
strong electric currents.

Understanding these processes and the strategies that extremophiles use to
cope with the environment can help us to better understand evolutionary processes
on Earth, contribute to the present Knowledge (basic science), and be useful in the

commercial exploitation of these organisms.

TEMPERATURE ADAPTATION

High temperature increases the fluidity of membranes and, hence,
microorganism thriving in high temperature environments have to maintain optimal
membrane fluidity through the adjustment of the composition of the membrane,
namely the amount and type of lipids (e.g., saturated versus unsaturated). Temperature
also affects the structure and function of proteins (Jaenicke, 1996).

Throughout evolution, proteins have evolved in a way that leads to the
development of strategies to cope with high temperature. The increase of ion-pair
content, formation of high-order oligomers and decrease of flexibility at room
temperature are examples of such strategies. The reduction in the length of surface
loops is also a known strategy, specially loops connecting secondary structure
elements, as well as the optimization of electrostatic and hydrophobic interactions,
and the exchange of amino acids to increase internal hydrophobicity and helix
propensity of residues in O-helices. This feature also leads to a smaller
surface-to-volume ratio, which is a function of folding, improving thermostability by
leading to a more compact form of the protein (Ladenstein & Antranikian, 1998).

Protein stability can also be achieved by extrinsic factors to the proteins,
namely chaperonins. One of these chaperonins, called thermosome (Figure 1.10), has

been extensively studied in Methanopyrus kandleri and Thermoplasma acidophilum, where
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it was shown that it binds to heat denatured proteins, preventing their agregation and

refolding them into their active form (Andra ez a/, 1998, Ditzel ¢t al., 1998).

Figure 1.10 — X-ray crystal structure of the thermossome of Thermoplasma acidophilum

[PDB code 1A6D (Andra et al., 1998, Ditzel et al., 1998)].
The thermossome is a chaperonin which helps in the thermostabilization of proteins in vive. The
thermossome of Thermoplasma acidgphilum was determined to 2.6 A resolution and has two molecules in
the asymmetric unit: the alpha-subunit (coloured in yellow), the beta-subunit (coloured in purple); the
biological unit, shown above, is an hexadecameric assembly of eight alpha- and eight beta-subunits.
(Left) Sideview of the hexadecameric thermossome structure with the molecules above the equatorial
plane shown in surface representation, and below in cartoon representation.

(Right) Top view [corresponds to a 90° rotation from the view in the (left) pane], of the thermossome.

DNA at temperatures above 70 °C is normally subjected to thermal
denaturation and  chemical modifications. However, the DNA of
(hyper)thermophiles, such as Pyrococcus furiosus, is known to be more stable 7 vivo than
the DNA of the mesophilic Escherichia coli (Peak et al., 1995). Monovalent and
divalent salts (eg, KCI and MgCly), enhance the stability of nucleic acids stabilizing
the negative charges of the phosphate groups as well as protecting DNA from
depurination and hydrolysis (Marguet & Forterre, 1998). Positive supercoiling of the
DNA (Forterre et al, 1996, van der Oost e al, 1998), and the existence of
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histone-like proteins (Sandman e al, 1998), are also strategies adopted by
(hyper)thermophilic archaea to stabilize DNA.

The G-C pair of nucleic acids is more thermostable than the A-T pair (or
A-U pair in RNA), because of the extra hydrogen bond when those bases bind
(Figure 1.11) (Galtier ¢z al, 1999). However, high G+C contents are not found
among thermophilic prokaryotes because of the stability of their chromosomal
DNA, although thermostability is correlated with the G+C content of their

ribosomal and transfer RNAs (Galtier & Lobry, 1997).
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Figure 1.11 - Nucleotide bonds showing adenine-thymine and guanine-cytosine pairs.

Arrows point to the hydrogen bonds that are established when pairs bond.

Membrane fluidity decreases with the decreasing of the temperature.
Similarly to the high temperature aggression, organisms respond to the lowering of
the temperature by increasing the ratio of unsaturated versus saturated lipids.
Moreover, the ability of coping with temperatures below the freezing point of water
settles upon two strategies: protecting the cells from ice formation by avoiding
freezing, and, if ice does form, protect them from damage during thawing (Clarke,

2003).
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Cold-temperature adaptation of proteins occurs in slight different ways that
are observed for thermophilic enzymes. At low temperatures, there are low levels of
free energy so in order to decrease the activation of an enzyme, it must have a high
degree of conformational complementarity with its substrate (Cummings & Black,
1999). At cold temperatures, a protein becomes more rigid, implying that enhancing
flexibility can restore function. Studies on O-amylase from the psychrophile
Alteromonas  baloplanctis, an enzyme with a less rigid protein core and fewer
interdomain interactions than those from its mesophilic counterparts, have
supported this idea (Aghajari ez al, 1998), as well as studies on tubulin structure
(Willem ez al., 1999).

SALINITY AND DESICCATION ADAPTATION

It is critical for an organism to maintain intracellular function, and the
easiest way of achieving this is to keep the external environment out. As an example,
Cyanidium caldarium ot Dunaliella acidophila grow at pH 0.5 but show a neutral pH in
the cytoplasm (Beardall & Entwisle, 1984, Pick, 1999). However, if it is impossible to
keep the environment out, evolutionary responses promoted protective mechanisms,
altering physiologies and enhancing repair capabilities.

The two main strategies used by halophilic microorganisms to cope with
osmotic stress are the accumulation of inorganic salts in the cytoplasm and the
maintenance of low levels of salt in cytoplasm but higher levels of other solutes.
Regarding the accumulation of inorganic salts, K+ rather than Nat is the dominant
intracellular cation, and CI- the dominant anion (Madigan & Oren, 1999).

The presence up to molar levels of these inorganic ions in the cytoplasm
requires long-term adaptations of the intracellular enzymatic machinery (Dennis &
Shimmin, 1997). Most proteins from halophilic microorganisms contain a large
excess of acidic a.a. when comparing to basic a.a.. The high cation concentrations in
the cell can act as a counter-measure needed to shield the negative charges on the
protein surfaces. Moreover, high contents of glutamate were shown to be very

favourable in this strategy since glutamate has the greatest water binding capacity of

25



Chapter 1

all a.a. thus enabling the maintenance of a protective hydration shell (Eisenberg ez al.,
1992). However, the requirement for high salt concentrations for structural stability
can also be attributed to the low content of hydrophobic residues since high salt is
needed to maintain weak hydrophobic interactions (Lanyi, 1974). Accordingly, most
proteins from halobacteria denature when suspended in solutions containing less
than 1 — 2 M salt (Eisenberg e a/., 1992).

The second strategy for adaptation to high salt concentrations is present in
most halophilic Bacteria and Archaea and eukaryotic algae and fungi, and involves
the maintenance of a cytoplasm low in salt but high in other solutes, namely
compatible solutes. Compatible solutes, or osmolytes, are “small organic compounds
used for osmotic adjustment that do not interfere with cell function” (Brown, 1976),
and their intracellular concentrations are regulated according to the external salt
concentration (see Chapter 3 for details on this subject). The use of organic osmotic
solutes confers a high degree of flexibility and adaptability to the cells preventing
unfolding caused by heating, freezing and drying (Madigan & Oren, 1999).

A few years back, the genes involved in the biosynthesis of ectoine, a
compatible solute, in Halomonas elongata have been cloned and characterized (Canovas
et al., 1997). This microorganism can be exploited to produce large quantities of
ectoine and hydroxyectoine, very useful as moisturizers in skin care products, in a
process called “bacterial milking”. In this process, dense cultures of the
microorganism are exposed to an osmotic down-shock, causing the excretion of
excess osmotic solutes. Addition of salt to the culture induces (re)synthesis of

ectoine and hydroxyectoine where-after the process can be repeated (Sauer &

Galinski, 1998).

1.6. ECONOMY AND BIOTECNHOLOGY OF EXTREMOPHILES

The industrial application of “extremozymes” — enzymes from
extremophilic organism — has greatly increased in the past two decades.

Extremophiles have endeared themselves to multibillion-dollar industries including
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agriculture, chemical synthesis, laundry detergents, beauty products and
pharmaceuticals, and human health may benefit from these organisms indirectly
through biotechnology and bioremediation (Table 1.2).

Direct uses of extremozymes include marketing of dried Dunaliella as a
nutritional supplement, primarily as an antioxidant, and antifreeze proteins as
cryoprotectants of frozen organs (Rothschild & Mancinelli, 2001).

The discovery of new extremophilic organisms and their enzymes had a
great impact on the field of biocatalysis. The use of (hyper)thermophilic enzymes
became common practice when mesophilic enzymes, not suited for the harsh
conditions often used in industrial processes due to the lack of stability, were
impossible to use. Psychrophilic enzymes, produced by cold-adapted
microorganisms, display a high catalytic efficiency that offers considerable potential
to the biotechnology industry (e.g., detergent and food industries as well as for the
production of fine chemicals) (Gerday ez a/, 2000).

The industrial potential for halophilic enzymes increased in the past years as
the approaches to study the genetic processes of halophiles and our understanding of
haloadaptation becomes more sophisticated (Ventosa et al, 1998). Acidophiles,
which often concomitantly present other properties such as thermophilicity,
halophilicity or heavy-metal resistance, are getting ahead in the field of bioprocessing
of minerals (Norris et al, 2000). Alkaliphiles have also made a great impact in
industrial applications, namely alkaline proteases and cellulases in biological
detergents.

Understanding the mechanism that underlie adaptation to high
concentrations of heavy-metals is in its infancy following studies on the homeostasis
for metal ions (Nies, 1999). Obvious applications in the field of bioremediation and
biomining are now being complemented by the biosynthesis of novel composites in
the field of materials science (Klaus-Joerger ¢ al, 2001). Studies are also being
pursued with Deinococcns radiodurans for the engineering of special strains for the

bioremediation of radioactive waste (Brim e# /., 2000).
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Table 1.2 — Examples of extremophiles in industry and biotechnology [adapted from
(Rothschild & Mancinelli, 2001)].

Industrial process Biomolecule Advantages Source organism
Hydrolysis of starch to O-amylase High stability, aciduric, Bacillus
produce soluble (malto) bacterial amylase stearothermophilus
dextrins and corn syrups G-ZYME G995
Paper bleaching Xylanases Decrease amount of

Thermopbhiles
bleach needed
Prevent stalling in range O-amylase Gives boost to yeast Highest-stability
of baked products fermentation bacterial amylase
available,
G-ZYME G995
Food processing, baking, Proteases Stable at high
Thermopbhiles
brewing , detergents temperatures
PCR reaction DNA polymerase No need to add additional
Thermophiles
enzyme during each cycle
Cheese maturation, dairy Neutral proteases Stable at low
Psychrophiles
production temperatures
Degradation of polymers Proteases, amylases, Improved performance of
Psychrophiles
in detergents lipases detergent
Degradation of polymers Cellulases, proteases, Stable at high pH
Alkaliphiles
in detergents amylases, lipases
Mariculture Polyunsaturated fatty Produced in cold Psychrophiles
acids temperatures
Bioremediation Reduction of oil spills ~ Works efficiently in cold Psychrophiles
waters
Pharmaceuticals Polyunsaturated fatty Psychrophiles
acids
Biosensors Dehydrogenases Psychrophiles
Desulphurication of coal Sulphur oxidation Acidophiles
Antibiotic production Antibiotics Alkaliphiles
Food colouring Carotene Inexpensive to produce

Pharmaceuticals

Surfactants for

pharmaceuticals

Glycerol, compatible
solutes

Membranes

Inexpensive to produce

Halophiles/ Dunaliella

Halophiles

Halophiles
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On the field of basic science, a novel subgroup of alkaliphiles, the anaerobic
alkalithermophiles, is having much attention recently due to its very interesting
feature of short doubling time (Wiegel, 1998). Piezophilic organisms are also an
interesting field of research focusing on the identification of pressure-regulated
operons showing the relationship between pressure and microbial growth

(Horikoshi, 1998).
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2.1. ABSTRACT

Oxidation of hydrogen sulphide to sulphate is one of the major reactions of
the global sulfur cycle playing a critical role in climate and Health. The biological
involvement in the dissimilatory oxidation of elemental sulfur and inorganic sulfur
compounds has been established for more a century. Inorganic sulfur compounds
can serve as electron donors in many phototrophic and chemiotrophic bacteria as
well as in archaea, mostly with sulfate as the final oxidation product of these energy-
yielding processes (Friedrich, 1998). Although many photo and chemolithothrophic
bacteria are usually used as model organisms to elucidate this process, little is known
about the sulfur oxidation in Archaea.

A sulfide:quinone oxidoreductase (SQR), was isolated from the membranes
of the hyperthermoacidophilic archacon Acidianus ambivalens and its X-ray structure,
the first reported for an SQR, was determined to 2.6 A resolution. A truncated form
of the enzyme was firstly characterized as a type-2 NADH:quinone oxidoreductase
(NDH-2), but the crystal structure prompted for a new characterization.

SQR was functionally and structurally characterized and was shown to have
two redox active sites: a covalently bound FAD and an adjacent pair of cysteine
residues. The X-ray structure also revealed the presence of a chain of three sulfur
atoms bridging those two cysteine residues. The possible implications of this
observation in the catalytic mechanism for sulfide oxidation are discussed and the
role of SQR in the sulfur dependent bioenergetics of A. ambivalens, linked to oxygen

reduction, is addressed.
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2.2. THE SULFUR CYCLE

Sulfur (S), is the tenth most abundant element in the Universe. As a brittle,
yellow, tasteless and odoutrless non-metallic element (Figure 2.1), sulfur is a main
constituent of vitamins, proteins and hormones and plays pivotal roles in both
climate and health of various ecosystems. The majority of the Earth's sulfur is stored
underground in rocks and minerals, including as sulfate salts buried deep within
ocean sediments.

In Nature, sulfur can be found in oxidation states ranging from +6 (as in
sulfate), to -2 (as in sulfide), and together with oxygen, nitrogen and carbon
constitute some of Life's essential elements. Interconversions between vatious
species of these elements constitute their global biogeochemical cycles which are
sustained by complex biological processes where microorganisms play prominent
roles (Morel & Price, 2003, Anbar & Knoll, 2002). Moreover, sulfur can form stable
compounds with all elements in the Periodic Table, except with the noble gases
(Greenwood & Earnshaw, 1997).

It is thought that Earth's primordial atmosphere had very likely CO,, CO
and N2 as main components by the time of the origin of Life. NO, H», HoS and
sulfuric gases could also been present, as well as trace amounts of Oa. The evolution
of atmospheric Oy, intimately related with the evolution of the Earth both from a
biological and geological perspective, is controlled by the long-term (multi-million-
year), geochemical cycles of carbon and sulfur (Kronneck, 2005). The first
documented description of this control was published in 1845 by J.J. Ebelmen which
deduced the following global reactions (Ebelmen, 1845):

CO,+H,0 «  CHO+ O, (Eq. 2.1)
2Fe;05 + 85042 o 150, + 4FeS, + 8H,0 (Eq.2.2)

The level of atmospheric Oz began to raise ~2.4 — 2.6 gigayears (Gyr), ago
and the present concentration of free oxygen was reached ~500 million years ago.

Although still a matter of debate, the generally accepted theory for dioxygen
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accumulation is that the emergence of organisms capable of performing oxygenic
photosynthesis, probably ancestors of the present-day cyanobacteria, was responsible
for this (Kasting, 1993).

The sulfur cycle (Figure 2.1), comprises an atmospheric and a terrestrial
component. Within the terrestrial component, the cycle begins with the weathering
of rocks releasing the stored sulfur. When in contact with atmospheric oxygen, sulfur
is converted into sulfate (SO4%), which is taken up by plants and microorganisms,

and converted to organic forms. Moving through the food chain, some of this sulfur

is again released as SOy as organisms die and decompose (Cunningham & Saigo,

1999).

——
_—~ "The sultur Cycle

et

wolcanic
/ release
Deposition Gasification

( Land was:ﬂwaler
erosion and MU0
\ \ %ecslg\ents —+ Biosphere ——
N 2
~ T sedimentary cycle L

TUW — _ hydrologic eycle e

Figure 2.1 — Sulfur crystal collected at Agrigento (Sicily - Italy, left), and schematic
representation of the hydrologic and sedimentary sulfur cycle (right).

There are a variety of natural sources that emit sulfur directly into the
atmosphere like volcanic eruptions and breakdown of organic matter in swamps and
tidal flats. Evaporation of water is also considered as an important component of
emission with sulfur settling back to the surface or coming down within rainfall. A
continuous loss of sulfur from terrestrial ecosystem runoff occurs through drainage
into lakes, streams and, ultimately, oceans. Sulfur also enters the oceans through
fallout from the atmosphere cycling through marine communities and moving

through the food chain. Part of this sulfur is emitted back to the atmosphere from
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sea spray, the remaining being lost to ocean depths combined with iron to form
ferrous sulfide (Cunningham & Saigo, 1999).

In Nature, three types of sulfur storage products can be distinguished
(Figure 2.2): gypsum (CaSOs), metal sulfides and elemental sulfur (SY), which have
formed in different geological periods. Increased anthropogenic activity has resulted

in significant local imbalances of the cyclic conversions of the sulfur cycle (Lens &

Kuenen, 2001).
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Figure 2.2 — The sulfur cycle [adapted from (Robertson & Kuenen, 1992)].
Since the Industrial Revolution, human activities have contributed to the
amount of sulfur that enters the atmosphere, primarily through the burning of fossil

fuels and the processing of metals. Almost one third of all sulfur that reaches the
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atmosphere stems from human activities. Emissions from these activities, along with
nitrogen emissions, react with other chemicals in the atmosphere to produce tiny
particles of sulfate salts which fall as acid rain, causing a variety of damage to both
natural as well as man-made environments. However, as particles and tiny airborne
droplets, sulfur can also act as a regulator of global climate: sulfur dioxide and sulfate
aerosols absorb ultraviolet radiation creating cloud covers that cool cities and may

offset global warming caused by the greenhouse effect (Jackson & Jackson, 1996).

2.3. SULFUR METABOLISM

Elemental sulfur (S¢), and reduced inorganic sulfur compounds, like sulfate,
sulfite, thiosulfate, organic sulfoxides, polysulfide and organic disulfides, are
metabolized by a large number of microorganisms (Urich e7 /., 2004, Hedderich ez
al., 1998). Most of these microorganisms are hyperthermophilic, i.e. grow optimally
above 80 °C, belong to the Bacteria and Archaea domains, and are found in water-
containing volcanic areas, such as terrestrial solfataric fields and hot springs, and
shallow and abyssal submarine hydrothermal systems (Hedderich ez 4/, 1998). In
recent years, hyperthermophiles have also been found in oil-bearing, deep-
subterranean rocks, about 4 km below the sutface of the Earth (Stetter ef a/., 1993).

Within volcanic environments, sulfur may be formed in different
concentrations at the surface by oxidation of hydrogen sulfide (H:S), escaping from
the depths. In the hot biotopes they live in, hyperthermophiles form complex
ecosystems comprising a variety of primary producers and decomposers of organic
matter. Mesophilic and thermophilic sulfur reducers, mostly from the bacterial
domain, have been isolated from such hot biotopes (Stetter, 1996). Among these
sulfur-reducing microorganisms, Acidianus, Thermoproteus, Igneococcus, Pyrodictinm and
Wolinella genera, among others, are able to gain ATP by lithotrophic sulfur
respiration; Thermococcus, Pyrococens, Hyperthermus (Archaea), or Thermotoga and
Fervidobacterinm (Bacteria), genera, are strictly fermentative sulfur reducers (Widdel &

Pfennig, 1991, Stetter, 1996).

45



Chapter 2

The hyperthermophilic  bacterium  Aguifex  pyrophilus, an  aerobic
chemolithoautotroph that uses sulfur in addition to hydrogen and thiosulfate as
electron donor to reduce oxygen and nitrate, has the ability of producing high levels
of H,S from Se and Hs in the late exponential growth phase (Huber ¢z 4/, 1992). If in
the presence of sulfur, methanogenic (hyper)thermophilic Archaea of the genera
Methanopyrus  and  Methanococens  produce  significant amounts of HbS, while
methanogenesis is significantly reduced (Stetter & Gaag, 1983).

Ecosystems where the sulfur transformations, namely sulfate reduction and
sulfide oxidation, occur in a cyclic manner are called sulfureta (Jorgensen, 1982). In
Nature, sulfureta are found in many different environments, like marine sediments,
microbial mats and hydrothermal vents, and often show strong diurnal, or even tidal,
cycles, resulting in moving O,-H»S interfaces (van den Ende e a/, 1997, Lens &
Kuenen, 2001). In such systems, oxidation of HS- in the light may be catalyzed both
by aerobic and anaerobic phototrophs. In the absence of light, “colourless sulfur
bacteria” can also contribute to the sulfur turnover.

