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Summary

Today is known that RNA does more functions than previously thought. Riboswitches are RNA
molecules situated in the 5’-UTR (untranslated region), which are able to regulate gene
expression via changing the RNA conformation upon interaction with a specific metabolite.
These molecules have been postulated as good antibiotic targets as they regulate crucial
metabolic pathways. Riboswitches consist of two domains; the aptamer where the metabolite
is bound and the expression platform, which is the part that finally causes the gene expression
regulation. The most common regulation mechanisms used are the transcription termination

and the translation inhibition.

A presumable btuB riboswitch sequence has been bioinformatically found in the genome of
Klebsiella pneumoniae and has been proposed as a Bi; riboswitch candidate. In our study, in-line
probing experiments have been performed in order to validate the sequence as a riboswitch. A
RNA conformational change has been observed in the RNA sequence upon interaction with
AdoCbl. In the gene-on conformation, the ribosome binding site (RBS) is free and the btuB gene
can be expressed. In contrast, after the metabolite interaction, the RNA is shifted to the gene-
off conformation in which the RBS is masked in a base paired region. This fact proves the

sequence as a riboswitch and suggests a translation inhibition mechanism.

Then, thermodynamic parameters have been recorded using the isothermal titration
calorimetry (ITC) experiments. Two different constructs were used: MBO1 which contain the
aptamer (214 nt.) and JPO1 carrying both the aptamer and the expression platform (243 nt.).
Titrations using AdoCbl as titrant were performed for both constructs at different temperatures
ranging from 15 °C to 30 °C. Taking the results together we could say that the RNA-AdoChl
interaction is exothermic and follows a 1:1 stoichiometry. The enthalpy obtained at 25 °C is
-11943 kJ/mol for JPO1 and -122.7+0.9 kJ/mol for MBO1. These enthalpy values are in
consonance with a sum of several weak interactions such as H-bond and rt staking. The Kp values
for MBO1 (770490 nM at 25 °C) are higher than those obtained for JPO1 (530450 mM at 25 °C)
in the entire temperature range. Thus, we can conclude that the presence of the expression

platform in JPO1 stabilizes the interaction of the btuB riboswitch with the AdoCbl.

The inhibition translation mechanism was also proved by coupling the riboswitch to a red
fluorescent protein (mCherry). The protein synthesis was inhibited after increasing amounts of

AdoCbl were added to the culture media.

XXi



Recently, there is a growing research interest in ligand analogues that are tested for antibiotic
potential through riboswitch inhibition. With the aim to synthetize an antivitamin of Cbl, a
culture of Allocromation vinosum has been anaerobically grown in a deficient cobalt medium. In
these conditions, these purple sulphur bacteria are able to synthetize descobaltocobalamins and
their derivatives. After cultivating 900 | of bacteria and collecting their cell pellet, we have been

able to extract and purify 4mg of descobaltocobalamin and 2 mg of descobaltocobyric acid.
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Resum

Avui en dia es sabut que I’ARN pot fer més funcions de les que inicialment li eren assignades. Els
ribocommutadors sdn molécules d’ARN situades a la regié no traduida de I'extrem 5’ (5’-UTR).
Aguestes molecules, després d’interaccionar amb el seu metabolit especific provoquen un canvi
conformacional que és el responsable de la regulacié génica. Els ribocommutadors s’han
postulat com bones dianes per antibiotics ja que regulen rutes metaboliques crucials. Els
ribocommutadors contenen dos dominis, I'aptamer, que és el lloc d’unié del metabolit, i la
plataforma d’expressio, que és la part responsable de la regulacié. Els mecanismes de regulacié

més comuns son la terminacio de la transcripcid i la inhibicié de la traduccid.

Un presumible btuB ribocommutador ha estat identificat bionformaticament al genoma de
Klebsiella pneumoniae i postulat com a ribocommutador de Bi,. Al nostre estudi, s’han realitzat
experiments d’in-line probing per tal de validar la seqliencia com a ribocommutador. Un canvi
conformacional a I’ARN ha estat detectat després de la interaccié del ribocommutador amb el
coenzim Biz. An la conformacié de gen-on, la zona d’unié amb el ribosoma (RBS) esta lliure i el
gen btuB pot esser expressat. Per contra, després de l'interacci6 amb el metabolit, la
conformacié del ARN passa a ser gen-off, on la RBS forma part d’una regié d’aparellament de
bases que impedeix I'accés al ribosoma. Aquests fets proven que aquesta seqiiéncia és un
ribocommutador de Bi; i suggereix que el mecanisme de regulacié és per inhibicié de la

traduccio.

Per altra banda, els parametres termodinamics han estat calculats mitjancant valoracions de
calorimetria isoterma (ITC). Per a aquest experiment es van usar dues seqliéncies diferents:
MBO01 que conté només l'aptamer (214 nt.) i la seqiéncia JPO1 que conté I'aptamer i la
plataforma d’expressié (246 nt.). A les valoracions calorimetriques s’ha usat AdoCbl com a
valorant i s’"han fet mesures en un rang de temperatures d’entre 15 °C a 30 °C per a les dues
sequencies. Amb els resultats obtinguts es pot dir que la interaccié entre I’ARN i AdoCbl és
exotérmica i segueix una estequiometria 1:1. L’entalpia de la interaccié a 25 °C és de -119+3
kJ/mol per JPO1 i de -122,7+0,9 kJ/mol per MBO1. Aquests valors d’entalpia estan d’acord amb
que la interaccié és el resultat de la suma d’interaccions febles de tipus enlla¢ d’hidrogen o
d’apilament. Els valors de Kp obtinguts per MB01 (770+90 nM a 25 °C) sdn sempre més elevats
que per JPO1 (530+50 mM a 25 °C) a tot I'interval de temperatures. Per tant, es pot arribar a la
conclusié que la plataforma d’expressid present a la seqliéncia JPO1 té alguna funcié en

I’estabilitzacio de la interaccid del btuB riboswitch amb AdoCbl.
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El mecanisme de regulacio per inhibicié de la traduccié ha estat validat fent un acoblament del
ribocommutador amb una proteina fluorescent vermella (mCherry), ja que la sintesi de la
proteina fluorescent s’inhibeix quan s’incrementa la concentracié de cobalamina al medi de

cultiu.

Recentment, la recerca en el camp s’ha centrat en la modificacié dels metabolits que regulen els
ribocommutadors, ja que s’han postulat com possibles antibiotics degut a la inhibicié de la
funcid dels ribocommutadors. Amb el proposit de sintetitzar una antivitamina de cobalamina,
s’ha fet créixer un cultiu d’Allocromatium vinoum en condicions anaerobiques i de deficit de
cobalt. En aquestes condicions, aquests bacteris sintetitzen descobaltocobalamines i els seus
derivats. Després de fer créixer 900 | de cultiu i recollir les pellets de cél-lules, hem estat capacos

d’extreure i purificar 4 mg de descobaltocobalamina i 2 mg d’acid descobaltocobiric.
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Resumen

Hoy dia es bien sabido que el ARN lleva a cabo mads funciones que las que inicialmente se le
asignaron. Los riboswitches son moléculas de ARN situadas en la regidon no traducida del
extremo 5’ (5’-UTR). Dichas moléculas, después de interaccionar con su metabolito especifico,
provocan un cambio conformacional que es el responsable final de la regulacidn génica y, por
ello, han sido postulados como buenas dianas para antibiéticos, ya que regulan rutas
metabdlicas essenciales. Los riboswitches contienen dos dominios, el aptamero, donde se une
el metabolito y la plataforma de expresidn responsable de la regulacidon. Los mecanismos de

regulacién mas comunes son la terminacion de la transcripcién y la inhibicién de la traduccién.

Un presumible btuB riboswitch ha sido bioinformaticamente identificado en el genoma de
Klebsiella pneumoniae y postulado como riboswitch de Bi,. En nuestro estudio, se han realizado
experimentos de in-line probing para validar la secuencia como riboswitch. Un cambio
conformacional del RNA ha sido detectado después de la interaccion entre el riboswitch con
AdoCbl. En la conformacion gen-on, la zona de unién con el ribosoma (RBS) esta libre y el gen
btuB puede ser expresado. En cambio, después de la interaccion con el metabolito, la
conformacién del ARN pasa a ser gen-off en la que el RBS forma parte de una regién de
apareamiento de bases que impide el acceso al ribosoma. Estos echos prueban que esta
sequencia es un riboswitch de Bi; y sugiere un mecanismo de regulacién por inhibicion de la

traduccion.

Por otra parte, los parametros termodindmicos han sido calculados mediante valoraciones
calorimétricas isotermas (ITC). Dos secuencias diferentes han sido usadas: MB0O1 que continene
el aptamero (214 nt.) y la secuencia JPO1 que contiene el aptamero y la plataforma de expresion
(246 nt.) En las valoraciones calorimétricas se ha usado la AdoCbl como valorante y se han
realizado diferentes medidas entre 15 °C y 30 °C para ambas secuencias. Con los resultados
obtenidos se puede decir que la interaccién entre el ARN y la AdoCbl es exotérmica y que sigue
una estequiometria 1:1. La entalpia de la interaccidn a 25 °C es de -11943 kJ/mol para JPO1 y de
-122,7+0,9 kJ/mol para MBO1. Estos valores de entalpia concuerdan con el hecho de que la
interaccion se produce a través de la suma de interacciones débiles, como el enlace de
hidrégeno o el apilamiento. Los valores de Kp obtenidos para MBO01 (77090 nM a 25 °C) son
siempre mayores que los de JP01 (530450 mM a 25 °C) en todo el intervalo de temperatures.
Por tanto, se puede llegar a la conclusiéon de que la plataforma de expression presente en la
secuencia JP01 tiene alguna funcién en la estabilizacion de la interaccion del btuB riboswitch con

AdoCbl.
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El mecanismo de regulacién por inhibicion de la traduccién ha sido validado acoplando el
riboswitch a una proteina roja fluorescente (mCherry) y, de echo, la sintesis de la proteina
fluorecente se inhibe cuando se incrementa la concentracion de cobalamina en el medio de

cultivo.

Recientemente, la investigacion en el campo se ha centrado en la modificacién de los
metabolitos que regulan los riboswitches, ya que se han postulado como posibles antibidticos
debido a la inhibicién de la funcion del riboswitch. Con el propdsito de sintetitzar una
antivitamina de cobalamina, un cultivo de Allocromatium vinoum se ha hecho crecer en
condiciones anaerdbicas y de décifit de cobalto. En estas condiciones, estas bacterias sintetizan
descobaltocobalaminas y sus derivados. Después de cultivar 900 | de cultivo y recoger las pellets
de las células, hemos sido capaces de extraer y purificar 4 mg de descobaltocobalaminay 2 mg

de acido descobaltocobirico.
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1. Introduction
1.1. Cobalamin derivatives

Thomas Addison described in 1849 the pernicious anemia disease, mostly mortal until 1926
when Minot and Murphy discovered that could be cured by eating raw liver?. This finding started
the research of the active compound responsible for the cure of this disease. It was not until
1948 when Folkers isolated a red crystalline product, vitamin Bi> or anti-anemia pernicious
factor?. The structure of the vitamin Bi, remained unknown until 1954 when Dorothy Crowfoot
solved the X-Ray structure of the most complex vitamin® Simultaneously, Barker isolated
another crystalline orange product, the coenzyme B1,° which structure was also solved by
Dorothy Crowfoot in 1961°. It was then discovered that the active products in vivo were
adenosylcobalamin and methylcobalamin. The vitamin product isolated by Folkers although is
pharmacologically used, was an artefact of the purification process used. After all these new
discoveries, the terms corrinoids and cobalamin were coined to describe this family of

compounds.
1.1.1. Cobalamin structure

Cobalamins are octahedral cobalt(lll) metal
complexes with low-spin d® electronic
configuration. Cobalamins (Cbl) consist of a
central cobalt ion, which is equatorially
chelated by the nitrogen atoms of the
tetradentate corrin macrocycle and two
additional axial coordinating ligands’. The
corrin nucleus consists of four reduced
pyrroles linked by three methylene bridges
and one direct bond?®, with a total of 14 n-
electrons distributed on the 13 carbon
atoms. The macrocycle is essential for the

stabilization of the Co(l) oxidation state and

the Co-C bond® crucial for its biological

activity. The periphery of the ring is O
completely saturated with methyl and HO

different amide groups (see Figure 1). Figure 1.Cobalamin general structure with the Dmbz as
apical ligand and all the corrin macrocycle structure.
Substitution pattern of the corrin moiety is



completely conserved in the naturally occurring B, derivatives. Three acetamide groups (a, ¢
and g) point upward from the corrin plane to the B-site, while the four propionamide side chains

(b, d, e and f) point to the a-side?®.

