4. Conclusions

1. Els gens nrdDG son essencials per al creixement d’Escherichia coli en condicions
d’anaerobiosi estricta. La inesperada viabilitat dels mutants nrdDG” sota condicions
de microaerofilia ve determinada per I'increment en I'expressio dels gens nrdAB.

2. Els gens nrdD i nrdG de Lactococcus lactis son essencials per al creixement
anaerobic. Aquests gens presenten un 53% i un 43% d’identitat vers els seus
homolegs d’E. coli. Les proteines corresponents, NrdD i NrdG formen un sistema
enzimatic actiu en condicions anaerobiques, on la reduccio dels NTP es realitza en
dues etapes. En la primera té lloc la generacid del radical glicil en la proteina NrdD,
mitjancant un procés dependent de la proteina NrdG, adenosilmetionina, DTT i un
sistema reductor que, in vivo, correspon al sistema de la flavodoxina i flavodoxina
reductasa, i que in vitro se substitueix pel DAF i llum. En la segona etapa la proteina
NrdD activada redueix els ribonucledtids en una reaccié dependent de format, KCI i
ATP.

3. Els sistema anaerobic de L. lactis esta regulat al-lostéricament i es troben dos llocs
d’unio per als efectors. D’una banda, el lloc que regula I'especificitat per al substrat
unint dATP, dGTP i1 dTTP i, de l'altra, el lloc que regula I'activitat general de
I’enzim que uneix dATP per inhibir-la i ATP per activar-la.

4. La unio de I'ATP presenta una cinética sigmoidal i es troba un alt grau de
cooperativitat i comunicacio entre els dos llocs al-losterics, un d’especificitat i un
d’activitat malgrat que estiguin allunyats més de 15A de distancia.

5. La ribonucleotidil difosfat reductasa activa de Deinococcus radiodurans és depenent
d’AdoCob (classe Il). L’enzim purificat té 90 kDa i requereix per a la reaccié ions
calci i magnesi. Esta regulat al-lostericament i tant el dATP com I'ATP son
estimuladors positius de la reaccio.

6. A partir de péptids obtinguts per la RNR de classe Il purificada de D. radiodurans
s’ha obtingut la seqliencia del gen nrdJ. Aquesta presenta un ORF que codifica per a
una hipotética proteina de 992 aa i 131 kDa. La diferencia de grandaria entre la
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proteina hipotetica i la purificada és deguda a la preséncia d’una inteina en I’extrem
N-terminal que, un cop s’ha processat, déna lloc a un enzim actiu i funcional.

7. Els enzims de classe Il de D. radiodurans i Thermotoga maritima sén
estructuralment molt similars als enzims de classe I, ja que presenten tots els aa
implicats en la regulacio al-lostérica, I'activitat catalitica i I'activitat redox de I'enzim.
Aquesta similitud és deguda a la semblanca en I'estructura terciaria, la qual cosa
reforca la idea que les RNR provenen d’un ancestre comU que per divergéncia
evolutiva hauria originat les tres classes de RNR actuals.

8. Corynebacterium ammoniagenes conté els gens nrdH (228 pb), nrdl (435pb), nrdE
(2163 pb) i nrdF (990 pb) que codifiquen per a la RNR activa de classe Ib.
L’expressio d’aquests gens produeix un sistema enzimatic actiu (a,b,) sensible a la
hidroxiurea, dependent del sistema reductor de la proteina NrdH i que no s’inhibeix
al-lostericament per al dJATP, com passa amb altres enzims de la classe 1b.

9. Malgrat s’ha considerat durant cert temps que la RNR de C. ammoniagenes era
dependent de manganes (classe 1V) hem demostrat que el metall que uneix la seva
subunitat petita R2F és el ferro. A més, aquest enzim és cataliticament actiu només
quan és el ferro el metall unit al seu centre dinuclear i el manganés no és capac de
dur a terme lactivacio. Tot plegat ens ha permes classificar la RNR de C.
ammoniagenes en la classe Ib.

10. Els gens nrdHIE i nrdF es transcriuen a partir de promotors independents, i el
nivell transcripcional del transcrit nrdF és 10 vegades superior al nrdHIE. Aixi, el
producte de nrdHIE és, doncs, el factor limitant per a la sintesi dels dNTP. Els
nivells transcripcionals d’aquests sistemes es veuen incrementats amb la presencia
d’'HU, Fe, Mn i peroxid d’hidrogen. Aquesta resposta implicaria la participacio de
factors transcripcionals com fora FUR/DtxR i OxyR/SoxRS.

11. A I'espai intergenic que es troba entre els gens nrdE i nrdF de C. ammoniagenes
hi trobem un gen en sentit contrari, la seqiiencia d’aa derivada del qual presenta un
elevat grau de similitud amb reguladors transcripcionals de la familia GntR,
implicats en la regulacié del metabolisme del carboni. Aquest gen no sembla que
estigui implicat en la transcripcio dels gens nrdF i nrdHIE.
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12. Pseudomonas aeruginosa conté els gens que codifiquen per a RNR de classes I, 11 i
I11. Extractes cel-lulars d’aquests bacteris creixent aerobicament presenten activitat
enzimatica de classes | i I1. Es el primer cop que simultaniament es detecta activitat
per a dos enzims que participen en el mateix procés de reduccid dels NTP en un
mateix microorganisme.

13. La distribucié dels gens que codifiquen per a les RNR en el grup dels
gproteobacteris és molt heterogénia encara que sigui un grup filogenéticament
relacionat. L’Gnica RNR comuna en totes les especies analitzades és la codificada per
als gens nrdDG, la qual cosa s’atribueix al caracter ancestral d’aquesta classe.

14. L’analisi filogenética de les seqiiéncies aminoacidiques de diferents RNR
demostra que son enzims que provenen d’un ancestre comu i la classe I11 és la que
presenta trets més propers a aquest hipotétic ancessor comu. Aquesta forma
primitiva hauria donat lloc a les tres classes de RNR que trobem actualment
mitjancant processos de divergéncia evolutiva.
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INTRODUCTION

Ribonucleotide reductases (RNRs) are a
family of structurally complex enzymes that
play an essential role in all living organisms:
they catalyze all de novo synthesis of
deoxyribonucleotides required for DNA
replication and repair. The three known
classes of RNRs use free radical-chemistry for
catalysis, but differ in their behavior towards
oxygen (Sjoberg 1997). Class I RNRs require
oxygen to produce a tyrosyl radical by a di-
ferric iron center.  They consist of two
homodimeric proteins, NrdA (a2) and NrdB
(R2) arranged as a heterotetramer (a2(32); the
tyrosyl radical is located in the NrdB

polypeptide. Based on sequence identity and
allosteric  properties class | RNRs are
subdivided into classes la and Ib, encoded
respectively by the nrdABs and the nrdEFs
genes. Class 11 RNRs use adenosylcobalamin
(AdoCob) as radical generator in a process
which is not affected by oxygen. They are
mostly a2 homodimers encoded by the nrdJ
genes. Class Il RNRs use S-
adenosylmethionine (AdoMet) and a small
activating protein, NrdG, to generate a stable
glycyl radical; structurally they are (a2B2),
with subunits encoded by the nrdDG genes.
Recent studies have established a connection
between class 1l RNR and the pyruvate
formate lyase (PFL) system: as in the PFL
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system, the NrdG protein of class 111 RNR
acts as an activase in the generation of the
glycyl radical of NrdD (Tamarit et al. 1999;
Torrents, 2001). The NrdG-activase harbours
one [4Fe-4S] cluster per polypeptide chain.
The glycyl radical, located at the C-terminal
end of NrdD is sensitive to oxygen.

RNRs are allosterically regulated
enzymes, capable of reducing all the four
common ribonucleotides. The binding site for
substrates and allosteric effectors is located on
the large a-polypeptide.  The substrate
specificity of the catalytic site for a given
ribonucleotide is determined by binding
specific  deoxyribonucleoside triphosphates
(dATP, dTTP, dGTP) or ATP to an allosteric
site termed specificity site. Classes la and 111,
and some class 1l RNRs contain an extra
allosteric site (referred to as activity site) which
activates or inhibits the overall activity of the
enzyme, with ATP and dATP acting as
enhancer and inhibitor, respectively (reviewed
in Jordan and Reichard 1998; Stubbe 1998).
RNRs are sophisticated enzymes, functionally
dependent on complex metabolites, which
may seen to indicate a recent evolutionary
origin of these proteins. That the
ribonucleotide reduction pathway in which
they are involved occurs in all modern
organisms studied to date, and that the
different RNR classes exhibit very similar
tertiary structures and catalytic mechanisms
(Reichard 1997; Stubbe et al. 2001) suggests
that they originated from a single ancestral
form, prior to the divergence of archaebacteria,
eubacteria, and eukaryotes. Indeed, as they are
essential for the production of the building
blocks for DNA synthesis (Reichard 1997;
Freeland et al., 1999) RNRs are hypothesized
to be involved in the transition from the RNA
to the DNA world, postulated to have

occurred via a methyl-RNA intermediate
(Poole et al.,, 2000). In addition, recent
studies suggest that the cenancestor (i.e., the
most recent common ancestor to all extant life
forms) must have been quite complex
metabolically, more similar to contemporary
forms than thought previously (Castresana and
Moreira 1999; Kyrpides et al. 1999). If the
RNRs had originated from each other by
duplication of the cenancestor, it would follow
that classes 11 and 111 RNRs (and also 1b) were
lost in Eukarya, because they are not present in
this life domain (see Gleason 1970;
Stutzenberger 1974). Yet, despite the
metabolic prominence of RNRs, this and other
fundamental questions, such as which is the
ancestral class from which all RNR derive, and
what is the contribution of lateral transfer for
their contemporary phylogenetic distribution
have not been addressed so far. Moreover,
RNRs have been largely neglected in efforts to
determine the functional content of the last
universal common ancestor (Kyrpides et al.
1999). To a great extent, this gap in our
understanding of the evolutionary history of
RNRs is attributable to that they constitute a
highly diverged protein family, which makes
the alignment of the primary sequences
complicated. In turn, structural information
becomes invaluable for identifying key active
residues (Russell, 1998a; Aloy et al., 2001a),
binding sites and surfaces (Russell et al.,
1998b) which can guide primary sequence
alignment, ultimately making possible more
detailed evolutionary analyses. The present
study aims to fill this gap using a reliable
alignment based on available structural
information on RNREs.

MATERIALS AND METHODS
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Sequence Retrieval and Alignment. Amino acid
sequences of ribonucleotide reductases were
retrieved from the GeneBank, EMBL, and PIR
databases (Release 65, December, 2000) with
the BLAST (vs. 2.1) sequence similarity search
tool. Blast probing of DNA and protein
databases was performed with the Blastp and
tBlastn programs  (Altschul et al., 1997).
Accession numbers for the sequences are given
in Table 1.

For alignment of the amino acid primary
sequences we adopted the following strategy:
first we aligned the sequences using the
ClustalX vs. 1.81 (Thompson et al. 1997)
program with the default gap opening and
extension penalties. We then adjusted the
alignments by eye, with the aid of the
GeneDoc vs. 2.6.001 (Nicholas and Nicholas
1997). Visual fine-tuning of the alignment
was conducted taking into account: i) data on
known three-dimensional structural properties
of the proteins (Logan et al., 1999; Uhlin and
Ekund 1994); ii) identified conserved putative
allosteric binding regions (Eriksson et al.,
1997); and iii) the alignment of the RNR
family hosted in the Pfam protein database
(which also incorporates 3D-structural data;
Bateman et al., 2000). First, sequences
pertaining to each RNR class were aligned
separately. ~ The resulting three multiple
alignments were then aligned to each other.
After removal of all gaps and ambiguities the
length of the alignment was 248 residues.
Crystallographic structures of the pyruvate
formate-lyase  (2pfl), NrdA subunit of
ribonucleotide reductase class la (1rlr), and
NrdD subunit of anaerobic ribonucleotide
reductase class 111 (1b8b) were obtained from
the Brookhaven Protein Data Bank (Berman et
al., 2000 - http://www.rcsb.org/pdb/ ) and
converted to protein sequence using the

STAMP package (Russell and Barton, 1992 -
http://barton.ebi.ac.uk/manuals/stamp.html).