Over the years, the term “coloutless sulfur bacteria” has been used to
classify lithotrophic sulfur compounds oxidizers taxonomically. Nowadays, this term
has no taxonomic meaning anymore; nevertheless, the term is still used to describe
the physiological group of bacteria that are commonly encountered in sulfide rich
environments. “Traditional” colourless sulfur bacteria belong to the Bacteria genera
Beggiatoa, Thiobacillus, Thiotrix, Thiomicrospira and  Thioploca. However, many
organoheterotrophic bacteria from other genera, as well as from Archaea (eg,
Sulfolobus and Acidianus genera), can obtain energy from the oxidation of sulfur

compounds (Lens & Kuenen, 2001)

2.4. ACIDIANUS AMBIVALENS

Acidianus (A.), ambivalens is a hyperthermoacidophilic archaeon of the
Sulfolobales order which was isolated by Zillig and coworkers in the Leirhnjakur
fissure near the Krafla volcano in Iceland (Figure 2.3) (Zillig e al, 1985). It is a
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facultative aerobic or anaerobic chemolithoautotroph capable of utilizing CO: as sole
carbon source and S¢ as energy source, oxidizing or reducing it to H>SO4 (aerobic
conditions), or HoS (anaerobic conditions) (Zillig ez /., 1986, Gomes e7 al., 2001a). A.
ambivalens grows between pH 1-4 and at 84-87 °C but displays its growth optimum at
around 81 °C and pH 2.5 (Zillig ¢z al., 1986)

Figure 2.3 — Krafla volcano (left), and Leirhnjakur fissure (right), in Iceland where Zillig et al.
isolated Acidianus ambivalens (Zillig et al., 1986).

A. ambivalens was firstly classified in 1985 by Zillig and coworkers (Zillig e#
al., 1985) as Sulfolobus ambivalens but the same authors reclassified the organism the
next year as Desulfurolobus ambivalens (Zillig et al, 1986). Due to the coccoid
morphology of their members, all genera within the Crenarchaeota class (Sulfolobus,
Desulfurolobus, Metallosphaera and Stygiolobus), were distinguished mainly by its
metabolic properties and GC-content; but it was already clear at that time that the
genus Sulfolobus, with three recognized species of sulfur-dependent Archaea, S.
acidocaldarius, S. solfataricus and S. brierleys, displayed significant differences in
physiology and phylogenetic distance among its members that they should be
reconsidered for reclassification. Then, in 1996, Fuchs and coworkers published a
16S rDNA-based phylogenetic analysis of all species within the order Su/ffolobales (not
only the three species mentioned above but also several other strains and isolates
obtained meanwhile), where they reclassified Desulfurolobus ambivalens as Acidianns
ambivalens and establish the physiological and morphological features that members

of this genus should display (Fuchs e a/, 1996). The genus Acidianus gets it name
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from the juxtaposition of Acidus (from the Latin, acid), and lanus (the mythological
Roman God of gates, doors and transitions, beginning and ending of time). Ianus is
normally portrayed as having two heads facing opposite directions (Figure 2.4), and
the "acidic bifacial" definition of _Acidianus reflects the dual ability of growth
conditions and metabolism of the organism. The specific epithet ambivalens, meaning

"ambivalent", just corroborates this dual ability of the metabolism and growth of the

microorganism.

iE

Figure 2.4 — Illustration of the mythological Roman God Ianus (left), and electron micrograph

of A. ambivalens (right, courtesy of T. Urich, Darmstadt, Germany).

A. ambivalens has a GC-content of 32.7 % (lower than for other Swulfolobus
species which is around 38 %), and contains three plasmids one of which, pSL10,
suggested to be a pro-virus, is amplified during anaerobic growth (Zillig e a/., 1986).
Alcidianus species are resistant to vancomycin, ampicillin and kanamycin (150 pg.mL!
each), and, when grown in aerobic conditions, contain caldariella quinone, sulfolobus
quinone and tricyclic quinone as the main electron carriers in the cell membrane.

Up until recently, A. ambivalens was thought to have the simplest membrane-
bound aerobic respiratory chain known so far (Kletzin ez @/, 2004). This minimal
respiratory chain was composed by a noncanonical type-II NADH dehydrogenase

(Bandeiras ez al, 2002, Gomes ef al, 2001a), and by an atypical succinate
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dehydrogenase (Lemos ef al, 2001), both having the ability to reduce caldariella
quinone. This pool of caldariella quinol was used to reduce a terminal oxygen
reductase, a proton-pumping aas-type quinol oxidase. Besides these, several enzymes
involved in the sulfur metabolism and aerobic respiratory chain of A. ambivalens have
been characterized, namely a heme:copper oxygen reductase (Gomes ef o/, 2001a), a
thiosulfate:quinone oxidoreductase (Muller er @/, 2004) and a sulfur oxygenase
reductase (SOR), of which sulfide is one of the products (Urich ez al, 2004). These
features, all together, make A. ambivalens an interesting model microorganism for the
study of dissimilatory oxidation and reduction of elemental sulfur in

(hyper)thermophilic Archaea.

2.5. SULFIDE:QUINONE OXIDOREDUCTASE (SQR)
Hydrogen sulfide (H»S), was discovered by Carl Wilhelm Scheele in 1777

(Dobbin, 1931). It is considered a very toxic substance for aerobic organisms
hampering oxygen transport and inhibiting oxygen reduction by heme:copper oxygen
reductases, thus preventing energy production by oxidative phosphorylation.
Furthermore, sulfide is a strong nucleophile and may react with disulfide bridges and
bind to metal centres. Despite its toxicity, which is five-fold higher than that for
carbon monoxide, hydrogen sulfide is a fundamental molecule in both aerobic and
anaerobic organisms. HoS has now been proposed to be the third signalling “gas” in
eukaryotes (Wang, 2002), being of vital importance in the brain, heart and smooth
muscle (Lloyd, 2006). In mammalian cells the presence of hydrogen sulfide results
mainly from the activity of two enzymes, the cystathionine Y-lyase and
cystathionine B-synthetase (Qu e# al, 2008). Also, hydrogen sulfide is a metabolite
produced by prokaryotes present in the lumen of the large intestine. Oxidation of
sulfide by animal mitochondria has been demonstrated more than 20 years ago
(Powell & Somero, 1986), which was shown to be associated with the respiratory
chain and coupled to ATP production (Ouml ez a/., 1997); recently sulfide has been

reported to be the first inorganic substrate of human cells (Goubern e7 a/., 2007).
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In Archaea and Bacteria, H>S may be an electron donor to the respiratory
chain. Two enzymatic systems are known to be involved in sulfide oxidation:
flavocytochrome ¢ (FCC), and sulfide:quinone oxidoreductase (SQR), (Griesbeck ez
al., 2000). Genes coding for the latter are present in mitochondrial genomes,
including the human one, and a bacterial origin of eukaryotic SQR has been
proposed (Theissen ez 4/, 2003). The first evidence of the participation of quinones
in sulfide oxidation came from the work of Knaff and Buchanan (Knaff &
Buchanan, 1975). However, it was not only until 10 years later that Brune and Triper
(Brune & Triper, 1986), following their work with the bacterium Rbodobacter
sulfidophilus, first demonstrated that electrons from sulfide enter the membrane-
bound photosynthetic electron transport chain at the level of quinone.

SQR is single polypeptide membrane-bound enzyme with an apparent
molecular weight of 55 kDa and possibly active as dimer (Arieli ¢z a/, 1994, Schutz ez
al., 1997). SQR, like FCC, is a member of the flavin disulfide reductases (FDR),
family, which includes glutathione and thioredoxin reductases, and dihydrolipoamide
dehydrogenases. Members of this family are characterized by having two redox
centres, one of these being FAD. The other redox centre, located close to the flavin,
can be a pair of cysteine residues, a cysteine sulfenic acid or a mixed C-S-S-CoA
disulfide. In the case of a redox pair of cysteine residues, the sequence position of
these residues may vary but is conserved within each subfamily (Argyrou &
Blanchard, 2004). Protein sequence compatison leads to the conclusion that SQR is a
phylogenetically very old enzyme that was acquired eatly in evolution (Shahak e# a/,
1999): the sulfide-dependent quinone reduction was essential for the early organisms
to thrive in the sulfidic anoxic conditions of oceanic environments; genes coding for
SQR were then acquired by eukaryotic cells from the endosymbiontic ancestor and
were conserved in these organisms due to the importance of sulfide (Theissen ef 4/,
2003).

To date, several SQRs have been preliminarily characterized but only one,
from R. capsulatus, has been extensively characterized (Theissen & Martin, 2008,
Arieli et al., 1994, Griesbeck e al, 2002, Shibata & Kobayashi, 2006, Wakai e a/,
2007, Shibata et al, 2007, Vande Weghe & Ow, 1999); however, its subcellular
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localization is still a matter of debate. Most SQR enzymes are tightly bound to the
membrane and are only extracted by detergent treatment (Reinartz ez al, 1998, Arieli
et al., 1994, Nibel e al, 2000). In contrast, SQR from R. capsulatus (Schutz et al.,
1997), as well as a recombinant form of SQR from A. ambivalens expressed in E. coli
(our own observations, not published), are detached from the membrane by
treatment with 2 M sodium bromide. Since R. capsulatus deposits sulfur outside the
cells, it seems reasonable to assume that SQR is attached to the periplasmic sutrface
of the cytoplasmic surface. However, proteins that become translocated across the
cytoplasmic membrane, exhibit a characteristic N-terminal signal peptide for
translocation, and no signal peptide is found in the amino acid (a.a.) sequence of
SQR. Moreover, the sulfide oxidation site of SQR was suggested to be located at the
cytoplasmic surface of thylakoid membranes of Oscillatoria limnetica (Axieli e al., 1991).

Up to recently, there was no three-dimensional structure of SQRs available.
In fact, only the X-ray structure of FCC from Alochromatinm (AIL) vinosum ~was
known to date (Chen ef al, 1994, Van Driessche ef al, 1996). Herein we report a
detailed functional and structural charactetization of SQR isolated from the
membranes of A. ambivalens. We have initially crystallized a truncated form of SQR
(proteolytic cleaved at the C-terminal), (Brito ez al., 2000), first assigned as a type 11
NADH dehydrogenase due to its NADH oxidase activity (Gomes ¢f al, 2001b).
More recently, the complete form of SQR was isolated, which showed exclusively
sulfide:quinone oxidoreductase and no NADH dehydrogenase activity. The
three-dimensional structures of the truncated (SQRrt), and complete (SQR), forms of
sulfide:quinone oxidoreductase were determined to 2.7 and 2.6 A resolution,
respectively. Both structures revealed a covalently bound FAD and a pair of adjacent
cysteine residues bridged by a chain of three sulfur atoms. A possible sulfide
oxidizing mechanism is proposed and the role of SQR in the global sulfur-linked
bioenergetics of A. ambivalens is discussed, showing how this enzyme allows
A. ambivalens to obtain maximal energy from sulfur. A comparison with FCC from
Al vinosum (Chen et al., 1994, Van Driessche e al., 1996), and two new SQR crystal
structures from Aguifexc aeolicns (Marcia et al., 2009), and Acidithiobacillus ferrooxidans

(Cherney ef al., 2010), as well as the mechanisms therein proposed, is also performed.
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2.6. MATERIALS AND METHODS

CELL GROWTH AND PROTEIN PURIFICATION

Cells of Acidianns ambivalens (DSM 3772), were grown aerobically in 10 L
glass flasks by batch culture, at 80 °C and pH 2.5 as described in (Zillig ¢z al., 1980).
The growth media was completed with the addition of 0.02 % (w/V) of yeast extract.
Growth was followed by monitoring the absorbance band at 546 nm, after removal
of the suspended sulfur by filtration. The pH was also measured in order to follow
the sulfuric acid production. After two or three days the culture medium reaches an
absorbance of 0.3-0.4 at 546 nm. To hatvest the cells, the cell suspension was cooled
to room temperature followed by filtration through a 10-16 um pore sintered glass
filter and then centrifuged at 5400g for 7 min, at 4 °C. The olive-green cell pellet was
washed several times in 100 mM potassium phosphate buffer pH 6.5, to keep the
cells at a neutral pH. If not for immediate use, cells were stored at -80 °C.

The cells were then suspended in 40 mM potassium phosphate buffer
pH 6.5 and broken at 6000 Psi using a French press. Unbroken cells were removed
by centrifugation at 18000 rpm during 15 min. The cell extract was ultracentrifuged
for 6 hours at 138000g. The resulting green pellet, the membrane fraction, was
homogenized and solubilized with n-dodecyl-3-D-maltoside (DDM), in the
proportion of 1 g detergent per g of protein, and the resulting suspension was
centrifuged at 138000 g for 6 hours at 4 °C. All the chromatogtraphic steps cartried
out during protein purification were performed on a Pharmacia Hil.oad™ system, at
4 °C and NADH oxidase activity was monitored using the NADH driven
ferricyanide reduction. The green membrane solubilized extract was applied to a
330 mL. DEAE-Sepharose Fast flow column. After elution, the NADH oxidizing
fraction was applied to a 70 mL home-packed HTP Micro-beads column, followed
by a second ionic exchanger, Q-Sepharose and a 330 ml gel filtration Superdex
S-200 column. In the end a second HTP column step was performed in order to
increase purity. The purified enzyme was divided into aliquots and stored at -80°C.

This resulted in a truncated form of SQR (SQRr), lacking ~50 a.a. residues in the
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C-terminal region. This enzyme was shown to have NADH:quinone oxidoreductase
activity and was thus first assigned as a type II NADH dehydrogenase (Gomes e# a/.,
2001b). However, the three-dimensional structure of this form prompted a new
functional characterization, which led to the conclusion that it is in fact a
sulfide:quinone oxidoreductase. The complete form of SQR (SQR), was then
purified by similar procedures, but in the presence of a cocktail of protease inhibitors
(Complete Protease inhibitor cocktail tablets from Roche), and by monitoring the
sulfide:quinone oxidoreductase activity. To ensure homogeneity of the purified
enzyme, mass spectrometry and N-terminal sequencing (performed by ITQB
services), and SDS-PAGE (Laemmli, 1970), analysis were carried out. Protein
concentration was determined using the BCA method (Smith ¢z @/, 1985). Flavin
extraction was attempted by incubating the protein with 10 % trichloroacetic acid as
in (Susin et al, 1993). Caldariella quinone, the microorganism native quinone, was
extracted from lyophilized A. ambivalens membranes using a (1:1), mixture of

chloroform/methanol (Hu ¢ a/., 1999).

SPECTROSCOPIC CHARACTERIZATION
Electronic  spectra were obtained on a  Shimadzu UV1603

spectrophotometer at room temperature. nless otherwise state 5 € sample was
pectrophotometer at temperat Unl th tated, th pl

buffered in 50 mM potassium phosphate buffer pH 6.5, 0.1 % (w/V) DDM.

MOLECULAR MASS DETERMINATION

The protein molecular mass determination by gel permeation
chromatography was performed in a 24 mL bed volume Superdex S200 column (GE
healthcare), using both high and low molecular mass protein standards (67-669 kDa
and 14.4-97 kDa, GE healthcare). Elution was made with 40 mM potassium
phosphate buffer at pH 6.5, 150 mM NaCl and 0.1 % (w/V) DDM. For mass
spectrometry analysis, A. ambivalens SQR with a concentration between 460 and
830 uM was diluted 1:10 in a matrix (sinapinic acid in 70 % acetonitrile, 0.1 % TFA),
and subjected to MALDI-TOF analysis (PO 07MS spectrometer), at the I'TQB mass

spectrometry facility.
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SEQUENCE ANALYSIS
Amino acid sequences of enzymes from other organisms were compared
using BLAST at NCBI databases. Multiple sequence alignments were produced as
previously described (Thompson ez al, 1997), and manually adjusted. Dendrograms

were built with the Geneious software (Drummond A.J., 2008).

CATALYTIC ACTIVITY ASSAYS

NADH dehydrogenase activity was assayed at 50 °C following Ks;Fe(CN)s
reduction at 420 nm (€40:m=1.0 mM'.cm'), in a medium containing 1 mM
KsFe(CN)s and 200 pM NDH-2 in 20 mM potassium phosphate buffer pH 6.5 and
0.1 % (w/V) DDM. After approximately 5 min incubation at the working
temperature, the reaction was initiated by the addition of NADH.

Sulfide oxidase activity in A. ambivalens membranes was monitored at 50 °C
by measuring Oz consumption polarographically with a Clark-type oxygen electrode,
YSI model 5300 (Yellow Springs). The reaction mixture contained 40 mM potassium
phosphate buffer at pH 6.5 and 300 uM NaoS (freshly prepared). For NADH
consumption assays, 0.3 to 4.6 mM NADH was used instead of NaxS. The reactions
were started by the addition of membranes (approximately 210 ug protein.ml1). For
inhibition experiments, 30 mM of iodoacetoamide (in the same buffer), and an
ethanolic solution of HQNO (50 mM), were used (final concentration in the assay of
300 uM and 500 uM, respectively).

SQR activity was measured under anaerobic conditions at 50 °C in an
Olis DW2 UV/Vis spectrophotometer by sulfide-dependent quinone reduction,
using two beams at the following wavelengths: decylubiquinone (dUQ), 275-300 nm
(Ae=12500 M1em), 2,3-dimethyl-1,4-naphthoquinone, 270-290 nm
(Ae=15200 M'cmt), 2-methyl-1,4-naphthoquinone (menadione), 280-260 nm
(Ae=7800 M'cm™), and caldariella quinone, 351-341 nm (Ae=1180 M-'-cm). The
reaction mixture contained 50 mM potassium phosphate pH 6.5, 20 mM glucose,

1 U glucose oxidase ml.!, 10 U catalase mL.1, 0.025 % (w/V) DDM, 50 uM of the
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respective quinone and 5 to 14 pg protein.ml!. The enzymatic reactions were
started by addition of NasS.

Inhibition experiments were performed by adding HQNO or KCN (final
concentration was 100 uM prepared in 200 mM potassium phosphate buffer
pH 6.5), after the addition of Na,S. In the case of iodoacetoamide, the substrate was
added after prior incubation with the inhibitor. Controls were performed in the
absence of the enzyme.

The pH activity profile was performed between pH 3 and 8 using the
following buffers (all at 50 mM concentration with 0.025 % (w/V) DDM):
potassium phosphate pH 3, formic acid between pH 3.5 and 4.5, potassium acetate
between pH 5 and 5.5, and MES/Bis-tris propane between pH 6 and 8. In the
temperature activity profile, the solution temperature was monitored using a
HIBOK 14 thermometer inside the reference cell. NADH:quinone oxidoreductase
activity was monitored in the same conditions by following the decrease in

absorbance of NADH (initial concentration of 260 uM), at 339 nm.

CRYSTALLIZATION AND X-RAY DATA

Initial crystallisation trials were undertaken with a protein concentration of
10 mg.mL! in 10 mM potassium phosphate buffer pH 6.5 and 0.025 % (w/V) DDM
using the vapour diffusion technique. Sitting drops containing 1.5 uL. of protein and
1.5 pL of precipitant solutions were equilibrated against 500 pl. of precipitant
solution at 4 °C and 22 °C. Specially designed screens for membrane proteins,
MemSys from Molecular Dimensions and MembFac from Hampton Research, were
used initially. Since most of the drops showed weak/no precipitate, Crystal Screen 1
and II (Hampton Research), containing higher precipitant concentration were also
used. Three very small crystals appeared after several weeks in condition 48 of the
Crystal Screen I (2.0 M NH4H2PO4 and 100 mM Tris-HCI pH 8.5). It is noteworthy
to mention that although the pH of the buffer was 8.5, the pH of the crystallisation
solution was ¢a. 4.5. Optimised crystallisation conditions included 2.2 M NH4H2PO4
and 100 mM Tris-HCI pH 8.5 or 2.0-2.4 M NH4H,PO,/K,HPO, at pH 4.0-5.0.
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Yellow crystals with a hexagonal shape appeared in 2 weeks and grew to the
largest dimensions ~0.2X0.15X0.1 mm? (Figure 2.5). Due to the high concentration
of precipitant, salt crystals rapidly started to form after the sitting drop cover lid was
opened. The addition of glycerol to the crystallisation drop was necessary to prevent
the formation of salt crystals during necessary manipulation of the protein crystals.
Suitable cryoprotectant conditions were obtained by lowering the precipitant
concentration to 1.5 M and adding 25 % (V/V), glycerol. Under these conditions

SQRr crystals are stable and can be kept for several weeks without degrading,.

Figure 2.5 — SQRr crystals grown in 2.2 M NH4H,PO, and 100 mM Tris-HCI pH 8.0.
Crystal dimensions ~ 0.2X0.15X0.1 mm3.