The lower ligand at the a-coordination site is wusually an intramolecular 5,6-
dimethylbenzimidazole (Dmbz) connected to the f-site chain of the corrin ring via an a-ribazole-

phosphodiester moiety’*

. When the a-site position is occupied with a ligand linked to the f-
chain of the macrocycle, the structure is called base-on. The most common ligand in the a
position is the Dmbz, although other ligands such as adenine or modified adenine giving other
base-on derivatives have been reported (see Figure 2)*!. The a-coordination position can be very
often filled with a histidine residue of a protein when the coenzyme is attacked at the active site

of enzyme, by a nucleobase when interacts with a nucleic acid or even with a water molecule

from the solvent. In this case, the cobalamin exhibits a base-off conformation®*2.

v
{

CN = Vitamin B>, Cyanocobalamin or CNCbl

Ri B ‘
: /N H,0O = Aquocobalamin or AqCbl
o R2 = < R1=0OH = Hydroxocobalamin or OHCbI
: /N Me = Methylcobalamin or MeCbl

: Voo

Ado = Coenzyme Bj,, Adenosylcobalamin or AdoCbl

0] \ N )
NH 74 \W CN = Pseudovitamin B>
N R2= < ! R1=Ado = Pseudocoenzyme Bi;
</ /N /N Me = Cog-Methyl-(adenine-7-yl)cobamide
QN H,N
RO
HO O OH

HO Me = Cog-Methyl-7"-(2-methyladenin-7-yl)cobamide

/N NY CN = Factor A
@ Rz2= < ’ R1=Ado = Adenosyl Factor A
N —N
/
HoN

Figure 2. Simplified structure of a cobalamin where R1 and R2 are the ligands changed in the cobalamin families. R2 ligands
are Dmbz, adenine and 2-methyladenine while ligand R1 are CN, OH, H,0, Methyl and 5’-deoxyadenosine.

On the other hand, the coordination ligand of the B-site (upper ligand) is much simpler, ranging
from a cyano group to an adenosine (see Figure 2). The AdoCbl and the MeCbl are the active
cofactors of the enzymes but they are uptaken and transported as vitamin Bi;, aqCbl or

hydroxoCbl*3,

As mentioned above, a low oxidation state for cobalt is widely stabilized by the o-donating
properties of the macrocycle. This fact allows a rapid substitution of the axial ligand which is
exploited in the cofactor Bi>-dependent enzymatic reactions®. In biological systems, cobalamin
is found in three oxidation states: i) forming octahedral complexes of Co-(lll) (d® electrons), ii)

square pyramidal complexes are formed when the Co exhibits a Co-(Il) oxidation state (d’



electrons) and iii) square planar complexes in a base off conformation are formed with Co-(I) (d®

electrons).

The corrinoids are red, red-orange and NH,

yellow crystalline substances with an intense 0
absorption band between 300 nm to 600 nm
corresponding to the m->mt* transition of the
corrin  nucleus. The intensity of the

transitions strongly depends on the apical

ligand®®. This family of compounds is soluble

in water, stable to heat decomposition but

HoN B
very unstable to light. NH,
o o
Corrinoids lacking of the nucleotide base at R
the f-chain are called “incomplete” R= OH cobyric acid
R= NH, cobyramide

corrinoids which are both natural and R= NHCH,CH(CH3)OH  cobinamide

artificial By, derivatives as, for instance, the Figure 3. Structure and nomenclature of the incomplete B,

cobyric acid, cobinamide and cobyramide d€rvatives.

(see Figure 3)%,
1.1.2. Biological function

Due to its nucleophilic characteristic, coenzyme B1, and methylcobalamin catalyse isomerization
and methyl transference reactions in which the excision and formation of C-C bonds are

essential steps. Moreover, the cleavage of the Co-C bond plays an essential role in that reactions.
Organometallic Co-C bond and Cleavage:

A common element of the cobalamin family is the presence of the Co-C bond observed in
AdoCbl, MeCbl and other derivatives. The Co-C bond, as mentioned, is stabilized by the corrin
macrocycle but can be cleaved in mild acid conditions and by addition of cyanide®. Moreover,
Co-C is homolytically cleaved after thermo or light exposure®. By, derivatives are very light

sensitive which complicates their use in biological assays.

Enzymatic functions such as isomerisation, dehalogenation, and methyl transfer rely on the
formation and cleavage of the Co-C bond!®'’. On the one hand, AdoCbl Co-C bond is
homolytically cleaved and this process yields the formation of Co(ll) species and a 5’-adenosyl
radical. On the other hand, MeCbl is heterolytically cleaved yielding nucleophilic Co(l) species?®.

Another heterolytic cleavage of the Co-C has been proposed as the mechanism of heavy metals



detoxification via biomethylation®®. In this case, the cobalt centre remains as Co(lll) and the
methyl group is excised as a carbanion. The three Co-C bond cleavage mechanisms are

summarized in Figure 4.

. CH.R
Fadlcal EQ Carbanion
CHaR Homolytic Cleavage \ Heteroytic Cleavage ‘CH2R
Co AdoCbl cofactor N Metal biomethylation Co
Heteroytic Cleavage —N
N MeCbl cofactor
Co
\ *CH sR
Carbocation
—N

Figure 4. Scheme of the three Co-C bond cleavage possibilities: homolytic cleavage with a radical formation common
for the AdoCbl cofactor, heterolytic cleavage with a carbocation formation typical in MeCbl dependent reactions and
the heterolytic cleavage with a carbanion formation used for metal biomethylation.

The catalytic activity of the Bi, depends on the redox chemistry of the cobalt centre. The
controlled cleavage of the Co-C bond via the cobalt reduction furnishes highly reactive species

and enables this coenzyme to catalyse thermodynamically challenging reactions?.
Cobalamin enzymatic reactions:

Coenzyme B3, and methylcobalamin represent the natural®? functional cofactors and catalyse
rearrangements and methyl transfer reactions!®. Cobalamins are involved in important
processes such as DNA synthesis and regulation, nervous system function and red blood cell

formation'®1°.

The methylcobalamin cofactor catalyses the methyl transfer reaction, found in the methionine
synthase, methane synthetase and DNA-methylase. The enzyme methionine synthase catalyses
the methyl transference from the 5-methyl-tetrahydrofolate to the homocysteine, as a result
tetrahydrofolate (THF) and methionine are obtained’. Thus, a deficit of B, can conduce to a low
methionine concentration which is the starting substrate for the synthesis of choline and
acetylcholine. These two molecules are involved in the nervous system because they are
neurotransmitters. Furthermore, a low concentration of B, causes a low source of THF which is
necessary for the purine synthesis, leading to the inhibition of DNA synthesis and cell replication.
The inactivation of the methyltransferase leads to an insufficient supply of S-adenosyl-
methionine and a lack of a proper DNA methylation??. Methyl-corrinoids are essential for the
formation of methane in Archaea and acetyl CoA synthesis form two CO; molecules in

autotrophic bacteria®®.



The coenzyme Bi; is the essential cofactor that catalyses isomerisation, present in the glutamate
mutase, methylmalonyl CoA mutase and dioldehydrase. Also, reduction reactions are catalysed
by the ribonucleotide reductase which is involved in the reduction of the ribonucleotides to
deoxynucleotides, essential for the DNA synthesis. The methylmalonil CoA mutase enzyme
catalyses the isomerization of the methylmalonyl CoA to the succinyl CoA implicated in the
degradation of the odd-numbered fatty acids, cholesterol and certain branched-chain amino
acid®12, For this reason, a deficiency of cobalamin produces a failure of the synthesis of
deoxynucleotides and thus, the DNA synthesis and cellular division, and human mutase

deficiency can produce neuropsychiatric symptoms*Z.

In organohalide-respiring bacteria, reductive dehalogenases have been found to remove
halogen substituents from organic halides. This involves the formation of an halogen-cobalt
bond that has been proposed as a new activation mode of the cobalamin-catalysed reactions?..
Moreover, MeCbl is also involved in detoxification mechanisms via heavy metal methylation®%,
and a Bi;-dependent enzyme has been proved to perform the last synthetic step in the

Queuosine synthesis, a modified nucleobase present in tRNA22,
1.1.3. B biosynthesis and chemical synthesis

Although cobalamin is synthesised by Bacteria and Archaea, it is essential to humans in small
quantities (1-2pg per day)®?3. The correct amounts of vitamin B, uptake depends exclusively on
the diet via an elaborate absorption mechanism. Only certain prokaryotes are capable of the de
novo synthesis of the vitamin Bi, with an adequate supply of Co®%, and Cbls seem to play no

metabolic role in plants, fungi or some bacteria.
Biological synthesis

Many authors suggested that B;; was synthesized prebiotically and may have been important in
the catalysis of the “RNA world”. In some bacteria, the biosynthesis begins with an aminoacyl-
tRNA molecule, and an RNA molecule is involved in the regulation of the biosynthetic and

transport Cbls genes'®.

B1, de novo synthesis in bacterial*323

The B1; compound is synthesized from the uroporphyrinogen (Urolll) a common precursor of
the heme, siroheme and cobalamin rings. Two distint pathways have been identified to convert
the Urolll to the intermediate adenosylcobinamide (Ado-Cbi), which has the fully modified corrin
ring with the aminopropanol side-chain added. The main difference between these two

pathways is the moment of the cobalt insertion and the oxygen requirements'®?*%, p,



denistrificants requires molecular oxygen for the synthesis and cobalt is added to the corrin ring
at a comparatively late stage. In contrast, S. typhimurium and P. shermanii are able to synthesize
the cobalamin in absence of oxygen and cobalt is added early in the biosynthetic sequence?®.
The cob operon contains the genes needed for de novo Bi; synthesis and it can be divided in

three major steps?® (see Figure 5):

Part | (17 genes Part Il (3 genes Part Il (1 gene
Photosynthesis (179 ) 39 ) (1 genej
Chloropyll
wMgu Adenosyl Co?*
i -Cbi Dmbz- . pmbz-—Flavin
tRNA— ALA— Uro Il Precorrin-2 -~ Ado-Cbi ribonucloside
+ 2+
Fe? Factor Co AdenosyP™ anol
Heme l;:e2+ AdoCbl

Respiration Siroheme

Figure 5. Scheme of the three biosynthetic parts of the AdoCbl.

The first part of the synthesis is the conversion of the Urolll to the Ado-Cbi which consists of at
least 20 steps. The cobalt insertion, reduction and adenosylation of the corrin ring occur in this
sequence. The methylation and amidation of the periphery of the coring ring are sequentially
performed during this synthetic sequence. Several studies have been performed in order to
elucidate the peripherical modification sequence of the corrin ring!%2232>26 The source of the
1-amino-2-propanol is the threonine which is linked to the cobyric acid intermediate to obtain

the Cbi derivative.

The Dmbz is independently synthesized and, although the synthetic pathway remains unknown,
it is transformed from a riboflavin precursor. The CobT enzyme might also catalyse the ribosyl

phosphate transfer.

Finally, the last step is the linkage of the Ado-Cbi and the Dmbz nucleoside. Thus, the
aminopropanol group of the Ado-Cbi is activated via phosphorylation followed by a GTP transfer
to form Ado-Chi-GDP catalysed by the CobU enzyme. Then CobS catalyses the attachment of the
aminopropanol activated chain with the Dmbz ribonucleoside at its 3’ position yielding the

complete AdoCbl?’.

The vitamin Bi; pharmaceutically used is in vivo synthesised using selected bacteria such as
Streptomyces griseus, Pseudomonas denitrificans and Propiobacterium freudenreichii subsp.

Shermanii*>*%,

There are also bacterial species capable, in a deficit of cobalt conditions, to synthesise the
organic part of the cobalamin without the metallic atom in the tetrapyrrole centre. The a-(5,6-

dimethylbenzimidazole)hydrogenobamide or descobaltocobinamide and the hydrogencobyric

6



acid or descobaltocobyric acid were isolated from Chromatiales bacteria, purple sulphur

bacteria such as Allochromatium vinosum®>%*, and purple none sulphur bacteria

Rhodopseudomonas spheroides®'3?,

The uptake of the Cbl into bacterial cells poses two main problems. First, a specific membrane
transport system is need due to the cobalamin size, and second, the quantity of compound
present in the environment is low, therefore a very high affinity system in needed to enable the

Cbl transport to the periplasm.

One system is involved in the Cbl transport across the outer membrane into the periplasm. The
BtuB transport protein, which acts together with TonB, is involved in this first uptake step and
presents high affinity for vitamin Bi1; and derivatives including AdoCbl and Cbi. Once bound to
the BtuB, the Cbl is moved into the periplasm in an energy-dependent manner that requires of
the TonB protein to drive a proton motive force, which induces the conformational change
needed for the transport. The inner membrane transport involves the BtuC and BtuD proteins,

which translocate the Cbl derivatives from the periplasm to the cytoplasm?®.

Both processes, Cbl biosynthesis and transport, are controlled via an RNA sequence that senses
AdoCbl and affects both transcriptional and translational regulation of the genes involved, the

cob operon and the btuB gene!l3,

B1, uptake and transformation in Human’

Humans depend on diet as Biz source and a subsequent uptake and transformation into the cells.
Three different proteins are involved in the vitamin Bi, uptake: intrinsic factor (IF), haptocorrin
(HC) and transcobalamin Il (TCIl). These proteins have a high affinity and selectivity apart from
a fast binding kinetics. The combination of the three transporters ensure a high selective

transport of Bi; derivatives.