The domain definition and evolutionary
families adopted for the analysis of the protein
sequences were those of the Structural
Classification of Proteins (SCOP release 1.53)
database (Murzin et al., 1995; http://scop.mrc-
Imb.cam.ac.uk/ ) and the Protein Families
Database of Alignments and HMMs (Pfam
release 6) database (Bateman et al., 2000;
http://www.sanger.ac.uk/Software/Pfam/ ).

Structural alignments and P, -value calculation.
Alignment of the 3D-structures was performed
with the STAMP package for protein structure
alignment and superimposition.  All the
alignments  were  double-checked, and
manually edited when required. Superposition
and calculation of the structurally equivalent
regions across the three proteins were also
conducted with the STAMP package.

Once the structural alignment is attained,
there is still to measure the corresponding
sequence identity and the probability of this
identity occurring by chance. For this goal
Murzin (1993) derived a P,4-value based on
the tendency of buried residues to be
hydrophobic and exposed residues to be
hydrophilic. It was originally applied to the
cystatin-monelin  similarity, ~ where  an
evolutionary relationship was inferred based on
a Pg-value of approximately 10°.  More
recently, Aloy et al. (2001) applied it to the
search for possible links between sequence and
structure spaces.

Phylogenetic analyses. We adopted a model-
based maximum likelihood approach of
phylogenetic inference (e.g., Yang et al. 1995;
Huelsenbeck and Crandall 1997; Rodriguez-
Trelles et al., 1999; 2000). We first built a
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protein distance matrix using a simple Poisson
model, and used this matrix to recover a tree
with the Neighbor-Joining algorithm. The
tree topology so obtained was then used as an
hypothesis for model fitting using the
likelihood ratio test. Amino acid substitution
models used in this study are all special cases of
the model of Yang et al. (1998); this model is
based on the matrix of Jones et al. (1992) with
amino acid frequencies set as free parameters
(referred to as JTT-F). Variation of
substitution rates across sites is accommodated
into the substitution models using the discrete-
gamma approximation of Yang (1996a) with
shape parameter a (setting 8 equally probable
categories of rates to approximate the
continuous gamma distribution; referred to as
dG models). The value of o is inversely
related to the extent of rate variation among
sites (Yang 1996a). The transition probability
matrixes of models, and details on parameter
estimation are given in Yang (2000).

Likelihood ratio tests are applied for
contrasting several hypotheses of interest. For
a given tree topology (i.e. Fig. 1), a model (H,)
containing p free parameters and with log-
likelihood L, fits significantly better the data
than a nested sub-model (H,) with q = p-n
restrictions and likelihood L, if the deviance D
= -2logL = -2(log L, - log L,) falls in the
rejection region of a ® distribution with n
degrees of freedom (Yang 1996b). We use
several starting values in the iterations to guard
against the possible existence of multiple local
optima. These analyses are conducted with
the program DAMBE (Xia 2000), and the

CODEML program from the PAML vs 3.0b
package (Yang 2000).

The model found to describe satisfactorily the
amino acid replacement process in the RNR
gene region is used as a hypothesis for
phylogenetic  reconstruction by  distance
methods. The estimate of o that we use in
distance computation is that obtained
simultaneously by the joint likelihood
comparison of all sequences in the first stage,
which can be considered the most reliable
(Yang 1996a). Statistical support for nodes of
the NJ trees is assessed using 50% majority-
rule consensus trees compiled from 1000
bootstrap replications (Felsenstein 1985).

RESULTS
Distribution of the nrd classes Across the Tree
of Life. Table 1 compiles available

information on the distribution of the
RNR classes across the archaea, eubacteria,
and eukarya life domains, as defined by
Woese (1987). Data about presence/absence
of RNR classes is continuously growing with
genome sequencing projects.  Three main
conclusions are: i) all three RNR classes are
represented in archaebacteria and eubacteria.
All archaebacteria exhibit RNR classes 11 and
I11, except for the cases of Archaeoglobus and
Thermoplasma, which contain only class II,
and Methanococcus which carries only class
I11; in contrast, class | RNR is represented only
in one single archaeabacterial species,
Halobacterium sp., which also bears class II.
(see Table 1).
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Table I. Ocurrence of Ribonucleotide Reductases in the species of this study

Methabolism  Sequence RNR Accesion
Species Status Classes numbers
EUKARYOTA
Metazoa
Homo sapiens AE G la P23921
Mus musculus AE g la P0O7742
Danio rerio AE S la U57964
Caenorhabditis elegans AE G la Q03604
Viridiplantae
Nicotiana tabacum AE g la Y10862
Arabidobsis thaliana AE g la T51813
Fungi
Neurospora crassa AE g la AF171697
Candida albicans AE g la AJ390500
Cryptosporidium parvum AE g la AF043243
Sacharomices cerevisiae AE G la(2x) P21524, P21672
Schizosaccharomices pompe AE g la P36602
Alveolata
Plasmodium falciparum AE g la AF205580
Eukaryota viruses
Bovine herpes virus AE S la P50646
Pseudorabies virus AE S la P50643
Varicella Zoster AE S la P09248
Herpes virus AE S la P08543
Vaccinia virus AE S la P20503
Varicela virus AE S la P32984
Spodoptera exigua
nucleopolyhedrovirus AE S la NC_002169.1
African swine fever virus AE S la NP_042739
Herpes virus A AE S la Q01037
Epstein Barr virus AE S la P03190
Orgya pseudotsugata virus AE S la U75930
ARCHAEBACTERIA
Euryarchaeota
Methanococcus jannaschii AN G 1l u67527
Methanobacterium
Thermoautotrophicum AN G 1 1 AE000666
Halobacterium sp. AE G la 1 AE005120, AE005073
Archaeglobus fulgidus AN G 1 AE000782
Thermoplasma acidophilum AE G 1 U73619
Pyrococcus furiosus AN g 1 1] U78098, TIGR UG
Pyrococcus horiskoshii AN G | 1 H71143, AP000001
Pyrococcus abyssi AN G 1 I AJ248288, AJ248283
Aeropyrum pernix AE G 1 AP000063
EUBACTERIA
Aquificales
Aquifex aeolicus AN/MI G la AE000657
Thermotogales
Thermotoga maritima AN G 1 Y12877
Thermus/Deinococcus group
Deinococcus radiodurans AE G Ib 1 AE001826,D75281
Green non-sulfur bacteria
Chloroflexus AN 1 Person. Commun.
Cyanobacteria I
Synechocystis sp. AE G la P74240
Low G+C gram-positive bacteria
Lactococcus lactis FA S Ib 1| AE005176
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Streptococcus pyogenes
Streptococcus pneumoniae
Streptococcus mutans
Staphylococcus aureus
Enterococcus faecalis
Mycoplasma genitalium
Mycoplasma pneumoniae
Mycoplasma gallisepticum
Bacillus stearothermophilu
Bacillus halodurans
Bacillus anthracis

Bacillus subtilis

Bacillus megaterium
Lactobacillus leichmannii
Clostridium acetobutylicum
Clostridium difficile

High G+C gram-positive bacteria

Mycobacterium tuberculosis
Mycobacterium bovis
Mycobacterium leprae
Mycobacterium avium

FA
FA
FA
FA
FA
AE
AE
AE

AE

AE
AE
FA
AN
AN

AE
AE
AE
AE

Corynebacterium ammoniagenesAE

Corynebacterium nephridii

Corynebacterium diphtheriae

Streptomyces coelicolor
Streptomyces clavuligerus

Cytophaga/Flexibacter/Bacteroides group
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Salmonella typhimurium FA g lalb 1] X72948,X73226,AF242390
Yersinia pestis FA g lalb 1l TIGR UG
Shewanella putresgasciens FA g 1 TIGR UG
Xylella fastidiosa G la C82710
Pseudomonas aeruginosa FA/AE G la 1 Il AE004545,AE004962,AE004618
Pseudomonas stutzeri FA/AE la I 1|
Eubacterya viruses
Roseophague S101 I NC002519
Mycobactiophage L5 G 1 S30995
Phage T4 G la 11l AF158101, AF158101
Notes: Glg genome sequence available (complete/partial)
S gene sequence known
TIGR UG TIGR Unfinished Genomes

Eubacteria exhibit the greatest diversity of
RNR classes within one single species. In this
life domain the three RNR classes occur
simultaneously  in the genomes  of
Pseudomonas aeruginosa, Clostridium
acetobutylicum, and Clostridium difficile; in
the remaining species it is possible to observe
every conceivable pair-wise combination of
RNR classes (1/11, 1/111, and 11/111). In Gram-
positive eubacteria, the majority of low-G+C
content  species  exhibit  class  Ib-Ill
combination; high-G+C content  species,
however, show almost exclusively class I,
sometimes in conjunction with class Ib. In
Gram-negative eubacteria the Proteobacteria
group exhibits the most diverse spectrum of
RNR class combinations: for example, E. coli
exhibits the two types of class I RNR (i.e., la
and Ib), and class 111 (see Table 1). ii) known
nrd sequences from eukaryotes all pertain to
the oxygen-dependent class la. Class Il (i.e.,
dependent on AdoCob) activity has however
been detected in crude extracts of the algae
Euglena gracilis, and the primitive fungus
Phithomyces chartarum (Gleason 1970;
Stutzenberger 1974). Albeit the corresponding
sequences for the nrd genes of these organisms
have not been obtained yet, reported activities
represent the first evidence pointing to that
eukaryotes can bear RNR classes other than la;
and iii) viruses have similar RNR classes to

their hosts.  Remarkably, however, viral
sequences show distinctive features in regions
of the amino acid chain involved in the activity
site of the enzyme (Nikas et al., 1986;
Berglund 1972).

Broadly speaking, the distribution of the RNR
classes fits what is expected from the
environment inhabited by the host genome
regarding to the presence/absence of oxygen:
aerobes have RNR class | (which requires
oxygen for functioning; e.g., the eubacteria
Treponema pallidum, and all eukaryotes
carrying RNR class 1a), Il (which is oxygen-
independent; e.g.,, the archaeabacteria
Aeropyrum pernix), or both (e.g., the eubacteria
Mycobacterium tuberculosis and the
archaeabacteria  Halobacterium sp.); and
anaerobes have RNR class Il (which is
inactivated by oxygen; e.g., the archaeabacteria
Methanococcus  jannaschii), 1l (e.g., the
archaeabacteria Thermotoga maritima), or both
(e.g., the eubacteria Porphyromonas gingivalis
and the archaeabacteria Methanobacterium
thermoautotrophicum). Beyond the constrains
imposed by oxygen, however, there is not an
obvious rule to anticipate specifically which
RNR class (es) (RNR 1, 11, or both, in aerobes;
or RNR 11, 111, or both, in anaerobes) is (are)
to be present in a given bacterium. Such
absence of a pattern might be best illustrated
by the genera Corynebacterium and Bacillus;
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these two genera each consist of a group of
closely related species which, however, differ in
their RNR class (es). Additional examples are
the  a-proteobacterium  P.  aeruginosa,
seemingly a strict aerobe carrying RNR 1lI
(together with classes I and 1), and the Gram-
positive-low-G+C C. acetobutylicum, which
bears RNR | (together with classes 11 and I11)
in spite that is a strict anaerobic.

Primary Sequence Alignment and Comparison of
Three-Dimensional  Structures indicate that
RNR classes are distantly related homologous.
In principle, homology of structure is better
conserved than sequence (Patthy 1999),
thereby remote homology of the RNR classes
might be expected to be better reflected by
comparison of their  three-dimensional
structures.  In turn, structural information
provides guidance for the alignment of the
primary sequences from the localization of
residues critical for binding the allosteric
effectors, as well as other residues of the active
site. 3D structures have been determined for
two out of the three different RNR, and are
available at the Protein Data Bank: the NrdA
subunit of ribonuclotide reductase class la
(Uhlin and Eklund 1994), and NrdD subunit
of anaerobic ribonucleotide triphoshate
reductase class Il (Logan et al. 1999). In
addition, the crystal structure of the pyruvate
formate-lyase (Becker et al. 1999) has been
solved; this glycil radical enzyme exhibits the
same glycil radical chemistry than the Class 111
RNR as well as most structural features,
thereby it is considered herein. For class Il
structure is not accessible, but a personal
communication structure has been reported to
exhibit the same fold (Stubbe et al. 2001).