Crystals were flash frozen in liquid nitrogen and X-ray diffraction data were
collected using a synchrotron radiation source. The intensity data were measured on
beamline ID14-1 at ESRF (European Synchrotron Radiation Facility, Grenoble),
using an ADSC Q210 CCD detector. Native crystals belong to the hexagonal space
group P61,522 with unit cell dimensions a=178.58 A and ¢=162.31 A and diffract to
2.6 A. Data were processed with DENZO and merged with SCALEPACK [both
programs are from the HKL suite (Otwinowski e al, 1997)], or with XDS
(Kabsch, 1993) and SCALA (Evans, 1997) from the CCP4 suite of programs (1994).
The estimated solvent content is ~65 or ~47 %, assuming 2 or 3 molecules in the

asymmetric unit, respectively.
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STRUCTURE DETERMINATION AND REFINEMENT

SQRr crystal soakings or co-crystallisation with different heavy-atom
compounds were performed to search for derivatives. Most of the heavy atom
compounds tested (Hg, Pt, Au, U, Sm, Ag, W, Xe, Yb, Pb, I, Br, T, Pd), showed no
anomalous signal but a few (Pt, I, Br, Mo and Xe), were considered to be “weak”
derivatives, by comparison of the y? and R-factor between the native dataset and a
few frames from the putative derivative, using the SCALEPACK program
(Otwinowski ez al., 1997). Soaking times ranging from 1 hour to 16 days (except for
the halides and the Xe soakings which were only a few minutes and higher
concentrations), and soaking conditions ranging from 100 uM to 100 mM were
tested.

SHELXC (Sheldrick, 2008), within HKIL.2MAP (Pape & Schneider, 2004),
was used to prepare the experimental data (option “no merge original index” used in
SCALEPACK to generate the .sca file), and SHELXD (Sheldrick, 2008), was used to
locate heavy atom sites from the putative derivatives. Two positive hits were found
out of 1000 trials, the best solution showing Correlation Coefficients - CCqy of 17.31
% and CCyear of 10.34 %, and PATFOM 0.84. A total of 7 Pt sites were found with
occupancies higher than 0.5, using space group P6:22 but SHELXE (Sheldrick,
2008), did not produce an interpretable electron density map. SHELXD was also
used to search for heavy atom sites of other putative derivatives (I, Br, Mo and Xe),
but no solutions were found out of 2500 trials.

The initial set of 7 sites found with SHELXD for the Pt derivative were
refined in SHARP and subsequent analysis of log-likelihood gradient maps revealed
4 additional sites, giving a total of 11 heavy atom positions. Statistics were good at
low resolution (< 5.5 A). The overall values of Phasing power to 2.6 A (isomorphous
differences), for acentric and centric reflections were 0.795 and 0.852, respectively.
The Phasing power (anomalous differences), for acentric reflections were 0.387. The
figure-of-merit, for acentric and centric reflections was 0.080 and 0.125, respectively.
Although these statistics were rather poor, the calculated phases allowed detection of
the correct hand through a single cycle of solvent flipping with SOLOMON

(Abrahams & Leslie, 1996), showing significantly better statistics for the
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enantiomeric space group P6522.

Difference Fourier maps were calculated with the other putative derivatives.
Additional derivatives were added: I, Mo, Br and Xe. However, refinement of the
heavy atom parameters in SHARP showed rather large non-isomorphism
parameters. Furthermore, some derivatives gave little contribution to the overall
phasing power. Since the highest resolution of the data (2.6 A), seemed rather low
for attempting automatic model building with ARP/wARP, it was decided to reduce
the noise introduced by non-isomorphism to a minimum, by using only the I
derivative in the final stages of experimental phasing.

To further improve the heavy atom refinement and to detect additional
minor sites, the phases after solvent flattening (using 63.6 % solvent content), were
used as phase restraints in SHARP. This resulted in a more stable refinement of the 1
derivative parameters and detection of additional 10 sites, resulting in a total of 51 1
sites (with occupancies of 0.14-0.68 and temperature factors of 42-81 A2). The
overall values of Phasing power to 2.6 A (isomorphous differences), for acentric and
centric reflections were 1.184 and 0.994, respectively. The Phasing power
(anomalous differences), for acentric reflections was 0.308. The figure-of-merit, for
acentric and centric reflections was 0.180 and 0.232, respectively.

Automatic model building with ARP/wARP and phase improvement with
SOLOMON were performed in a cyclic manner; the protein part of an ARP/wARP
model was used during the early cycles of density modification to improve the
solvent mask determination. This resulted in better density modified phases and
maps, which in turn were given to ARP/wARP to build more of the model. This
resulted in 18 chains with 621 residues (out of 818 residues in two molecules), with
15 of these chains (or 589 residues), docked into the sequence. Iterative model
building and crystallographic refinement were performed with the programs COOT
(Emsley & Cowtan, 2004) and BUSTER-TNT (Bricogne e¢f al., 2008).

Later on, the full-length enzyme (SQR), was purified and crystals grown
under similar conditions of SQRr. Since crystals of SQR were isomorphous with
SQRr, an initial rigid body refinement was done with REFMACS5 (Murshudov ¢7 4/,

1997). Iterative model building and crystallographic refinement were performed with

58



SOR crystal structure

the programs COOT (Emsley & Cowtan, 2004) and BUSTER-TNT (Bricogne ¢t af,
2008). All structural figures were drawn using PyMOL (DelLano, 2002), and the
topology diagram was generated with the program TOPS (Westhead ¢z a/, 1998).

2.7. RESULTS AND DISCUSSION

EVIDENCE FOR THE PRESENCE OF A SULFIDE:QUINONE
OXIDOREDUCTASE IN A. AMBIVALENS MEMBRANES

A. ambivalens membranes were shown to consume O upon addition of Na,S

at 150 nmol O, mg'.min’!, which implies the presence of a sulfide oxidation system

linked to the aerobic respiratory chain. Upon addition of HQNO, a quinone

competitive inhibitor, the rate of O» consumption decreased by ~80 %, while prior

incubation with iodoacetoamide (alkylating sulfydryl reagent known to bind to

cysteine residues), completely abolished Oz consumption.

PRIMARY STRUCTURE AND SEQUENCE COMPARISON

Genes encoding SQRs are present in the three domains of Life. On the basis
of a.a. sequence comparisons, Theissen and coworkers proposed that SQRs are
divided into three groups: Group I comprises enzymes from Bacteria; Group 11
includes enzymes from Bacteria and Eukarya; Group III contains bacterial and
archaeal enzymes (Theissen ez a/, 2003). With the larger number of sequences now
available, a new sequence alignment was performed, whose derived dendrogram
(Figure 2.6), reveals that SQR from A. ambivalens and other related archaea cluster in
a branch included in Group I, and not in Group III as would be expected from that
classification. Moreover, some archaea have genes encoding several SQRs, belonging
either to Groups I or III, meaning that the distribution of SQRs is not related to the
microbial Phyla and evidencing the occurrence of lateral gene transfers throughout

evolution of this enzyme family.
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Figure 2.6 — Dendrogram of amino acid sequences from SQRs built
with the Geneious software.
Sequences belonging to groups I, II, and III are indicated by different shadowing. Eukaryote and
prokaryote SQRs are indicated at the periphery of the dendrogram. Underlined species names indicate
those from which SQRs have been characterized.

The a.a. sequence of the A. ambivalens SQR is 13 to 89 % identical to those
of other SQRs, which show among themselves a quite low sequence identity. The
most similar sequences to the .A. ambivalens SQR are those from archaea of the same

phylogenetic order, the Suffolobales (Figure 2.7).
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Figure 2.7 - Amino acid sequence alignment of Acidianus ambivalens SQR (acession numbers
from NCBI database in parentheses), with sulfide:quinone oxidoreductases from Group I.
Aambivalen, Acidianus ambivalens (CAD338006.1); Stokodaii, Sulfolobus tokodaii str. 7 (NP_378484.1);
Ssolfatari, Sulfolobus  solfataricns P2 (NP_343636.1); Picrophilu, Picrophilus  torridus DSM 9790
(YP_023317.1), Tacidophilu, Thermaplasma —acidophilume DSM 1728 (NP_394588.1), Telongatus,
Thermosynechococcus elongatus BP-1 (NP_681079.1), Aaeolicus, Aguifexc aeolicus VF5 (NP_214500.1),
Reapsulatu, Rbodobacter  capsulatns (CAA66112.1), Olimnetica, Oscillatoria  limnetica 'Solar Lake'
(AAF72962.1), Mferrooxyd, Mariprofundus ferrooxydans PV-1 (ZP_01453072.1); relevant secondary

structure elements and residues are indicated.
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The primary structures of the FDR enzymes have two glycine residue
patterns that are part of two Rossmann folds, generally described as the FAD and
the NAD(P)H binding domains. Depending on the subfamily, the position of the
active cysteine residues can vary, but these positions are conserved within each
subfamily (Argyrou & Blanchard, 2004). As for SQRs, the A. ambivalens enzyme has
the conserved glycine residue pattern typical of the Rossmann fold near the N-
terminus and has two conserved cysteine residues which form a redox-active
disulfide bridge (Griesbeck ez a/, 2000). The presence of the Rossmann fold at the
N-terminus and the conserved cysteine residues compose the fingerprint of the SQR
family. In contrast to other FDRs, whose second glycyl pattern is part of the second
Rossmann fold involved in NAD(P)H binding, SQRs contain an insertion which
blocks the NAD(P)H access to the flavin cofactor as shown in the structure
described here (Figure 2.7, detailed below). Apart from the conserved a.a. residues
from these motifs, few other residues are conserved. Among those are (numbering
refers to A. ambivalens SQR): a highly conserved serine residue (Si27), a lysine residue
(Ks15), and a2 motif [Kise—(X)a7—(Y/F)-(X)01-(Y/W/F)], near the C-terminus. The
third cysteine residue (Ciz), that was proposed to participate in the sulfide oxidation
mechanism (Griesbeck ef al,, 2002), although present in many SQRs from Group 11,
is only strictly conserved in Group I enzymes. A glutamic residue, Eiss (Eigs in
Rhodobacter capsulatns SQR), suggested to act as an active base during catalysis
(Griesbeck ez al., 2002) is not strictly conserved and may be substituted by a lysine.
There is also an aspartic residue, Dsss, strictly conserved among Group I SQRs, lying
3 to 9 residues downstream of the last conserved cysteine (Csso). In R. capsulatus SQR
(Griesbeck ef al., 2000), two histidines (Hi31 and Hios, R. capsulatus numbering), were
proposed to be involved in quinone binding but none of these are fully conserved

among SQRs.

BIOCHEMICAL CHARACTERIZATION
An SQR was isolated from the membranes of A. ambivalens. The A.
ambivalens SQR was initially purified in a truncated form and later a complete form

was isolated. The C-terminally truncated form of the enzyme (named SQRr), of
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~40 kDa, has NADH:quinone oxidoreductase activity and was initially considered to
be a type II NADH dehydrogenase (Gomes e al, 2001b). The complete form of
SQR consists of 409 a.a. residues (calculated mass of 45151.85 Da), and has
exclusively sulfide:quinone oxidoreductase activity.

SQR was purified to homogeneity as judged both by SDS-PAGE and
MALDI-TOF mass spectrometry. The oligomerization state of the protein was
investigated by gel permeation chromatography and a single peak corresponding to a
molecular mass of ~48 kDa was observed which indicates that the protein is a
monomer in solution under the conditions tested (20 mM phosphate buffer pH 6.5
and 150 mM NaCl). The electronic absorption spectrum of the as purified SQR has
the typical fingerprints of a flavoprotein (Amax at 454 nm and 350 nm), (Figure 2.8a).

AA=0,1
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Figure 2.8 — a), UV-visible spectrum of the A. ambivalens SQR at pH 6.5; b), pH (at 50 °C),
and c), temperature (at pH 6.5), profiles of SQR activity using dUQ as substrate (b- and c- lines
depicted in the figure are for better visualization); d), Michaelis-Menten hyperbola using
sulfide as substrate (the solid curve was calculated with the parameters presented in the text).
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All attempts to extract the flavin cofactor were unsuccessful as described
previously (Bandeiras ¢f 4/, 2002), indicating the presence of a covalently bound
flavin, now confirmed by the X-ray structure. The structure described here also

showed that the flavin cofactor is a flavin adenine dinucleotide (FAD).

FUNCTIONAL CHARACTERIZATION
The intact form of the enzyme has exclusively sulfide:quinone
oxidoreductase activity with turnovers and specific activities presented in Table 2.2.
The highest sulfide:quinone oxidoreductase activity was observed with the native
caldariella quinone and the reactivity of SQR with quinones seems to be correlated
with their reduction potentials: activity increases with the increase of the quinones

reduction potential (Table 2.2).

Table 2.1 — Sulfide:quinone oxidoreductase activity of SQR at 50 °C and pH 6.5 with

different quinones

Quinones Specific activity Turnover Redox
(umol quinone red.mg-1.min-t) (min-t) Potential
(mV)
2,3-dimethyl-1,4-naphthoquinone 0.127 6 - 60
2-methyl-1,4-naphthoquinone 0.194 9 0
Decylubiquinone 0.470 23 + 100
Caldariella quinone 0.531 26 + 100

With dUQ a maximum turnover of 125 min-! was obtained at 70 °C, pH 6.5
(Figure 2.8b and 2.8c). Assays at higher temperatures were not possible to perform
due to quinone instability. At 25 °C, only 3 % of the activity is detected indicating
that at room temperature, the enzyme is almost inactive, as frequently observed for
enzymes from hyperthermophiles. The turnover for this enzyme is similar to the one

trom Oscillatoria limnetica (94 min™), (Arieli et al., 1994).
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At 50 °C, the Ky and Ty for sulfide were determined to be
2 uM and 0.470 umoles min'mg!, respectively, by monitoring quinol formation
(Figure 2.8d). Reduction of dUQ is 55 % inhibited by the quinone analogue HQNO,
indicating that quinone reduction is specific.

To investigate the possible involvement of the cysteine residues in the
oxidation of sulfide, activity assays were performed in the presence of
iodoacetoamide. Prior incubation of SQR with iodoacetoamide led to a complete
inhibition of the sulfide-dependent quinone reduction, which suggests that the
cysteine residues have indeed an active role in catalysis. The reaction is also inhibited
by KCN to 42 %, as found for some other SQRs (Griesbeck ez a/., 2000).

In the case of SQRy, the truncated form of SQR, both NADH and
sulfide:quinone oxidoreductase activities are observed, whereas the intact enzyme
does not react with NADH. Both SQR and SQRr structures have an extra loop
blocking the NADH access to the flavin cofactor (see below). This means that the
NADH oxidase activity of SQRr results from a non-physiological exposure of the
isoalloxazine ring of the FAD to the solvent in the truncated enzyme due to the lack
of its last ~50 residues leading to unspecific binding of NADH. This conclusion is
reinforced by the observations that A. ambivalens membranes consume Oz upon
addition of HoS (see above), and that Oz consumption using NADH as electron
donor is negligible. These data indicate that in the membranes the truncated form is
not present. NADH and sulfide:quinone oxidoreductase activities were also assayed
in the presence of iodoacetoamide. As expected, iodoacetoamide completely
abolished the sulfide dependent quinone reduction, but had no effect on

NADH:quinone oxidoreduction.

CRYSTALLOGRAPHIC REFINEMENT AND MODEL QUALITY
The complete form of SQR crystallized under similar conditions as SQRrt

and both forms are isomorphous. Crystals appeared within 2 weeks and grew up to
maximum dimensions of ~0.2X0.15X0.1 mm?3. Crystals belong to the hexagonal

space group P6522 with two molecules in the asymmetric unit, approximate unit cell
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dimensions of a=b=179.7 A and c¢=163.4 A (for SQR), and contain a high solvent
content (~60 %).

The SQRy X-ray structure was refined to 2.7 A resolution with an Recor of
19.6 % (Reee Of 22.5 %), while the SQR final model shows an Recior 0f 19.4 % Reree
of 22.2 %), to a resolution of 2.6 A. X-ray data collection and refinement statistics as
well as overall model quality parameters are depicted in Table 2.3.

The electron density maps were of good quality except for two short
regions: a bulged B-strand fragment (Ps3 to Ag), and a a-helical stretch (Ei30 to Aqzq),
which show higher thermal motion parameters (B-factors). No interpretable density
was observed for the last 53 a.a. residues at the C-terminal region of the full-length
SQR. Hence, similarly to the SQRr structure, the crystallographic model of SQR
consists of 356 residues per monomer (out of 409). Mass-spectrometry analysis of
SQR in solution and from dissolved crystals showed that the polypeptide is complete
in both samples (data not shown), suggesting high flexibility around the C-terminus

region.

Next page: TABLE 2.2 - Data collection and refinement statistics

Ry =2 2|1, (ki )~ W/Z > 1, (hkD)

hkl i hkl i

#R,, = % [%N —I)TZZ 1, (ki )= 1 (ki) % S 1, (hkl )

Calculated with the program SCA, R,z and Ry, are indicators of the precision of the final

merged and averaged data-set, where I; (b £ /), is the observed intensity of the ith measurement, J(hkl) is

the average intensity of multiple observations of symmetry-related reflections and N is redundancy.
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SQR:K,Cl4Pt SQR:KI SQRt* SQR
PDB ID code - - 3H8I 3HSL
Space group P6522
Unit cell
a b, (A 179.2,163.2 178.1, 162.0 178.6, 162.3 179.7,163.4
Soaking conditions 750 uM for 16 days 1 M for 1.5 min - -
Data collection
Beamline ESRF ID14-1
Wavelength (A) 0.934
Resolution range () 56.20-3.50 58.30-3.00 47.43-2.65 51.44-2.57
(3.63-3.50)t (3.11-3.00) (2.80-2.70) (2.71-2.60)
Total 6. of observations 58220 90835 157117 383076
(5738) (9009) (22674) (29746)
No. of unique observations 19747 (1919) 30654 (3003) 44293 (6392) 49511 (6870)
Rinerge” (%0) 10.0 (62.8) 8.6 (56.0) 8.2 (50.4) 7.5 (51.0)
Rpim™ (%) 6.8 (43.9) 58.0 (38.3) 11.3 (35.9) 8.5 (30.3)
Completeness (%o) 98.6 (99.7) 99.0 (96.8) 99.6 (99.9) 99.5 (96.8)
Mean <1/ o(l) > 11.5 (1.6) 13.2 (1.7) 10.2 (2.0) 20.0 (2.0)
Refinement statistics
Ryork / Reee () - - 19.6 / 22.5 19.4 / 22.2
Geometry
rmsd bonds (A) - - 0.006 0.006
rmsd angles (%) - - 0.907 0.892
Ramachandran statistics
Residues in (%)
most favoured regions - - 94.9 96.3
allowed regions - - 4.4 3.0
disallowed regions - - 0.7 0.7
Mean B factors
Protein (A 2 - - 56.8 55.4
FAD (A2 - - 49.4 46.6
PS3 (A2 - - 61.0 57.8
Solvent (A 2) - - 61.0 61.3

* Used as “native” for SIRAS phasing

T Values between parentheses refer to the highest resolution shell
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OVERALL FOLD
The crystal structure of SQR contains two monomers in the asymmetric unit
(Figure 2.92). The dimer interface is approximately 1500 A2 and involves 20 H-bonds
and a few hydrophobic contacts suggesting a possible dimeric arrangement of the

enzyme in the membranes.

Figure 2.9 — The X-ray structure of sulfide:quinone oxidoreductase from A. ambivalens.

a) Cartoon and surface representation of the crystallographic dimer of SQR: in chain A, FAD domain is
coloured in yellow, the second Rossman-like fold domain in orange and the loop hindering the access to
the second Rossman fold in purple; chain B is in dark cyan with the molecular surface displayed; in both
chains, the FAD, the redox active cysteines, the cysteine covalently binding the FAD and the trisulfide
molecule are shown in sticks;

b) TOPS-generated topology diagram of SQR with numbered secondary structure elements (x-helices in
circles and B-sheets in triangles), and numbered; FAD domain is coloured in yellow and the second
Rossman-like fold in orange; the location of the loop blocking the access to the flavin moiety is pointed
as a purple asterisk and the position of the two redox active cysteine residues pointed as green asterisks;
¢) Cartoon representation of SQR redox active sites; FAD and active site residues are shown in stick
representation;

d) 2F,-F. contoured at 1.50 (blue), and Fo-Fc at 56 (green), electron density maps around the active

site’s residues (shown in sticks).
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Both SQRy and SQR structures are very similar showing an rmsd of 0.14 A
for 356 aligned C, atoms [chains A, superposition performed with “Secondary
Structure Matching” tool (Krissinel & Henrick, 2004), within COOT (Emsley &
Cowtan, 2004)]. Hereafter we will refer to the complete SQR structure unless
otherwise stated. Each monomer has two domains of similar architecture, which
consist of a twisted five-stranded parallel B-sheet flanked by a three-stranded anti-
parallel B-sheet on one side and by three a-helices on the other side, a Rossmann-like
fold (see topology diagram, Figure 2.9b). The presence of these two domains is
shared among the enzymes of the FDR family. The first (N-terminal), domain is
involved in flavin binding, whereas, in most FDRs, the second domain is involved in
NAD(P)H binding, except for SQR and flavocytocrome ¢ sulfide dehydrogenase
(FCC). FCC from _Allochromatium vinosum is a heterodimer containing a 46 kDa
flavoprotein subunit, homologous to FDRs, and a 21 kDa diheme cytochrome
subunit (PDB code: 1FCD), (Chen e7 al., 1994). Structural superposition of SQR and
FCC flavoprotein subunit yields an rmsd of 2.6 A for 287 aligned C, atoms, where
the highest deviations occur for a few loops and at the C-terminus (after N335, SQR
numbering), (Figures 2.10a and 2.10b).