Once in the cell, vitamin B1; is transformed into the active enzyme cofactors AdoChl and MeCbl.
This modification requires the displacement of the B-ligand via homolytic cleavage of the Co-C
bond, which is catalysed by the CbIC enzyme. The cob(ll)alamin obtained suffers a subsequent
alkylation with ATP yielding the AdoCl. The formation of the MeCbl requeries the reduction to

Cob(l)alamin and the methyl group is transferred by s-adenosylmethionine (SAM).
B12 chemical synthesis

The chemical synthesis of the vitamin B;, has been one of the major challenges of the natural
products chemistry. The project was started at the earlies 1960 as a competition between Albert

Eschenmoser from the ETH (Switzerland)**3* and Robert Burns Woodward from Harvard3¢3,



After four years of hard work, in 1965 both groups came together, and the project was finally

acomplished in 1972.

The retrosynthetic scheme of the vitamin B1; is shown in the Figure 6. As it can be seen, the first
retrosynthetic step is the cobyric acid, since in 1960 Bernhauer demonstrated that the
nucleotide chain of the vitamin Bi; is eliminated via hydrolysis of the amide, and the re-linkage
of the f-chain is then possible from the cobyric acid intermediate3>*. Hence, the total synthesis

of Woodward and Eschenmoser was finished when the cobyric acid intermediate was achieved.

CONH,

Figure 6. Retrosynthetic scheme (A/B variant) of vitamin Bi,. 1) Vitamin Bj,: 1) Cobyric acid.®

In summary, the chemical total synthesis of the vitamin B1> was completed in 1972 after more
than 10 years of work!® and more than 70 synthetic steps, in which the Co centre is essential for
a correct formation of the corrin macrocycle. It is also important to consider the 9 chiral carbons

present in the molecule.

a “\/itamin By, retrosynthesis” by V8rik/Dissolution (Rik van der Lingen) is licensed under CC BY-SA 3.0.



1.1.4. Synthesis of derivatives

The synthesis of modified B, derivatives is an active research area as these molecules have been
proposed as good cyanide detectors and detoxifying, and their applications in therapy and
diagnosis'®. Also, the design of dysfunctional By, analogues can lead to the development of new

classes of antibacterial and antiproliferative agents®2,

The high affinity for CN" of the Co(lll) centre of the corrinoids has led to the use of aquocorrinoids
for the detection and detoxification of this anion**2. AqCbl is nowadays the most administered
pre-clinical antidot for CN" detoxification*’. The replacement of the B-ligand by fluorescent
moieties has been exploited for investigation of dependent Bi; enzyme activities and reaction

43,44

mechanisms as well as to the study of the uptake of the vitamin and also in Vitamin Bj;

quantifications®.

For medical applications, it is very important to consider that the structural changes of the Cbls
can affect the binding to the proteins and cell uptake transporter®. Modifications at the 5’-OH
of the ribose moiety and at the cobalt centre are the best candidates for developing B1
derivatives for diagnosis and therapy”>1%9, A wide variety of modified Bi>-conjugates have been

reported: B, derivatives where the axial

==

A N B ¢
ligand has been replaced by inorganic or HEN_E_C' leg
organic drugs*®*® (see Figure 7A). The i
linkage of luminescent molecules at the 5’- Z\ o 0 _‘
OH of the ribose has been explored for the o .._‘.20 o é\'j@/\
development of luminescent tumour HNg ‘l‘N O",f'*DQ'jN
markers>°! or drug carriers'®*>*3 (see Figure omp-0 N Lo &
7B). The research on antivitamins has been : © \!f
increasing the interest. Antivitamins are "
defined as compounds that interact with the o l
same receptor as vitamin does but is not able Izl ng\

to do the same function thus a different

reactivity”*>**.  The  development of \‘Nﬁ W

o !
dysfunctional Cbls has focused on the HN N "y HO (’ﬁ
¢ oo
ﬁ{/nlo \b

modulation of the redox potential of the
cobalt centre by different approaches. The Ho—

whole f-chain of the corrin moiety has been Figure 7. Examples of synthetic derivatives structures. A)
. . . o ligand replacement by an inorganic drug; B) 5’-OH
replaced by a peptide linker with a distinct modification structure; ¢) f-chain replaced with a peptide

. . . linker D) o-donating ligand as axial ligands.
strength of the intramolecular interaction of



the Dmbz with the cobalt centre, which has consequences on the redox potential of the
complex®1%°° (see Figure 7C). By, binding proteins tolerate structural modifications on the B-site,
thus modulation of this ligand has also been exploited®®. Strongly o-donating ligands make the
reductive activation more difficult, and analogues with organometallic phenylacetylide and 4-
ethylphenyl derivatives have been also reported®>* (see Figure 7D). Fluorescent derivatives of
cobalamin have been prepared by linking fluorophores to the cobalt centre through a propyl
amide spacer, which are suitable for in vivo imaging of transcobalamin receptors in cancer
cells®®. Another approach is the linkage of the fluorophore though a cis-platinum bound to the

cobalt centre via the cyano group®’.

Finally, in the 70's, after the isolation of the descobaltocobalamins, coordination studies with
other metal ions were reported. For instance, zinc and copper derivatives of
phenylhydrogenobamide and hydrogencobyric acid, called Currins and Zirrins, were reported by
Koppenhagen®®. Hereafter, analogues of vitamin Bi; were prepared using the
descobaltocobalamins with Zn and Cu. The three compounds were proved to be vitamin Bi,
antimetabolites and supressed the growth of Lactobacillus leichmanii®®. In 1974 Koppenhagen
and co-workers, although incompletely characterized, reported rhodium derivates with
chloride, water, methyl or 5’adenosyl as apical ligand, whose antiproliferative activity was also
tested with Lactobacillus leichmanii and Escherichia coli®. Some of the copper and rhodium
derivatives also exhibited an antivitamin effect, competing with the vitamin B1, for binding to

human transcobalamins®?.

Several strategies to generate metal analogues of the natural corrinoids by removal of the Co
centre have been proved without satisfactory results’'?. Recently, Kriutler and co-workers
reported the synthesis and characterization of the rhodium homologue of coenzyme B;, using a
combined methodology: the descobaltocobyric acid was biologically synthesized and metal core
and axial ligands were chemically introduced®*. Adenosyl-rhodium-cobalamin has been found to
be inactive in the methionine synthase and in the dependent diol dehydratases. More
surprisingly, crystal structure revealed a better fit of rhodium in the corrin ring in comparison to

cobalt?.

As mentioned before, the light-stability of the Co-C bond has been a handicap in the use of this
compound in biological assays. Thus, investigations focusing on the synthesis of light-stable

coenzymes have also been reported>*523,
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1.2. Central dogma of the Biology

The central dogma of the Biology was postulated by Prof. Dr. Francis Crick in 1958% and it can
be summarized as: the genetic information only can be stored as DNA, copied in RNA molecules

which are an intermediate stage for the final gene product, the proteins®® (see Figure 8).

DNA  ——p» RNA — Proteins

Transcription  Translation

Replication

Figure 8. Scheme of the central dogma of the biology.

However, this dogma has always been in question. Nowadays, it is known that some viruses
store the genetic information as RNA molecules, that RNA does much more functions than
translate information into proteins, and that there are enzymes able to synthesize DNA from an
RNA template. All these new discoveries considered together imply a limitation to the dogma

postulated by Prof. Dr. Francis Crick.

As it has been delved deeper into the study of eukaryotes, large amounts of non-coding genes
have been discovered, as well as different splicing mechanisms and introns or exons
identificated. Also, non-coding information found in the DNA genome is transcribed in non-

coding RNA that handle different functions, which have opened a new and wide research field.

1.3. RNA architecture and motifs

RNA polymer is constructed by combination of only four different monomers, composed of
different bases, the same sugar and phosphate. The combination of these four pieces in distinct
conformation allows RNA molecules to exhibit different and complex secondary and tertiary
conformations®” that can lastly be correlated with a wide spectrum of functions. Determining
the conformation and stability of RNA secondary and tertiary structures will provide a better
understanding of their functions®. The presence of a given structure not only depends on the
RNA sequence, also temperature and environment are important, therefore knowledge of

thermodynamics of the structure is crucial.
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1.3.1. RNA monomers, conformations and base interactions.
Nucleic acids, both DNA and RNA, are long biopolymers built as linkage of nucleotides, each

composed of a sugar, a phosphate and a nucleobase.

In RNA, four bases built up all different sequences, two of them are purine derivatives, adenine
(A) and guanine (G) and the other two are derivatives of pyrimidine, cytosine (C) and uracil (U).
This latter, U is the substitute of the DNA thymine (T) during transcription. In each case, N(9) of
a purine or N(1) of a pyrimidine is bound to C(1’) of the ribose, which is the sugar present in the
RNA backbone. The formation of the N-glycosidic bond between the base and sugar give rise to
the unit known as nucleoside. A nucleotide is formed when one or more phosphate groups are
joined to a nucleoside via a phosphodiester bond. The natural esterification site is the -OH group

of ribose C-5’ (see Figure 9a).
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Figure 9. a) Representation of a nucleotide with the ribose link to a base via C-1" and a tripEosphate at the O-5.b)
Representation of two nucleotides bond via the phosphodiester bonded. Phosphate group in the 5’ position reacts
with the 3’-OH group of the next nucleotide so that elongation always run from the 5’ to the 3’ end.

Sugars in the nucleic acids are linked together through phosphodiester bridges. The 3’-OH group
of the sugar moiety of the 5’ nucleotide is esterified to a phosphate group of the 3’ nucleotide,
linked to the 5’-OH of the sugar (see Figure 9b). In this manner the RNA backbone is elongated
inthe 5’ to 3’ direction. In addition, due to the presence of the 2’-OH, a 2’ to 5’ linkage is possible
which is involved in the removal of introns and the joining of exons for the formation of mature
RNAs®%7%, The combination of the four nucleotides in a different manner define the primary
structure. Then, these single stranded molecules are folded into secondary and tertiary
structures where H-bond interactions between bases, different sugars or base conformations,

and metal ions interactions play an important role.

The ribose ring can exhibit two pucker, C(2’) endo and C(3’) endo, conformations (see Figure
10)”*. A pentose forms a ring with five atoms and at least one of them must be out of the plane.
In the C(2’) endo pucker, the C(2’) atom lies out of the plane on the same side as the base putting
apart the two phosphate groups (7 A). On the other hand, in the C(3’) endo pucker, the C(3’)

atom is the one out of the plane at the base side and phosphate groups are much closer to each
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other (5,8 A). The van der Waals crowding effect, due to the ribose 2’-OH, stabilizes the ribose
into the C(3’) endo pucker. In the C(3’) endo configuration there is an adequate separation
between C(2’) and C(3’) oxygen atoms, while a van der Waals crowding occurs if the ribose is in
the C(2’) endo pucker conformation. Therefore, RNA molecules are usually found in C(3’)
conformation. An energetic barrier prevents a pucker change in the RNA double helix and thus
justifying the lack of flexibility in the backbone in comparison with the DNA backbone, where

the pucker change of deoxyribose is energetically more favourable’.

Figure 10. Sugar pucker conformation C2'-endo and C3'-endo’.p

There are small conserved structures often observed as component of motifs or in isolation. The
so called structural elements may be observed in several types of motifs, normally implying two
or three elements and lack of a characteristic sequence’®. The U-turns are sharp bends in the
backbone with a characteristic staking of the second and third nucleotides present in hairpin
and internal loops, while S-turns are two consecutive bends in the backbone where an inverted

sugar pucker is observed.

Lots of other structural elements are formed by non-Watson-Crick interactions as A-minor
interactions where adenine flips outside a helix and interacts with neighbouring helices,
interactions between two coplanar residues forming a dinucleotide platform, and if an
additional nucleotide interacts, a base triplet can be formed. Cross-strand stacks can also occur
when a base stacks on a base on the opposite strand instead of stacking with adjacent bases on
its own strand. The presence of non-canonical base interactions are very important in the folding
and RNA structure elements formation. For this reason, several base paring nomenclatures and
databases have been developed’’4. For their importance and abundance in RNA structures,

non-Watson Crick bases pairs will be further emphasised and analysed below.

b “DNA sugar puker” by H.M. Sobell is licensed under CC BY 4.0

13



In large RNA molecules, H-bonds are essential for building up structural motifs and the final
functional three-dimensional structure. Contrarily to DNA, large fractions of base interactions
are non-canonical Watson-Crick base pairs. Each nucleobase possesses three edges (see Figure
11). The Watson-Crick edge, the Hoogsteen or “C-H” edge and the sugar edge, which involves
the 2’-OH group. Two nucleobases can interact with each other via any of the edges, besides,
every nucleobase can be in syn or anti respect to the sugar, leading to 12 distinct families with

168 matching possibilities”’®. Even more base triplet possibilities have also been observed such

as a stable G-G-A arrangement®.
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Figure 11. Interaction edges of purine and pyrimidine nucleobases.