The two representatives of the RNRs Class |
and 111, and pfl have the same structure. They

form a scaffold known as PFL-like glycil
radical, which consists of a 10-stranded a/b-
barrel that accommodates a hairpin loop
inside. Figure 1 and Table 2 show,
respectively the structure and RMSD values
that result after superposition of the three
structures. The degree of structural
equivalence is highest in the hydrophobic core
(corresponding to the active center of the
enzymes), and differences are confined to the
external loops.  The structural alignment
between 1b8b and 2pfl reveals a significant
degree of similarity (Ps-value < 107), hardly
detectable by mere comparison of the primary
sequences (see below). Apparently, these two
proteins shared a common ancestor. The
situation is different when these two structures
are aligned to 1rlr. Here, despite that the level
of sequence similarity after structural
alignment is insignificant (P,-value > 10%),
the residues that have been described to be
functionally important align nicely, always
occupying equivalent regions. This kind of
pattern has proven to be enough for assigning
two proteins to the same superfamily in cases
like ours, where other functional features are
also consistent.To ascertaining whether they
have already been assigned to a functional
family we run the three protein sequences
against the Pfam (Bateman et al. 2000)
database.

The NrdA subunit matched the Ribonucleotide
Reductases Pfam family; Class 111 anaerobic
ribonucleotide triphoshate reductase and
pyruvate formate-lyase matched the Glycil
Radical Pfam family along their last 150 C-
term residues, reinforcing that they share a
common ancestor..
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Table 2. Protein length and RMS Ds

1b8b 2pfi lir
1b8b 589 res
2pf 3.1A 7/ 451res 759 res
Irir 3.6A/331res 3.7A/ 345res 748 res

The number of residwes for each protein are shown in the table diagonal. Underneath the
diagona are shown the RMSDs and the lenght of the structurally equivalen regions.

1rlr E. ol NrdA X-ray gructure, 1b8b T4 phague T4 X-ray gructure and 2ofl E. ol
pyruvate formete lyase X-ray structure.

Figure 1.- Structural superposition of the 1b8b, 1rlr and 2pfl domains. The structurally
equivalent regions are shown in helix'n'strand representation and colored according to its
secondary structure (a-helices in blue; b-strantds in magenta and non structured regions in grey).
The different segments are shown in ribbon representation and colored after the different protein
families: R1 subunit of ribonuclotide reductase (1rlr) in green; Class 111 anaerobic ribonucleotide
triphoshate reductase (1b8b) in red and pyruvate formate-lyase (2pfl) in gold. The catalytic
cysteins are represented as a yellow balls.
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Figure 2. Alignment of eight representatives of the classes I, 11 and I11 RNR for the regions involved in
binding the effectors at the A) active site, B) activity site and C) specificity site. Amino acid similarity
groups are as follows: the hydrophobic residues L, I, A, V,M, F and W; R and K; D and E. Black and
grey shades denote sites showing 87% and 75% of the residues similar, respectively. Downward
arrowheads (t) indicate residues involved in effector and substrate binding (allosteric and active site) in

the 3D structure of the class la of E. coli.

Upward arrowheads (s) in A) indicate residues corresponding

to the active site in the 3D structure of class Il phage T4. The asterisk (*) indicates the cystein
responsible for initiating the reduction in all the three RNR classes.

Similar to the case of many other remote
homologues (see Holm and Sander 1994),
comparison of the aligned primary amino acid
sequences between the three RNR classes
reflects low pair-wise overall similarity.
Average within-class similarity values are 38%,
35%, and 36%, for RNR class I, I, and IlI,
respectively; interclass average global similarity
is largest between classes I and Il (25%), and
substantially lower (»10%) between RNR
classes I-111, or 11-111. Conservation of primary
sequence concentrates along short stretches
encompassing the two types of allosteric
binding sites (i.e. specificity and activity sites)
and the active site, which are critical for
maintaining the fold and function of the
enzymes.

In all non-viral ribonucleotide reductases
investigated so far specificity towards the
substrate is achieved basically in the same
fashion (Reichard, 1997). Therefore, it is not
surprising that the binding residues for the
allosteric effector in the specificity site (see Fig
2a) are almost identical for RNR classes | and
I1. In class Il this region also exhibits an
increased proportion of conserved residues
(specially aliphatic amino acids; see Fig. 2a);
they do not match those given above that have
been inferred from the X-ray structure of class
la (Eriksson, 1997); however, that they have
remained  basically  unchanged  during
evolution indicates that they probably are the
residues controlling substrate specificity in
NrdD as well.
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Talelll.- Results of thelikdihoodrato ted caried outontheRNR aminoacid

sequence wsedin tisstudy

RNR class

Ho : H | la

o - ! (55,419) (43,433)
Poisson : Passon+ dG 1,354.1 1,092.2

=1

a (from Poissor+-dG) 1.97 1.85
Poisson+dG : JTT-F +dG 5298 4213.8
a (fran JTT-F +dG) 1.53 1.50

b Il 1l al combired
(12,676) (22412) (21473) (98,248)
474 6731 3180 1,143.6
1.26 1.75 231 2.87
221@ 190% 1,912.7 2498

1.01 113 1.73 2.25

Note.- In eahrow, the nll hypdhess (H,) is canpaedwith ahypdhess (H,). Log-
likdihood Viaies are obtainedasumingtheNJ topdogy bsedonthePoissondistance
using thecomplete RNR sequenedaaset All valuesof thelikdihoodratio e
staistic (2lod. ) aesigrificant( < 10°). In paentheses ae given thenumberof

sequence andthelengthof theaigmmert foreach RNR class;
freedam; Poisson+ dG andJTT-F +dG are the PoissonandtheY ang

are degees of

(199%ee

thematerials andmethodssection) modés asuming discrete ganma rates d site

Figure 2 b shows the alignment of the N-
terminal region for the three RNR classes.
There is a conserved motif (V-x-KRDG-X-
Kl-x.5-1) which embodies the residues involved
in binding the nucleotides at the overall
activity site. From the alignment, and data on
enzymatic properties of the RNR there are two
different situations: on the one hand, the RNR
classes la, 111, and some class Il proteins, which
exhibit the conserved motif of the activity site,
and are inhibited by dATP; on the other hand,
the RNR classes Ib and the remaining class |1
proteins, which lack the first 50 residues of the
N-terminal end of the protein which host the
activity site, and are not inhibited by dATP
(Eliasson, 1999).

In the active site only one residue, the
transient radical cystein (Cys439 in the E. coli
class 1, Cys408 in the L. leichmannii class 11,
and Cys290 in the T4-phage class 1) is
conserved across all the three RNR classes.
This cystein is involved in substrate activation
by hydrogen abstraction from C3' of the
substrate.  In addition, two extra cysteine
residues also are highly conserved, at least
across classes | and Il: Cys225 in the E. coli

class 1, which corresponds to Cys119 in the L.
leichamanii class Il, and Cys79 in T4-phage
class I11; and Cys462 in the E. coli class I,
which matches with Cys419 in L. leichmanii
class 11, but becomes Asn311 in T4-phage class
1. Although these two residues are not
identical across the three classes, they occupy
the same position in the 3D structures, and
both are required for reduction of the first
cysteine residue mentioned above. The area
surrounding the transient radical cystein
exhibits the highest degree of similarity in the
alignment (see Fig 2c).

The rest of the alignment reflects the
peculiarities of each RNR class. Classes | and
Il are more similar to each other than to class
I11 in the C-terminal moiety; in this region the
first two classes contain a stretch of cysteines
that works putatively as an hydrogen acceptor
for the reductive system (Stubbe and van der
Donk, 1998); in addition, class Il exhibits an
extra domain with a conserved motif (D-x-H-
X-G-x14-V-X-x-G-x35-5-x-V-x36-G;
Tollinger,  1998), which  binds S-
adenosylcobalamin required to generate the
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Figure 3.- Neighbor-Joining (NJ) treebased onthe Poisson+dG (a=2.25; see Table 3) distance far
the RNR amino acid data. Branch lengths are propartional to the scale given in substitutions per
nuclectide. Percentage boatstrap vadues (based on D00 pseudo replications) are givenon the
nodes for trees A-C.
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radical. In class Ill, the domain containing
the glycil radical is located nearby the
active center in the crystal structure;
specifically, the glycil radical occupies the
same position than the tyrosine side chain
of class I, which is involved in the radical
transfer pathway.

Phylogenetic inferences. Table 3 shows the
log-likelihood ratio statistic values for
models. Log-likelihood values are derived
assuming the topology obtained with the
Neighbor-Joining algorithm based on the
Poisson distances between pairs of amino
acid sequences, separately from each RNR
class (I, lIa, Ib, 11, and I11), and from all the
three RNR classes pooled together. dG
models (i.e., Poisson + dG and JTT-F+dG)
are always better than their uniform
counterparts (i.e., Poisson and JTT-F; not
shown), meaning that variation among
sites in the rate of amino acid substitution
is a significant feature of the nrd data (see
Table 3). Also, using an empirical matrix
of substitution rates with the amino acid
frequencies set as free parameters with the
JTT-F+dG model of Yang et al. (1998),
yields better likelihood scores than
assuming an equal rate of change between
any two amino acids with the Poisson+dG
model (see Table 3). Table 3 also gives the
estimates of the parameter a of the discrete
gamma distribution obtained from each
model. The Poisson+dG model produces
systematically greater values of a than the
JTT-F+dG model (i.e., 1.97 vs 1.53, 1.85
vs 1.50, 1.26 vs 1.01, 1.75 vs 1.13, 2.31 vs
1.73, 2.87 vs 2.25; for nrd I, Ia, Ib, 11, and
i, respectively; see  Table 3),

underestimating the extent of the
substitution rate variation from site to site.
As inferred with the JTT-F+dG model, nrd
classes Ib and IIl show the lowest (1.01)
and the largest (1.73) values of a,
respectively. When the sequences of all the
three RNR classes are pooled together the
value of a increases (2.25; Table 3),
because of a reduction in the proportion of
invariable sites in the alignment. It should
be noted, however, that the a values for
the RNR classes shown in Table 3 were
obtained from different data sets, involving
different species and numbers of sequences,
so they can not be compared.

Figure 3 shows the unrooted neighbor-
joining tree based on the Poisson+dG pair-
wise amino acid distances, using the
ungapped alignment of all the RNR
sequences of this study. The value of a
used for distance calculation is that
obtained by joint likelihood comparison of
all sequences using the JTT-F+dG model
(i.e., a=2.25; see Table 3). The following
general patterns are observed: i) the three
RNR classes form three separate clusters,
highly supported statistically (bootstrap
values are 71 for RNR class I, and 99 for
RNR class 111, i.e., above the 70% Hillis
and Bull’s 1993 criterion); under the
assumption of common ancestry, this
observation would mean that the three
RNR classes evolve independently from
each other since before the diversification
of the tree of life. Within RNR class I,
class Ib forms a cluster clearly
differentiated from class la (class Ib splits
from within class la, but this branching is
insignificant); class la groups eukaryotes
apart from eubacteria, and divides the
latest ones into two different clusters;
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overall, species relationships are less
defined from class la than from class Ib,
pointing to that class la has diverged faster.
i) RNR classes | and 11 are more similar to
each other than to class I11. iii) sequences
from eukaryote viruses form a cluster
which split before the diversification of the
RNR class la of their eukaryote hosts. In
addition, RNR class Il of Lactobacillus
leichmanii forms a strongly supported clade
with that of bacteriophages
Mycobacteriophage L5 and Roseophage
S101 (bootstrap value 97); apparently, this
clade split before the diversification of the
remaining RNR class Il sequences. And
iv), overall the phylogenetic relationships
among the sequences reconstructed from
each nrd class do not match the phylogeny
of the species. Thus, for example although
RNR class la groups eukaryotes (and
eukaryote virus) together, is however
unable to resolve the base of the eukaryote
tree, and clusters different bacterial
lineages intertwined with each other;
particularly noticeable is the positioning of
the archaea Halobacterium, which forms a
strongly supported cluster with the
eubacterial lineages of P. aeruginosa and
Chlamydia. In addition, the phylogenetic
trees yielded by each RNR class are not
congruent with each other. Topological
inconsistency between trees is not caused
by differences in the set of outgroups used
for the rooting of each RNR class (i.e.,
RNR classes I, Il, and 111 are rooted using
RNR classes Il and I, I and 111, and I and
I, respectively), because the neighbor-
joining trees obtained for each RNR class
separately are basically identical to their
counterparts in the global tree shown in
Figure 3 (results not shown). Apparently,

the three RNRs evolve in a fashion beyond
the limits imposed by the phylogenetic
history of their hosting lineages.