In contrast to other FDRs, SQR contains an additional 25 amino acid-long
loop (Giss4 to Cir9, loop coloured in purple in Figure 2.9a, Figure 2.7), inserted in the
second Rossmann-like fold, between the first B-strand and o-helix (B2 and ag,
location of the loop indicated by a purple asterisk in Figure 2.9b). This loop, with
variable length among SQRs, extends towards the FAD binding domain and blocks
the NAD(P)H binding cavity present in other FDRs (Figure 2.7). In FCC, a shorter
loop is also observed (heptapeptide segment Piss to Cis;, FCC numbering).
Moreover, in both SQR and FCC the redox pair of cysteine residues is located on
the re-side of FAD, the same side at which NADH interacts with FAD in most
members of the FDR family.

In FCC, Cis1 and Cs37 form a disulfide bond, whereas Ci, establishes a
covalent linkage with the flavin. The a.a. sequence position of the cysteine residue
covalently bound to the flavin and its environment differ significantly in both

structures: in SQR, Ciz is located on a turn between strand 311 and helix o5 in the
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second Rossmann-like fold (corresponding to the NADP)H binding domain for
most FDRs), whereas Cq2 of FCC is situated on a loop between 82 and > in the first
Rossmann fold (FAD binding domain), (Figures 2.9b and 2.10b). Moreover, in FCC
the si-face of the flavin ring lies against the polypeptide backbone of residues Cyz to
Lus, in contrast to SQR, where the polypeptide chain is further away leaving enough
free space to accommodate a quinone molecule. Noteworthy in FCC, the electron

acceptor is a heme from the cytochrome ¢ subunit.

Figure 2.10 — Overall structure superposition between SQR and FCC.
a) Superposition of SQR (light blue), and FCC (yellow), monomeric structures in ribbon representation;
FADs are represented in sticks (brown for FCC and dark blue for SQR);
b) Close up view of the active sites; cysteines and residues impairing quinone binding in FCC (see text),

are labelled [colour scheme as in a)].

COMPARISON WITH OTHER SQRS
After the release and publication of A. ambivalens SQR structure, two other
SQR structures were reported: the SQRs from the hyperthermophilic bacterium
Aguifexc (Agq.), aeolicns [PDB codes 3HYX, 3HYV and 3HYW (Marcia ez al., 2009)],
and from the acidophilic bacterium _Acidithiobacillus (Ac.), ferrooxidans [PDB codes
3KPG, 3KPI and 3KPK (Cherney et al., 2010)].
Ag. aeolicus SQR was determined in the "as-purified" state to 2.30 A

resolution, and in complex with the quinone analogues dUQ and aurachin C, to
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2.00 A and 2.90 A, respectively. The protein crystallized as an hexamer (a dimer of
trimers, Figure 2.11a), and, surprisingly, the biological unit seems to be an
homotrimer (Figure 2.11b), in contrast to an homodimer as found for other enzymes

of the FDR family.

Figure 2.11 — Aq. aeolicus SQR asymmetric unit (left), and proposed biological trimer (right).

Each chain is coloured in different shades of green and blue and the FAD cofactor is shown in sticks
coloured in dark red.

Its overall arrangement is the same as for A. ambivalens SQR with the two
Rossman-like folds constituting the core of the enzyme. Ag. aeolicns SQR is
somewhat longer than the SQR from 4. ambivalens (430 and 409 residues,
respectively), but both structures superimpose well (rmsd of ~2.5 A for . 300
superimposed Cg atoms), with the main differences being in the C-terminal region:
the last 53 a.a. residues of A. ambivalens SQR are not visible in the electron density
and they are cleatly visible in Ag. aeolicus SQR. In fact, in Ag. aeolicus SQR the
C-terminal domain shows a distinctive arrangement compared to other FDR
members. It consists of 2 amphipathic helices (K376-N3os and Paoo-Ka12), mediating
the membrane attachment, and an 18 a.a.-long loop that forms oligomerization
contacts (Figure 2.12a). In addition, there are two disulfide bridges (Cogo-Caz2 and

C419-Ca30), that are thought to corroborate the idea that the enzyme is located in the

71



Chapter 2

periplasmic oxidizing environment. These disulfide bridges also help stabilizing the
C-terminal portion of the Ag. aeolicus enzyme and are not present in A. ambivalens

SQR, which could explain its disordered C-terminus.

Figure 2.12 — Overall structure superposition between the three known SQRs.
(a) Agq. aeolicus (green), and A. ambivalens (datk yellow), SQR monomers superposed. FAD cofactors are shown
in sticks (dark green and orange, respectively); in .Ag. aeolicus SQR, the two disulfide bridges are show in yellow

sticks with the sulfur atoms coloured in green; the two amphipathic helices are coloured in dark green;

(b) Ae. ferrooxidans (blue), and A. ambivalens (dark yellow), SQR monomers superposed. FAD cofactors are
shown in sticks (dark blue and orange, respectively);

(c) Ag. aeolicus (green), Ae. ferrooxidans (blue), and A. ambivalens (dark yellow), SQR monomers superposed;
FAD cofactors are shown in sticks (datk green, dark blue and orange, respectively);

(d) Ac. ferrooxcidans monomer determined in the presence (gold and dark blue), and absence (red and light blue),
of DDM. FAD cofactors are shown in sticks (green and light green, respectively); the two amphipathic helices

are coloured in shades of blue.
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Ae. ferrooxidans SQR was determined in the native state and in complex with
dUQ, both to 230 A resolution. A mutant form of the enzyme, CisA, was
determined to 2.05 A and helped clarifying the involvement of the active site
cysteines in the reaction mechanism (see below), (Cherney ez al, 2010). Ae
ferrooxidans SQR shares 27 and 40 % sequence identity with A. ambivalens and Ag.
aeoliens SQRs, respectively, but the overall fold is the same for the three enzymes as
expected (the Ae ferrooxidans structure was determined by molecular replacement
using Ag. aeolicns SQR monomer as search template). The enzyme crystallized in two
crystal forms (tetragonal and hexagonal), with the major differences lying in the
C-terminal region: the hexagonal crystals were grown in the presence of detergents
and the first residues of the second amphipathic helix partially unwind and the helix

changes its orientation (Figure 2.12d).

REDOX ACTIVE SITES

The structure of SQR shows two redox active centres: an FAD and an
adjacent pair of cysteine residues, Ci7s and Csso, located on the re-side of the FAD, of
which Ci7s is closer to the isoalloxazine ring of FAD (S, of Cy7s is only 4.1 and 4.8 A
apart from the Nio and Ns atoms of FAD, respectively), and the S, of Csso has two
alternate conformations. The FAD is covalently bound to the protein through a
thioether bond between the S, of Ciz and the 8-methylene group (C8M), of the
isoalloxazine ring (Figures 2.9d, 2.10b and 2.14). There are no more contacts
between the isoalloxazine ring of FAD and protein a.a. side chains, as also noted for
FCC (Chen ¢t al., 1994), and the other two SQRs.

In Ag. aeolicns SQR, Ciz4 is spatially similar positioned as Cizo in A. ambivalens
but the distance between its thiol group and FAD C8M atom is too long to form a
thioeter bond (between 3.1-3.3 A, depending on the chain). There was an extra
clectron density blob between these two atoms and an S atom was modelled
following an anomalous difference Fourier map calculated at 1.907 A. Thus, Ag.
aeoliens SQR binds FAD through a labile persulfide and not a stable thioeter bond. In

Ac. ferrooxcidans, the FAD cofactor is not covalently bound to Cias, which corresponds

to Ciz9 and Cioq in A. ambivalens and Agq. aeolicus, respectively, even though its Sy atom
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is ca. 3.9 A away from FAD C8M group. This observation was also confirmed by the
fact that the FAD cofactor could be detached from the enzyme by extraction with
trichloroacetic acid. Moreover, a Ci2sA mutant have been found to be fully active
being this the first observation that Cizg is not involved in the FAD reduction step
(see below), (Cherney et al., 2010).

As in all other SQR structures, the most noticeable electrostatic interaction
in A. ambivalens SQR that may affect the flavin redox potential and the type of
semiquinone formed is the dipole of helix a11 (residues Gsi17-Lass), for which the NH»
terminus is near N1 and Oz of FAD.

The distance between the Sy atoms of Ci7sand Casoin SQR is ¢a. 6.5 A, larger
than the distance of 2.1 A between same atoms of the FCC. This distance allows a
disulfide bridge formation which is not possible in A. ambivalens SQR. The distances
between the Sy atoms of the redox active cysteines (Ci7s and Csso in A. ambivalens,
Cise and Cse7 in Ag. aeolicus, and Cigo and Csse in Ae. ferrooxidans), ate ca. 6.5, 8.2 and
6.4 A, respectively, too long for covalent attachment. The S, atom of Css in
A. ambivalens SQR was modelled with two conformations with approximately half
occupancy each in both monomers. Quite remarkably, initial experimental and
further difference Fourier maps consistently revealed continuous electron density
between both cysteine residues, which was interpreted as a three sulfur atoms chain
(denominated Si, Sz and Ss), based on geometrical and chemical considerations and
further corroborated by anomalous data collected at a longer wavelength (Figures
2.9d, 2.10b and 2.14).

The refined occupancies for the atoms in this trisulfide bridge show a trend
of decreasing occupancy from the Cizs-bound S1 to the Csso-bound S3: 83, 88 and
47 % in monomer A, and 84, 81 and 42 % in monomer B. This decrease in
occupancy relates well to the refined occupancies of the alternate-conformations (B),
of Csso to which S; is bound. As in A. ambivalens SQR, the electron density
connecting the redox active cysteines in Aq. aeolicus and Ac. ferrooxidans also extends
and form adducts with additional sulfur atoms (see Table 2.3 for details). For

example, in the tetragonal form of Ac ferrooxidans SQR, Csss was modelled as a
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disulfide that is attached to a trisulfide at Cis; the occupancy of the sulfur atoms

refined to an average of 58 % (Cherney ez a/., 2010).
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Figure 2.13 - Amino acid sequence alignment of Acidianus ambivalens,
Acidithiobacillus ferrooxidans and Aquifez aeolicus SQRs.
The sequences were obtained from the X-ray structures deposited in the Protein Data Bank, are
identified as Ac.amb, Ac.fer and Aq.aco, respectively, and were aligned using the program ClustalW/
(Chenna et al., 2003).

75



Chapter 2

There is an extra spherical blob of electron density in both 2F,-F. and
positive Fo-F. maps for the two chains of A. ambivalens SQR (still visible for chain B
in the F,-Fc map contoured at 60), located just above the A conformation of Csso.
This extra density could not be properly modelled, although we think that this blob
of density could correspond to an extra sulfur atom, so that this state would
represent an intermediate step towards the polysulfide reaction product (see below).
The same feature was observed in the .Aq. aeolicus and Ac. ferrooxidans SQR structures,
except for the CigoA variant of A ferrooxidans SQR, but these were tentatively
modelled as sulfide based on occupancy and fit to the spherical positive Fo-Fc
electron density peaks. In the CigoA mutant of Ae ferrooxidans SQR, there are no
additional electron density peaks besides that for the methyl group in the vicinity of
A160 Cy atom. Some positive peaks appeared close to the Sy atom of C356,
modelled as a disulfide, but no polysulfide chains were found. Since no catalytic
activity was detected for this mutant, it was concluded that the sulfide substrate can
interact with Csse directly in the absence of the redox active disulfide bridge but the

reaction stops there (Cherney ez al., 2010).

Figure 214 - Anomalous
difference Fourier map showing
the continuous electron density
bridging the two redox active
site cysteines in Aciaianus
ambivalens.

The map was calculated with a
dataset collected at 1711 A
wavelength and is contoured at
3.50.

Interestingly, the structure of SQR also revealed the presence of two aspartic
residues (D215 and Dsss), in the vicinity of Csso (Figure 2.9¢), with a water molecule

closely H-bonded to Dais (~2.6 A), and further away from Dss3 (~3.7 A), the latter
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being highly conserved among the SQRs from Group I (Theissen e al., 2003). The
same water molecule is cz. 5 A away from the S, atoms of Csspand 5.8 A from the S,

atom of the trisulfide molecule.

Table 2.3 — Different sulfur adducts found in the three SQR structures known to date

Microorganism  PDB code Cxxx - FAD Cxxx - “S adduct” - Cxxx 2
A. ambivalens 3HSL Ciz - FAD Ci7s - S5 - G350
Ag. aeolicus 3HYV Ci24-S-FAD Cis6-S-SgP Csa7
Cis6 - S Csa7
Cis6 - S7 Csa7
Cis6 - S2 Csa7
3HYW Ci24-S-FAD Cis6-S-SgP Csa7
Cis6 - S2 S4- Cayr
Cis6 - S7 Csa7
Cis6 - S3 Sz - Cagr
3HYX Ci24-S-FAD Cise - Sg © Csa7
Ciss - S - Sg Csa7
Ae. ferrooxidans 3KPG Cizs Cieo - S5 - Css6 S - Css6
3KPI Cizs Ci60 - S4 - Css6 Cieo - S
Ci60 - S4 - C3s6
3KPK Cios Aieo S - Casg

a Several adducts per PDB code refers to the different species found in each chain of the asymmetric

unit; b Sg in a globular conformation; ¢ Sg in a linear conformation.
3 H

PROTEIN CHANNELS AND QUINONE BINDING
The molecular surface representation of SQR showed a channel in the
protein, at the 7e-side of FAD, which could be the sulfide entry and/or polysulfide
exit pathway (Figure 2.152). This channel is located between the FAD and the
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second Rossmann fold domain, has a minimal diameter of ~5 A and gives access
from the solvent to the catalytic cysteine residues, whereby the most exposed one

(Css0), is approximately 10 A buried in the protein interior.

Figure 2.15 — Observed channels in
the SQR enzyme from
A. ambivalens.

a) Molecular surface showing the
putative substrate/product channel, with
negatively charged residues in red, polar
residues in purple and hydrophobic
residues in yellow. Szi4 and the sulfur
atoms between the redox active cysteine
residues are drawn in sticks. Part of
chain B is in dark cyan;

b) surface representation of the channel
leading access to the redox active site
drawn as a green mesh with relevant
residues and water molecules displayed;
¢) putative quinone binding pocket in
surface representation with the relevant
hydrophobic  residues and  FAD
displayed in sticks.
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The channel is formed mainly by polar and acidic residues, namely Ni73, S76,
S214, D175, D215 and Ei79, but also includes P34 and Ai7s, and is filled with several
ordered water molecules (Figure 2.15b). Note that the substrate is most probably the
neutral, hydrophilic molecule H>S, taking into account its pKa of 6.8, and the
product a chain of polysulfide or sulfane. It is worth mentioning that the optimum
pH for the enzyme activity is around 6.

A possible pathway for proton transfer in A. ambivalens SQR, is also located
at the re-side of FAD and could involve D3p7 and Ksis, two conserved residues that
form a salt bridge and are connected to the surface through a network of water
molecules and some protonable groups (Hie and Kies). This channel is delimited by
the extra loop characteristic of A. ambivalens SQR and of some other archaeal
enzymes from Group I. In FCC, none of these channels are observed most probably
because the active site is readily accessible from the solvent.

In Ag. aeolicns SQR (Marcia ez al., 2009), it was proposed a similar channel to
that of A. ambivalens SQR for sulfide access to the oxidation site: delimited by the
re-side of FAD and by the loop Siss-Pisy, the channel, characterized by a positive
electrostatic surface potential, runs from the bulk solvent to a cavity that extends for
~15 A in parallel and 4 A in perpendicular to the isoalloxazine plane. Similar to
A. ambivalens SQR, solvent molecules occupy the channel at consecutive sites from
the solvent to Siss (A177 in A. ambivalens SQR numbering), and are proposed to mimic
the trace of the substrate, H,S. At the end of the channel sits Voo, essential for
Ag. aeolicus SQR activity (Griesbeck ez al., 2002), and strictly conserved in group 1
SQRs.

The channel proposed for sulfide access in Ae ferrooxidans SQR
(Cherney ef al, 2010), is somewhat different from those in Ag. aeolicus and
A. ambivalens SQRs. In fact, the channel proposed for sulfide access to the redox
active cysteines is “closed” in the structure near Cizg by the imidazole ring of Hisz (all
Ae. ferrooxidans numbering). Hence, the sulfide species bound in the active site pocket
has no direct access to this channel or any other close to it. Besides this channel,
another three are visible in Ae. ferrooxidans SQR which are occupied by FAD (on one

side of the protein), and DDM and dUQ (on the “membrane attachement” side of
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the protein). One of these, occupied by DDM, is hydrophobic and can be opened to
the internal part of the membrane serving as a product release pathway, as similarly
proposed for the Ag. aeolicns SQR (Marcia ez al., 2009). This channel is not visible in
A. ambivalens SQR since its last 53 a.a. residues are disordered in the structure.

A possible quinone binding site in 4. ambivalens SQR is the cavity on the
si-side of FAD (Figure 2.15c). The cavity is delineated by the backbone of residues
Fu1 to Ay (Co of Agsis only ca. 4.7 A away from N of the isoalloxazine ring), and is
tlanked by residues Rio, F11 and Fuai; it provides a hydrophobic environment suitable
for the quinone head to come close and interact with the isoalloxazine ring of FAD.
This cavity, accessible from the protein surface, is located just below the proposed
in-plane amphipathic helix displaying the shortest path to the membrane plane (see
below). Worth mentioning, an additional oblong blob of electron density is visible in
the 2F,-F. and positive F,-Fc maps inside the cavity (closest distance is . 4.8 A to
N5 of FAD). Attempts to fit and refine caldariella quinone or a DDM molecule were
not satisfactory. The quinone head was pushed away from the plane parallel to the
isoalloxazine ring and the detergent molecule's aliphatic tail refined only to low
occupancy, so nothing was modelled for this extra blob of density. Noteworthy, this
extra blob of density sits in a similar location where the quinone molecules were
modelled in the Ag. aeolicus and Ac. ferrooxidans SQR structures (Figure 2.10),
corroborating our proposal.

In Ag. aeolicus SQR, dUQ was modelled in a 2F,-F. simulated annealed map
at 0.80 and refined to 60 % occupancy (PDB code 3HYW), (Marcia ¢ al., 2009). The
aromatic ring of the quinone molecule is stacked between the benzene ring of Figs
and the side-chain of Is4. These residues are strictly conserved in SQRs, but not in
FCC, and correspond to Fsgo and Vaa in A. ambivalens SQR, and Fos and Viss in Ae.
ferrooxidans SQR. It is interesting to point here that Vi in A. ambivalens SQR was
annotated as an M residue in the sequence databases and it was the X-ray structure
solved by us that prompted for this discrepancy (probably due to an error in the
sequencing or annotation; M is coded by and AUG codon and V by GUG).
Moreover, another potent inhibitor of A. aeolicus SQR (Nibel et al, 2000),

aurachin C, was found in the inhibitor-bound state structure (PDB code 3HYX),
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(Marcia ez al., 2009), in a similar position as dUQ confirming the quinone binding

site.