Standard Watson-Crick interactions AU and GC represent only 50% of the base paring in large
RNAs. The GU wobble base pair is the third most common base pair. The sheared GA pair, AU
Hoogsteen, UU wobble and GA Watson-Crick-like pairs are also in high abundance. These seven
distinct pairs mentioned represent 90% of the base pairs formed in RNAs’? (see Figure 12). These
pairs are predominant in specific regions: the AU Hoogsteen pair stands out in terms of its
intercalative properties and a rare presence between dinucleotide steps. The GA Watson-Crick-
like pair as well as the GU wobble pair have a predominant presence in flanking nicks (break in
a covalent link between stacked base pairs) in helical domains. Moreover sheared GA pair exists
at the ends of helical domains and the UU wobble pair seems to be unable to stack at the end
of duplexes. The Watson-Crick GC pairs are more appropriate than AU pairs to terminate helical
fragments possibly due to their higher stability. Sequence analysis reveals that non-canonical

base pairs have higher stacking affinity with canonical GC and AU pairs rather than with other

non-canonical pairs”’.
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Figure 12. Base pair interactions more abundant in RNA structures; a) and b) canonical Watson-Crick interactions GC
and AU; c) wobble GU pair; d) Hoogsteen AU pair; e) wobble UU pair; f) Watson-Crick-like GA pair; g) sheared GA
pair’s,

1.3.2. Metal ions in RNA stability and folding
Considering RNA as a polyanion, it seems to be obvious that there is an energetic barrier for the
formation of compact structures, and that it needs the presence of a counter-cation. RNA
molecules are always associated to certain metal ions which are highly abundant in cells, being
the most abundant Na* (4,6g/kg bacterial cells), K* (115 g/kg bacterial cells), Ca** (5,1 g/kg
bacterial cells) and Mg?* (7 g/kg bacterial cells)’. The possitive ions are needed to stabilise, fold

and compact the molecule, and frequently they are involved in catalysis.

In RNA folding, negative charges come close, the unspecific binding of monovalent ions (such as
Na* and K*) allows the formation of secondary structures while ternary interactions need the
specific binding of metal ions with higher valency that are highly directional in the space®2,
These metal ions can interact with RNA in several ways: non-specific charge screening ions

(diffuse), electrostatically located ions and inner or outer-sphere coordination site bound ions.

The monovalent ions are responsible of the preorganization of the RNA and they are bound to
the backbone non-specifically, neutralizing the phosphate negative charge as the main role®2#,
These abundant diffuse ions remain hydrated and interact with RNA via long range electrostatic
interactions. lons can also interact with RNA surface indirectly via hydrogen-bonding between
the first hydration layer®. Mg?* is not always essential to stabilize RNA tertiary contacts.

Moreover, the RNA can be sensitive to monovalent ion size®*. Even if monovalent ions are
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present in higher concentration, only half Mg?* ions are need to neutralise the same amount of

charge®.

In case of divalent metal ions, the magnesium is the most commonly involved, and it is
particularly efficient stabilising compact structures®. The Mg?* clamps are formed when Mg*
can interact electrostatically with the adjacent phosphate group of the backbone which is the
most common mode of bidentate chelation of Mg? in RNA. These Mg?* ions bridging two
phosphate groups produce a backbone constrain and local rigidity’®23. On the other hand,
specific metal ion binding sites with high affinity are also required for RNA molecules to fold into
the ternary and functional conformation as it has been identified in the T box antiterminator®®,
In riboswitches, Mg?* can facilitate or be necessary for the interaction with the ligand due to the
produced pre-folding®”#. Furthermore, Mg* is the most catalytically active cofactor, taking part
in the acid-base catalysis found in the active site of ribozymes and ribosomal RNA, catalysing the
peptide bond formation, and the transesterification and hydrolysis of the phosphodiester®.
When a Mg? is coordinated to a phosphate oxygen, the phosphorous is activated for

nucleophilic attack, thus Mg?* increases the rates of RNA hydrolysis®.

1.3.3.  RNA motifs
An RNA motif can be defined as a discrete sequence or combination of base juxtapositions,
found in naturally occurring RNAs in unexpectedly high abundance®. The different sugar
conformations and the distinct base pair possibilities exposed in the previous section 1.3.1 allow
RNA to exhibit a wide range of secondary and tertiary structures. It is important to keep in mind
that RNA molecules and their structural elements are dynamic and mobile: base pairs can be
formed and broken reversibly. Also, base paired regions and helices can be bent and flexed. RNA

structural motifs may be bound to water or ions to support their conformations’.

Structural studies and sequence comparison suggest that RNAs are modular, composed of
conserved motifs of secondary and tertiary structure such as: helices, loops, junctions,
pseudoknots, mismatches and bulges® 7390919293 (sea Figure 13). These motifs are likely to be
crucial to both biological function and three-dimensional structure®?, but it is often necessary
for individual building blocks of RNA to condense into tertiary structure with the formation of

long-range tertiary interactions®,
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Figure 13. Schematic representation of the RNA common motifs; A)double-stranded helices; B) triple stranded region;
C) hairpin loop; D) internal loop; E) mismatched region; F) pseudoknot; G) three way junction.

Double-stranded helices

RNA molecules have at least 50% of their bases in double-stranded helices, as many of their
functions require a compact structure. Double-stranded regions in RNA adopt an antiparallel
right handed helical conformation, with Watson-Crick base paring leading to an A-form helical
geometry, which are the most abundant in RNA natural molecules’. In this A-RNA helix,
interactions between 2’-OH group and the 4’-O of the next residue play an important role.

Sequences of alternating GCGC form left handed Z-form helices.

A-RNA

BPrise ~2.5 A Diameter ~23A BPrise ~3.4 A Diameter ~18 A

f

,GAK /;\l/? -7A ’WJ/Z\ Pase

C3"-endo »" C2-endo

Figure 14. Above comparison between A-RNA form and B-DNA form. Channel in the helix centre can be observed.
Below the 3’endo and 2’endo sugar pucker where interphosphate distances are depicted®* ¢

The C(3’) endo sugar pucker adopted by the nucleotides is a distinguishing feature of the A-form
helix. This sugar pucker is associated with an interphosphate distance of 5.8 A, while the
interphosphate distance in B-form helices with a C(2’) endo sugar pocket is about 7 A707! (see
Figure 14). The A-form helix formation needs about 11 base pairs per turn and the base pairs
are displaced towards the minor groove. In this helix form, major groove is very deep and

narrow, and the minor groove is wide and shadow, bases are not perpendicular to the helix,

¢Zhou, H. et al. m1A and m1G disrupt A-RNA structure though the intrinsic instability of Hoosteen base pairs.
(2016).Nat. Struct. Mol. Biol. 23, 803—-810 by permission of Oxford University Press
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widening the structure and leading to the formation of a channel in the helix center® (see Figure

14).
Hairpin loops

This motif results when a single strand folds to form a double stranded region, leaving some
bases unpaired and linking the 3’ and 5’ ends of a double helix. Hairpin loops are closed by
Watson-Crick interactions. The smallest hairpin loop identified has two unbounded bases and
the largest may contain about ten unbounded bases. NMR as well as X-ray studies show a 3’endo

conformation both in the loop and stem.

Tetraloops are the most common hairpin loops and the most stable sequences are GNRA and
UNCG (where N is any nucleotide and R is any purine)®?. These two tetraloops families have their
similarities and all of them present a non-canonical base pair closing the loop. Furthermore,
tetraloops are stabilised by: i) internal stacking interactions between nucleobases in the loop; ii)
base-phosphate hydrogen bonds and iii) base-ribose hydrogen bonding so, in this case, 2’-OH
group plays an important role in the structure and loop stability. RNA A-form helices usually
have sugar in 3’endo conformation. On the contrary, in tetraloops the two middle nucleotides
exhibit predominantly 2’endo conformation that, in turn, allows to reverse the strand direction
in just two nucleotides. Tetraloops of the GNRA family are frequently used in the tetraloop-

tetraloop receptor interactions.
Mismatches and Internal loops

Mismatches are an inclusion of residues that are not Watson-Crick paired in at least one strand
of the double helix, which yield the distortions of the double helix that are common at the end
of helices. These mismatches are stabilized by non-Watson-Crick base pairing, where the two

most frequent are the wobble G-U and G-A.

Internal loops can be classified in symmetric and asymmetric. In symmetric internal loops the
same number of bases per strand are involved, while in an asymmetric internal loop one strand

involves more bases than the other, leading normally to a bulged base”.

The distortions produced by mismatches may have an important role in the RNA function,
providing a specific binding site for other RNA or proteins. The phylogenetic conservation of
these regions sustain the hypothesis. Unpaired adenosines flipped outside the helices are
common and have importance in the tertiary RNA folding and in molecular recognition®2. Also,
regions with purine-purine pairs widen the major groove of the RNA, increasing the accessibility

of numerous functional groups that may play a role in molecular recognition®.
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Bulged loops contain any number of unpaired nucleotides that interrupt one strand of a
continuous double helix. These bulged nucleotides are common in predicted structures of large
RNAs and can cause its bending depending on size and sequence. NMR studies point out that
bulged nucleotides and surrounding base pairs may have a selective influence on the bulged
nucleotide position: the nucleotide can be intercalated in the helix or, by contrast, flipped out
of the duplex. These bulges are thought to play an essential role in the protein-binding and

adenosine is the most predominant bulged nucleobase.
Pseudoknots

Pseudoknots and knots are defined as base pairing between nucleotides separated by regions
of secondary structures. By the broad definition, any tertiary interaction which involves base
paring is termed a pseudoknot. For this reason, the definition has been restricted to only base-
pairing between nucleotides in a hairpin loop with adjacent single stranded regions. A
pseudoknot architecture is composed by two stem regions that may be separated by a single
stranded region. There are three different paths in forming the pseudoknot, which differ in

orientation of the coaxial stack between the two regions®.

Pseudoknots are motifs with high capacity for molecular recognition, providing binding sites for

protein interaction, transcription and translation regulation®.
Triple Strand Interactions and Junctions

Whenever a helix and a single-strand or loop are nearby, they can interact to form a triple-strand
interaction. These ternary interactions serve to fix the relative orientations of helices and are

important in the stabilization of three-dimensional structures.

Junction loops are formed by the interaction of three or more double helices, the more common
are the three-way junctions and four-way junctions. Coaxial stacking of the helices is a key
feature of junction loops and it may occur opposite to the longer junction strand. These

structures are commonly stabilized by bridging nucleotides between helices.
Ribose Zipper

Ribose zipper is a tertiary structure motif which shows a strong sequence bias, and is found to
link a stem or stem-like region with loop regions®'. When unpaired RNA strands are in proximity,
2’-OH groups of two consecutive ribose on both strands can interact by H-bonding® giving as a
result an H-bonding network. The capacity of the OH group to act as both, H-bond donor and

acceptor, leads to the formation of four different interactions. This kind of arrangement appears
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to be particularly significant when interactions between 2’-OH occur linking residues of different
chains®. It is also important to highlight that the residues involved in the ribose zipper are found

to be phylogenetically conserved®?.

1.4. RNA classification and known functions
RNA has been postulated as the initial molecule in life, used as storage of genetic information
before DNA. In the initial studies of the cellular biology in the 50’s, RNA was believed of low
importance. This molecule was thought to just be a messenger (mRNA) of the information
between the nucleus and the cytosol, in fact mRNA is the template for protein translation. In
the nucleus, the genes to be expressed are transcribed into mRNA by the RNA polymerase and
this information is then transported to cytosol, where it is finally expressed and translated into
a protein. But in the translation process of the mRNA into proteins, two more RNAs have a key
role: ribosomal RNA (rRNA) and transference RNA (tRNA). The rRNA is the major component of
ribosomes, present in both subunits, which play an important role in both catalysis of the protein
synthesis and structure stability of the ribosome. On another note, tRNA is the molecule in
commission of transporting the correct activated amino acid to the ribosome, where the
peptide-bond is formed, revealing a catalytic activity of the rRNA in the peptide bond formation.
There are 50 different tRNA described as they have an anticodon that needs to be

complementary to the mRNA codon to introduce the correct amino acid in the protein sequence.

Today, a wide research field stands around RNA, roles of non-coding RNAs and untranslated
portions of MRNAs appear to be far more extensive than originally believed®. New functions
can be now attributed to this biopolymer. The so-called non-coding RNA are RNA molecules that
are not translated into protein, which can perform several functions from transcription,
catalysis, RNA maturation, RNA modification to gene regulation®. In this definition a wide
variety of RNA with different functions can be included: transference RNA (tRNA), ribosomal
RNA (rRNA), small nuclear RNA (snRNA), RNA associated to Piwi (piRNA), extracellular RNA
(exRNA), small interference RNA (siRNA), micro RNA (miRNA), CRISPR, ribozymes, riboswitches...

The catalytical function can include both, self-cleavage or the cleavage of other RNAs. Examples
of RNA with these functions are: the Group | and the Group Il introns self-cleavage, ribozymes,
RNPzymes and the rRNA role in the protein synthesis®®>. Most genes in eukaryotes present
introns that must be removed from the mature RNA, intron removal and ligation of exons occur
via an esterification reaction in a massive ribonucleoprotein (RNP), the spliceosome®’. RNase P
is present in the three kingdoms of life and it is essential for tRNA maturation. MRP RNAs, in

contrast, are only present in eukaryotes cleaving the RNA primers needed for the DNA
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replication®®. Telomerase RNA is implicated in the catalysis and retro-synthesis of DNA for the

homeostatic maintenance of the telomer length®.