DISCUSSION
RNR represent highly plastic proteins at
the level of their primary sequence

(similarity between classes ranges from
25% to 10%) yet, as we unveil herein,
strikingly conserved structurally (see figure
1), in addition all maintaining the same
protein radical chemistry.  Our study
favors that all modern RNR (classes I, 11,
and Ill) share a common ancestor that
lived before the diversification of the tree
of life; the different RNR arose from each

other by duplication, followed by
divergence with acquisition of new
adaptations (i.e., regarding to their

function and how it is affected by oxygen).
Taking into account what is currently
known about the function and distribution
of RNRs across the tree of life, together
with the results of the present study, next
we will try to trace back some prominent
episodes that configure the evolutionary
history of this highly heterogeneous
protein family.

Our first question concerns which RNR
arose first.  Figure 4 illustrates several
hypotheses for the origin of the three RNR
classes under the assumption that they
arose by duplication from each other in the
cenancestor, before the diversification of
the tree of life. Figure 5 depicts the
present-day relationships among RNR
classes that are expected from nine
different duplication scenarios (a trivial
scenario, that the three classes derived from
each other at the same time, i.e. star tree, is
not depicted).
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1

t2

Figure 4.- Origin by duplication of the three
known nrd gene classes under the assumption
that they derive from a single unknown,
primitive nrd gene (denoted by ?) in the
cenancestor. t1 and t2 denote the time of the first
and second duplications, respectively. Each line
type corresponds to one nrd class. Branch lengths
are not intended to have time or substitution rate
meaning.

In order to discriminate among these
hypothetical scenarios we need to know the
direction of character evolution along the tree
shown in Figure (4); yet, this tree is an
unrooted tree (i.e., a network). Deciding the
polarity of this network is complicated by the
fact that there are not outgroups (i.e., external
sequences that can be used as a reference)
available, and because different RNR classes
involve different sets of taxa, which can affect
the location of the root by alternative methods
such as the midpoint-rooting method. The
positioning of the root by this technique
would, however, be reliable if the different
RNR classes were represented by the same
species.  Therefore we circumscribe this
analysis to C. acetobutylicum and P. aeruginosa,
the only species carrying RNR from the three
classes; while this circumstance does not imply
that the three RNR classes have been present
in these two species since they split from their
ancestor (see below), it seems a reasonable

assumption to start with. Figure 6 shows the
neighbor-joining topology obtained for the C.
acetobutylicum and P. aeruginosa RNR data
subset using the poisson + dG model (a = 2.5;
obtained with the JTT + dG assuming the
unrooted topology implied by Figure (5), with
the position of the root inferred by the
midpoint rooting method.  This method
assumes that the most divergent taxa in the
phylogeny evolve at equal rates. To check this
premise we tested the somewhat more
restrictive assumption that the rate of
evolution is the same for all taxa (i.e., the
global clock assumption). The likelihood ratio
test was performed using the JTT-F + dG
model assuming the same topology as in
Figure 5 (i.e., rooted along the branch 2-5).
Relaxing the global clock assumption does not
lead to a significant improvement of the
likelihood score (-2log L = 12.9; 5 d.f.,
P>0.01). Moreover, placing the root along the
branch 2-5 yields a likelihood score which is
significantly better than the likelihood scores
that result from positioning the root along the
branches 2-3 or 2-4 (-2log L = 123.2; 5 d.f,,
P<10°® in both cases; by the RELL test of
Kishino et al. 1990), which reinforces the
hypothesis that branch 2-5 is the true location
of the root. Consequently, we can rule out
scenarios b, c, e, f, g, and h in Figure (5), after
which we are left with three alternative
hypotheses for the origin of the RNR: a)
assumes that RNR class | is the most primitive
class, from which first originated RNR 111, and
subsequently RNR class 1I; d) assumes that
RNR class 11 is the ancestral from which first
originated RNR class 11l, and subsequently
class I; and g) assumes that RNR class 111 is the
ancestral from which originated either class |
or class Il, whichever had been gave place to
the other. The relative likelihood of these
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three hypotheses will be discussed below in  what is known about the conditions of the

connection with available data on structural primitive earth.

and functional properties of the enzymes, and  Using the global clock tree shown in Figure 6
it is possible to obtain an estimate for the age
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of the duplications. As calibration point for
the clock we set the time of the split between
Pseudomonas and Clostridium, inferred from
other sources to have been 2,200 My ago (Da-
Fei et al. 1997; Doolittle et al. 1996). Indeed,
because this split event has been recorded
separately by each RNR class (nodes 3, 4, and
5 in figure 6), it is possible to obtain three
different time estimates for each duplication.
Accordingly, the times for the first and second
duplications are 9,035.7 and 4,714.3, 5,060.0
and 2,200.0, and 3,892.3 and 2,031.8 MY
ago, using nodes 3 (i.e., class 1), 4 (i.e., class
I1), and 5 (i.e., class I11), respectively. Clearly,
time estimates produced by RNR classes | and
Il are unrealistic, because they are older than
the age of the earth (c.a. 4,500MY). Time
estimates produced by class 11l RNR are more
reasonable, although the inferred age of the
second duplication is younger than the split of
Clostridium and Pseudomonas. At any event

these estimates are rough, likely inflated (e.g.,
influenced by greater mutation rates of the
primitive life, owed to the lack of DNA repair
mechanisms together with larger rates of
ionizing radiation), with large standard errors
(plus that of the calibration point), and are
only intended to be illustrative. Accordingly,
the first duplication is probably very old; and
the time span elapsed between the first and
second duplications was probably large,
between 1500 and 2000My, with the second
duplication occurring little  before the
diversification of the tree of life (or little after,
as it will discussed below).

Because nodes 3, 4, and 5 in Figure 6 are
simultaneous in time, under constant
evolutionary rate the branches leading from
them to the terminal nodes should be of the
same length. Yet, this is clearly not so (e.g.,
the branch 2-3 is nearly three times larger than
the branch 2-4; see Figure 6). We have
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conducted a likelihood-ratio test of the null
hypothesis that branches 2-3 and 2-4 are equal
using the JTT-F + dG model and the topology
shown in Figure 6 without the global clock
assumption (test carried out with the HYPHY
program; Kosakovsky Pond and Muse 2000).
The unconstrained model is significantly
better than the model constraining the two
branches to be equal (- 2logL=3.54; 1 d.f., P <
0.06), meaning that the evolutionary distance
between Clostridium and Pseudomonas is
significantly shorter when measured from
RNR class I, than when estimated from RNR
classes 11 or 11l. Because, as we noted above,
class I leads to unrealistically large estimates of
the age of the duplications, it seems reasonable
to assume that this class is in fact evolving
slower than classes Il and I1l. This result is
consistent with the inference that the tree
shown in figure 6 fits the global clock
assumption (see above), because increases and
decreases in the rate of evolution of each RNR
protein could have cancelled out each other on
the long term. There are at least to hypothesis
to explain why class | appears to be evolving
slower: i) a larger proportion of the amino acid
sites of this protein might be submitted to
purifying selection; yet, there is not an obvious
reason why RNR class | should behave
differently to RNR class Il and 111 regarding
adaptation, moreover considering the large
evolutionary time involved; and ii) the gene
encoding this protein could have arrived
relatively recently to the genome of
Clostridium by lateral  transfer  from
Pseudomonas, or the other way around.

There are two extreme points of view with
regard to the importance of horizontal gene
transfer in early evolution. The two notions
nonetheless agree that for lateral transfer to
occur, first the gene to be transferred should

confer a selective advantage on the recipient
species; and/or second a strong selective
environment favoring the growth and survival
of the species containing the transferred gene
should exist (see Gupta 1998). Considering
the relevance of their metabolic role, together
with different susceptibilities of RNR types to
oxygen it seems fairly reasonable that at least
the second scenario should have been a factor
for lateral RNR transfer in the early times of
evolution. Besides the unexpected closeness
between classes | of Clostridium and
Pseudomonas discussed above, lateral gene
transfer (together with randomization of the
phylogenetic signal) could account for the
tangle-like configuration of the global tree
shown in Figure 3; horizontal transmission
might be most apparent from several highly
supported  statistically,  yet  erroneous
relationships in this tree. For example the
position of the archaea Halobacterium sp close
to the eubacteria Pseudomonas and Chlamydia
from nrd I (see Figure). In fact, lateral transfer
from eubacteria has been hypothesized to
explain the sudden appearance of ribulose-1,5-
biphosphate, a very complex enzyme which is
absent in all primitive archaea, in another
halobacterium, Haloferax mediterranei (Rawal
et al. 1988); moreover, another allegedly
aerobic archaebacteria (e.g., Thermoplasma
acidophilum, or Pyrodictium) are devoid of
class I RNR (they carry solely class I1). As we
have already noted, so far Halobacterium sp. is
the only archaea known to bear RNR class I; if
we accept that Halobacterium sp. obtained its
class 1 RNR by lateral transfer from an
eubacterium (instead of vertically from the
cenancestor), it might be the case that
archaebacteria never had class | RNR.

Put together, the considerations above lead to
a hypothesis for the origin and subsequent
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evolution of the different RNR classes. Based
on Earth’s geological history, the conditions
under which the earliest organisms evolved
were anaerobic. Because it can function solely
under strict anaerobic conditions this would
point to RNR class 11l as the primitive form
from which derived all others. Nonetheless,
class I RNR can function either with or
without oxygen, such that this duality of class
Il might alternatively be the ancestral state,
rather than a feature evolved later in evolution,
eg. as an adaptation to oxygenic
environments. This scenario seems, however,
quite unlikely: first, AdoCob, the molecule
that activates class Il RNR, is conspicuously
more  complex  structurally than  S-
adenosylmethionine (AdoMet), the activator
(together with an extra activator protein) of
RNR class IlI; in fact, AdoMet has been
dubbed poor man’s AdoCob (Frey 1993) for
this reason. Moreover, AdoCob biosynthesis
involves many more steps, and enzymes (Roth,
1996) than AdoMet, whose production is
comparatively straightforward. Second, RNR
I11 relies upon a Fe-S cluster, located in the
protein NrdG, to generate its glycil radical; it
is widely held that iron-sulfur clusters are one
of the most ancient, ubiquitous and
functionally diverse classes of biological
prosthetic groups (Beinert, 2000), to the point
that all chemical conversions of the primordial
metabolism might have occurred on the
surfaces of iron-sulfur minerals (Huber and
Wichtershduser,  1997). Third, the
primitiveness of RNR Il is also favored
because this enzyme uses formate as external
reductant  (Torrents 2001), and this
compound is much simpler than the
thioredoxin and glutaredoxin system used by
class 1 RNR. And fourth, class Il RNR
greatly resembles pyruvate formate lyase. PFL

catalyzes a key step in anaerobic energy
metabolism thereby should have appeared
early during the evolution of life (Reichard,
1997). It could then have occurred that an
enzyme similar to present day class Il
reductase ursurped the radical mechanism of a
primitive form of the PFL to evolve into a
ribonucleotide reductase; indeed, given the
apparent structural similarity between the
enzymes (Reichard 1997), the possibility that
class 111 ribonucleotidase have evolved directly
from duplication of the lyase can not be
discarded. And fifth, Table 1 shows that an
anaerobic microorganism can live indistinctly
with class 1l or class Il (e.g. Methanococcus
jannaschii and Chlorobium tepidum); note that
for these two species the whole genome has
been sequenced, such that the possibility that
they could have additional, non described nrd
genes can safely be ruled out. Keeping this in
mind, it is not clear which advantage could
provide the origin of class 111 from class 1l. In
principle, it makes more sense that class Il
originated from class I, allowing the
exploitation of increasingly aerobic conditions.
It seems, therefore, fairly sensible that RNR
class 111 represents the primitive RNR class.