Figure 2.16 — Quinone binding pocket of
A. ambivalens SQR in surface
representation  with  the  relevant
hydrophobic residues (blue), and FAD
displayed in sticks.

dUQ from A. aeolicus (PDB code 3HYW,
datk pink), and Ae ferrooxidans (PDB code
3KPG, dark green), are shown in sticks.
Residues shown in blue are labelled in Figure
2.15¢

Ae. ferrooxidans SQR was cocrystallized with dUQ (PDB code 3KPG),
(Cherney et al, 2010), and, although in the same spatial position as the dUQ
molecule in Ag. aeolicus SQR, there are slight differences in the binding. The aliphatic
tail of dUQ in Ae. ferrooxidans SQR is “curled” into the enzyme pointing inside the
protein, while in 4. aeolicus points towards the solvent, and the benzoquinone head is
closer to the isoalloxazine ring of FAD in Ac. ferrooxidans SQR than in A. aeolicus (the

distance between O4 atom of the quinone and the O2 atom of FAD is less than

3 A).

MEMBRANE ATTACHMENT
SQR was isolated from the membranes of .A. ambivalens. The structure
herein described does not show structural elements that could be involved in
membrane binding. However, the model does not contain the last 53 C-terminal
residues for which no electron density is visible, even though crystals of the
complete form of the protein were obtained. Analysis of the SQR sequence using

TMHMM (http://www.cbs.dtu.dk/services/ TMHMM/) and SOSUI (Hirokawa ez

81



Chapter 2

al., 1998) suggested the inexistence of transmembrane helices, but the AmphipaSeek
server (Sapay ef al, 2000) predicts an amphipathic helix in-plane membrane anchor
within the last 25 a.a. residues. Similar results were obtained with the sequences of
other SQRs. This kind of membrane anchoring is supposed to occur via a helix with
a large hydrophobic region on one side and a hydrophilic one on the other (Figure
2.17), and has also been observed in other proteins (Nina ¢z al., 2000, Penin ¢ al.,
2004). This putative amphipathic helix is most probably located on the si-side of the

flavin (back of the molecule in relation to Figure 2.9a).

M394
A401 E387/F405 Figure 2.17 - Schematic

representation of the putative C-
terminal amphipathic helix
proposed to be involved in
membrane attachment (residues

385-409).

K385\E403

This hypothesis was corroborated by Ae. ferrooxidans and A. aeolicns SQR
structures, where two amphipathic helices mediate membrane attachment. In
A. aeolicns SQR these two helices (residues 376-412), are also defining the quinone
entry channel. It is worth mentioning that 4. aeolicus SQR sequence is longer than
A. ambivalens SQR (430 and 409 a.a. residues, respectively), and that residues 413-430
are mediating trimer formation (A. ambivalens and Ac. ferrooxidans, as well as other
FDR enzymes, are proposed to act as dimers). This C-terminal portion of the
enzyme is also stabilized by two disulfide bridges (not observed in any other
structure), probably needed for rigidity and a stable and site-specific membrane

interaction (Marcia ef al., 2009).
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Cherney and coworkers (Cherney ¢z al., 2010), also propose two amphipathic
helices for membrane attachment of the Ae ferrooxidans SQR but the flexibility
observed in the last of these two helices (residues 407-427), between the tetragonal
(purified in the absence of DDM), and hexagonal forms (purified in the presence of
DDM), as well as between different crystals of the same crystal form, make them
postulate that this flexible part of the SQR molecule keeps mobile in the membrane
environment. This observation is more in accordance to what is observed in

A. ambivalens SQR.

POSSIBLE MECHANISM FOR SULFIDE OXIDATION

Based on the structure here described, a possible mechanism for the
oxidation of sulfide in A. ambivalens SQR is hypothesized taking into account: i), the
involvement of the two cysteine residues Ci7s and Csso; ii), the presence of the
three-sulfur bridge between the two cysteine residues; and iii), the possible role of
acid-base groups either to increase the nucleophilicity of the hydrogen sulfide
molecule or to accept, at least transiently, protons. The oxidative part of the reaction
occurs on the re-side of the flavin, while the reductive part on the siside, where the
primary electron acceptor, the quinone, is proposed to bind. At this stage it would be
totally speculative to address the reductive cycle, and thus only the oxidation of
hydrogen sulfide will be discussed. Also, a three-dimensional representation for the
R. capsulatus enzyme was modelled based on the A. ambivalens SQR structure, which
reveals that what is here proposed for this enzyme is also possible to occur in the
R. capsulatns SQR, including the putative location of the substrate and proton
channels, and the quinone binding cavity. A comparison with the mechanisms
proposed for the Ag. aeolicus Marcia et al., 2009), and Ac. ferrooxidans (Cherney et al.,
2010), SQRs, respectively, is also performed. The mechanisms are essentially the
same the difference being the assigned nucleophile in each that is proposed to attack
the flavin moiety (see below).

Only two cysteine residues (Ci7s and Csso in A. ambivalens), are needed for
catalysis: the third cysteine residue (Cizg), is covalently attached to the flavin

isoalloxazine ring in A. ambivalens SQR and FCC (Chen ¢z al., 1994); it is too far away
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from the catalytic site for sulfide oxidation, and, as initially observed by Theissen and
coworkers (Theissen e¢# af., 2003) and now corroborated by the analysis of more SQR
a.a. sequences, only two cysteine residues are strictly conserved among all SQRs. The
R. capsulatns SQR model shows that Cir (Cio in A. ambivalens SQR), is certainly
involved in the covalent attachment of the FAD. It had also already been mentioned
by Griesbeck ¢z al. (Griesbeck et al., 2002) that eventually only two cysteine residues
would be necessary for the catalytic reaction. The fact that a CisA mutant of
Ae. ferrooxidans SQR (corresponding to Cix in A. ambivalens SQR), is fully active
corroborates the hypothesis that Ciag is not involved in the FAD reduction step.

In the “as isolated” A. ambivalens SQR crystal structure, the two reactive
cysteine residues are linked with three additional sulfurs in between (Figures 2.9c,
2.9d and 2.13; similatly to Agq. aeolicus and Ae. ferrooxidans SQR structures where
different sulfur adducts are visible between the cysteines, Table 2.3). Although it
cannot be ascertained at the present stage whether this is an intermediate state of the
enzyme, it seems reasonable to propose it, as in most other FDRs, namely in FCC,
the catalytic cysteine residues form a disulfide bridge in the enzyme’s oxidized state
(Chen et al., 1994, Schutz ¢t al., 1999, Giggenbach, 1972). Nevertheless, the possible
mechanism described below is also compatible if the state observed in the structure
is the resting one. In the present structure, the C,’s of Ci7s and Csso are ¢z 9.3 A
apart; however, those residues are located in loop segments, which can accommodate
slight conformational changes so that in the oxidized state a simple disulfide bridge
may be formed (Figure 2.18a). The first step of the reaction will be the nucleophilic
attack (Figure 2.18b), of the incoming substrate H»S to the disulfide bridge, being the
sulfur incorporated in the nascent polysulfide chain, forming a persulfide at Csso and

a thiolate anion at Cy7s (Figure 2.18c).
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FIGURE 2.18 — Schematic representation of the possible mechanism of
A. ambivalens SQR reductive half-reaction.
(1) represents a possible native state of the enzyme where the FAD, the two redox active cysteine

residues and the two aspartate residues are represented. The HoS molecule is stabilized by hydrogen

bridges with the oxygens from the aspartyls. The attack of an oxygen atom of one of the aspartic

residues to a HaoS molecule (2), initiates a cascade of nucleophilic attacks that lead to the break of the

disulfide bridge and to the formation of a persulfide at Css0 and a charge transfer complex with the

thiolate of Cy7g as the donor and the oxidized FAD as the acceptor (3 and 8). Then, an active site base

abstracts a proton from the persulfide at Css, a trisulfide bridge is established (4), and the flavin may be

reduced. State 5), is formed by the atrival of a new sulfide molecule and after electron transfer from the

FAD to the quinone. States equivalent to states 1 to 5 are repeated until stereochemical constraints

hamper the incorporation of another sulfur atom between the cysteine residues. 6), represents the state

obsetrved in the structure. From 7), to 9), (n-4), nucleophilic attacks of new sulfide molecules to until

stereochemical reasons promote the release of the polysulfide molecule from the enzyme and the

disulfide bridge is restored (1). Square brackets delimit intermediate stages of the mechanism and a

black square delimits the state observed in the structure herein described.
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The nucleophilicity of the hydrogen sulfide molecule may be increased by
the involvement of Dais (which is part of the protein channel suggested for substrate
conduction), and/or Dsss; this last aspartic residue is highly conserved among SQRs,
but D215 is not. However, these residues may be functionally substituted by other a.a.
residues: as seen from the a.a. sequence alignments, in SQRs from Group I, one of
these aspartic residues (Dais), may be substituted by a histidine residue (Hiog,
R. capsulatus numbering). Mutants of this residue (Griesbeck ¢z a/., 2002) were shown
to retain only approximately 40 % of the activity of the wild type enzyme, being the
affinity for sulfide decreased, while no change was observed in the Ky for the
quinone. In the R. capsulatus SQR homology model the imidazole ring of this
histidine residue occupies the same spatial position of the carboxylate group from
the aspartic residue. This indicates that although not essential for activity, this residue
could be involved in SQRs catalytic cycle.

A charge transfer complex between the Ci7s thiolate and FAD,x may occur
as proposed before (Griesbeck ez al., 2002) (Figure 2.18c). Subsequently, an active
site base is suggested to abstract a proton from the persulfide at Csso to form a more
nucleophilic anion. The nature of this base is still unknown and although it was
suggested to be a glutamate residue (Eigs in R. capsulatus which corresponds to Eigs in

A. ambivalens), (Griesbeck et al., 2002), the present structure shows that it is not
within hydrogen bonding distance of the cysteine residues (Sy of Cizs is . 8.4 A

apart from Og1 of Eisq).

For a trisulfide bridge to be formed, the transfer of two electrons to FAD
occurs, possibly through the establishment of covalent adducts with Cizs. A flavin
hydroquinone may be formed (Figure 2.18d), which will be subsequently oxidized by
the quinone (Figure 2.18¢). Incorporation of two more sulfur atoms to the nascent
polysulfide gives rise to an intermediate state with three sulfur atoms between the
cysteine residues as observed in the structure here described (Figure 2.18f), and
stereochemical constraints will determine the maximum number of sulfur atoms to
be incorporated: once it is achieved, two consecutive nucleophilic attacks of two new

hydrogen sulfide molecules on the trisulfide, leads to the release of a polysulfide
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molecule from the enzyme and the initial disulfide bridge is restored
(Figures 2.18f-i).

This same mechanism was also proposed for Ag. aeolicus SQR (Marcia ¢t al.,
2009), where the formation of a Cis6-S-S- disulfide occurs and attacks the C4A atom
of FAD. However, Marcia and coworkers, also proposed an alternative mechanism
that involves the formation of a Ci24-S-S- disulfide that attacks the C8M atom of
FAD. Electron transfer would occur during this step leading to the formation of a
transient Cy24-S-S*. The trisulphide bridge (like in A. ambivalens SQR), C124-S-S-S-Cis6
would form after the recombination of the above mentioned cation with the Cise
thiolate. The role of Cs47 is to take over the growing polysulfide chain and, as a
result, to recover the Cis6 thiolate. As mentioned above, the involvement of Ciz4 in
the oxidation mechanism of sulfide is not possible in FCC and A. ambivalens SQR
(Cs2 and Cioo, respectively, are covalently bound to C8M of FAD), as well as in
Ae. ferrooxidans SQR: although Cizs is not covalently bound to FAD, a CisA mutant
is still fully active (Cherney e al., 2010).

Although, these two mechanisms proposed for A. ambivalens and Agq. aeolicus
SQRs would be perfectly applicable to Ae. ferrooxidans SQR, Cherney and coworkers
suggest yet another mechanism with the unique feature of the S atom of the
C356-S-S- disulfide being the nucleophile that attacks the C4A atom of FAD in the
beginning of each cycle (Cherney ez a/, 2010). The hypothesis is supported by the
fact that the distance of the S~ atom of Csse disulfide to the C4A atom of FAD is
ca. 3.2-3.5 A, much closer than the distances between the other potential nucleophilic
sulfur atoms of Cieo thiol or the Ci60-S-S- disulfide and the C4A atom of FAD. Those
distances would make such a nucleophilic attack very difficult turning Cieo in a very
unlikely (although, according to authors, not impossible), candidate for the role of
the nucleophile (Cherney e a/., 2010). Moreover, the fact that an octasulfur ring is
found in Ciss of Ag. aeolicus SQR (Cigo in Ac. ferrooxidans), seems to support the
proposed mechanism where the polysulfide grows on Cig (Cherney et a/., 2010).

The proposal of any complex mechanism for sulfide oxidation is hampered
by the fact that the reaction product of sulfide oxidation is not known. If what is

observed in the structure of the as purified A. ambivalens SQR is an intermediate,
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then the shortest polysulfide/sulfane product should be Ss2- or SsHz. In fact, it has
been shown that at pH 6 the most stable form of polysulfide comprises four or five
sulfur atoms (Giggenbach, 1972), which can be further substrates to sulfur oxygenase
reductase (SOR). However, bigger sulfur adducts (S7%, and linear and globular Sg
species), observed in Ag. aeolicus and Ac. ferrooxidans SQR structures makes it

uncertain.

SQR IN A. AMBIVALENS, THE LINK BETWEEN SULFUR METABOLISM

AND THE AEROBIC RESPIRATORY CHAIN

In aerobically grown A. ambivalens the initial step of sulfur metabolism is
mediated by a soluble SOR. This enzyme catalyzes the disproportionation of S¥ to
sulfite, sulfide and possibly thiosulfate. In this way, not all energy from sulfur is used,
since part of it is lost in sulfur reduction to sulfide. However, this energy is recovered
by the presence of SQR, which oxidizes sulfide, (producing polysulfides/sulfanes
that are again substrates for SOR), and reduces quinones. Thus, this process allows
to extract maximum energy from S9, feeding electrons to the respiratory chain.

The products of sulfur oxidation, sulfite and thiosulfate, are also further
metabolized. There are evidences for the existence of a sulfite:acceptor
oxidoreductase (SAOR), in the membranes of A. ambivalens, although the enzyme has
never been isolated (Kletzin ez a/., 2004), and a membrane bound thiosulfate:quinone
oxidoreductase (TQO), has been purified and characterized (Muller ez a/., 2004). In
this way, SOR and SQR create an energetic spiral, allowing to get the maximum of
energy from sulfur compounds (Figure 2.19), and, ultimately, the
SOR/SQR/TQO/SAOR enzymes enable a full utilization of sulfur for energy
conservation in A. ambivalens with three direct links of sulfur oxidation to quinone
reduction, as the main electron carrier to the quinol:oxygen oxidoreductase, the
aas CﬂZymC.

The location of SQRs in respect to either side of the membrane is still
unclear. SQR a.a. sequences do not show typical signal peptides for translocation

across the cytoplasmic membrane. However, R. capsulatns SQR is suggested to be
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attached to the periplasmic surface of the cytoplasmic membrane (Schutz et af,
1999). Marcia and coworkers propose that the existence of two disulfide bridges in
the C-terminal portion of Ag. aeolicns SQR point to the presence of the enzyme in
the periplasmic oxidizing environment (Marcia e al, 2009). Moreover, being
embedded ¢a. 12 A in the membrane, and being .4g. aeolicus known to accumulate
sulfur globules in the cytoplasm, SQR would become an efficient way of cellular
uptake of sulfur (Marcia ez al., 2009).

ummmmmmmnlmtmfﬁlwﬁs'w":“m“" ikt
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Figure 2.19 — Schematic representation of the sulfur energetic metabolism in A. ambivalens.
TQO, thiosulfate:quinone oxidoreductase; SAOR, sulfite acceptor oxidoreductase; SQR,
sulfide:quinone oxidoreductase is shown attached to the membrane in cartoon representation; QOX,
quinol:O; oxidoreductase; SOR, sulfur oxygenase reductase is shown in cartoon feeding SQR with H»S
and accepting Sy
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3.1. ABSTRACT

Di-myo-inositol-1,3’-phosphate is the most widespread organic solute in
microrganisms adapted to hot environments. Many Archaea and Bacteria isolated
from hot, marine environments accumulate it primarily in response to heat stress.
Until now, DIP has never been encountered in organisms with optimal growth
temperatures below 60 °C and, hence, the assumption that it plays a role in the
thermoprotection of cellular components 7 vivo is often stated (Rodrigues ef al,
2007). DIP is part of a class of molecules often referred as compatible solutes or
osmolytes, which are of considerable biotechnological interest.

The biosynthesis of DIP involves the activation of inositol to CDP-inositol
via the action of a recently discovered CTP:inositol-1-phosphate cytidylyltransferase
(IPCT) activity. In most cases, IPCT is part of a bifunctional enzyme comprising two
domains: a cytoplasmic domain with IPCT activity and a membrane domain with
di-myo-inositol-phosphate-phosphate  synthase (DIPPS) activity catalysing the
synthesis of di-mye-inositol-1,3’-phosphate-1’-phosphate from CDP-inositol and
L-myo-inositol phosphate.

Herein we describe the X-ray structure determination of the IPCT
cytoplasmic domain of the bifunctional IPCT/DIPPS enzyme from the
hyperthermophilic archacon Archaeoglobus fulgidus DSMZ 7324 in its apo-form to
1.9 A resolution and bound to citrate to 2.4 A resolution. The enzyme exhibited
apparent K values of 0.9 and 0.6 mM for inositol-1-phosphate (inositol-1P) and
CTP, respectively. The optimal temperature for catalysis was in the range of
90 — 95 °C and Vmax determined at 90 °C was 62.9 Wmol.min!.mg of protein-!. The
structure of IPCT is composed of a central seven-stranded mixed 8-sheet, of which
six B-strands are parallel, surrounded by six o-helices, a fold reminiscent of the
dinucleotide-binding Rossmann fold. The enzyme shares structural homology with
other pyrophosphorylases showing the canonical motif G-X-G-T-(R/S)-X4-P-K.
CTP, inositol-1P and CDP-inositol were docked into the catalytic site which

provided insights into the binding mode and high specificity of the enzyme for CTP.
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3.2. OSMOADAPTATION AND OSMOREGULATION

Archaeal organisms, like all microrganisms living in aqueous environments,
face alterations in the water activity (ay), due to the fluctuations in the concentrations
of dissolved salts and sugars (Santos & da Costa, 2002). The water activity ay is
defined as the quotient of the vapour pressure (p) of water in a given substance or

media, by the vapour pressure (pg) of pure water at the same temperature:

a, =" (Eq. 3.1)

In general terms, it defines the amount of water that is available for
microbial growth. Pure water has an ay of 1.0 and the lower this value “the less water
is available” for growth; an ay of 0.5 is considered to be the lowest threshold for
microbial proliferation.

The majority of plants and bacteria maintain an osmotic pressure in the

cytoplasm higher than that of the surrounding environment:

pcytopl > penvimn (Eq 32)

This outward-directed pressure, called turgor, is essential for cell division
and growth, and must be assured at all times (Kempf & Bremer, 1998). Changes in
the environment osmolarity, most often caused by alterations in the concentration of
external Na* ions, will trigger the flux of water across the cytoplasmic membrane
leading to alterations in the cell volume (Roberts, 2000). This changes the
concentrations of intracellular metabolites and can lead to the inhibition of a variety
of cellular processes (Csonka, 1989, Csonka & Hanson, 1991); in the case of reduced
external Na*, the influx of water can even lead to cell lysis.

In Archaea, to avoid lysis under low-osmolarity, or dehydration under high-
osmolarity growth conditions (efflux of water from the cytoplasm to the surrounding

environment), and to adjust to fluctuations in the a,’s of the media and,
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concomitantly, of “cytoplasmic water”, cells possess active mechanisms that allow a

rapid and effective adaptation to these changes. The response to altered osmotic
pressure has three main components: the recognition of osmotic imbalance by an

osmosensot, the accumulation of solutes in response to the imposed pressure

difference and the stabilization of macromolecules under the new intracellular

conditions (Fig. 3.1).

K' channel H,O
VAC or Msc channcl

Osmosensor Solute
transporter

K H,0 g )
& } ™ Environmeni

Cytoplasm

Non-specific o0 ] "
solute E+ K+ H, - ~Na* .
channels Agquaporin? Sucrose or
K+ betaine

(kmase or other intermediary})

AN

Sipnaling cascade

AN

Chaperonin Osmalyte synthesis

Figure 3.1 — Schematic of the different components of osmotic stress mechanisms that may be
operational in Archaea [adapted from (Roberts, 2000)].
VAC, Volume-Activated Channels; Msc, MechanoSensitive ion Channels.

Volume-Activated Channels (VAC’s), are a class of transmembrane proteins

that seem to play a critical role in the hypoosmotic response. When cells swell due to

hypoosmotic shock, the release of cytoplasmic solutes can induce an efflux of water

and a return to the original cell volume. VAC’s are the channels that respond to

these volume/pressure alterations and appear to serve as conductors for expulsion of

a multitude of solutes (Roberts, 2000).
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MechanoSensitive ion Channels (Msc’s), ate a family of channels that are
gated by membrane tension and thought to be primary biosensors for
osmoregulation in bacteria (Blount & Moe, 1999). These channels can lead the
internalization of K* ions upon hyperosmotic shock., the so-called “salt-in-
cytoplasm” strategy (Roberts, 2000).