Gene expression and protein translation can also be regulated at RNA level using, for instance,
cis-encoded regulatory elements such as riboswitches. Most of the small RNA act as trans-
encoded regulators that can form RNA-protein complexes, mimic other nucleic acids structures
or interact via base paring with other RNAs®1%°, These sRNA molecules play important roles in
virulence, antibiotic resistance, bacterial stress response and can also reduce the effectiveness
of antibiotic therapies!®?, making them important candidates for drug targets. The miRNA are
small single stranded sequences of about 20 nt. present in animals and plants that are involved
in the regulation of translation, post-transcriptional modifications and degradation of mRNA,
development and differentiation of metabolic pathways, oncogenic transformation and the
replication of certain viruses!®1%, |nterference RNA (iRNA) are also small single strands in
complex with the Argonaute protein family. In this case, RNA serves to guide the complex to the
appropriate target due to base pairing. A specific example is RNA associated to the Piwi protein
(piRNA), this RNA can either repress gene expression via splicing or activate it by preventing the
heterochromatin formation. Moreover, these complexes seem also to be involved in
transposons silencing pathways'°%1%, The discovery of small nucleolar RNA (snoRNA) and their
classification in two subclasses, one related with the 2’-O-ribose methylation and the other
implicated in the pseudouridylation, have underlined the implication of RNA molecules in the

post-transcriptional modification mainly of rRNA, tRNA and snRNA,

In some bacterial and virus systems ncRNAs are used for defence or survival purposes, RNA is
capable of manipulating the host cellular machinery for their own purposes (CRISPR and iRNA).
The cluster of regulatory interspersed short palindromic repeats (CRISPR) sequence, formed by
a repetition of a sequence linked by a short spacer, are identical to plasmid or viral fragments
that allow to base pair with the targets and perform their defence purposel®. Although RNA is
less immunogenic, viral RNPs have much potential to slip the radar of the host and manipulate
its metabolism%. Also as temperature sensors, the three-dimensional conformation of an RNA
can be destabilized when the temperature is increased leading in a conformational change and
lastly a protein expression regulation'®or a protein synthesis activation when the infection
temperature is reached!®®. The discovery of the transfer-messenger RNA (tmRNA) that reflects
properties of both tRNA and mRNA has pointed out the job of RNA in the quality control of the
protein translation; a tmRNA portion transcribed at the C-terminal of a peptide is enough to

direct its degradation®,
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Another artificial function related with medicine is the capacity of specific RNA aptamers to
sense proteins which can be correlated with health or disease. This fact opens a wide field of

research in the use of RNA as diagnosis agents and also for analysis in samples'°,

1.5. Riboswitches

Riboswitches can be defined as RNAs that control gene expression by binding metabolites
without the need of protein factors and that are present in species from all three kingdoms of
life®”114112 |n general, those regulatory elements are situated in the 5’-UTRs of transcript mMRNAs
and cis-regulate genes related with transport or synthesis of the metabolite thereof®®3-117 to
avoid wasteful energy expenditure or inappropriate physiological responses®®, It is suggested
that riboswitches represent one of the oldest regulatory systems!#1% Bacteria use this
mechanism to quantify intracellular metabolite concentration and to make appropriate changes
and modulation in the expression of relevant genes!?®!2!, Their architecture must be complex
enough to selectively recognize a metabolite and perform the conformational switch. For this

proposal, in a Riboswitch two main domains can be distinguished:

a) The aptamer is the riboswitch part where the metabolite is bound, ranging from 35 to
200 nt.'?2, The combination of only four different monomers leads to a highly specific
binding pocket that is widely conserved in evolution. In riboswitches, the sequence is
conserved in 50% to 65%, but the secondary structures are conserved across thousands
of species’?®. Nucleotides evolutionary conserved directly contact the ligand.
Computational analyses of these conserved fragments in bacterial genomes serve as
basis for new riboswitch finding and classification. The aptamer can be initially
preorganized in some extent before metabolite binding, but the binding must induce at
least some structural reorganization or stabilization of the aptamer structures that
influence the folding and function of the expression platform.

b) The expression platform of each bacterial riboswitch is usually located downstream of
the aptamer and is the riboswitch region that finally causes the gene expression
regulation according to the gene-on or gene-off conformations of the aptamer.
Sequences of the expression platform can vary, but the most common expression
platform in bacteria includes a stem that blocks the ribosome binding site or a

transcription terminator.

Riboswitches are very specific and selective to their metabolite, able to discriminate between

precursors or metabolite derivatives. The ligand binding pocket specificity includes a
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combination of several intermolecular forces and binding principles such as hydrogen bonding,

a tight ligand binding pocket and stacking interactions®”1%4,

For a correct riboswitch regulation understanding, it isimportant to recognize that mRNA folding
in the transcription context is central for its regulatory function. The aptamer domain is first
synthesized by RNA polymerase and folds independently to the expression platform. RNA

polymerase stalls for a temporal separation of the two folding events??

, a transcriptional
programmed pausing during transcription is required for efficient folding. Folding and ligand

binding to the aptamer occur on a similar timescale of the transcription®,

Riboswitches can be used as tools in research for the gene expression control and the design of
artificial aptamers capable of responding to a diversity of chemical effectors!'?. On the other
hand, as riboswitches control many fundamental genes and metabolic pathways can be
considered as potential targets for drugs!®112117.12L125 ° Ag more, there are certain drugs
nowadays in use that act at the riboswitch level 'such as: L-Aminoethyl cysteine and DL-4-
Oxalysine®®® that inhibit the synthesis of lysine via the lysine riboswitch, the Pyrithiamine
pyrophosphate (DTPP), which acts over a TPP riboswitch, and the Roseoflavin, used for treating

tuberculosis, which interacts with a FMN riboswitch!26:101 127

There is now a growing research in ligand analogues that are tested for their antibiotic potential
throught riboswitch inhibition!!, Several purine derivatives have also been synthesized and
their interaction with a purine riboswitch has been studied in order to prove potential use as
drug against the Clostridioides difficile 8. GIcN6P derivatives with a phosphate mimicking group
have been tested to activate glms riboswitches'?®. Ribocil is also a FMN riboswitch targeted

antibiotic with strong antibacterial effect and less side effects than the previous reported!!?.

1.5.1.  Riboswitch classes
After two decades of research in this field a wide diversity of riboswitches has been discovered.
Hereafter, known riboswitches are classified according to the metabolite to which thet are
bound21139131 Discrimination of ligand precursors or derivatives is a difficult task achieved due

to the highly specific binding pockets formed using different strategies.
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Figure 15). The c-di-GMP triggers a wide range of physiological changes, c-di-GMP riboswitches

are positioned near genes involved in mobility and virulence*,
Metal ions:

Several riboswitches responding to metal ion concentration have been discovered, establishing
a precedence for a selective recognition of transition metal ions by RNA elements'*. NiCo
riboswitches can selectively bind Co?* and Ni?* ions with a low-uM affinity in a cooperative
manner. It seems to be involved in the detection of toxic levels of these metal ions or in
homeostatic regulation®-14°. Also, an orphan riboswitch widely distributed in bacteria, the yybP-
ykoY motif functions as a Mn? sensor involved in the Mn?* pumps®-14L, Finally, there are also
two riboswitches responding to Mg?*, renamed as M-box, that regulate magnesium

homeostasis**?.
Anions:

Despite the inherent electrostatic repulsion, there is a RNA sequence that senses fluoride

concentration, which can be related to a defensive mechanism against this anion toxicity*.
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Metal complexes:

Some riboswitches involved in
cobalamin regulation#4116
. : Coenzyme B,
have been discovered. The first
one is involved in regulation of
genes related to the

metabolite being able to bind

AdoCbl or aqCbl** depending 0 J/ ;

on the specie. AdoChl Ho/g\o r/N Oj\NHz 5 s-?ﬁﬂf\é(:o
riboswitches are the most HO/WN L Hﬁ;?_
widespread class in bacteria. HNT N“;T0 o
The second cobalamin

Figure 16. Coenzyme B1, and Moco cofactor chemical structure.
riboswitch class regulates genes

related to the ethanolamine®®.

Furthermore, a molybdenum cofactor (Moco) riboswitch that regulates genes related to

molybdenum and tungsten cofactor metabolism has also been discovered®¥’.
Amino acids:

The concentration of some amino acids is also regulated via riboswitches. For example, glycine
is recognized by a riboswitch consisting of two aptamer domains in tandem regulating the
metabolite catabolism®, Lysine is also regulated at a riboswitch level, in its synthesis, transport
and catabolism®1%°, These two previously mentioned riboswitches form a tight ligand binding
pocket, which could exclusively fit the ligand and hold it by van der Waals interactions®”. Finally,
glutamine can be recognized by two different classes of riboswitches: glnA RNA motif and

downstream-peptide motif'>L,
Carbon atoms transfers and related molecules:

A wide range of molecules related with the methylation are regulated by riboswitches. A
riboswitch that recognizes S-adenosylhomocysteine (SAH)'*2 and four riboswitches that regulate
S-adenosylmethionine (SAM)31152-15%6 haye been characterized and there is a fifth that can
recognize both SAH and SAM, although only SAM seems to be biologically relevant®*!. SAM
riboswitches, also called S box, are located upstream of genes involved in sulphur metabolism
such as cysteine, methionine and SAM. Tetrahydrofolate (THF)”1>® is bound to two binding

pockets of a THF riboswitch aptamer. Finally, riboswitches that respond to ZMP (5-amino-4-
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imidazole carboxamide ribonucleotide) and ZTP (5-formamidoimidazole-4-carboxamide
ribonucleotide) have been discovered, which are precursors of the IMP (Inosinate) in the de novo

biosynthesis pathway of purines 221>° (see Figure 17).
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Figure 17. Carbon atom transfers and other related molecules that bind riboswitches: S-adenosulmethionine (SAM),
S-adenosylhomocysteine (SAH), tetrahydrofolate (THF), 5-formamidoimidazole-4-carboxamide ribonucleotide (ZMP)
and 5-amino-4-imidazole carboxamide ribonucleotide ZTP).
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Other cofactors:

Riboswitches can also respond to redox cofactors (see Figure 18) like flavin mononucleotide
(FMN), related with the riboflavin (vitamin B,), implicated in the regulation of genes that encode
riboflavin biosynthesis or transport®®. Glucosamine-6-phosphate synthetase is regulated via
riboswitches responding to glucosamine-6-phosphate (GICN6P)¥*%2 and the reversible
decarbonization catalysis is controlled by a TPP riboswitch, which binds thiamine pyrophosphate
(TPP, vitamin B4)'318% The TPP riboswitch class appears to be the most widespread identified in
most of the taxonomic groups and also found in euryarchaeal, fungal and plant species, and

involved in thiamine synthesis, phosphorylation and transport*?®,

FMN (Vitamin B,) TPP (V itamin B,) GIcN6P

NH,

Figure 18. FMN, TPP and GIcN6P chemical structures.
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Physico-chemical parameter®

There are riboswitches that respond to physico-chemical parameters such as temperature and
pH. Riboswitches that respond to temperature are called thermosensors and block translation
at low temperature by sequestering the RBS and starting codon. A rise in temperature denatures
the RNA structure and translation signals are accessible to ribosomes'®. Also, a 5’-UTR RNA
upstream of the gene alx reacts to alkaline conditions and regulates the gene expression at a

translational level*®>.
tRNA:

The T-box regulatory elements are used for regulation of amino acid related genes in Gram-
positives. The tRNA specific binding depends on an appropiately located codon, the identity of

which matches the amino acid specificity of the gene encoded downstream?®,
Orphan riboswitches:

There are some RNA sequences computationally discovered by gene comparison that are
postulated to be riboswitches. In some cases, the metabolite related to the sequence has not

been identified yet!?1122118 |

1.5.2. Riboswitch regulation mechanisms
The regulation mechanism depends on both, the riboswitch class and bacteria in which it is
present. The riboswitch aptamer must communicate with the expression platform to affect gene
expression and it is the conformational change that ensues ligand interaction that thus drives
riboswitch function!?*. There are three common mechanisms used by the riboswitches in gene
regulation, one of those mechanisms is used in eukaryotes. There are some other more
unfrequent mechanisms that are still uncertain nowadays and need further research to be
completely understood!®’. Gene expression can be modulated at transcription, translation,

108,116,118,121,138

splicing and RNA stability levels
Transcription termination

Upon metabolite interaction with the riboswitch aptamer, a strong stem followed by uridine
residues is formed, which constitute a transcription terminator. This stem is recognized by the
rho factor, which causes the transcription interruption and eventually the release of the DNA

template and ancient RNA from the RNA polymerase (see Figure 19). There are cases in which

41t can be discussed whether they should be classified as riboswitch because they do not specifically bind to a
molecule, but they do perform a regulatory function upon changing physiological conditions.
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the metabolite binding to the aptamer induces the stability of the anti-terminator stem
activating, in this case, the transcription and expression of the corresponding gene. Certain
glycine, adenine and lysine riboswitches are examples of positive genetic regulation although
most riboswitches that control transcription termination act as negative switches!'®. tRNA

riboswitches for instance induce the formation of a terminator stem?°®.