From our clock estimates, this ancestral form
of class 111 RNR should duplicate very early in
evolution to give place to class Il RNR. Free
of functional constraints, the extra copy of
RNR class 111 could have evolved rapidly into
class Il; this process could have occurred only
by changes in the C-terminal end of the
protein, involving loss of the glycil radical
generator glycine residue, with concomitant
acquisition of affinity for AdoCob (i.e., an
oxygen independent radical generator). Freed
of the constraints imposed by oxygen, this new
RNR class would have allowed colonization of
existing oxygenic environments. There is good
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evidence that in Earth’s early atmosphere
traces of oxygen existed as a consequence of
the photolysis of water, which could make
possible the existence of localized oxygen oases
(Kasting 1993). Both RNR classes coexisted
until the cenancestor split into archaea and
eubacteria. The second duplication took place
much later (about 2,200-2,000My ago,
according to our clock estimates from RNR
classes Il and [Ill, respectively) in the
eubacterial lineage, and gave place to class |
from class 11 RNR. This would explain why
current archaea seems to be devoid of class |
RNR (except Halobacterium, which appears to
have obtained its class 1 RNR by lateral
transfer; see above). Note that our estimates
place the date of the second duplication within
the limits of the transition from a reducing to
an oxygenic atmosphere, hypothesised to have
occurred between 2300 and 1800 My ago;
(Klein et al, 1992); therefore it seems very
likely that RNR class | emerged coinciding
with the establishment of a selectively
favourable environment, especially because
released the synthesis of deoxyribonucleotides
from the need of AdoCob (note that AdoCob
synthesis is restricted only to some bacteria and
archaea; many animals and protists require
AdoCob but they can not produce it, and
plants and fungi neither synthesize nor use
AdoCob in their methabolism; Roth et al.,
1996). In a latest step, fusion of a RNR class
I-carrying-eubacteria with an archaea (Gupta
1998) would have originated an eukaryote cell
bearing the three RNR classes; classes Il and
I11 would have however degenerated in mots
eukaryotes, with the concomitant development
of aerobic metabolism.  Also, because all
eukaryote class I RNR pertain to the type Ia, it
seems most plausible that class 1b RNR
originated from class la in eubacteria after the

origin of the eukaryote cell. The derived status
of RNR class Ib with regard to class la is also
supported by the observation that class Ib is
the only RNR lacking allosteric control.
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Caracteritzacio genética de la regié nrdHIEF que codifica

la Ribonucleotidil-Reductasa de classe Ib de
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Abreviatures: RNR, ribonucleotidil reductasa; HU, hidroxiurea

Resum:

En la regio nrd es troben 5 ORF diferents que es transcriuen en tres transcrits

independents, nrdHIE, nrdF i un tercer que hem anomenat ORF. Els nivells del transcrit

nrdF son 10 vegades superiors als del nrdHIE, la seva expressio és de cicle cel-lular

dependent i es troben sota el control d’un regulador analeg a FUR i d’altres sistemes que

responen a I’estrés oxidatiu. La proteina codificada en 'ORF és un factor transcripcional de

la familia GntR que regula la transcripcié de gens involucrats en el metabolisme del

carboni.

Introduccio

Les Ribonucleotidil-Reductases (RNR)
catalitzen la reduccié dels ribonucleotids als
seus  corresponents  desoxiribonucleotids,
necessaris per a la replicacio i la reparacié del
DNA.

Fins al moment s’han descrit tres classes
diferents de RNR (classes I, 11 i I11) atenent la
seva estructura, metall i cofactors requerits per a
la catalisi. Totes elles mantenen en comu la

regulacid al-losterica i la preséncia d’un radical

[liure proteic necessari per inicialitzar la reaccio
enzimatica (Jordan, 1998).

La classe | sols és activa en condicions
aerobiques i es troba en totes les cel-lules
eucariotiques i en alguns procariotes i virus. Se
subdivideix en dues subclasses (classes la i Ib)
segons les diferéncies en la seva estructura
primaria i en la regulacio al-lostérica. Els gens
nrdA i nrdB codifiqguen per a les subunitats

NrdA i NrdB de la subclasse la i els gens nrdE i
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nrdF codifiquen per a les subunitats NrdE i
NrdF de la subclasse Ib, respectivament.

La RNR de classe 11, codificada en el gen nrdJ,
s activa tant en preséncia com en abséncia
d’oxigen. Es troba present en procariotes i en
dues espécies d’eucariotes, el flagel-lat Euglena
gracilis i el fong Pithomyces chartarum (Harder,
1993). El tret caracteristic d’aquesta classe és la
seva dependeéncia per la S-adenosilcobalamina
(AdoCob), que seria
subunitats NrdB i NrdF de la classe I.

La RNR de classe 111 esta codificada en els gens

I'equivalent a les

nrdDG i s6n funcionals només en condicions
d’anaerobiosi estricta. Es troba distribuida tan
sols en el mén procariotic. L’activacio de la
NrdD
adenosilmetionina (AdoMet), de la proteina

proteina requereix de la S-
NrdG, que conté un cluster de ferro i sofre, del
format i d’un sistema reductor que, in vivo, és
el sistema de la flavodoxina i flavodoxina
reductasa i que és substituit per la deazaflavina
(DAF) in vitro.

Corynebacterium ammoniagenes és un bacteri
Gram positiu no esporulat de baix contingut en
%G+C. Pertany a la familia dels micobacteris,
és un microorganisme immobil i de gran
importancia en la indUstria, ja que s'utilitza per
a la produccid6 d’aminoacids i nucleotids
(Collins, 1987).

Treballs previs realitzats al nostre laboratori ens
han permeés aillar els gens nrdH, nrdl, nrdE i
nrdF que codifiquen per a la RNR activa de
Corynebacterium ammoniagenes i caracteritzar-la
com una RNR de classe Ib (Fieschi, 1998.,

Huque, 2000). Antigament s’havia considerat
aquesta RNR com una nova classe ja que
depenia de manganes per al seu creixement.

nrdEF d’E. coli i
typhimurium s’han estudiat pero son inactius i

Els gens Salmonella

en canvi en aquest treball hem estudiat per
dels
de C. ammoniagenes que

primera vegada la regulacio
nrdEF
codifiquen per a una RNR de classe Ib activa.

genetica
gens

Hem analitzat tant I'organitzacio genetica com
la regulacié transcripcional sota diferents

condicions fisiologiques.

Material i metodes:

Soques, plasmidis i condicions de creixement:

Les soques i plasmidis d’Escherichia coli i
Corynebacterium ammoniagenes i aixi com els
oligonucleotids utilitzats en aquest treball, es
descriuen a les taules I i 11. Les soques d’E. coli
es van fer créixer en medi LB o TB a 37°C. El
medi BHI (brain infusion heart, Oxoid) va ser
utilitzat per al creixement de C. ammoniagenes a
37°C o0 a 30°C. Quan era necessari, els
antibiotics i substrats cromogenics eren
suplementats en el medi de cultiu a les
concentracions indicades a  continuacio:
ampicil-lina 50 ng/ml, kanamicina 50 ngy/ml,
cloramfenicol 3 ny/ml, 5-brom-4-clor-3-
indolil-b-galactopiranosid (X-Gal) 30 ng/ml
per al creixement d’E. coli i kanamicina 50
ny/ml i cloramfenicol 8 ny/ml per al
creixement de C. ammoniagenes. Per obtenir

condicions de deprivacié de ferro, el medi era
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Taula l. Soques utilitzades en aquest treball.

Soques Genotip ocaracteristiques Origen
E sdeicha adi DH5a recAl, endAlL, helR17, sipE 44, thi-1, grA 96, rdAl, D(laZYA-argF) Stratagene

U169, daR ®80dlazM15
E sdeicha odi MC1061 araD139, A(ara-lau)7697, gdE 15, glK16, A(lagX 74, rpsL (Str), heoR2(r ', m¢*),  Lab. stock

McrA, merBl
Cayndataium anmmieges WT  Type drain ATCC 6872 ATCC
Plasnids
pBluescriptSK(+) E. ol vector de donaci6 i sequienciacio, Ap'. Stratagene
pGEM-T ey E. ol Vector per cbnar produces dePCR, Ap'. Promega
pK18mob E. ol vedor de clonacid, seqlienciacié i per construir mutants, Kn'. Schafer et al (1994)
pCM502 Vector “Prande pide’ amb la zona sense promotor del gen de lab-gd, Cm'.  Schmitt, M.P (1997)
pPEKO E.cdlC. ammonagresshuttle \ector, Kn'. Eikmanns ¢ al (1991)
pPEKE x2 E. ol- C. ammonagresvector d'exressio. Eikmanns ¢ al (1991)
pUAT728 Sad C. anmmiagresfragment genomic que conté hregid encera nice F Fieshi & al (1998)
pETS001 pCM502 que conté el momotor per el gen nioF Aquest treball
pPETS002 pPCM502 que conté el pomotor per el gen ORF Aquest treball
pETS003 pPCM502 que conté el womotor per el gen nidHIE Aquest treball
pETS004 PEKEX 2 que conté el gan ORF Aquest treball
pPETS005 pK18mob que conté un fragment del gen nidF Aquest treball
PETS006 pK 18mob que conté un fragment del gen per a un transportador de glucosa ~ Aquest trehall
PETS007 pK18mob que conté un fragment del gen nice Aquest treball
pPETS008 PCM502 que conté bk regié promotora del gen nicE Aquest treball

suplementat amb I'agent quelant 2,2’-dipiridil ~ recombinant va ser introduit en E. coli

(DIP) a una concentraci6 final de 150 M. mitjancant  transformacio  en  cel-lules
competents de clorur de calci (Sambrook,
1989). Per a la purificacio dels fragments de
DNA, la banda es fonia a 50°C en Nal 6 M i es

recuperava utilitzant el sistema DNA Clean-up

Tecniques generals de biologia molecular:
Les preparacions plasmidiques, digestions

enzimatiques, hibridaci6 de DNA i les

Taula Il Primers utilitzats en aquest estudi

N Umero Nom Sequéncia

1 NrdHup 5- ATGTCTATCACTCTTTAC -3’

2 Nrdlup 5- GTGCTGGTCGTGTACTC -3’

3 Nrdllow 5- TTTTAGCTGGCTTGTTTTTC -3

4 NrdEup 5- GTGACTCAACAATTGG -3’

5 NrdElow  5-CGTCAGCGTTTTCGCGC -3’

6 Inter-Up 5- GCAGATCTTCGCATGGCGC -3

7 NrdFup 5- GTGTCGAAT GAATATGACGAG -3

8 Inter-Low  5- GGATCTGTGTGGTTAGCG -3'

9 NrdFUp 5- ACAGATCGTACATAAGGTCG -3’

10 Inter3273up 5- GAGCGATCTTTGCTGTGCC -3’

un ORFLow  5-GTTGCTCCGCTTCATCGCGGC -3

2 InterCory12lw 5'- CTGCAG GGAGGTTAAACGTTTATG -3

13 laczup 5- ATGTCAGATGTGCGGCGAGTT -3

14 lacZlow 5- ATTCCCCAGCGACCAGATGAT -3

15 CoryProEup 5- GTCGACCTACCGAATGTGCGG -3

16 CoryProElow 5- CCCGGGTGAAGCTGTAAGCGCGC -3

17 CompFup  5- AGAATTCTGTCTTACTACACAACGG -3

18 CompFlow 5- AGGAATT CCGCCCACCGTGCCC -3

19 CoryléSUp 5- GCAGCCGCGGTAATACGTAGG -3

20 Coryl6SLow 5- AAGGGGCATGATGATTT GACG -3
[ligacions es van realitzar segons les técniques  system (Promega). Per a la seqienciaci6 del
estandards (Sambrook, 1989). EI DNA DNA es va utilitzar el kit BigDye Terminator
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Kit i el seqienciador ABI prism 310 (Applied
Biosystem).

Electroporacio de C. ammoniagens.