An immediate response of cells to osmotic imbalance is the movement of
water molecules from the low solute concentration environment to the high solute
concentration environment until the a,, is the same on both sides of the membrane.
Although water can diffuse across the lipid bilayer, water fluxes have been shown to
occur in mammalian and plant cells through defined channels, namely aquaporins.
This large family of membrane channels involved in osmoregulation have already
been shown to exist also in Bacteria [eg., the agpZ gene in Escherichia (E.) coli codes
for an aquaporin shown to mediate large water fluxes in response to sudden changes
in extracellular osmolarity (Delamarche ez a/, 1999), PDB code 1RC2 (Savage ef al,
2003)], and Archaea (e.g., AqpM from Methanothermobacter marburgensis (Kozono et al.,
2003), PDB code 2F2B (Lee ef al., 2005), and AqpM from .Are. fulgidus, PDB code
3NE2, no citation available), being involved in mediating water fluxes (Roberts,
2000).

Cells can also possess membrane attached “osmosensors” that undergo
conformational changes in response to alterations in extracellular a,. Direct
osmosensing could be achieved by this membrane component in response to
changes in its interactions with particular solutes, hydration changes or
macromolecular crowding (Wood, 1999). Otherwise, it can detect and respond to
changes in membrane structure. These conformational changes are coupled to long
time-scale adaptations usually the accumulation of low molecular weight solutes
(either by internalization or de novo synthesis of these compounds), or the promotion
of correct protein folding by chaperonins or other macromolecular complexes
(changes in a, can have a pernicious effect on protein stability and folding) (Roberts,
2000).

Solute accumulation strategies are ubiquitous responses observed

throughout all three domains of Life. Some of these solutes, like glycine betaine or
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sucrose, are rarely synthesized de novo and are actively transported into cells. Several
of these transporters have been identified in (hyper)thermophilic Archaea, eg
Sulfolobus  solfataricus, S. tokodaii, Pyrococcus furiosus or Methanococcus jannaschii (vide
TransportDB (Ren e7 al., 2004)), namely transporters of sugars (sucrose, glucose and
others), and aminoacids (proline, glycine). One of the most successful strategies for
solutes accumulation in (hyper)thermophilic Archaea and Bacteria involves the
utilization of polyol phosphodiesters, namely di-glycerol-phosphate and di-mzyo-
inositol-phosphate (Empadinhas & da Costa, 2000).

3.3. COMPATIBLE SOLUTES

The term “compatible solute” was firstly introduced by A. D. Brown in
1976 to describe “small organic compounds used for osmotic adjustment that do not
interfere with cell function” (Brown, 1976). These compatible solutes (CS), or
osmolytes, can be amino acids (glutamate, proline, glycine), and their derivatives,
sugars (sucrose, trehalose, mannose, glucose), and their derivatives, polyols, betaines
and ectoines that can be taken from the environment or synthesized de novo
(Empadinhas & da Costa, 2006, da Costa ¢# al., 1998). Implicit in its definition is the
fact that compatible solutes protect proteins and other cell components from
osmotic-induced dehydration. However, the role of compatible solutes goes beyond
osmotic adjustment alone, to the protection of cells and cell components from
freezing, desiccation, high temperature and oxygen radicals (Santos & da Costa,
2002).

It has also been inferred recently that CS may be involved in the rescue of
folding defects and exert a chemical chaperoning function in neurodegenerative
pathologies and metabolic disorders (Muller ¢# af., 2005, Leandro & Gomes, 2008).
Several diseases, like Alzheimer, Parkinson and Huntington disease, cystic fibrosis
and retinitis pigmentosa are caused by defects in protein trafficking, folding and/or
aggregation. These diseases are referred to as Conformational Disorders and in

recent years several CS are being used to study its effects in the rescue of folding
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defects (Table 3.1). Besides this potential clinical application, CS are of considerable

biotechnological interest and are used in pharmaceutical formulations, vaccine

stabilizers, cosmetics, and skin treatment and protection (Muller e7 /., 2005).

Table 3.1 - Human proteins involved in misfolding disorders rescued by CS (adapted from

(Leandro & Gomes, 2008)

Protein
Disease Localization Mechanism Molecule
involved
Cystic fibrosis CFTR Membrane Mistrafficking Glycerol
Huntington Huntingtin Cytoplasm Aggtegation Trehalose
TMAO, glycerol,
Homocystinuria CBS Cytoplasm Misfolding sorbitol and
proline
Phenylketonuria PAH Cytoplasm Misfolding Glycerol
Nephrogenic Glycerol,
diabetes AQP2 Membrane Mistrafficking TMAO and
insipidus type 11 DMSO
Albinism Tyrosinase Membrane Mistrafficking Tyrosine
Parkinson Ol-synuclein Cytoplasm Misfolding/aggregation TMAO
Several cellular Acridine-based
Creutzfeld-Jacob Prion Aggtegation
locali analogue
Glycerol,
Machado-Joseph Ataxin-3 Nucleus/cytoplasm Aggtegation TMAO and
DMSO

(CFTR) cystic fibrosis transmembrane conductance tegulator; (CBS) cystathionine-B-synthase; (PAH)

phenylalanine hydroxylase; (AQP2) aquaporin-2.

Thermophile and hyperthermophile microrganisms accumulate CS that have

not been found, or are rarely encountered, in mesophilic microrganisms. These ate

generally negatively charged molecules, as are most of the CS from Archaea, while

other microrganisms accumulate neutral or zwitterionic molecules. Most of the CS
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found in hyperthermophilic Archaea (Fig. 3.2), and thermophilic Bacteria, have their
negative charge due to carboxylate, phosphate or sulphate groups (Roberts, 2005,
Santos & da Costa, 2002). This anionic nature of the solutes might be explained by
the fact that they can contribute to the balance of the high intracellular concentration
of inorganic cations, namely K+ (Muller ¢z a/, 2005).

These unusual osmolytes can be O- or B-amino acids, like O-glutamate or
Ne-acetyl-B-lysine, mannosylglycerate (MG), di-myo-inositol-1,3’-phosphate (DIP),
di-glycerol-phosphate  (DGP), or  di-mannosyl-di-zys-inositol-1,3’-phosphate
(MDIP), among others (Fig. 3.2). MG, DIP and DGP are hallmark solutes of
archaeal organism living in very hot environments. Members of the genera
Aeropyrum, Stetteria, Pyrococens, Thermococcus and  Archaeoglobus have ben shown to
accumulate MG at the same time as DIP (Muller ez @/, 2005). Pyrolobus fumarii and
Pyrodictinm occnltum have been shown also to accumulate DIP as Methanococcus ignens
and Palaeococcus ferrophilus accamulate MG but not DIP. In the light of these findings
it has been suggested that these CS are specifically associated with life at high

temperatures (Santos & da Costa, 2002).

3.4. D1-MYO-INOSITOL-1,3’>-PHOSPHATE (DIP)

DIP was first identified by Scholz and co-workers in the archaeon Pyrococcus
woeser (Scholz et al., 1992), where they showed that the potassium salt of DIP
provided  optimum  enzyme  stabilization = when  the  activity  of
glyceraldehyde-3-phosphate dehydrogenase from that organism was tested at 105 °C
under anaerobic conditions. DIP was later encountered in many other
hyperthermophiles including members of the genera Methanotorris, Thermococcus,
Thermotoga, Aquifex, Pyrodictinm, Aeropyrum, Archaeoglobus, Stetteria and Pyrolobus, and
accumulates in response to salinity or temperature stress (Goncalves ez al., 2003,

Santos & da Costa, 2002).
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In fact, DIP is the most widespread small-molecular weight solute being
highly restricted to hyperthermophilic Archaea and Bacteria, and has never been
found in mesophilic organisms (Santos & da Costa, 2002). In Methanococcus (M.) igneus
and Pyrococcus (P.) furiosus, intracellular DIP increases with increasing extracellular
concentrations of NaCl as well as at supraoptimal temperatures (> 80 °C for M.
zgneus and 98 to 101 °C for P. furiosus) (Ciulla et al., 1994, Martins & Santos, 1995).
The unusual intracellular high concentration of K+ ions in P. woese/ and its extreme
optimal growth temperature (100 to 104 °C), led to the suggestion that DIP could
also act as a counterion of K* with a possible thermostabilizing function (Zwickl ez
al., 1990).

Until some years ago, the only known pathway for inositol biosynthesis in all
organisms was the conversion of D-glucose-6-phosphate to L-myo-inositol-1-
phosphate (inositol-1P), via L-zyo-inositol-1-phosphate synthase and hydrolysis of
inositol-1P to mye-inositol via inositol-1P phosphatase (Loewus, 1990, Loewus ¢z 4/,
1990). A possible pathway would then be to use #zyo-inositol and inositol-1P for the
synthesis of DIP where the activation of inositol-1P with CTP and condensation of
the resultant CDP-inositol with another molecule of mys-inositol would generate
DIP (Chen ¢ al., 1998). This was demonstrated by Chen ez a/ (Chen et al, 1998),
where in crude protein extracts of M. jgneus, the DIP biosynthesis occurred in a single
step from activated CDP-inositol and #yo-inositol via a DIP synthase activity. This
last step in the pathway of DIP had striking similarities to the already know pathway
to the biosynthesis of phosphatidylserine: CDP-inositol is attacked by a #zyo-inositol
hydroxyl group with the assistance of a general base provided by the DIP synthase
enzyme (Chen ef al., 1998).

A few years later, Rodionov ¢# a/. (Rodionov et al., 2007), in Thermotoga (T)
maritima, and Borges et al. (Borges ¢t al., 2000), in Archaeoglobus (Are.) fulgidus proposed
almost simultaneously a different pathway proceeding in two steps with the
occurrence of a phosphorylated residue that is subsequently dephosphorylated.
Borges and co-workers (Borges er al, 2006) proposed the DIP biosynthesis in
Are. fulgidns to proceed from glucose-6-phosphate in the following way:

(i) glucose-6-phosphate is converted into inositol-1P by L-myo-inositol-1-phosphate
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synthase; (i) inositol-1P is activated to CDP-inositol at the expense of CTP;
(iii) CDP-inositol is coupled with another molecule of inositol-1P to yield a
phosphorylated intermediate, di-zyo-inositol-1,1’-phosphate-3-phosphate  (DIPP);
(iv) finally, DIPP is dephosphorylated into DIP by the action of a phosphatase.
Rodrigues and colleagues (Rodrigues e al, 2007) later proposed a different
stereochemistry to DIP based on 3C-NMR results and discovered that the enzyme
that catalyzes the second and third steps in the pathway is only one being a
bifunctional CTP:L-myo-inositol-1-phosphate  cytidylylytransferase/di-myo-inositol-
1,3’-phosphate-1-phosphate synthase IPCT/DIPPS) (Fig. 3.3).

3.5. CTP:INOSITOL-1-PHOSPHATE CYTIDYLYLTRANSFERASE

FROM ARCHAEOGLOBUS FULGIDUS

Although the pathways proposed by Borges ef al. (Borges ¢t al., 2006), and
Rodionov ¢ al. (Rodionov et al., 2007), were essentially the same, the most striking
difference between them is that there was only one gene, AF0263, coding for the
L-myo-inositol-1-phosphate cytidylyltransferase (IPCT), and the
di-myo-inositol-1,3’-phosphate-1-phosphate ~ synthase  (DIPPS), activities in
Apre. fulgidus, whereas in T. maritima those activities were encoded by two separate
genes, TM1418 and TM1419. The existence of these genes encoding for the key
activities in DIP biosynthesis, i.e., IPCT and DIPPS, was firmly identified in several
microorganisms (Are. fulgidus, P. furiosus, Thermococcus kodakarensis, Aquifex aeolicus and
Rubrobacter xylanophilus) by functional expression in E. c/i (Rodrigues et al., 2007). In
most organisms known to accumulate DIP, the two activities are present in a single
polypeptide chain, constituting the bifunctional enzyme IPCT/DIPPS; howevert, in
T. maritima the two activities are encoded by separate, consecutive genes and the
same gene organization was predicted in other members of hyperthermophilic
Bacteria and in a few Archaea (Rodionov ¢z al., 2007).

The bifunctional enzyme from Ar. fulgidus coding for the IPCT/DIPPS

activities was found by a functional genomics approach to the microorganism’s
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genome and one gene, AF0263, encoding a bifunctional protein with high homology
to  nucleotidyltransferases  (N-terminal domain), and to CDP-alcohol
phosphatidyltransferases (C-terminal domain), was found. This hypothesis was
substantiated when attempts were made to purify the protein from Are. fulgidus cell
extracts based on the DIPPS activity and this activity was not separated from the

IPCT activity even after four chromatographic steps (Rodrigues ez a/., 2007).

CTP PP;
MO HO~—on : : 1o o
HOMO\P/OH mo\ oo
Z \
0 0
L-myo-inositol-1-phosphate IPCT CDP-myo-inositol

Di-myo-inositol-1,3' phosphate-1'-phosphate

[DIPP phosphatase] N\ .

Di-myo-inositol 1,3'-phosphate

Figure 3.3 - Pathway for di-myo-inositol phosphate synthesis.
Enzymes: CTP:L-myo-inositol-1-phosphate cytidylyltransferase (IPCT); di-zyo-inositol-1,3'-phosphate-
1’-phosphate synthase (DIPP synthase); di-zyo-inositol-1,3'-phosphate-1’-phosphate phosphatase
(DIPP phosphatase).
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Biochemical characterization of the enzyme in protein extracts led to the
conclusion that the IPCT domain was absolutely specific for CTP and
L-myo-inositol-1-phosphate, while other nucleotide donors (ATP, GTP and UTP),
and other alcohol acceptors (zyo-inositol, D-zyo-inositol-1-phosphate, glycerol and
DL-glycerol-3-phosphate), were not substrates to the enzyme. The DIPPS domain
recognized CDP-L-myo-inositol, CDP-D-myo-inositol and CDP-glycerol as alcohol
donors but L-myo-inositol-1-phosphate was the only alcohol acceptor used by the
enzyme. It was also able to  catalyze the  synthesis  of
glycerol-phospho-myo-inositol-1-phosphate  (GPIP), when CDP-glycerol was
provided in combination with inositol-1P. Glycerol-phospho-mys-inositol (GPI), is a
structural chimera of DIP and DGP (diglycerol-phosphate), only identified to date in
the genus Aguifex and in Are. fulgidus. While DIP increases consistently in response to
elevated temperature and DGP to osmotic stress, the level of GPI seems to respond
to a combination of both stresses (Borges ¢z al., 20006).

More importantly, it was predicted that the bifunctional enzyme
IPCT/DIPPS combines a cytosolic domain (IPCT) with a membranar domain
(DIPPS). Thetefore, the determination of the structure/function relationship of the
bifunctional enzyme emerges as an attractive challenge. The attempts to crystallize
the whole functional enzyme were unsuccessful thus far, and hence we set out to
determine the structure of IPCT, the cytoplasmic domain, as a first step towards
understanding the full catalytic process. IPCT is an intrinsically interesting enzyme,
being the sole nucleotidyltransferase known to use inositol-1P as substrate. Enzymes
classified in the nucleoside triphosphate-transferase family (PF00483) typically
transfer nucleoside monophosphate (NMP) from nucleoside triphosphates (NTP) to
an acceptor phosphoryl group belonging to a small molecule such as
phosphocholine, hexose-1-phosphate or ribitol-5-phosphate (Kwak ¢z 4/, 2002, Kim
et al., 2010, Baur et al., 2009). This activity leads to release of pyrophosphate and
production of a nucleoside diphospho-acceptor that is subsequently utilized by
glycosyltransferases in a myriad of reactions of vital importance for the cellular

functions.
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Herein, we describe the first X-ray structure of the IPCT domain of the
IPCT/DIPPS bifunctional enzyme from _Archaeoglobus fulgidus DSMZ 7324. CTP,
inositol-1P and CDP-inositol were docked to the structure which gave insights into

the binding mode and substrate specificity of the enzyme.

3.6. MATERIALS AND METHODS

MATERIALS
CTP was purchased from Sigma-Aldrich (St. Louis, MO). Inositol-1P was
produced enzymatically as described in (Rodrigues ¢ al., 2007). DGP was supplied by
bitop AG (Witten, Germany).

PROTEIN PRODUCTION AND BIOCHEMICAL CHARACTERIZATION

In order to define the IPCT domain in the bifunctional IPCT/DIPPS from
Are. fulgidus (AF0263), the amino acid sequence of the AF0263 gene (436 a.a.) was
aligned with the monofunctional IPCT and DIPPS sequences from Hyperthernius
butylicus, Aeropyrum pernix, Thermotoga (1) maritima, and T. petrophila using the program
ClustalW (Larkin e# al, 2007). On the basis of this analysis, the IPCT cytoplasmic
domain in the Are. fulgidus bifunctional IPCT/DIPPS was identified as the N-
terminal polypeptide starting at M-I-N-V-D and going up to residue 232. This
domain was cloned and expressed in E. ¢/ (Rodrigues e al, 2007). The
chromosomal DNA from Are. fulgidus was isolated according to Ramakrishnan and
Adams (1995). The IPCT domain was amplified by PCR using Pf# DNA polymerase
(Fermentas). The set of primers used for the amplification were IPCT-Fwd (5'
CGGCATATGATAAATGTTGACGGAG-3', the Ndel restriction site is shown in
bold) and IPCT-Rev (5-CGGCTCGAGTTACAAGGCTCTATTAG-3', the Xhol
restriction site is shown in bold). The PCR product was cloned in the pET19b
plasmid (Novagen) between the Ndel and Xhol sites; the pET19b plasmid carries an

N-terminal ten histidines tag sequence followed by an enterokinase site and three
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cloning sites (Ndel, Xhol and BawHI). The correct nucleotide sequence of the
construction was confirmed by DNA sequencing (AGOWA, Germany).
E. coli BL21(DE3)pLys cells, bearing the construction, were grown at 37 °C in LB
medium supplemented with ampicillin (100 pg.mL-), and chloramphenicol (34
png.mL1), to an Absgoonm of 0.6 and induced with 1 mM IPTG for 4 h.

Cells were collected by centrifugation, suspended in 20 mM Tris-HCI pH 7.6
plus 10 mM MgCl, and disrupted in a French press. IPCT was purified from heat
treated cell extracts (30 min at 70 °C) in a His-Trap column and the histidine-tag was
cleaved with enterokinase (18 h at 37 °C). Subsequently, the enterokinase treated
sample was applied onto a second His-Trap column. The flow-through fraction was
dialyzed overnight against Tris-HCl (50 mM, pH 7.6) and concentrated in a
Centricon (MW 10,000). A last polishing step was performed applying IPCT onto a
Superdex G75 gel filtration column. Protein concentration was estimated by the
Bradford method (Bradford, 1976), and purity of the final preparation was evaluated
by 10% SDS-PAGE (Laemmli, 1970). The molecular mass of IPCT was estimated
by gel filtration using a Superdex S200 column equilibrated with 20 mM Tris-HCI
pH 7.5 and 150 mM NaCl. Lysozyme (14.3 kDa), superoxide dismutase (32.6 kDa),
albumin (66.8 kDa), and alcohol dehydrogenase (150 kDa), were used as standards.

The IPCT activity was determined in a reaction mixture (final volume of
400 pL), containing 50 mM Bis/Tris/Propane, 10 mM MgCl,, 5 mM CTP, and
5 mM inositol-1P. The mixture was pre-incubated for 2 min at the same
temperatures of the assay in 2 mlL glass tubes. The reactions were initiated by
addition of IPCT (5 pg), and stopped at different time points (0, 15 and 30 seconds)
by immersion in liquid nitrogen. Afterwards, 10 uL. of EDTA (0.5 M, pH 8) and 100
L. of 2H,O were added to the reaction mixture. The amount of CDP-inositol
produced was quantified by 3'P-NMR spectroscopy using DGP as an internal
concentration standard. Spectra were acquired on a Bruker DRX500 spectrometer
(Bruker, Rheinstetten, Germany). The effect of Mgt (0, 10 and 20 mM) on IPCT
activity was studied. The temperature profile for activity was determined between
60 °C and 115 °C at pH?» "¢ 8.0 (pH?> °C means that pH values were measured at

25 °C and no temperature correction was applied). The pH profile for activity was
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determined at 90 °C using 50 mM Bis/Ttis/Propane; pH values were measured at
25 °C but the values displayed (pH? “C) are corrected for the temperature of 90 °C
using the conversion factor for Bis/Tris/Propane (ApKa/AT = -0.015). Kinetic
parameters (max and Kn) were determined at 90 °C and pH? "¢ of 7.0 in reaction
mixtures containing 4 mM CTP and 0-7.5 mM inositol-1P or 0-4 mM CTP and
7.5 mM inositol-1P. The actual CTP and inositol-1P concentrations of the stock
solutions were determined by NMR. Kinetic parameters were obtained by fitting the
data to Michaelis-Menten equations using the software Origin 5.0 Professional
(Microcal Software Inc., MA). The data included six concentration values of each

substrate.