Anti-terminator
Stem

Transcription Termination Mechanism

Polymerase Metabolite

\J

5’

Aptamer Aptamer
Terminator Stem

Figure 19. Scheme of the transcription terminator mechanism used by riboswitches.

Translation initiation

In this case, the metabolite binding induces a conformational change that disturbs the access of
the ribosome, because a simple motif is formed that sequesters the RBS. The base pair
recognition of this sequence consequently prevents the mRNA recognition by the ribosome and

inhibits the protein translation (Figure 20).

There are two variants of this regulatory mechanism. In some riboswitches, the RBS is buried by
the aptamer without the involvement of the expression platform, and thus blocking the
ribosome access and a negative regulation. There are other cases in which riboswitches induce
a transcription terminator located close to the open reading frame. These kinds of riboswitches
with dual expression platform can both attenuate transcription and, if termination does not

occur, could inhibit transcription!!®

. With this mechanism, gene activation can also be induced
if metabolite binding stabilizes the pseudoknot with the anti-RBS, giving access to ribosome
binding in the RBS. Metabolite-dependent inhibition of the ribosome binding has been proven

in vitro for the E. coli AdoCbl riboswitch*.
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Figure 20. Scheme of the translation termination mechanism used by masking the RBS.
Splicing

This regulation mechanism is the most common in eukaryotes. The genetic control is induced by
a complex cascade of events. TPP riboswitch found in eukaryotes is in 5’-end introns of immature
mRNA. Ligand recognition of the sequence modulates the intron splicing, generating an
alternative-processed mRNA!® that contains internal stop codons, which either causes
translation of aberrant peptides or premature translation termination®3® (Figure 21). Also, c-di-
GMP riboswitches are located adjacent to group | self-splicing introns that exhibit this kind of
regulatory mechanism. The metabolite c-di-GMP binding induces a conformational change that
allows GTP to attack the 5’-intron splice site and, subsequently intron self-excision, bringing

together two distant halves of the RBS sequence and thus generating a translatable mRNA?3,

Splicing Mechanism

Metabolite N/
3y —» 5 3
Aptamer
x Ribosome /(
RBS 3 N/
5 3
Aptamer Aptamer

Figure 21. Sheme of the most common splicing mechanism in eukaryotes.
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Transcription interference or antisense

This kind of Riboswitches is located downstream and on opposite orientation of the regulated
gene (see Figure 22). Regulation in this case can be done at transcription termination and
translation initiation levels. The SAM-I riboswitch is an example of a riboswitch that acts with
this mechanism and regulates the transformation of methionine to cysteine. At low
concentration of SAM, transcription of the full length antisense mRNA may cause inhibition or
degradation of the sense mMRNA while, at high SAM levels, the metabolite binds to the riboswitch
aptamer causing the terminator stem formation and the premature termination of the antisense
transcript!®. The regulation may be caused also by competition between RNA polymerase to
initiate at convergent promoters or the transcription of the mRNA versus the riboswitch-linked

RNA.

There are also evidences of trans regulation in SreA and SreB SAM-riboswitches from Listeria
monocytogenes. The SAM-riboswitch transcript can base pair the 5’-UTR of the regulated mRNA

gene and inhibits the translation®2,

Interference or Antisense Mechanism TeriinatceSiai
Polymerase \ |
.\
| Metabolite 4
5 — ' ¥ > 5 | |

Aptame Aptamer

Figure 22. Scheme of the interference or antisense mechanism for the riboswitches located downstream of the
regulated gene.

Self-cleaving

Riboswitches that respond to this mechanism have a ribozyme activity, like GImS riboswitch (see
Figure 23). In the presence of the metabolite, a self-cleavage of the 5-end is induced. The gene
regulation with this mechanism is related to the different mRNA stability prior and after 5’ end
excision. In Gram-positive bacteria, mRNA is 5’-end capped to protect it from RNAse J, so that,

mMRNA degradation is promoted after self-cleavage.

30



Self-cleaving Mechanism
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Figure 23. Scheme of the self-cleaving mechanism of the GImS riboswitch.

Tandem

Several riboswitches have been found in tandem, where two aptamers regulate a single gene.
The 88% of the mRNA regulated by glycine present two aptamer domains. Binding of two
molecules makes riboswitch more sensitive to smaller changes in ligand concentration than a
single aptamer!®® ( see Figure 24). Tandem arrangements of TPP and AdoCbl are less common,
where each aptamer appears to act independently over the same expression platform. L.
monocytigenes SAM riboswitch functions only at a temperature permissive for infection, when

the adjacent RNA thermosensor is unfolded?®3,

Tandem Mechanism

Metabolites

Aptamer 1 Aptamer 2 Aptamer1 Aptamer2

Figure 24. Scheme of the tandem riboswitch containing two aptamers for regulation a single gene.

1.6. B1» Riboswitches

Fragments of the RNA located in the 5’-UTRs of genes related to B> were discovered and were
called B1,-box*®. Afterwards the function of these fragments was identified and the term Cbls
riboswitch was coined'’®. These riboswitches contain the Bi, box motif sequence and 10
additional base pairing sequences highly evolutionary conserved where 57 nucleotides are
conserved in 90% of the cobalamin riboswitches!®171172 Cobalamin riboswitches are the largest
riboswitches identified (more than 200 nt.), with a consensus domain that contains a three-way

and a four-way junction and some peripheral more variable regions'’® (see Figure 25).
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Figure 25. Consensus structure of a cobalamin riboswitch aptamer. Continuous lines depict parts of a variable length.
Nucleotides depicted in red are the most evolutionary conserved’? e,

Coenzyme B, or adenosyl cobalamin riboswitches are widespread®*!''73 through diverse
bacterial species, moreover ranking from 1 to 13 representatives per genome have been
identified after computational genomic comparison studies’*. This riboswitch class is
widespread in all taxonomic groups of bacteria where Gram-positives seem to exhibit regulation
at a transcriptional level while Gram-negatives use a translational regulation via the RBS

sequestration!!*'", |n rare instances, both transcriptional and translational regulation can be

simultaneously controlled!4,

This riboswitch is primarily used for regulation of genes expressing cobalamin synthesis

172,175 tl3,121,169,171,174,176

proteins , porphyrin and cobalt transpor and, in isolated instances, Bi;

riboswitches regulate expression of proteins for glutamate fermentation, succinate

146

fermentation, ethanolamine'*®, coenzyme Bi, independent ribonucleotide reductase, and the

fatty-acid desaturase!”1"2,

The btuB riboswitches from E. coli and S. typhimurium and the cob operon riboswitch in S.
typhimurium have been widely studied'’?. The btuB riboswitch in E. coli was the first validated

riboswitch to interact with a metabolite in absence of protein factors'’.

1.6.1. By riboswitch subclasses.

The cobalamin riboswitch compresses two different subfamilies Bl and BII*"

, distinguished by
the peripheral extensions surrounding the common core. The secondary structure of both
classes contains a central four-way junction between P3 and P6, forming the core of the receptor
domain responsible for the cobalamin binding and the T-loop mediated tertiary

interactions!'¥!%>, Although cobalamin riboswitches from distinct species differ notably in the

€ Nahvi, A., Barrick, J. E. & Breaker, R. R. Coenzyme B12 riboswitches are widespread genetic control
elements in prokaryotes. (2004) Nucleic Acids Res. 32, 143-150 by permission of Oxford University Press
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peripheral regions, the ligand binding mechanism seems to be common, relying on a kissing loop
formation between the L5 and L13 loops, which is another shared element in this riboswitch

C|a55115,145

Cobalamin riboswitches of the class Bl have the P8-P12 extension and they are very selective in
the AdoCbl recognition. The 5’-adenosyl moiety is in direct contact with nucleotides in the J6/3
(junction between P6 and P3) and IL11/10 (internal loop between P11 and P10) pulls J6/3 off
the four-way junction away from the J3/4 (junction between P3 and P4), to provide space for

the B-moiety!!™.
In the cobalamin subclass Bll two subgroups can be also distinguished:

Methylcobalamin and aquocobalamin are also reported to be recognized by different
riboswitches''>14°, while they are unable to recognize AdoCbl. Marine cyanobacterial and
environmental metagenomes samples from the ocean surface seem to lack the P6 extension and
they bind with much higher selectivity to AqCbl rather than AdoCbl, probably due to an
adaptation to the environment as the cobalamin derivative available is AqCbl owing to the rapid
photolysis of AdoCbl'**. These cobalamin riboswitches have been classified as Blla, which include

both the four-way junction and the T-loop but lack the P8-P12 extension?!®,

The Bllb subclass has been coined after the discovery of a new AdoCbl riboswitch that seems to
regulate the expression of genes related to the ethanolamine degradation. In this case, the
binding of the metabolite increases the stability of the mRNA so the mRNA synthesis is
promoted, giving an example of positive regulation®. These riboswitches also lack the P8-P12
but significantly differ in the nucleotide composition of the J6/3 binding core and interact with

high selectivity with AdoCbl in contrast to the Blla class!!®.

1.6.2. Metabolite recognition in Cobalamin Riboswitches
The specificity and the selectivity of the ligand recognition by these RNA sequences are
important to fully understand their mechanism of action and gene modulation. Thus, big efforts
have been made to answer this question using different approaches and using several
techniques. At the beginning, in-line probing and assays with ligand derivatives were used due

to the difficulties in the crystallization of these large macromolecules.

AdoCbl riboswitches usually rely on the ligand-dependent formation of a pseudoknot between
a specific C-rich loop and sequences outside the aptamer core to exert gene control*'®. RNA uses
molecular recognition on the adenosyl moiety, the dimethyl benzimidazole moiety and the

cobinamide ring!’°. Most probably, the riboswitch aptamer forms a single ligand-binding
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pocket!’2, although this riboswitch class carries the largest aptamer domain identified, this is in

consonance with the large and chemically sophisticated metabolite which is recognised?®?!.

To provide a good selectivity and the corresponding response, a precise binding pocket needs
to be formed for AdoCbl in order to preclude the genetic switch from being triggered by another
metabolite!’®. The riboswitch seems to be more sensitive to the lack of the voluminous B-moiety

whereas modifications at the 2’-OH of the ribose moiety are tolerated’.

Gallo and co-workers demonstrated that apical ligands have influence on the binding affinity to
the riboswitch,have a Kp of 90nM for AdoCbl while a Kp of 300 uM is reported for vitamin Bi
lacking the apical ligand'”’. The H-bonding pattern and the electrostatic environment provided
for the corrin ring are essential for the correct rearrangement and switch of the btuB riboswitch
of E. coli*””*’8, Although a single change in a functional group does not prevent binding, the
riboswitch does not undergo the correct structural rearrangement. The base-on or base-off
conformation of the cobalamin derivative has much less influence on the affinity than the

presence of the voluminous axial ligand®”’.

The crystal structures of Bi; riboswitches interacting with the metabolite give an important
insight of how the ligand is recognized with high specificity and selectivity!*>73, Peselis et. al.
reported a riboswitch structure in complex with AdoCbl. Hydrophobic packing, hydrogen bonds
and electrostatic interactions seem to contribute to the recognition. The side chains of the ligand
create a surface complementary to the pocket. The B-side of the ligand is positioned in the minor
groove of the P3 and the Watson-Crick face of the adenosyl moiety interacts with the Hoogsteen
edge of the conserved A157'3. Acetamide and propionamide moieties of the corrin ring also
interact via several H-bonds with bases and backbones of the surrounding nucleotides. Johnson
and co-workers have also reported crystal structures of two different cobalamin riboswitches
that are shown in Figure 26'*. In both structures, cobalamin is sandwiched between the minor
grooves of the P3-P6. Staking of four purines forms a surface, the B-axial ligand of AdoCbl is
projected directly to this surface while the corrin ring is perpendicular to this surface. The ligand
selectivity is driven by a complex interplay between the binding core and the peripheral

13111 In the envAqCbl the cavity of the adenosyl moiety is occluded justifying the

regions
selectivity for derivatives with small B ligands. In the TteAdoCbl structure the adenosyl moiety
is recognized by base pairing with the Hoogsteen face of the A162%. In both structures, the
Dmbz and the aminopropyl linker interact with a ribose phosphate from the backbone of L5 and

L13 via van der Waals interactions.

34



Figure 26. Crystal structures of: a) env8AqCh. b) TteAdoCbl. Coloured regions represent the core aptamer domain
(blue), regulatory Kissing loop interaction (green) and peripheral domains (magenta and cyan). Ligands (red) are
represented by van der Waals spheres. Disordered regions are represented by spheres45/,

1.6.3.  btuB riboswitch

Gram-negative bacteria express an outer membrane protein involved in the active transport of
the cobalamin, due to its molecular weight it cannot trespass the membrane. In the transport of
cobalamin, B-twelve-uptake (btu), the first step implicates the btuB membrane protein. The
expression of the btuB gene encoding the outer membrane cobalamin transporter is highly
regulated at a riboswitch level'®, The expression of this protein is repressed in presence of
cobalamin, the ribosome binding to the btuB RNA is inhibited in E. coli with a half-maximal

168

inhibition at 0.3 uM AdoCbl and the B, box seems to be implicated in the RBS sequestration*.