Les cél-lules electrocompetents es van obtenir a
partir de cultius de C. ammoniagenes crescuts en
10 ml de medi LB a 30°C fins a una OD., de
0.4-0.6. En aquest punt, les cél-lules es
mantenien en gel durant 5 minuts i a
continuacid, eren centrifugades a 5.000 rpm
4°C en un tub de

polipropile. El pel-let era resuspés en 1 mi

durant 10 minuts

d’aigua destil-lada freda i després es transferia a
un tub eppendorf i es tornava a centrifugar. El
proces de rentat en 1 ml d’aigua esteril freda es
repetia tres vegades meés. En I'dltim rentat es
resuspenia el pel-let en 1 ml de glicerol 10% i,
finalment, després de centrifugar-lo una altra
vegada, es resuspenia en 80 m de glicerol 10%
fred.

En [Ielectroporacié s'utilitzaven 40 m de
cél-lules electrocompetents que es barrejaven
amb el DNA plasmidic (0.5-1 ng) en una
cubeta d’electroporacié freda (2 mm entre
electrodes, Biotechnologies and Experimental
Research Inc., BTX). L’ electroporador utilitzat
era del tipus BTX Electro Cell Manipulator 600.
Les condicions varen ser: voltatge 2.500 V,
resistencia 326 W. Després del pols eléctric, la
solucio6 es va resuspendre en 1 ml de BHI i es
va incubar durant 3 hores abans de la sembra
en placa.

Analisi transferéncia Southern.

El DNA cromosomic de C. ammoniagenes va
purificar-se  segons el metode  descrit
anteriorment (Fieschi, 1998). EIl DNA va ser
digerit, separat en un gel d’agarosa al 0.7% i
transferit per al buit sobre una membrana de
de DNA
especifiques per al gen nrdD de Lactococcus
nrd) de
nephriddii, els gens nrdg, nrdF i nrdl de C.

nil6. Es van utilitzar sondes

lactis, el gen Corynebacterium
ammoniagens i els gens nrdAB, nrdJ i nrdDG de

Pseudomonas aeruginosa. Els corresponents
fragments de DNA es van marcar mitjangant la
PCR, dUTP-

digoxigenina. Es van utilitzar condicions d’alta

tecnica de la utilitzant
estringéncia tant en les hibridacions com en els
rentats tal com es descriu a (Torrents, 2000).

Construcci6 i analisi de les fusions géniques amb
lazZ:

Per a la construccio de la fusio transcripcional
dels gens nrdHIE i la regi6 ORF-nrdF al gen
lacZ es va utilitzar el plasmid promoter probe
pCM502 (Schmitt, 1997). Les
promotores dels gens nrdF i ORF es troben

regions

molt properes entre elles, per aixd vam utilitzar
en ambdds casos els primers 8 i 10 (taula 1) que
amplifiquen un fragment de 698 pb que
posteriorment va ser clonat en el plasmid
PGEM-T easy vector. Aquest plasmidi va ser
digerit amb EcoRI i Pinsert alliberat va ser
clonat en el plasmidi pBSK(+). L’orientacio de
I'insert, que correspon a cada un dels
promotors dels gens nrdF i ORF, va ser
restriccio. El

determinada per fragment
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BamHI-Sall es va lligar al plasmidi pCM502 i
es van generar els plasmidis pETS001 i
PETS002 que contenen els promotors del gen
nrdF i del gen ORF, respectivament. Per a la
fusio PnrdE-lacZ, en primer lloc es va clonar un
fragment EcoRV de 1.716 pb alliberat a partir
del plasmidi pUA728 en el plasmidi pBSK(+).
Aquesta construcci0 va ser digerida amb
BamHI-Sall i vector
pCM502, i es va generar el plasmidi pETS003.
L’analisi de I'activitat b-galactosidasa en E. coli

es va clonar en el

es va realitzar per triplicat amb mostres
permeabilitzades amb tolué i tant I'assaig com
la determinacié de les unitats enzimatiques es
realitzaren seguint el procediment descrit per
Miller 1989). Per a les
determinacions a C. ammoniagenes les mostres

(Sambrook,

es centrifugaven i es resuspenien en tampé Z.
Després de sonicar les mostres, es mesurava
I'activitat b-galactosidasa de la mateixa manera
que en E. coli pero amb la diferencia que les
unitats enzimatiques es corregien per la
quantitat de proteina total de la mostra
emprada. Per determinar si en el transcrit
nrdHIE hi havia un promotor intern per davant
del gen nrdE es va clonar la regi6 5’ d’aquest
gen mitjancant els primers 15 i 16 i es va clonar
en el vector pCM502 mitjancant les dianes
BamHI-Sall, aixi es va generar el plasmidi
pETS008.

Manipulacio i analisi de 'RNA:
L’'RNA total de C. ammoniagenes va ser aillat
utilitzant el kit High Pure RNA Isolation Kit

(Roche) la casa

comercial.

seguint el protocol de
Per a la sintesi del cDNA es va utilitzar I'enzim
AMV (Promega) i una aliquota de I'RNA extret
(3 ny). La reaccid es va dur a terme segons el
protocol detallat per (Jordan, 1996), amb la
diferencia que la temperatura de la sintesi del
cDNA va ser de 48°C. Després de la RT-PCR
totes les mostres eren comprovades per tal de
descartar que estiguessin contaminades de
DNA mitjangant amplificacié per PCR sense
afegir-hi AMV. Per la semiquantificacié el
competidor per al gen nrdF de 550 pb es va
generar utilitzant els primers 17-18 i 7-9 i es va
generar una delecio interna de 200pb. Per al
competidor del gen nrdE (de 630 pb) es va
clonar el fragment generat pels primers 4 i 5 en
el vector pGEM i posteriorment es va autolligar
una digestio EcoRI, amb la qual cosa es va
generar una delecio de 220 pb.

Analisi transferéncia Western:

Per a I'extraccio de les proteines totals els
cultius de C. ammoniagenes crescuts fins a una
ODg,, de 0.4-0.6 van ser centrifugats i
resuspesos en 10 m d’una solucié de 10 mM
TrisHCI pH=7.5 i 10 mg/ml de lisozim. Les
mostres es van incubar a 37°C durant 15
minuts i s’hi van afegir 50 m de solucié de
cracking (0.5 M TrisHCI pH=8, 10% SDS, 5%
0.1% blau de
bromofenol) i es van bullir durant 10 minuts.

v/v  2-mercaptoetanol i

Després de centrifugar-ho, les proteines es van
resoldre mitjangant un gel SDS-PAGE al 7.5%
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i es van electrotransferir a membranes de
nitrocel-lulosa (Bio-Rad) utilitzant un Mini-
Protean Il system (Bio-Rad) seguint el protocol
del fabricant. Les membranes varen ser
bloguejades tota la nit a 4°C utilitzant llet en
pols descremada dissolta al 3% (wt/vol.) en
PBS. L’anticos policlonal primari (anti-NrdF
de S. typhimurium) va ser utilitzat a una dilucio
1:200.

IgG(H+L) marcat amb peroxidasa va ser

L’anticos  secundari  anti-rabbit
utilitzat a una diluci6 1:3000. ElI complex
antigen-anticos va ser detectat utilitzant el kit
Blotting  Substrate

(POD) de Roche Molecular Biochemicals seguint

BM  Chemiluminescence

el protocol del fabricant. L’anticos monoclonal
anti-R-galactosidasa va ser utilitzat a 100 ng/ml.

Sobreexpressio de I'ORF present a la regi6
nrdHIEF en E. coli i C. ammoniagenes:

Per poder sobreexpressar la hipotetica proteina
codificada en I'ORF, present en la regi6
nrdHIEF de C. ammoniagenes, varem utilitzar el
vector d’expressié pEKEx2 (Eikmanns, 1991),
que conté el promotor Ptac, que permet
sobreexpressar la proteina ORF tant en E. coli
com en C. ammoniagenes.

La seqliencia sencera de I'ORF es va determinar
mitjancant PCR, utilitzant el parell de primers
10 i 12 que inclouen la sequéncia del RBS i
’ATG de Pinici de traduccio i el codd final
d’aquest ORF. El producte amplificat, de 952
pb, va ser clonat en el pGEM-T. Aquest va ser
digerit amb Pstl-EcoRI i el fragment alliberat va

ser lligat darrere el promotor Ptac del vector
PEKEX2, i es va generar el vector pETS004.

Obtencié de mutants a C. ammoniagenes.

Per a la construccié dirigida de mutants en
C. ammoniagenes vam utilitzar el métode
d’intercanvi genétic descrit per (Schéfer, 1994).
Breument el fragment de DNA de la regio a
mutagenitzar es clona en el vector pEK18mob
gue no es replicatiu a C. ammoniagenes.

Es va amplificar un fragment dels gens nrdF i
nrdE mitjancant la parella de primers 7-9 1 4-5 i
es van clonar en el vector pEK18mob i es van
obtenir el plasmidis pETS005 i pETS007,
respectivament. Al mateix temps un fragment
BamHI de 918 pb del plasmidi pUA728 que
codifica per a un transportador de glucosa que
es troba per davant del gen nrdH, es va clonar
en el vector pEK18mob i es va obtenir el
plasmidi pETS006. Aquests plasmidis es van
introduir per electroporacié a C. ammoniagenes
i la seleccid de les possibles integracions es va
fer sobre plaques de kanamicina.

Analisi de les dades i imatges:

Les imatges dels gels van ser capturades amb
I'estacio Gel Doc 2000 utilitzant el programa
informatic Quantity One (Bio-Rad). Per a les
RT-PCR semi-quantitatives es va quantificar la
cada  banda

intensitat  individual  de

normalitzant-la respecte al seu background.

Resultats i discussid
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C. ammoniagens conté tan sols la RNR de classe
Ib:

En un treball anterior realitzat pel nostre grup
(Fieschi, 1998) es van clonar els gens que
codifiquen per a la RNR activa de classe Ib
(nrdH, nrdl, nrdE i nrdF) de C. ammoniagenes.
En el present treball el primer objectiu va ser
establir si aquesta era I'inica RNR present en
aquest bacteri. Altres espécies relacionades
contenen diferents classes de RNR; aixi,
Corynebacterium nefriddi conté el gen nrdJ i
Corynebacterium diphtheriae conté dues copies
dels gens nrdEF.

Per determinar la preséncia d’altres RNR a
C. ammoniagenes varem realitzar una analisi
mitjancant hibridacié heterologa (transferéncia
southern) utilitzant sondes de DNA per a les
diferents classes de RNR, tal com es descriu en
el material i métodes. Aixi, el DNA genomic de
C. ammoniagenes va ser digerit amb diferents
enzims de restriccié (BamHI, EcoRV, Hindlll,
Mlul, Sacl i Smal) i analitzat per hibridacio
utilitzant les sondes nrdA de Salmonella
typhimurium i Pseudomonas aeruginosa, nrdJ de
C. nefriddi i P. aeruginosa, nrdD dels Gram
positius  Lactococcus lactis 1 Streptococcus
pyogenes, i nrdE i nrdF de C. ammoniagens.
Aquestes Ultimes sondes es varen utilitzar per
determinar si hi havia alguna copia addicional
dels gens nrdEF. No varem obtenir cap resultat
positiu d’hibridacio excepte per als
nrdEF
només es va obtenir una dnica banda. Aquests

gens
de C. ammoniagenes, per als quals

resultats confirmen que C. ammoniagenes conté

una Unica classe de RNR, del tipus Ib, i només
se’n presenta una copia. Per poder descartar
totalment la possible preséncia d’altres RNR i
comprovar els resultats anteriors, varem decidir
construir mutants per als gens que codifiquen la
RNR de C. ammoniagenes. En ser les RNR
essencials, els mutants per a la reductasa seran
inviables a no ser que existeixi alguna RNR
addicional activa en la cel-lula. Quan es volia
aillar algun mutant per als gens nrdF i nrdE,
utilitzant els plasmidis pETS005 i pETS007,
mai no es va obtenir cap clon. ElI control
positiu per I'obtencioé de mutants es va realitzar
clonant un petit fragment que codifica per a un
transportador de glucosa localitzat just per
davant del gen nrdH. En aquest cas, si que es
varen obtenir clons kanamicina resistents,

corresponents a la insercid6 del plasmidi
PETS006 en aquest punt (es va comprovar
Aixi,
corroborem que els gens que codifiquen per a la
RNR de classe

creixement ja que no s’ha pogut obtenir

mitjancant  transferéncia  southern).