CRYSTALLIZATION AND DATA COLLECTION
Protein sample was concentrated using an Amicon YMI10 concentrator
device (Millipore) to about 12 mgmL! in 10 mM HEPES buffer pH 7.5. Initial
crystallization screenings were performed by vapour-diffusion using the Cartesian

Robot Dispensing System ("mini-bee" Genomic Solutions) and the following
commercially available screens: Classics 1 and II Suites (Qiagen) and SaltRx
(Hampton Research). The flat-bottom 96-well plates (Greiner Bio-One) harbored
sitting-drops containing 100 nL. of protein sample mixed with 100 nL of precipitant
solution equilibrated against a reservoir of 90 plL precipitant. The sealed plates were
then incubated at room temperature (20 °C).

Initial crystalline material appeared in several conditions of the different
screens which mainly contained salts (i.e. sodium/potassium phosphate, and sodium
malonate, citrate or formate) as precipitants at low pH values (4.5 - 6). Optimization
of these conditions included grid screens surrounding the crystallization hits using
the hanging-drop vapour-diffusion technique. Drops consisted of 1.5 pL protein
plus 1.5 pL. precipitant solutions equilibrated against 500 uL. reservoir solution in
24-well EasyXtal tool plates (Qiagen), at room temperature (20 °C). The optimized
crystallization condition yielding diffraction-quality crystals of IPCT consisted of 1.2-
1.4 M trisodium citrate dihydrate, 100 mM HEPES pH 6.8-7.2 and 10 mM MgCl,.
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Single crystals with approximate dimensions of 0.15x0.15x0.15 mm? (Fig.
3.4), were used for data collection at cryogenic temperature using the crystallization
buffer/mother liquor supplemented with 10% glycerol as cryoprotectant and flash-
cooled at 100 K in a nitrogen-gas steam (Oxford Cryosystems 700).

The X-ray diffraction images were collected by ADSC Q4 and ADSC
Q315R CCD detectors on ESRF beamlines 1D14-2 and 1D23-1 (ESRF, Grenoble),
respectively. Data were indexed and processed using XDS (Kabsch, 1993) and scaled
with SCALA from the CCP4 program package (Evans, 1997). Crystals belonged to
the orthorhombic space group P22:2 with unit-cell parameters a = 154.7 A,
b =83.9 A and ¢ = 127.7 A. Data statistics are summarized in Table 3.2. Calculation
of Matthews coefficients (Matthews, 1968) yielded a Vi of 2.62 A3.Da! for a solvent
content of approximately 53% with 6 molecules in the asymmetric unit, or
2.25 A3.Da for 45% solvent content and seven molecules in the asymmetric unit.
Thus, the protein content in the crystal asymmetric unit of IPCT was not clear at this

point.

Figure 3.4 - IPCT crystals grown in 1.2 M trisodium citrate dihydrate, 100 mM HEPES pH
7.2 and 10 mM MgCl,.
The crystals took approximately two weeks to appear and grew to dimensions of
0.15%0.15x0.15 mm?3.

A self-rotation function calculated with the program POLARREN (Evans,
1997) from CCP4 indicated the existence of three two-fold non-crystallographic
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symmetry axes (Fig. 3.5). Two of these were approximately perpendicular to the
crystallographic c-axis while the third one is either coincident or slightly angled
relative to it, since no strong non-origin peaks were observed in a native Patterson

map (not shown).

Figure 3.5 - Self-rotation Patterson-function plot for IPCT in the resolution range
3.0 < d <15 A with integration range 5.0 SR <15 A.
Peaks in the section shown at K = 180° give the orientation of the crystallographic (CS) and
noncrystallographic (NCS) twofold rotation axes in the crystal structure. The plot is scaled to a
maximum value of 100 and the contours are drawn at five-unit intervals starting at 40. The figure was
prepared with the programs POLARREN, NPO and XPLOT84DRIVER (Evans, 1997).

IPCT was also crystallized using sodium malonate as precipitant. Crystals
were obtained at 20 °C in hanging-drops using 1.5 uL. of protein sample and 1.5 pL.
of reservoir solution consisting of 1.8 M sodium malonate pH 6.5-7.0. These crystals
were flash-cooled directly in liquid nitrogen prior to data collection. Data from these
crystals were measured at ESRF beamline ID23-1 using an ADSC Q315r CCD
detector, indexed and processed using XDS (Kabsch, 1993) and scaled with SCALA
from the CCP4 program package (Evans, 1997). IPCT crystals in this crystallization
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condition belonged to space group P2 with 12 or 13 molecules in the asymmetric
unit corresponding to Vi values of 2.47 and 2.28 A3Da! and solvent contents of

50.2 and 46.1%, respectively (Matthews, 1968).

STRUCTURE SOLUTION AND REFINEMENT

Search for potential derivatives was performed by soaking freshly prepared
IPCT crystals crystallized in citrate with crystallization solution containing
heavy-atom compound salts (K2ClyPt, K(CN)2Au or HgCls - JBScreen Heavy, Jena
Biosciences) in concentrations ranging from 0.5 to 5 mM and incubation times from
minutes to several days, at room temperature. In addition, a quick soak was also
done with 1 M KI for 30 seconds prior to crystal cryo-cooling.

Experimental phases were determined by the Single Isomorphous
Replacement with Anomalous Scattering (SIRAS) method using a mercury derivative
(5 mM HgCl for 4 hours). SHELXC and SHELXD (Sheldrick, 2008), both within
HKI2MAP (Krissinel & Henrick, 2004), were used to prepare the experimental data
and to locate the heavy atom sites, respectively. SHELXD indicated clear anomalous
signal up to 5 A but SHELXE did not produce an interpretable map. A few positive
hits were found out of 1000 trials, the best solution showing Correlation Coefficients
- CCall of 17.98% and CCweak of 9.62%, and PATFOM 1.37; a total of 10 Hg sites
were found with occupancies higher than ca. 0.4. This initial set of 10 sites was then
refined in SHARP (de la Fortelle & Bricogne, 1997) and subsequent analysis of
log-likelihood gradient maps revealed 2 additional sites, giving a total of 12 heavy
atom positions. The calculated phases had a mean figure of merit of 0.29 to 2.8 A
resolution and were improved through a single cycle of solvent flipping with
SOLOMON (Abrahams & Leslie, 1996) and extended to the resolution of the native
dataset (2.4 A). The resulting map was used to build an initial atomic model using the
program BUCCANEER (Cowtan, 2006), which built 1168 residues in 61 chains (the
longest having 104 residues). Upon examination of the model, it became clear that
one non-crystallographic symmetry (NCS) operator related two dimers of the
enzyme and this information was used for NCS averaging with DM (Cowtan, 1994).

This further improved the maps which allowed BUCCANEER to proceed with
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model building, reducing the number of chains and sequencing more side-chains.
Iterative model building and crystallographic refinement were performed with the
programs COOT (Emsley ¢ a/) and BUSTER-TNT (Bricogne ¢t al, 2009). The
malonate-crystallized IPCT was solved by molecular replacement with PHASER
(McCoy et al., 2007), using one monomer of the citrate-crystallized IPCT, without
solvent and other ligands, as search model for 12 molecules in the asymmetric unit.
The model was built into the electron density maps with COOT (Emsley ¢z a/.) and
refinement was carried out with BUSTER-TNT (Bricogne e# 4/, 2009).

The homologous 3D structures were superimposed using the secondary
structure matching algorithm (SSM) (Krissinel & Henrick, 2004) in COOT and CTP,
inositol-1P and CDP-inositol were manually fitted followed by structure idealization
with REFMAC5 (Murshudov ez al., 1997), visualization in COOT and subsequent
analysis in PyMol (Delano, 2002). All structural figures were drawn using PyMol
(DeLano, 2002).

The coordinates of the malonate-IPCT (apo form) and the citrate-IPCT of
Are. fulgidus DSMZ 7324 have been deposited in the Protein Data Bank with
accession codes 2XME and 2XMH, respectively.

3.7. RESULTS AND DISCUSSION

BIOCHEMICAL CHARACTERIZATION OF IPCT FROM ARC. FULGIDUS

The biochemical and kinetic properties of IPCT from Are. fulgidus were
investigated using CTP and inositol-1P as substrates. The presence of Mg?>* was
absolutely required for activity and maximal activity was obtained with 20 mM Mg?*.
The activity of the enzyme was undetectable at temperatures below 60 °C, and
maximal activity was reached between 90 and 95 °C (Fig. 3.6a). Therefore, the
temperature for optimal catalysis is around 10 °C above the temperature for optimal
growth of the host organism, a feature commonly found in other enzymes from

hyperthermophiles (Botges ¢ al., 2004, Rodrigues ef al., 2009).
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The pH profile for Ar. fulgidus IPCT showed a maximum of activity
between 6.5 and 7.5 (Fig. 3.6b). Kinetic parameters of the enzyme were determined

under optimal conditions (Table 1).

100{ a
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Figure 3.6 - Temperature (a) and pH (b) profiles of IPCT from Arc. fulgidus.
The enzyme activity was determined between 60 °C and 115 °C, and between pH* °C 5.5 and 8.5 in
Bis/Ttis/propane buffer.

A typical Michaelis-Menten kinetics was observed for the two substrates.
The Vmax (62.9 pmol.min-'.mg!) was 2.5-fold lower than that of the T. maritima IPCT
(Rodionov ez al, 2007). In respect to substrate affinity, the truncated Are. fulgidus
IPCT showed Ki, values of 0.87 mM for CTP and 0.58 mM for inositol-1P which are
in the same range of magnitude as those of the homofunctional enzyme from

T. maritima (Rodionov et al., 2007).
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TABLE 3.3 - Kinetic properties of the recombinant IPCT of Arc. fulgidus and effect of Mg2*.

K., and Viux values wete determined at 90 °C and pH? °€ 7.0.

Parameters IPCT

Ky (mM)

Inositol-1P 0.87 = 0.09

CTP 0.58 £ 0.08
I max (umol.min-'.mg of proteint) 629 £ 1.4
Mg?* (mM)

0 0a

10 672

20 1002

2 Expressed as percentages of the maximum activity.

Next page: TABLE 3.4 - Data collection and refinement statistics (values between parentheses

refer to the highest resolution shell)

R =2 DL (hk)- W/z > 1,(hkD)

hkl i

#R,, = % [%N —I)TZZ

Calculated with the progtam SCALA, R, and Ry, are indicators of the precision of the final merged

1, (hkd )— 1 (ki ﬁ D 1, (hki)

hkl i

and averaged data-set, where I; (b & /) is the observed intensity of the i measurement, J(hki) is the

average intensity of multiple observations of symmetry-related reflections and N is redundancy.
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IPCT:HgCl, Citrate-IPCT* Malonate-IPCT (apo)

PDB ID code - 2XMH 2XME
Space group P212,2 P212,2 P121
Unit cell

a b, (A 153.6, 83.5, 127.8 154.7,83.9,127.7 86.03, 127.55, 141.48

% B,y (9 90.00, 90.00, 90.00 90.00, 90.00, 90.00 90.00, 90.56, 90.00
Data collection
Beamline ESRF ID14-2 ESRF ID23-1 ESRF ID14-2
Wavelength (A) 0.933 1.067 0.933

Resolution range (A)

Total no. of obsetvations
No. of unique observations
Rinerge™ (Y0)

Roin® (%)

Completeness (%o)

Mean <1/ o(I) >

Refinement statistics
Resolution range (A)
Ryork / Réree (%)
Geometry
rmsd bonds (A)
rmsd angles (%)
Ramachandran statistics
Residues in most
favoured regions (%)
Residues in
allowed regions (%)
Residues in
disallowed regions (%0)
Mean B factors
Protein (A 2)
Solvent (A 2)

49.3-2.9 (3.10-2.90)
116728 (9974)
32022 (2686)
8.0 (59.7)

97.4 (99.2)
12.2 (2.6)

48.28-2.40 (2.53-2.40)
224153 (32846)
64618 (9409)
5.0 (42.6)
2.8 (26.2)
98.8 (99.5)
134 (2.3)

35.14-2.40 (2.46-2.40)
233 /275

0.01
1.23

94.9

5.0

0.1

60.9

142.49-1.89 (1.99-1.89)
941436 (58133)
219870 (29484)
12.6 (48.9)
6.6 (45.3)
90.3 (83.0)
10.1 (1.5)

27.67-1.89 (1.94-1.89)
20.6 / 23.7

0.01
1.10

98.3

1.6

0.1

45.9
41.0

* Used as “native” for SIRAS phasing
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MODEL QUALITY

IPCT crystallized in space group P2:212 (a = 1549 A, b = 839 A and
c = 127.9 A) with 6 molecules in the asymmetric unit using citrate as precipitant at
pH 8.2 (Vi is 2.6 A3Da'l and solvent content is ~53% (Matthews, 1968)). The
structure was solved by SIRAS based on a Hg-derivative and refined to an Receor Of
23.3% and Riee of 27.0% at 2.4 A resolution. The final IPCT model comprises 1183
amino acid residues, 204 water and 4 citrate molecules. Data collection and
refinement statistics are shown in Table 3.4.

No clear electron density was visible at both termini (16 to 19 amino acid
residues in the N-terminus and 10 to 12 residues in the C-terminus, depending on
the chain, were not built in the model), and for a flexible loop composed of residues
27-37. Attempts to soak or co-crystallize IPCT with its substrates were performed
but no well defined electron density was observed in the calculated maps for either
inositol-1P and/or CTP neatby the active site, instead a citrate molecule was
observed (Fig. 3.7a).

We then searched for another crystallization condition without citrate and
optimized one containing malonate as precipitant at pH ~7. In this condition, IPCT
crystals belonged to space group P2 with 12 molecules in the asymmetric unit
corresponding to a Vi, value of 2.5 A3Dal and a solvent content of ~50%
(Matthews, 1968). Soaking and co-crystallization experiments were also unsuccessful
in this condition since no clear electron density for CTP and/or inositol-1P was
visible in the active site. The final model comprises 2419 amino acid residues, 1171
water and 8 glycerol molecules, and was refined to 1.9 A resolution with an Recor Of
20.6% and Rgee of 23.7%. The electron density maps are clearly defined, apart from
the N and C termini of all subunits (similatly to the citrate-IPCT, chains start at
residues 16-19 and end up at 220-222 out of 232), and a loop. This loop (residues 27
to 37) is disordered in most chains and contains gaps in the final model, except in
chains E and F. Interestingly, these two loops are quite close to each other in the
crystallographic dimer (eg. distance between the Cy atoms of Gsr and Gasr is only

6.6 A), similar to the other pairs: A-B, C-D, and so on. The final models of citrate-
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and malonate-TPCT are almost identical, yielding rmsd values between 0.24-0.69 A
for Cau superposition of the different chains (Holm & Sander, 1996). Subsequent
descriptions will refer to chains E and/or F of the malonate-IPCT structure, unless
otherwise stated.

The Ramachandran plot, as assessed with RAMPAGE (Lovell ¢ al, 2003),
shows that all non-glycine amino acid residues lie within allowed regions, with the
exception of Roia and Digor for citrate-IPCT. PROCHECK (Laskowski ¢z af., 1993)
analysis showed no bad contacts and a final model with a good geometry and

stereochemistry.

OVERALL FOLD OF IPCT AND RELATED STRUCTURES

Each monomer of IPCT has overall dimensions of ~45x45x40 A3 and is
organized into two domains, a core domain and a sugar-binding domain. The core
domain (residues 16-135 and 173-222), consists of a central seven-stranded mixed
B-sheet (B1-B7), with order 3214657, where B¢ is antiparallel to the rest, surrounded
by six helices, a fold reminiscent of the dinucleotide-binding Rossmann fold (28). At
one of its ends, the central B-sheet is topped by a two-stranded B-sheet (Bs, and Bsp),
that participates in a 30 residue long stretch connecting strands s and Bs. One face
of the central B-sheet is packed against helices i, Oz and O, and the other face,
which binds the nucleotide, stacks against helices 03, 05 and O (this helix being
typical of nucleotide binding proteins). The sugar-binding domain (residues
136-172), comprises a short antiparallel three-stranded B-sheet, which sits against the
exposed face of the central B-sheet (where the nucleotide binds), with several
conserved residues involved in the sugar-phosphate moiety recognition (eg., Los,
G174, and Wagg, IPCT numbering). A topology diagram drawn with the program
TOPS is presented in Figure 3.7b (35).

The citrate-IPCT crystallographic structure contains 6 molecules in the
asymmetric unit, whereas the malonate one has 12 molecules. Despite the different

packing in both crystal forms, the dimeric arrangement between two molecules (e.g.,

chains A-B, C-D or E-F) is quite similar (Figs. 3.7c and 3.7d).
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Figure 3.7 — Overall fold of IPCT, topology diagram and dimer interface formed

between two neighbouring monomers.
(a) Cartoon representation of IPCT monomer; color scheme according to topology diagram in (b); the
active site loop is shown as a thicker purple loop herein and after, and citrate is drawn in sticks (carbon
- yellow and oxygen - red); (b) TOPS-generated topology diagram of IPCT. Relevant secondary
structure elements are numbered and the location of the active site loop is pointed with an asterisk; (c)
Cartoon and surface representation of IPCT dimmer; chain F is drawn yellow with the molecular
surface, residues at the interface are coloured in magenta (chain F) and cyan (chain E); (d) Zoomed view
at the dimer interface, residues establishing side-chain interactions are displayed (atom colour code:
carbon is yellow for chain F and cyan for chain E, oxygen is red and nitrogen is dark blue for both

chains).

According to PISA (18), a dissociation energy (AGdiss) of 6.4 kcal.mol-1 is
predicted for this dimeric assembly in solution. The interface is mainly hydrophilic
with an area around 1110 A2 corresponding to . 11% of the total solvent-accessible

area of each monomer. Most residues that contribute to the interface stabilization are

located in loops between Bi1-0ti, Bs-Bs. and at the C-terminal loop. The interface is

124



IPCT crystal structure

stabilized by 14 H-bonds, 2 of which are salt-bridges. Several hydrogen bonds are
established between main-chain atoms of both chains, namely between R4i-Dazo,
G43-Dais, and D144-Gus.

Additional stabilization is achieved by side-chain/main-chain interactions
between Rso-Fisz, T221-Lso and Dais-Gus. Motreover, Ryr/r(NH2) is H-bonded to
Ei478/6(OEz). Molecular mass determinations by gel filtration indicate that there is a
mixture of monomers and dimers in solution, with prevalence of the monomeric
form. At this stage we think that the relevance of the interface interactions in the
crystal structure for the physiological assembly of the enzyme can not be fully
assessed before the structure of the whole IPCT/DIPPS bifunctional protein is
characterized.

Comparison of one molecule of IPCT (monomer) with other structures in
the Protein Data Bank (PDB) using the DALI server (14), reveals that the highest
matches are found with the N-terminal domain of the bifunctional
N-acetylglucosamine-1-phosphate  uridylyltransferases (GlmU) from different
sources (PDB codes: 1G97, 2016, 1THM9, 1HVY9, 1FWY and 2V0I) and with
glucose-1-phosphate thymidylyl-/uridylyl-transferases (PDB codes: 2PA4, 1FXO,
2E3D and 2UXS), showing Z scores between 20 and ~18, and rms deviations
ranging from 2.5 to 28 A for ~190 superimposed C, atoms. Other
cytidylyltransferases  (CTP:phosphocholine-, 3-deoxy-manno-octulosonate- and
D-glucose-1-phosphate-), with PDB codes 1JYL, 1GQC, and 1TZF, respectively,
have Z values from 17.7 down to ~14.5. Interestingly, GImU is also a bifunctional
enzyme, containing an homologous nucleotidyltransferase domain at the N-terminus
but with an acetyltransferase domain at the C-terminus, which adopts a left-handed
parallel B-helix structure LBH). The biological assembly of the bifunctional GImU is
a trimer, whereas most members of other nucleotidyltransferases are dimers or
tetramers. These structural-related enzymes share between 15% and 22% of

sequence identity with IPCT and show conservation in the core region, consisting of

a mixed [-sheet of seven strands with the same order and orientation as IPCT, a fold

typical of nucleotide-diphospho-sugar transferases (SCOP Superfamily 53448).
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Interestingly, the 32 best hits retrieved in a blast search using the sequence
of Are. fulgidus IPCT belong to hyperthermophilic or thermophilic organisms,
probably reflecting the specialized function of IPCT in DIP synthesis (Fig. 3.8); the
best match relates to proteins of Thermococcus spp. that display sequence identities
between 49% and 56%.