Crystal structures of the btuB riboswitch from E. coli show a kissing loop interaction which is in

fJohnson, J. E., Reyes, F. E., Polaski, J. T. & Batey, R. T. B12 cofactors directly stabilize an mRNA regulatory switch.
Nature 492, 133-137 (2012) by permission of Springer Nature
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the proximity of the bound metabolite. The kissing loop is not essential for the metabolite
binding; however it improves the ligand binding efficiency and is required for the expression

115

platform conformational change necessary for the gene regulation'™. As already mentioned, the

btuB riboswitches of E. coli and S.typhimurium have been widely studied and characterized.

1.7. Antibiotic resistance
Infection diseases have been one of the major causes of human mortality and morbidity'’. The
discovery of the penicillin at the early 1900’s made possible several medicine practices that are
routinely used today and have improved human quality of life. Immunosuppression associated
with transplantation or with anticancer therapy, extensive surgery and even catheterization are
possible due to effective antibacterial therapies!’®. Nevertheless, thanks to their rapid evolution,
bacteria have quickly developed an antibiotic resistance mechanism. The number of multidrug-
resistant bacteria is increasing and antibiotic resistance is listed as one of the greatest threats to
human health®181182 According to the Center for Disease Control and Prevention (CDC), the
antibiotic-resistant organisms (AROs) cause 2 millions of infections and 23000 deaths per year
in USA®3, The research for new antibiotics is a need that represents one of the largest

therapeutics research areas.

During a long period no novel antibiotic classes have been reported. The long “innovation gap”
goes from 1962 with the application of quinolones and streptogramin, until 2000 with the

introduction of oxazolinidones®?

. The known antibiotic families target essential cellular
processes such as: DNA replication, transcription, translation, tetrahydrofolate synthesis and cell
walls synthesis'®%18 As RNAs are central to many of these processes they are nowadays though
to be the best targets for new antibiotics research. New insights in RNA structure and functions

facilitate the development of these new antibiotics targeting RNA%,

In an attempt to break the resistance cycle, maximizing the specificity and efficacy will be an
important goal in future drug development. There is also an increasing interest in species-
specific drugs capable of targeting pathogens, while leaving the host natural microbiota

unperturbed®?,

1.7.1. Klebsiella pneumoniae
Klebsiella pneumoniae, also known as Friedlander bacillus, is an immobile Gram-negative
bacterium present in human skin, digestive and respiratory system. Also, it is a common
hospital-acquired pathogen causing urinary infections, nosocomial pneumonia, liver abscess,
meningitis and intraabdominal infections typical to immunosuppressed patients or patient with

long clinical stays'®18¢, K. pneumoniae has been known to cause pneumonia since more than
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100 years ago causing fever, breath difficulties and chest pain.It is a Gram-negative bacterium
with an outer membrane difficult to penetrate. This fact makes it possible that multiple kinds of

antibiotics can be expelled by efflux pumps®®2.

Epidemic analyses reveal that there is more than one strain of this bacterium involved in this
infection development. This pathogen has developed resistance to the most common antibiotics
in use such as ampicillin and amoxicillin due to the development of wide-spectrum beta
lactamases'®®, being also resistant to cephalosporins and ceftazidime. Also, straining resistant to
carbapenems®®’ has been detected, making these bacteria resistant to almost all known

antibiotics, classifying K. pneumoniae as a superbug®,
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2. Aim of the project

The discovery of riboswitches almost two decades ago opened a wide research field which is in
continuous growing, due to the discovery of new riboswitch families responding to a broad
diversity of metabolites, as already mentioned in section 1.5.1. The interest in these regulatory
molecules, which are mainly present in bacteria, has grown as they are good target candidates

for the development of new antibiotics.

This work is focused on the interaction of the btuB riboswitch from K. pneumoniae and its
binding molecules, the cobalamins. The validation of this candidate riboswitch sequence and the
investigation of the role and influence of the expression platform in the rearrangement of the
structure upon cobalamin binding are also studied in this thesis. For this reason, a sequence of
216 nt. is compared, which only contains the aptamer part with a 243 nt. sequence containing

both the aptamer and the expression platform.

Furthermore, this work is also focused on the in vivo regulation of the system and on the
synthesis of cobalamin derivatives lacking the metal core. This derivative would not presumably
perform the natural biological function but would maintain the structure roughly invariable and,

thus the affinity to the riboswitch would be likely maintained.

Part | is focused on the validation of the sequence as a riboswitch and the characterization of
the secondary structure and the thermodynamic parameters of the interaction. The main
question to answer is if the expression platform plays an important role in the affinity and

switching of the sequence.

Part Il is dedicated to the biosynthesis of descobaltocobalamins in Allocromatium vinosum and

further purification and characterization of the products.
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3. PART I: Characterization of the btuB Riboswitch from Klebsiella
pneumoniae and Interactions with Corrins

3.1. Introduction to PART |

3.1.1. In-line probing principle

In-line probing is one of the most common techniques used to elucidate secondary structures
of large RNA molecules. The technique allows the study of structural rearrangements and switch
validation without the need of RNA sequence or structure modifications. The RNA is 5’
dephosphorylated followed with a re-phosphorylation with 3?P, thus a labelled sample is

obtained, which gives high resolution to the method while using very little amount of sample.

The principle of this technique is the self-cleavage of the phosphodiester bond, which links two
nucleotides in a RNA sequence. The principal mechanism by which an RNA phosphodiester
linkage is spontaneously cleaved involves an internal nucleophilic attack by the 2’-oxygen on the
adjacent phosphorous centre!’. This leads to the formation of a 2’,3’-cyclic phosphate and the
excision of the P-O bond (see Figure 27)%9% The reaction follows a Sy2 mechanism and is
proportional to the “in-line character” of the phosphate linkage. Thus, the reaction is promoted

when the incoming 2’-OH group and the 5’-oxygen leaving group are situated opposite to each

other®?,
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Figure 27. Mechanism of the self-cleavage reaction. The 2’-OH group attacks the bridging phosphate group. A
pentacoordinate intermediate is formed followed by the excision of a phosphate group and the 5’-OH leaving
group8?s,

8 Regulski, E. E. & Breaker, R.R., In-line Probing Analysis of Riboswitches. Methods Mol. Biol. (2008) 419, 53-67 by

permission of Springer Nature.
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The self-cleavage due to the presence of the ribose 2’-OH group in RNA is the most important
reason of its reduced stability in physiological medium. The cleavage of the bond is catalysed in

the presence of divalent ions such as Mg?* or in acid or alkaline medium?®,

RNA linkages that are formed by nucleotides involved in stable base-paired structures rarely
undergo spontaneous cleavage because they rarely adopt an in-line conformation, while
nucleotides located in relatively unstructured regions or in certain ternary-structured regions

experience a higher level of spontaneous cleavage'’®.

In-line probing is an ideal method to detect structural changes in RNA of different sizes. It is
frequently applied in the study of the structural changes in riboswitches upon interaction with

the metabolite effector or related derivatives!!>121128148,170,177,178
3.1.2. Isothermal Titration Calorimetry principle

The isothermal titration calorimetry or ITC is a technique used to determine all the
thermodynamic parameters of a molecular interaction in solution performing a single
experiment. Another advantage of the technique is that can be readily applied to almost any
RNA-ligand complex without any labelling and in a broad range of temperatures, pH and ionic
concentrations'®?, The experiment involves incremental addition of one species (a titrant) to its
binding partner (titrate) while monitoring the energy input required to maintain the sample and
reference cells at the same temperature!®®. The titration thermogram represents the heat
absorbed or released vs. time. The integration of area of the individual peaks allows to calculate
the enthalpy, stoichiometry and association constant of the interaction. Furthermore, with

these values other thermodynamic parameters can then be additionally calculated.
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Figure 28. Schematic functioning of the Isothermal Titration Calorimetry. Left: scheme of the parts of an ITC
instrument. Right: titration thermogram were the heat per unit of time is represented after each injection of ligand.
Then the heat realized or absorbed in each injection vs. the ratio between total ligand concentration and total sample
concentration is represented.194h

This method has been applied quite extensively to investigate the interaction of a
macromolecule with small ligands such as drugs or metal ions but also interactions between big
biomolecules. It has been applied for the study of protein-protein interaction or interactions
between protein and nucleic acids'***%’, Although this technique has been widely used in the
study of protein interactions, it took long until its application in nucleic acids interaction studies.
This is probably because large amounts of sample were required by older instruments before
more sensitive instruments became available (modern instruments can measure heat powers as
low as 0.1 W)™, ITC has been applied in the study of the interaction of DNA and small metal
complexes and the interaction of DNA with proteins has been also widely investigated!®. ITC
has been applied successfully in the study of the interaction of the natural purine riboswitch®®
199 of the fluoride riboswitch?*3, of the TPP riboswitch'®’, of the B, riboswitch®'? and of the

synthetic aptamer which responds to tetracycline?®

The ITC methodology allows also to obtain a complete kinetic information ranging from a single
binding molecule to the complex RNA folding using the kinITC method. The kinetic information
is enclosed in the peak shape, enabling the calculation of the kinetic constant and the activation

enthapies of the process 1’

h CC-BY 2015, C., Zhang, S. & Huang, H. Choosing a suitable method for the identification of replication origins in
microbial genomes. Front. Microbiol. 6, 1-18 (2015).

43






3.1.3. Aim of the subproject

Previous studies have characterized the btuB riboswitch from E. coliand S. typhimurium in detail
using constructs carrying the whole aptamer part of the riboswitch. The aim of this part is the
validation and characterization of a new Cbls riboswitch candidate. The btuB riboswitch from K.
pneumoniae was selected because it represents a step further in the evolutionary philogenic
tree. This species has been catalogued as a super bug as aforementioned in section 1.7.1, so

research for new antibiotics specific to this bacteria is needed. The objectives of this part were:
- Validation of the candidate sequence as a cobalamin riboswitch.

- Characterization of the secondary structure, including the gene-on and gene-off

conformations.

- Collection of the thermodynamic parameters for the interaction and comparison of the
216nt. sequence containing the aptamer with the 246nt. sequence carrying the whole

expression platform.

- Monitoring the in vivo regulation of the btuB riboswitch in the presence of cobalamin

derivatives using a mCherry fluorescent protein coupled to the riboswitch promoter.
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3.2. Experimental section

All reagents used were purchased from Sigma-Aldrich, Promega, Scharlab and VWR and were

used without additional purification. All reagents were p.a. grade or higher.

3.2.1. Plasmids preparation

3.2.1.1. pMBO1 design

The complete genome from Klebsiella pneumoniae, subspecies pneumoniae, strain MGH 78578
was extracted from the National Center for Biotechnology Information (NCBI) with GenBank
code CP000647.1. The gene of the btuB membrane protein was located between the positions
4660313-4662169 and the 5’-UTR of the AdoCbl dependent btuB riboswich was postulated to
start at position 46600614, Some modifications of the sequence (Table 1) were performed to
optimize further steps of the study and to obtain RNA constructs of distinct length:

Table 1. pMBO1 sequence from the 5’-end to 3’end. In red T7-RNA polymerase promotor followed by the
three G introduced to have good transcription yields. In blue the three nucleotides mutated from the

native form to have a Xhol restriction site in the starting codon position and in green the two nucleotides
mutated from the native form to have a Hindlll restriction site.

TAA TACGACTCAC TATA GGGA CCGG TCCT GTGA GTTA AAAG GGAA CCCA GTGG AAAT CTGG
GGCT GACG CGCA GCGG TAAG GAAG GTGA GAAATGAG CGCA CTCG GTGCAGACACTG CGGC
TAGC CGTG GGAAGTCA TTAT TTCT TGAA ACAG CCTC CAAG CCCG AAGA CCTG CCGG AATA
CGTC GCAC TGGG TTTT ATCG TCGC GAGC AACT GATA AAAC CTGC GGCA AGCT TTTT CTGT
TTCG GATG CTTT TACT CGAG

- The 5’-long tail was cut and three G were added to have a good transcription starting
point®. The 5’-end of the RNA sequence was changed to 5’-GGGA.

- At the 3’-end, the RBS and the staring codon of the protein were included. Just at the
starting codon position, a mutation was introduced and Aj41T24,G243 were changed to
CGA in order to have a restriction point for the enzyme Xhol: CTCGA_G.

- The originals T,13 and Cz14 were also mutated to Azi3 and G4, SO a restriction site for

Hindlll (A’AGCT_T) was introduced just after the riboswitch aptamer.

The sequence designed (pMBO01) was synthesized by GenScript (USA) and subcloned in a
commercial pET-21b(+), which already contained an ampicillin resistance gene and the T7-
polymerase promotor and terminator. The scheme of the pMB01 plasmid can be found in

Appendix 1.
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3.2.1.2. plJPO1 design and preparation
For the study of the riboswitch sequence containing the RBS and the starting codon, the
restriction site for Hindlll was removed from the sequence using a point mutation protocol®®,
The Azi3 and G4 of the plasmid pMBO01 were changed to the native T213 and Czi4. The primers

used for the point mutation were:
JPO1_1: 5'-GAT AAA ACCTGC GGC ATC CTTTTT CTG TTT CGG-3'
JP01_2:5'-CCG AAA CAG AAA AAG GAT GCC GCA GGT TTT ATC-3'

The nucleotides to be changed with the point mutation are highlighted in the above primer

sequences.