Ib son essencials per al

mutants d’aquests gens i son I'dnica RNR
present a C. ammoniagenes segons I'analisi per
transferéncia southern.

Analisi transcripcional:

La regi6 genomica que inclou els gens nrdH,
nrdl, nrdE i nrdF en C. ammoniagenes difereix
de P'estructura genomica nrdHIEF que podem
trobar en formant un oper6 amb un Unic
promotor en enterobacteris (Jordan, 1996b). La
principal peculiaritat que trobem d’aquests gens
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en C. ammoniagenes és la preséncia d’un espai
intergenic de 1.2 kpb entre els gens nrdHIE i el
gen nrdF (figura 1a).

Amb la intencio de determinar si el conjunt de
gens formen una Unica unitat transcripcional
sota el control d’'un Unic promotor, es va
la RT-PCR per
poder realitzar I'analisi dels possibles transcrits

utilitzar la técnica de

d’aquesta regio. No es va detectar cap mena de
transcrit mitjancant transferéncia Northern. La
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nostra hipotesi parteix amb la possibilitat que
hi hagi un transcrit que s'estén des del gen
nrdH fins al gen nrdF (transcrit B). Esperariem
que utilitzant el primer 9 en el procés de la
sintesi del cDNA podriem detectar amplificacio
utilitzant qualsevol parella de primers pels gens
nrdH, nrdl, nrdE i nrdF. Aquest no va ser mai
el cas ja que no es va detectar cap banda
d’amplificacio, per tant teniem la sospita que
no hi hauria un sol transcrit en aquesta regio.

Wl MIE MW F 513
- @ L gk
—
A i g
— & g
—
—
- Wk
d) -
Iscd MW pUNEDE  § ¥ LE]
—
Mol —p - — o —

Figura 1. a Representacid esquematica de la regié genomica dels gens nrd en C. ammoniagenes. Els hipotétics
transcrits es representen com a A, B, C i D. b Transcrits detectats mitjancant RT-PCR. El primer 5 va ser
utilitzat en la sintesi del cDNA per als transcrits HIE (primers 1 i 3; 790 pb, carril HI i primers 1 i 5; 1718
pb, carril HIE), el primer 9 per al cDNA del transcrit F (primers 7 i 9; 719 pb) i el primer 10 per al cDNA
del transcrit ORF (primers 10 i 12; 325 pb). ¢ Expressid R-galactosidasa mitjancant tranferéncia Western a
partir dels promotors PnrdHIE, PnrdF i Porf. b). d Expressio del gen lacZ a partir dels promotors PnrdHIE,
PnrdF i Porf mitjancant RT-PCR i utilitzant el primer 14 per a la sintesi del cDNA i primers 13 i 14 per a les

PCR.
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Aixi, tal com es descriu en el material i
metodes i utilitzant els primers 5, 9 i 10
(figura 1a) per a la sintesi dels cDNA, es va
poder detectar la transcripcié conjunta dels
gens nrdH, nrdl i nrdE (figura 1b, carrils HI
i HIE). Sorprenentment el gen nrdF es
transcriu independentment als gens anteriors
F).

transcrit  a

(carril Finalment, es va trobar un

partir de la cadena
complementaria que correspon a la
transcripci6 de I'ORF (carril ORF). Per
dels

detectats, varem construir fusions géniques

estudiar els promotors transcrits

mitjancant la clonaci6 de les regions
promotores (PnrdHIE, PnrdF i Porf) davant
del gen lacZ (absent de promotor) present en
promoter-probe  pCM502. Els
plasmidis pETS001, pETS002, pETS003 es

transformar a C.

el vector
van ammoniagenes.
Mitjancant transferencia western i utilitzant
un anticos monoclonal anti-3-galactosidasa,
es va poder detectar I'expressid d’aquesta
proteina a partir dels promotors PnrdF i Porf
(figura 1c) pero no a partir del promotor
PnrdHIE. Vam pensar que la transcripcié a
partir del promotor PnrdHIE no era prou
alta com per

produir suficient proteina perque fos
detectada per western. Per aixo varem decidir
utilitzar una tecnica més sensible, encara que
no quantitativa, per esbrinar si el transcrit es
produia. Aixi, analitzant les mateixes fusions
mitjancant RT-PCR i utilitzant primers pel

gen lacZ (13 i 14), si que es va poder

detectar transcripcié a partir del PnrdHIE,

tal com es mostra a la figura 1d. Utilitzant el

pETS008 mai
R-galactosidasa

plasmidi es va detectar

expressio indicant-nos
I'abséncia d’un promotor intern davant el

gen nrdE.

Expressio dels gens nrdF i la proteina ORF
durant el cicle cel-lular:

Els dNTP es requereixen principalment
quan la cél-lula s'esta dividint, per tant és
d’esperar que el control genétic dels gens nrd
estiguin sotmesos al control depenent del
cicle cel-lular. EI nostre objectiu era esbrinar
si els gens nrd estaven regulats en funci6 de
I'estat de la cél-lula. Aixi. varem realitzar
I'analisi b-galactosidasa a partir de cél-lules
de C. ammoniagenes transformades amb els
plasmidis pETS001 i pETS002 portadores
de les fusions nrdF i el ORF segons com es
descriu en el material i meétodes. L’analisi
transcripcional de I'expressié del gen nrdF al
llarg del cicle cel-lular (figura 2) mostra una
dependencia clara del cicle cel-lular. Durant
les fases inicials del creixement, on hi ha el
maxim requeriment de dNTP per part de la
cél-lula, hi ha un increment dels nivells
d’expressio dels gens que codifiquen per a la
RNR. Aquests
minims a la fase estacionaria.

nivells d’expressio  son
D’altra banda, I'estudi de I'expressié del gen
ORF es veu que segueix un patrd paral-lel a
de

microorganisme, i

la cinética creixement  d’aquest

es déna la maxima
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expressio al final de la fase exponencial i
durant la fase estacionaria.

TEDy I

=

Figura 2. Cinética de creixement i nivells
transcripcionals dels gens nrdF i orf en C.
ammoniagenes. Es representen les cinetiques
de creixement en DO, densitat oOptica
mesurada a 550 nm i els valors
b-galactosidasa corresponents a les fusions es
representen en funcidé de les unitats
enzimatiques dividit per la concentracio de
proteines (UE/mg prot).
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Regulaci¢ transcripcional del sistema EF
en C. ammoniagenes:

Els senyals detectats mitjancant transferéncia
Western (figura 1c) ja ens indicaven que els
nivells d’expressio que trobem per al transcrit
nrdHIE sén menors que per al transcrit
nrdF. La quantitat de transcrits nrdHIE i
nrdF es va du a terme mitjancant I’analisis
RT-PCR semiquantitatiu. En totes les
guantificacions es posa una quantitat constat
de competidor (vegeu l'apartat material i
metodes). La preséncia de molécules hibrides
(h, figura 3a) correspon al resultat de la
hibridacié de molécules del competidor i del
transcrit amplificat (MRNA). El calcul del
ratio competidor (c, figura 3a) i transcrits
amplificats (t, figura 3a) es determinen
mitjancant densitometria per a cada mostra
analitzada i les seves variacions ens indica les
diferencies en els nivells dels transcrits
(mRNA) original (Jordan, 1996b).
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Figura 3. a RT-PCR semiquantitativa dels transcrits nrdE i nrdF. Els valors representen les dilucions de
DNA competidor utilitzades. Les etiquetes corresponen a: t, cDNA, h, hibrid cDNA/competidor; ¢, DNA
competidor. Les dilucions de competidor utilitzades van ser la —6 i —7 per la quantificacio del transcrit nrdF
i =5 1 —6 per el transcrit nrdHIE. b RT-PCR dels gens 16S rRNA, nrdE i nrdF sota condicions
inductores. - Nivell basal sense induir, DIP 300 niM, FeCl; 50 miM, MnCl, 100 mM, HU (hidroxiurea) 100

mM i H,0, (peroxid d’hidrogen) 2 mM final.




L’analisi semiquantitativa mitjancant RT-
PCR 3a)
transcripcional deu vegades superior per a
I’'mRNA del gen nrdF en relacio amb mRNA
del transcrit nrdHIE. Aixi, el nivell del

(figura mostra un  nivell

transcrit nrdHIE sera la que determinara
RNR durant el
cel-lular. A la figura 3b es mostra I'analisi

I'activitat creixement
transcripcional del sistema de classe Ib sota
condicions que presumiblement podrien
alterar I'expressio d’aquests gens. Voliem
veure si aquests gens es troben sota el control
de reguladors transcripcionals que responen
a condicions d’estrés oxidatiu i de deprivacié
de ferro. Com es pot veure en el material i
metodes es va extraure el RNA total de
cél-lules crescudes de C. ammoniagenes on en
el medi de -cultiu contenia peroxid
d’hidrogen (H,0,), hidroxiurea (HU), Fe** o
Mn? . La diferéncia dels nivells d’expressid
dels transcrits es va realitzar mitjangant RT-
16S
rRNA (amplificat utilitzant els primers 19 i
20)
estandarditzacio de les extraccions de RNA i
de les reaccions de RT i PCR. A la figura 3b
es mostra I'analisi transcripcional realitzat

PCR semiquantitativa, utilitzant el

com a patrd6  d’amplificacio,

sota les diferents condicions analitzades. A la
taula 111 es poden veure els nivells d’induccié
calculats a partir de I'analisi densitométrica
de les bandes obtingudes a la figura 3b i
tenint com a nivell bassal el resultat obtingut
del cultiu no tractat. Era evident la induccio
per HU, ja que és un inhibidor de les RNR

de classe 1. L’estimulacié per H,O, ens
indica la possible participacié del sistema
oxidatiu dependent d’OxyR/SoxRS en el

control  transcripcional de la RNR.
L’increment en I'expressio en presencia dels
ions Fe* i Mn?* podria indicar la

participacié de factors transcripcionals del
tipus Fur/DtxR. Recentment s’han trobat
reguladors transcripcionals com per exemple
SirR, TroR i 1deR, que serien els homolegs a
la proteina Fur d’enterobacteris 0 DtxR de
C. diphtheriae que respondrien als nivells de
manganeés intracel-lular (Hill, 1998., Posey,
1999., Schmitt, 1995). Es conegut que les
corynebacteries requereixen de manganés pel
seu creixement i per la replicacié del DNA
(Willing, 1988). En aquest treball hem vist
que es requereix ions manganés per induir la
transcripcié de la RNR la qual es necessaria
per produir els dNTP que es requereixen per
a la replicacié del DNA.

Taula lll. Factor d'induccié dels gens nrdHIE i nrdF.

nrce nrdF
HU 7.6 6.6
DIP 14 -
Fe** 14 2.3
Mn™ 5 6
H,O, 36 55

Expressio de les fusions en E. coli:
Hi han caixes reguladores de DNA prou

conservades com per ser reconegudes

211



heterologament per factors de transcripcio
d’altres organismes. VVoliem veure I'expressio
dels gens nrd sota el fons genétic d’un
Gram-negatiu com E. coli. Els plasmidis
PETS001 i pETS002 van ser transformats en
MC1061. Les soques
transformades van ser tractades amb HU,
Fe*, Mn?%, DIP i H,0, i es van analitzar els
nivells de b-galactosidasa. L’expressio del
nrdHIE

mitjancant I'assaig b-galactosidasa. en E. coli.

la soca d'E. coli

promotor no fou detectada

D’aquesta manera es corrobora I'expressio
del nrdHIE
C. ammoniagenes. A la taula IV es poden

tan baixa transcrit en
veure els nivells d’induccio de les diverses
fusions sota les diferents condicions de
creixement. El gen nrdF sexpressa en
preséncia d’'HU, H,O, i de DIP en el medi.
Aixi, aquest gen en C. ammoniagenes esta
regulat en E. coli per un sistema induit per
estres oxidatiu i pel sistema FUR. L’analisi
mitjangant el sistema de promotors regulats
per Fur (FURTA) en E. coli (Stojiljkovic,
1984) mostra que la possible caixa FUR
present en el promotor del gen nrdF de C.
ammoniagenes podria ser reconeguda per la
proteina FUR d’E. coli (resultat no mostrat).
Aquests resultats es corresponen amb els
obtinguts per la Dra. Pueyo i els seus
2001),

determinat recentment que I'operd nrdHIEF

col-laboradors (Monje, que han
d’E. coli s’expressa en resposta a I'estres
oxidatiu. Al nostre laboratori hem obtingut
resultats equivalents en la regulacié de

nrdHIEF de S.
typhimurium que, a més a més, presenten

I'expressio  dels gens
clarament una caixa FUR en el seu promotor

i estan fortament regulats per aquest
regulador transcripcional. Tal com ja haviem
determinat en C. ammoniagenes, I'expressid
maxima d’aquests gens es dona al principi de
del

la fase exponencial creixement del

bacteri.