As expected, the Are. fulgidus protein appears in a cluster dominated by
members of the Euryarchaeota; curiously, three representatives of the domain
Bacteria also cluster in this group, which is clearly separated from a second major
group comprising bacteria of the order Thermotogales. The closest mesophilic
homologues share ¢a. 30% sequence identity with Are. fulgidus IPCT and belong to
the bacterial genera Gluconacetobacter and Granulibacter. Whether these mesophilic

counterparts are able to use inositol-1P and CTP remains elusive.

THE ACTIVE SITE

A citrate molecule is observed in the active site pocket in three out of six
molecules of IPCT crystallized using citrate as precipitant (chains A, D and E,
Fig. 3.7a). The citrate is establishing hydrogen bonds with the main-chain nitrogen
atoms of G27, L.28, K37 and R68. Its presence in only some chains might be related
with the position of the disordered loop comprising G27-K37. This loop is not
visible in most chains of both citrate- and malonate-IPCT structures and, if visible, it
adopts different conformations (Fig. 3.9).

This loop encompasses the signature sequence G-X-G-T-(R/S)-X4-P-K of
nucleotidyltransferases and, in IPCT, it starts at G27 and has the sequence
G-L-G-T-R-L-G-G-V-P-K. In the apo-RmlA structure (PDB 1FZW), this loop is
also disordered but becomes traceable in the thymidine containing complexes
(PDB 1G2V and 1GOR) (Blankenfeldt ez 4/, 2000).

Attempts to obtain structures of IPCT in complex with substrates CTP,
inositol-1P and CTP:inositol-1P, either by co-crystallization or soaking expetriments,
did not succeed in both crystal forms. However, due to the core fold conservation
among sugar nucleotidyltransferase structures, and based on the DALI results, we

were able to identify the catalytic region of IPCT.
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IPCT DIPPS

IPCT /DIPPS

—

Fig. 3.8. Unrooted phylogenetic tree based on available homologues of A. fulgidus IPCT.
Homologues of IPCT were retrieved from the existing protein databases (GenBank) using BLAST.
Amino acid sequences of bifunctional IPCT/DIPPS wete artificially separated. MEGA 4.1 software
(Tamura e al., 2007) was used for sequence alignment and to generate the phylogenetic tree using the
neighbour-joining method. Bar, 0.1 change per site. The bacterial IPCT are depicted in blue, the
curyarchaeotal in red, crenarchaeotal in brown, and korarchaeotal in pink. Mesophilic homologues are
labelled with an asterisk. The empty box designates the organisms known to accumulate DIP.

and indicate that the IPCT and DIPPS genes are fused and separated,
respectively. The genes containing IPCT, DIPPS and an extra domain are indicated by
ARSI . Abbreviations: Arful, Archaeoglobus fulgidus; Arpro, Archaeoglobus profundus; Arven,

Archaeoglobus veneficus; Tconn, Thermococcus onnurinens NA1; Tesib, Thermococens sibiricus MM739; Tcgam,
Thermococcus gammatolerans EJ3; Tckod, Thermococcus kodakarensis KOD1; TcAMA4, Thermococcus sp. AM4,
Tcbar, Thermococcus barophilus MP; Pchot, Pyrococcus horikoshii OT3; Peaby, Pyrococcus abyssi; Pctur, Pyrococcus
furiosus DSM 3638; Feplac, Ferroglobus placidns DSM 10642; Meinf, Methanocaldococens infernus ME; Plfum,
Pyrolobus fumariz; Aeper, Aeropyrum pernix K1; Hybut, Hyperthermus butylicus DSM 5456; Igage, Ignisphaera
aggregans DSM 17230; Kocry, Candidatus Korarchaeum cryptofilum OPF8; Hydrog, Hydrogenivirga sp. 128-5-
R1-1; Ttnap, Thermotoga naphthophila RKU-10; Ttnea, Thermotoga neapolitana DSM 4359; Ttmar, Thermotoga
maritima; Ttpet, Thermotoga petrophila; TtRQ2, Thermotoga sp. RQ2; Aqaeo, Aquifex aeolicus VF5; Ruxyl,
Rubrobacter xylanophilus DSM 9941; Pemar, Persephonella marina EX-H1; Tbter, Thermobaculum terrenum
ATCC BAA-798; Tasub, Thermaerobacter subterraneus DSM 13965; Tdind, Thermodesulfatator indicus; Ttpen,
Thermofilum pendens Hrk 5; Rhmar, Rbodothermus marinus DSM 4252; Gtbet, Grannlibacter bethesdensis
CGDNIH1; Gldia, Gluconacetobacter diazotrophicns PAL 5.
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The most homologous structure to IPCT, besides GlmU, is glucose-1-
phosphate thymidylyltransferase (RmlA) from Pseudomonas (P.) aeruginosa (rmsd of
2.57 A for 188 C, atoms) (Blankenfeldt ez a/, 2000). RmlA is involved in the
synthesis of dTDP-L-rhamnose, an important component in the cell wall of many
microorganisms. Superposition of various structures of RmlA apo- and complexes
(dTTP, glucose-1-phosphate and dTDP-D-glucose) shows no relevant structural
changes upon ligand binding, as also observed with other nucleotidyltransferase
structures (Fig. 3.10a). We identified the relevant catalytic residues of IPCT based on
various structures of RmlA. Moreover, this structural analysis was extended to
include other homologous nucleotidyltransferases, such as CTP:phosphocoline
cytidylyltransferase from Streprococcus pnenmoniae (PDB 1JYL) (Kwak et al., 2002), and
0-D-glucose-1-phosphate cytidylyltransferase from Salwmonella typhii (PDB 1TZF)
(Koropatkin & Holden, 2004), leading to similar results. For the sake of simplicity,

we will refer to the comparison with RmlA throughout the manuscript.

Figure 3.9 - Cartoon representation of IPCT highlighting the mobility of the loop G27-K37.
This cartoon shows the several conformations the loop G27-K37 can adopt (chains D and E from the
citrate-IPCT structure and chains E and F from the malonate-IPCT structure in different shades of
pink); for the sake of clarity, only on complete chain is visible (chain D from the citrate-IPCT, in gtey),
and the citrate molecules are not shown.
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The active site of IPCT is thus located in a pocket formed by the sugar- and
nucleotide-binding domains of the enzyme (Fig. 3.10b). The pocket entrance
comprises a series of polar or charged residues: Ks7, Res, Eos, Kies, E194, S198 and
D22o. The cavity is formed by residues from strands B1, 32, B4 and B¢ (namely La4, Azs,
Vs, Ass, Mi1s-His, D172, Gira and Fizg), helices 0 and O (residues Gos, Nog and
Vao1), and residues Psg, So9 and Woaie.

Figure 3.10 - (a) Superposition of IPCT (cartoon in blue) with several structures of glucose-1-
phosphate thymidylyltransferase (RmlA) from P. aeruginosa: apo form (1IFZW, ribbon in dark
green), and in complex with different ligands (PDB codes 1FXO, 1G0R, 1G2V, 1G1L, 1G23 and
1G3L, ribbon in different shades of green). dTDP-D-glucose (from 1G1L) is shown in sticks (C-
yellow, O- red, N- blue and P-orange); (b) IPCT active site pocket with fitted CDP-inositol;
residues at the entrance are labelled.

The binding sites of nucleotides are highly conserved comprising a
Rossmann fold motif (aBoBar). In IPCT, the CTP should be nested in a groove
composed by the N-termini of helices 0z and s, and the C-termini of strands 1, 32
and B4. Based on the structure of RmlA in complex with dTTP (PDB 1G2V)
(Blankenfeldt e a/., 2000) we have fitted a CTP molecule into the active site of IPCT
(Fig. 3.12a). In RmlA, several conserved amino acid residues, namely Gio, T14, Ris,

Kas (RmlA numbering), are involved in the stabilization of the nucleotide. In IPCT,
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the phosphate moiety may be stabilized by T30, R31 and Ks7 (corresponding to Tia,
Ris and K»s in RmlA, Figure 3.11), of which T30 and Rs; are located in the disordered

loop.

Furthermore, Az and D117 (Gio and Diyo in RmlIA), may establish several
H-bonds to the ribose and pyrimidine ring, respectively. Qsz, a catalytically important
residue in RmlA (replaced by Hsy in IPCT, Figure 3.12), along with Gio (A in
IPCT) and Gsr (Gos in IPCT), provide specificity for thymidine, while a tight loop

formed by Qs2>-Ggs7 is responsible for the specificity of pyrimidine over purine bases

(Blankenfeldt ez af., 2000).

Aful_TIPCT
Paer_EmlA

Aful_IPCT
Faer_ERmlA

Aful_IPCT
Paer_EmlA

Aful IPCT
Faer_RmlA

Aful_ TIPCT
Paer_ Rml2

Aful IPCT
Paer_Rmla

Aful TPCT
Paer_Rml2

Aful_IPCT
Paer_RmlA

Figure 3.11 - Amino acid sequence alignment of Archaeoglobus fulgidus IPCT and

The sequences were obtained from the X-ray structures deposited in the Protein Data Bank, are
identified as Aful_IPCT and Paer_RmlA, respectively, and were aligned using the program ClustalW

(Chenna et al., 2003).
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CDP-inositol CDP-inositol

w216

-\

Figure 3.12 - Stereo view of structural superposition of (a) IPCT fitted with CTP and RmlA with
dTTP (1G2V); (b) IPCT fitted with inositol-1P and RmlA with G-1P (1G23); (c) IPCT structure
fitted with CDP-inositol and RmlA with dTDP-D-glucose (1GIL); IPCT ribbon is drawn in
yellow and RmlA in grey with ligands shown in sticks (same atom color code as in figure 4,
with phosphate atoms in orange, sulphur atoms in green and carbon atoms of RmlA in grey).
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IPCT is highly specific for CTP as no activity was detected using UTP, ATP
and GTP as nucleotide donors (Rodrigues e# al, 2007). The structural basis for this
substrate preference becomes apparent from our CTP-fitted model: the NH> amino
group of cytidine is able to form an H-bond with the main-chain oxygen of Py,
which is not possible with UTP (NH2 substituted by a carbonyl group). By analogy
with RmlA, the tight loop (Hso-Gos in IPCT) is proposed to be responsible for the
specificity of cytosine over purine bases.

Inositol-1P was docked into IPCT by superposition with the structure of
RmlA bound to glucose-1-phosphate (PDB code 1G23) (Blankenfeldt ez o/, 2000),
where the ligand is stabilized by several hydrogen bonds and van der Waals
interactions (Blankenfeldt ez a/, 2000). The same type of interactions is expected in
the inositol-1P fitted structure of IPCT since most of the residues involved in
substrate binding are conserved among nucleotidyltransferases (Fig. 3.12b).

The side-chains of His, T149 and D172 (N111, Y145 and Vizz in RmlA), can
establish H-bonds with the inositol ring, and Nog and Kies (Lss and Kigz in RmlA),
with the phosphate moiety. Additionally, several hydrophobic residues are present in
the surroundings of the ligand, such as Mi1s, G174, Li97 and Wais in IPCT (Lios, Gi7s,
Tig9 and Wa23 in RmlA). The structure of IPCT fitted with CDP-inositol (Fig. 3.12c)
reveals protein interactions quite similar to those found in inositol-1P and CTP
docked models and hence will not be subjected to further discussion.

Mg?* is known to be essential for the catalytic reaction of
nucleotidyltransferases but its role is not fully understood. Blakenfeldt ez /.
(Blankenfeldt e a/., 2000) proposed that this cation could be coordinating the 3- and
Y-phosphates of dTTP in a chelated manner, leaving the active site as a complex with
pyrophosphate. However, several structures, such as glucose-1-phosphate
uridylyltransferase from E. /i (Thoden & Holden, 2007), and glucose-1-phosphate
cytidylyltransterase from Salmonella typhi (Koropatkin & Holden, 2004), show the
magnesium bound to the final product of each enzyme, specifically to the - and
B-phosphoryl oxygens of the NDP-sugar product. A more direct role of Mg>" could

be to accelerate catalysis by positioning the phosphate oxygen of the
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sugar-phosphate adjacent to the O-phosphate of CTP to align the incoming second
substrate for in-line nucleophilic attack, as suggested for CTP:phosphocholine

cytidylyltransterase of Streptococcus pneumoniae (Kwak et al., 2002).

CONCLUDING REMARKS

The crystallization of IPCT was a crucial step toward the elucidation of the
catalytic mechanism of this unique enzyme able to catalyze the synthesis of
CDP-inositol. The occurrence of this metabolite was first disclosed by Borges and
co-workers (Borges ez al., 2000).

The first 3D-structure of CTP:inositol-1-phosphate cytidylyltransferase
(IPCT) revealed an overall architecture similar to the dinucleotide-binding Rossmann
fold and a fairly good match with the structures of glucose-1-phosphate thymidylyl-
/uridylyl-transferases. It is surprising that inositol-1P, a novel substrate for
nucleotidyltransferases, does not imply a distinctive structural layout for catalysis. On
the other hand, it is curious that IPCT is structurally less related to known
cytidylyltransferases, namely those recognizing other polyol-phosphates such as
glycerol-, ribitol- or methylerythritol-phosphate.

A blast in the genome databases with the Are. fulgidus IPCT sequence clearly
shows a strong correlation of the closest matches with thermo- or hyperthermophilic
host organisms. This feature underlies the commitment of CDP-inositol to the
synthesis of DIP, a compatible solute thus far exclusive to (hyper)thermophiles. This
apparently specialized role of CDP-inositol is an intriguing finding that challenges

the usual, multitasking character of most metabolites.
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In the beginning of this third millennium, technology has already surpassed
the dreams of many. We have not yet reached the point of having space ships
travelling around the Universe (who knows what they would find?), and Moon-based
facilities, like it was thought to happen by the end of the 1900s and presented in the
plot of “Space: 1999” series. However, who is to say that our children or
grandchildren will not witness those, so far, unthinkable wonders?

Great opportunities for exploration await us as we unravel mysteries and
gather knowledge and answers in biochemistry and systems biology, genetics and
biomedicine, astrobiology and chemistry of the elements. The work presented in this
thesis was a small contribution to the present knowledge and a step less needed for
the forthcoming generations to engage. It gathered a few answers in structural
biology and biochemistry of each presented enzyme while opening new perspectives
and listed a new set of questions. The main conclusions were drawn in each
presented chapter and here only some concluding remarks and future perspectives
will be referred.

The work on the sulfide:quinone oxidoreductase (SQR) from
A. ambivalens (Btito et al., 2009), was a landmark in the sulfur metabolism field since it
was the first SQR structure to be solved. Unfortunately, the structure did not had the
impact we anticipated since questions like “how does membrane attachment
occurs?” and “how does quinone binds?” could not be definitely answered due to
incompleteness of the crystallographic model. However, the two later structures of
SQRs, from Ag. aeolicns Matcia et al., 2009), and Ac. ferrooxidans (Cherney et al., 2010),
corroborated some of our proposals, namely the way that membrane attachment
occurs, through two C-terminus amphipathic helices, and the quinone binding
pocket. Moreover, the proposed mechanisms for the reductive half-reaction for
those two enzymes, which were solved in complex with quinones, quinone analogues
and, for the Ac ferrooxidans enzyme, a CiooA mutant, are in line with what we
proposed for the A. ambivalens enzyme.

In A. ambivalens SQR, two cysteine residues (Cy7s and Cssg), are involved in
sulfide oxidation and are responsible for the transfer of electrons to the quinone

pool. A third cysteine residue (Ciz9), is not involved in the oxidation mechanism and
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covalently binds the cofactor FAD. In .Aqg. aeolicus, this residue corresponds to Cizs,
which is too far away from the FAD and does not covalently binds to it. Instead, a
labile cysteine persulfide bond is observed that opened the question of this third
cysteine residue being also involved in the sulfide oxidation mechanism. Since there
are SQRs with only two cysteines (corresponding to the C-terminal cysteines, Ci7s
and Csso in A ambivalens), or even with only one, like the Swulfolobus tokodaii
homologue, it would be interesting to characterize and solve the structure of such
enzymes.

Our Laboratory may start a collaboration with the Laboratory of
Doctor Thomas Hanson (College of Marine and FEarth Studies, University of
Delaware, USA), who recently functionally analysed three SQR homologues in
Chlorobaculum (C.) tepidum (CT0117, CT0876 and CT1087), for their ability to catalyze
sulfide-dependent ubiquinone reduction and if they are required for growth on
sulfide (Chan ez a/, 2009). In this work, Hanson and coworkers showed that,
depending on the growth conditions (eg, concentration of sulfide in the growth
media), the three transcripts show different expression levels engaging the cells
different metabolic responses (Chan ez a/, 2009). It will be very interesting to solve
the structures of these three enzymes and try to infer from them what differences
trigger these different behaviours when growing on sulfide.

When SQR from A. ambivalens was first isolated it was characterized as a
type-2 NADH:quinone oxidoreductase having a FMN cofactor covalently bound to
the protein through a histydinyl residue (Gomes e¢# al., 2001). The crystal structure
presented here showed that the cofactor was indeed an FAD covalently bound to the
enzyme through a cysteinyl residue. Moreover the NADH:quinone oxidoreductase
activity was due to the exposure of the FAD to the solvent which lead to an
unspecific reaction with NADH. Work on a true type-2 NADH:quinone
oxidoreductase from .A. ambivalens is currently undergoing in our Laboratory.

The thermostability of a protein results from versatile stabilization
strategies that correspond to subtle structural modifications (Stelter e a/, 2008), i.e.,
quite minor changes in the structure of an enzyme can lead to large changes in

thermostability (Vieille & Zeikus, 2001). Although there is no single universal
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mechanism that promotes thermostability there are some common features that have
been identified as contributing to thermostability (Li ez a/, 2005). Among these are:
an increase in hydrogen bonds, additional or improved electrostatic interactions
caused by salt bridges or networks thereof, optimized hydrophobic interactions,
increased compactness and packing densities, increased polar compared with
non-polar surface areas, improved binding of metal ions, replacement of
energetically unfavourable conformations by G, truncation of solvent-exposed loops,
a higher number of Pro's and (-branched amino acids in loops, association to
oligomers and reductions of the content of the thermally labile amino acids N, Q, C
and M (Sterner & Liebl, 2001).

Looking to the primary sequence of the CTP:inositol-1-phosphate
cytidylyltranferase (IPCT) from Ar. fulgidus, two striking features immediately
arise: first, the high content of hydrophobic residues (103 out of the 232 residues of
the construct used in this study are either A, F, I, L, M, P, V or W), and, second, the
high percentage of B-branched amino acids (ca. 21% of the residues are I, T or V).
All of these residues are spread all over the structure of the protein but they are
mostly found in the core of the structure interacting with each other and more so on
B-strands. These two features are in agreement with what Sterner e 4l
(Sterner &  Liebl, 2001) proposed as stabilization characteristics for
(hyper)thermophilic enzymes. Moreover, the percentage of thermally labile amino
acids in IPCT is as low as ¢ 6% of the proteins content also in agreement with
Sterner ef al. (Sterner & Liebl, 2001).

Regarding the increased polar compared with non-polar surface areas,
there is a cluster of polar, negatively charged amino acids where the ligands (CTP
and L-zyo-inositol-1-phosphate) should bind, surrounded by several smaller clusters
of positively charged amino acids. The only region of the protein which does not
seem to be charged is the N-terminus where the first 15-17 residues (depending on
the chain), of the protein are not visible in the electron density maps. However, these
residues are mainly hydrophobic (I, V4, Lo, 111, Fi2, A3 and Iig) with only two
negatively charged a.a. (Ds and E7), three positively charged a.a. (Kio, Ris and Ky7),
and four polar a.a. (N3, Gg, Ys and Gig).
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The work on the IPCT domain of the bifunctional enzyme IPCT/DIPPS,
is an important step towards the final goal of understanding the full catalytic route
for DIP synthesis. DIP, being an hallmark of marine microorganisms that thrive
optimally in very hot environments, was observed to increase its pool preferentially
in response to heat stress, leading to the view that it protects proteins, and other
cellular macromolecules, against the detrimental effects of high temperature
(Santos ef al., 2007), with potential application in the field of biotechnology. Work on
the bifunctional IPCT/DIPPS enzyme is cutrently ongoing in our Laboratory with
promising results. The fact that the DIPPS domain is a membranar domain with
three membrane spanning helices increases the difficulty of the project; however, the
full-length IPCT/DIPPS enzyme has been crystallized and optimization trials ate
underway.

In this work, two de novo structures were determined with implications in
the sulfur metabolism and compatible solutes metabolic pathways fields. We believe
that the ongoing work in our Laboratory will answer some of the questions that
remain open but we are very pleased with this initial step towards the elucidation of
the structure function relationship on these enzymes based on the X-ray structure
solution of the sulfide:quinone oxidoreductase from Acidianns ambivalens and the

CTP:inositol-1-phosphate cytiylyltransferase from Archaeoglobus fulgidus.
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