Analisi de les sequiencies promotores:

En aquest treball hem pogut veure que els
gens nrdEF de C. ammoniagenes tant en E.
coli com en C. ammoniagenes estan regulats
per un sistema que respon a estrés oxidatiu i
per FUR. Aix0 indica la presencia de
sequiencies d’unid per a aquests reguladors a
la zona promotora. La regi6 promotora dels
gens nrdE i nrdF (figura 4a i 4b) mostra les
possibles regions promotores —10 i —35. De
la mateixa manera s’hi poden veure les
regions d’unié als ribosomes (RBS). Els
de
obtingut mitjangant un algoritme per predir

hipotétics inicis transcripcié  s’han

les posicions +1 (www.fruitfly.org/cgi-bin).

La similitud més gran d’aquesta regi6 es
dona amb la caixa reguladora DtxR (65%)
de C. diphtheriae (figura 4c). Anomenarem
aquestes regions de C. ammoniagenes caixes
DtxR-like sent possiblement els llocs d’unio
d'un regulador transcripcional sensible als
nivells de manganes.
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nrdfF : GGTTA-TTGGGTATGCT @ 24

AggTTogc thaggtaa
Figura 4. Seqliéncia de les regié promotores
dels gen nrdE a) i nrdF b) En negra es
marquen els possibles +1. Es marquen les
hipotétiques regions que regulen la possible
induccié per manganés. C) Comparacié de
les caixes DtxR-like amb altres reguladors
involucrats en el metabolisme del ferro i el
manganes.

El gen ORF no participa en la transcripcid del
gen nrdF
Per determinar si I'expressio de I'ORF

afectava la transcripci6 dels gens que
codifiquen la RNR de classe Ib varem
construir un sobreproductor per a la proteina
ORF

ammoniagenes i vam analitzar com afectava a

codificada en el en C.

I’expressio del gen nrdF. Aixi, el plasmidi

PETS004 va ser transformat en cél-lules
competents de C. ammoniagens. Aquesta
soca mostrava una banda sobreexpressada de
la proteina ORF en un gel SDS-PAGE.
Mitjancant transferencia western, es va

determinar que no hi havia cap diferéncia en

els nivells d’expressi6 del gen nrdF
cromosomic al llarg de tot el procés
d’inducci6. Es van utilitzar pel revelat

anticossos de conill policlonals anti-NrdF de
S. typhimurium. Com a control es va utilitzar
una soca de C. ammoniagenes portadora del
plasmidi pEKEX2 sense I'ORF (no mostrat).

El gen ORF codifica per a un factor
transcripcional de la familia GntR.
L'analisi de la seqiiencia d’aminoacids

codificada en el gen ORF indica un alt grau
de similitud amb una familia de repressors
bacterians (GntR-like) (figura 5a) (Haydon,
1991). Aquests factors de transcripcié solen
actuar reprimint operons i gens implicats en
la regulacio d’intermediaris del metabolisme
del carboni. Les prediccions d’estructura
secundaria (http://www.expasy.ch/tools) ens
indiquen que es tracta d’una regi6 d’unio al
DNA del tipus Hélix-Turn-Helix (H-T-H),
segons I'alineament amb proteines d’aquesta
familia (Figura 5b). Aquesta possible funcio
del producte ORF reforcaria el paral-lelisme
detectat entre els nivells d’expressio de
I'ORF i la fase de creixement en la qual es
troba el microorganisme (figura 2).
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Figura 5. a) Relacid filogenética entre la proteina ORF i factors de transcripcid de la familia GntR. b)
Alineament de les sequéncies proteiques de la familia GntR. L’alineament es va realitzar mitjancant el
programa ClustalX. Codis d’accés: CaORF (Y09572), Bsydhc (D88802), Sctransr (AL009204), Ecuxur
(P39161), Reapor (AF181498), Scgntr (AL096844), Bspdhr (D88802), Ecprota (D26562), Ecpdhr
(153482), Ecpdhr2 (AE000120), Drgntr (E75471), Scgntr (AL117387), Sawhih (AF096293), Scwhih
(AJ003022), Ecyiep (P31475), Scgntr2 (T36777), Ecdgor (P31460), Sporul (AL009204).
Estructura dels operons de la classe Ib:
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Figura 6. Representacio esquematica de les diferents estructures que poden presentar els
gers del sistema de les RNR de classe Ib. Es marca amb un * la copia nidF que no
presenten ds residus conservats involucrats en 'unio cel ferro.

Un tret caracteristic que presenten les RNR de
classe Ib és la seva organitzacié genomica. Aixi,
junt amb els gens nrdE i nrdF, que codifiquen
per a la RNR activa, sempre hi trobem una
proteina anomenada Nrdl, que és essencial per
al sistema (Irma Sala, comunicacié personal)
pero amb funcio ara per ara desconeguda,
encara que possiblement intervingui en la
reaccio de reduccio dels NTP (Jordan, 1997).
També hi trobem el gen nrdH perd aquest no
es troba present en tots els organismes que
presenten aquesta classe de RNR i, per tant,
aixo indica la no-universalitat de la proteina
NrdH com a donador d’electrons especific per
a aquest sistema. A la figura 7 es mostren les
possibles  organitzacions

genomiques que

podem trobar per a les RNR de classe Ib. Els
enterobacteris 1 alguns  Gram-positius
presenten I'organitzacié caracteristica, en que
es troben els gens nrdH, nrdl, nrdE i nrdF
junts, en aquest ordre i aparentment formant
una Unica unitat transcripcional. Un altre grup
de bacteris conté una copia atipica del gen
nrdF, ja que codifica per a una proteina a la
qual hi manquen els aminoacids necessaris per
a la unio del ferro, la qual cosa cal per iniciar la
formacié del radical tirosil. Sorprenentment,
tots ells presenten la mateixa organitzacid
genomica, on es troba el gen nrdF atipic,
després el gen nrdl i finalment el gen nrdE. Les
especies Mycoplasma sp sols conté una copia
nrdFIE que és essencial per al seu creixement
(Hutchison 111, 1999). C.

S. pyogenes i
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diphtheriae, a part de la copia nrdFIE,
contenen una copia addicional dels gens nrdH-
nrdE i nrdF, i aquesta darrera proteina té tots
residus conservats involucrats en la unid de
ferro en les proteines R2(F) de la classe la i Ib.
Finalment, trobem I'organitzacid caracteristica
dels bacteris de la familia dels micobacteris,
C. diphtheriae

i C. ammoniagenes, on existeix una regio

Mycobacterium  tuberculosis,
intergenica entre els gens nrdE i nrdF. En tots
els casos trobem junts els gens nrdHIE, després
una regio intergenica de mida variable segons
el microorganisme i en darrer terme el gen
nrdF. M.
addicional

tuberculosis  conté
del

C. ammoniagenes malgrat hem demostrat que

una copia

gen nrdF. En el cas de
els transcrits nrdHIE i nrdF es transcriuen
independentment, tots dos es troben regulats
pels mateixos reguladors transcripcionals, per
tant, podem pensar que en tots aquests darrers
microorganismes es comportin de la mateixa
manera que en C. ammoniagenes. Degut a que
aquesta organitzacié genomica sols es troba en
aquesta familia de bacteris podem pensar que
aquests tipus d’estructura ja es trobava en un
ancestre comu. Al llarg de I'evolucié de cada
organisme el que ha variat és la grandaria i el
tipus de gen que hi ha en la regio intergenica.
Fins ara sols s’ha estudiat la regulacio genetica
dels gens nrd que formen un sol opero, en
aquest treball em estudiat per primera vegada
I’organitzacid transcripcional i la seva regulacio
en gens on la seva estructura es diferent i amb
diferents promotors.
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7. Agraiments

Crec que fer aquest apartat és una de les parts més dificils a I’hora d’escriure una
Tesi, ja que segurament no queda reflectit tot el que voldria explicar o agrair.
Malgrat crec que em poden arribar a sortir 5 fulls ... intentaré no deixar-me a ningu.

En primer lloc agrair a I'lsidre el suport continu que ha demostrat al Ilarg de tot el
periode de Tesi, tant en el treball com en totes les situacions personals. Suposo que
les circumstancies han estat una mica especials i atipiques degut a tot el viscut en el
departament, que han comportat: redactar | comencar projectes nous
imprescindibles per a iniciant-se com a grup totalment independent, muntar un
laboratori des de zero, i el patiment de trasllats, obres i reorganitzacions dins el
laboratori. Tot aix0 ha suposat que I'lsidre no sigui tant sols el meu director de Tesi
sinG una persona a la que he d’agrair moltes altres coses.

L’altra persona a la que voldria agrair profundament tot el que ha fet és a I’Albert,
I"altre director de Tesi. Ell ha estat qui em va introduir en el mén de les RNR, tant
des del punt de vista tedric com experimental, tant a Suécia com a Barcelona.
Voldria agrair-li tot el que he apres d’aix0 que s'anomena ciéncia; stress, disseny
d’experiments, simplicitat de les coses, perdre la por davant els “capos” de les RNR, i
per moltissimes ... moltissimes coses mes.

Aixi mateix, agrair als companys i amics dels primers anys de Tesi que m’han ajudat
durant tot aquest temps, i amb els que vaig compartir i comparteixo tantes hores de
convivencia i moments entranyables. La primera vegada que vaig trepitjar un
laboratori la Berta em va ensenyar, em va integrar i cuidar al laboratori, ... no
t'oblidaré mail. Al Sebi per orientar-me i ajudar-me en temps dificils, al Juanma per
ser un pou de saviesa, al Chapi que és com el vi, millora amb els anys, al Xavi per les
seves converses intel-lectuals, a I'Eva per la seva alegria i per les seves idees tant clares,
al Calin per totes les festes viscudes, a I'Eugeni per la seva alegria, al Sebas per tenir
el cap tant centrat i ser un bon conseller, al Joan per la seva “quimica”, a I'Esther
Oriol per suportar la meva mausica i els ajuts en els Southerns i altres coses, a I’Anna
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Tambe tinc agraiments sincers als companys de laboratori d’aquests Gltims anys. La
primera que va venir va ser la Irma, ja veus com va ser el nostre primer encontre: un
curs molt, perd que molt accelerat de Southern-Blot. Agrair-li la seva simpatia, la
seva generositat i la seva fortalesa en situacions molt adverses, pensa que encara et
queda pendent presentar-me a I’enanito !!. El segon a incorporar-se va ser I'lgnasi, la
veritat és que al principi em vas fer patir de debo, entre que no t’entenia i que
posaves en dubte absolutament tot el que t'ensenyava, en definitiva em portaves de
bolit ... pero bé, sens cap dubte, ara no té res a veure amb aquells primers mesos, i
t'he d’agrair el teu ajut en el laboratori i I'anim per a comencar coses noves. A tots
dos gracies per la vostra paciencia, per I'ajut incondicional en el laboratori, per la
lectura rigorosa d’aquesta Tesi i, en definitiva, per la vostra amistat.

En el segon any de Tesi per afers que mai entendré, em vaig trobar que I'equipament
que disposava al laboratori es va reduir a un joc de micropipetes, un bany, un vortex,
una estufa i com a reactius un litre de LB i unes deu plaques de Petri. En aquest
punt cada vegada que entrava al “laboratori” em replantejava moltes coses, sobretot
el continuar o no.
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Des de fa cinc anys els viatges al laboratori del Dr. Peter Reichard al Karolinska
Institut de Suécia han estat continus, aixo si a FESTIU. Aquest apartat el considero
molt important ja que m’ha permeés coneixer i gaudir de I'activitat cientifica fora de
I’Autonoma.
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