The PCR (Polymerase Chain Reaction) reaction mixture was prepared in a 200 ul PCR tube. The
final volume of the reaction was 50 pul and the concentrations used in the mixture were: 11 pg/ml
vector (pMB01 dam methylated as it was grown in a E. coli XL1blue or DH5¢ strain), 0.2 uM of
each primer (JPO1_1 and JPO1_2), 0.2 mM of each dNTP, 1X of Pfu buffer, 1 mM MgSO, and 2.5
U of Pfu DNA Polymerase.

The PCR product was obtained after a starting step of 5 min at 95°C followed by 18 cycles of
melting 30 s at 95°C, annealing for 1 min at 55°C and elongation for 7 min at 68°C, additional 5

min of elongation at 68°C was added to the last cycle.

In order to digest the pMBO01 vector, 40 U of Dpnl/ were added to the PCR reaction mixture that
was incubated 1h at 37°C without shaking. The result was a plasmid based on pET-21b(+) with
the entire Riboswitch sequence and only one restriction site for Xhol on the startng codon, giving

a RNA construct of 243 nt. long. The scheme of the pJPO1 plasmid can be found in Appendix 1.

3.2.1.3. pJPO2 design and preparation
Plasmid pJP01 was modified to introduce a Hindlll restriction site after the Xhol one situated on
the starting codon. The goal was to have a linearized plasmid with two different restriction

enzymes to include a sequence in between.

To include the new Hindlll restriction site in the sequence, the point mutation protocol was

followed?. The primers used for the PCR reaction were:

JP02_1: 5’-CTC GAG CAC CAC CAA GCT TAC CAC TGA GAT CC-3’

JP02_2: 5’-GGA TCT CAG TGG TAA GCT TGG TGG TGC TCG AG-3’
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The nucleotides to be changed with the point mutation are highlighted in the above primer

sequences.

Duplicate reactions were prepared in PCR thin wall tubes of 200 pl. The final volume of the
reaction mixture was 50 pl. The concentrations used in the reaction mixture were: 4.8 ug/ml of
vector (pJPO1 dam methylated), 0.25 uM of each of the primers (JP02_1 and JP02_2), 0.4 uM of
each dNTP, 1X Pfu buffer, 1 mM MgSQO, and 2.5 U Pfu DNA polymerase enzyme.

The PCR and Dpnl digestion conditions were performed as for section 3.2.1.2. The scheme of

the pJP02 plasmid can be found in Appendix 1.

3.2.1.4. pmCherry design and preparation
Roger Tsien very kindly supplied us the plasmid pRSETb-mCherry (see Appendix 1) which already
carries a Hindlll restriction site at end of mCherry gene. The plasmid was modified to introduce
a Xhol restriction site at the start codon of protein gene sequence. Again, the point mutation

protocol?®? was used with slight modifications. Primers used for this PCR follow:
CIRERA_F: 5’-CGA TAA GGA TCC CGC CACTCG AGT GAG CAA GGG CGA GG-3’
CIRERA_R: 5’-CCT CGC CCT TGC TCA CTC GAG TGG CGG GAT CCT TAT CG-3’

The nucleotides to be changed with the point mutation are highlighted in the above referenced

primer sequences.

Two reactions were prepared in PCR thin wall tubes of 200 pl. The final volume of the reaction
mixtures was 50 pl, as well. The concentrations used in the reaction mixtures were: 4.1 pg/ml
of vector (pRSETb-mCherry dam methylated), 0.2 uM of each of the primers (CIRERA_F and
CIRERA_R), 0.4 pM of each dNTP, 1X Pfu buffer, 1 mM and 5 mM MgSO4 and 2.5 U Pfu DNA

polymerase enzyme.

The temperature ramp program was just modified at one point: elongation of the chain was
performed at 68 °C for 4 minutes instead of 7 minutes because of the length of the plasmid, and
18 cycles were also performed. The PCR reaction mixture was then incubated at 37 °C and 300

rpm for 1h with 20 U Dpnl. The scheme of the pmCherry plasmid can be found in Appendix 1.

3.2.1.5. pJP03 design and preparation
pJPO3 (see Appendix 1) was obtained after a ligation of the double digested pJP0O2 vector and
the double digested insert of pmCherry containing the mCherry gene sequence. The procedure

followed for the ligation was:
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-Vector (pJP02 double digested): 14 ug plasmid (pJP02), 1X R buffer, 50U of Xhol in a final volume
of 100 pl. The mixture was incubated at 37 °C for 4h. After that time, the enzyme was inactivated
at 80 °C for 20 min. Afterwards, 50 U of Hindlll were added to the mixture and R buffer was
adjusted to maintain 1X buffer concentration. The mixture was incubated at 37 °C overnight and
lastly, Hindlll was inactivated at 80 °C for 20 min. Reaction mixtures were analysed by 1%
agarose gel in 1X TAE (40mM, 1mM EDTA, pH = 8.3) to ensure the entire digestion. The digested
plasmid was cut out from the gel, and lastly, extracted and purified from the gel pieces using the

DNA Gel extraction kit from OMEGA Bio-TeK.

-Insert (pmCherry double digested): four reaction mixtures were set up with the following
concentrations: 10 ug pmCherry, 1X R buffer, 20 U Hindlll and 20 U Xhol in a final volume of 40
pl. Reaction mixtures were incubated at 37 °C for 4 h. Straightaway, 9 U FastAP and 1X FastAP
Buffer in a final volume of 50 pl were added and incubated for 15 min more at 37 °C. Finally, the
enzymes of the reaction mixture were inactivated at 80 °C for 20 min. The digested fragments
were then purified in 2% agarose gel in 1X TAE. The insert of = 700 nt was cut out from the gel
and lastly, extracted and purified from the gel pieces using the DNA Gel extraction kit from

OMEGA Bio-TeK as well.

-Ligation: The final step in the construction of the recombinant pJP03 was the connection of the
insert (from pmCherry) into a compatibly double digested vector backbone (pJP02). Several
insert:vector rations for the ligation mixtures were tried to optimize the conditions. The final
and successful conditions used for ligation were: 1X Rapid Ligation Buffer, 1.8 nM Vector, 10 nM
insert (= 6:1 ratio) and 5 U of T4 Ligase in a final volume of 20 pl. Reaction mixture was incubated

for 5 min at 22 °C.

3.2.1.6. pJP04 design and preparation
Restriction site for Xhol in pJP03 was deleted to restore the native sequence and the start codon
of the protein. The restored starting codon will allow the pJP04 plasmid to be translated in vivo
and, mCherry should be expressed according to the riboswitch regulation. For this purpose, a

point mutation was performed over pJP03, using the subsequent primers;
JPO4_1:5-GTT TCG GAT GCT TTT ACA ATG GTG AGC AAG GGC GAG GAG-3’
JPO4_2:5’-CTC CTC GCC CTT GCT CAC CAT TGT AAA AGC ATC CGA AAC-3’

The nucleotides to be changed with the point mutation are highlighted in the primer sequences

shown above.
Point mutation protocol conditions, such as the concentrations of primers, plasmid or MgSQ,,
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the type of DNA polymerase or temperature program, were changed with no positive results.
Finally, it was decided to perform the mutation externally, by Genscript, USA. The scheme of the

pJPO plasmid can be found in Appendix 1.

3.2.2. Large-Scale Plasmid Preparation
Competent Cell Transformation: The plasmids were transformed into chemically competent
cells of E. coli DH5a or BL21 strains. Heat-shock transformation was carried out using 100 pl
competent cell aliquots thawn on ice. 2-10 pl of the PCR reaction mixture or 1 pl of stock plasmid
(depends on concentration) were added. The mixture was softly shacked and kept on ice for 10
min, at 37 °C for more 3 min and on ice for 3 min. 500 pl LB medium (25 g/I without antibiotic)
were added to the mixture and the cells were grown by incubation at 37 °C and 400 rpm for 30
min. The tubes containing cells were centrifuged 2 min at 800 rpm. 500 pl of supernatant were
discarded. Cells were resuspended in the remaining supernatant (50-100 ul) and subsequently
were spread on culture plates. Petri dishes with LB-agar (25 g/I LB, 15 g/l agar and 100 ug/ml
ampicillin were plated with 50 pl cell suspension distributed homogeneously on the plate

surface. Plates were incubated at 37 °C over-night.

Small liquid cultures: A single colony from the Petri dish was selected, picked with a sterile
pipette tip and dropped into a culture tube containing 6 ml LB (100 pg/ml ampicillin). Cells were
grown by incubation at 37 °C and shaking at 220 rpm for 6 h. Aliquots of the mixture were mixed
with 50% glycerol and stored at -80 °C as stock. If necessary for sequencing, small culture was
harvested by centrifugation at 12000 rpm and 4 °C for 15 min and the plasmid was purified using
the Plasmid DNA Mini Kit form OMEGA Bio Labs.

Large liquid cultures: 400 ml LB medium (100 ug/mL ampicillin) were inoculated with 5 ml of
the small culture. Cells were grown overnight by incubation at 37 °C and shaking at 220 rpm.
The cells were harvested by centrifugation at 15000xg and 4 °C for 15 min and the plasmid was

isolated and purified using the Plasmid DNA Maki Kit from OMEGA Bio Labs.
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3.2.3.  RNAT7 —polymerase production

2 as well as the genes for

Plasmid p911, carrying the T7 RNA polymerase encoded gene®
ampicillin and chloramphenicol resistance, were kindly given by Prof. Roland K.O. Sigel from
University of Zirich. 2 ul of plasmid were transformed into chemically competent cells (E. coli

BL21) as explained in section 3.2.2.

These cells were plated in Petri dishes containing ampicillin (100 pl/ml) and chloramphenicol (34
pug/ml) and incubated at 37 °C overnight. A single colony was selected with a pipette tip and
transferred into a 40 ml LB medium (100 pl/ml ampicillin and 34 ug/ml chloramphenicol). Cells
were grown by incubation at 37 °C and 180 rpm overnight. 15 ml of the previous culture were
added to two 800 ml cultures that were incubated for 3-4 more hours. ODego of the cultures was
checked using UV-vis spectrophotometer (Ultrospec 7000 de GE Healthcare Life sciences). Cells
were kept growing until ODggo reached 0.5-0.7. When the cell growth was optimal, the protein
production was induced by addition of 0.4 mM IPTG as final concentration and then the cells

were kept in the incubator for additional 4 h.

Subsequently, cells were harvested by centrifugation at 6000 rpm, 4 °C for 15 min; the

supernatant was refused and cell pellet was stored at -80 °C overnight.

The cell pellets were resuspended in 20 ml of Lysis Buffer (0.05 M Na,HPO,4-12H,0, 0.3 M NaCl,
0.02 M Imidazole, pH=7.5, sterile-filtered and degassed for 30 min) and transferred into 50 ml
centrifuge tubes. Tubes were kept on ice and sonicated in 6 cycles of 30 s, with 30 s of repose to
avoid sample degradation. After sonication, the samples were centrifuged at 15500 rpm, 4 °C
for 45 min. Supernatant was transferred to new tubes and kept on ice while the pellets were

refused.

Supernatant was slowly sterile-filtred with 0.22 um filter to prepare the sample to perform FPLC
(Fast Protein Liquid Chromatography). An AKTAprime plus from GE Healthcare Life sciences with
a His-Trap FF, nickel Sepharose 6 column was used for the T7 RNA polymerase purification. The

process can be divided in 5 steps:

-Purge of the system: injection of ethanol 20% at 10 ml/min flow for 5 min. Then the flow was
stopped and the column was connected to the system. UV lamp was set at 280 nm and maximum
pressure at 0.3 MPa. Then the entire system was rinsed with degassed water for 10 min at 5

ml/min flow.
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-Column equilibration: Lysis Buffer was injected at 5 ml/min flow for 2-3 min and then 2-3 min
of Elution Buffer (0.05 M Na;HPO,4-12H,0, 0.3 M NaCl, 0.5 M Imidazole, pH=7.5, sterile-filtered

and degassed for 30 min) to end up with other 2-3 min with Lysis buffer.

-Sample injection: the sample was injected at 1 ml/min flow. The sample volume was about 20
ml. The UV absorption increased to 3000 mAU, subsequently to the end of the sample injection,
Lysis buffer was injected at 1 ml/min flow until UV absorption was back to the initial value (30

mAU).

-Elution: a gradient from 0% to 100% Elution Buffer at 1 ml/min flow for 40 min was injected.
Fractions of 6 ml were automatically collected. T7-RNA polymerase was eluted at the beginning

of the gradient as it was shown by an increase of the absorption.

-Wash: 5 ml/min flown for 10 min with Elution Buffer, 10 min with Lysis Buffer, 10 min of NaCl
1.5 M, 10 min NaOH 1M and lastly, 10 min water. Subsequently, the flow was reduced to 1
ml/min and water was injected for 1 h. Finally, the flow was increased to 5 ml/min and ethanol

20% was injected for 10 min, then the column was disconnected and stored at 4 °C.

The FPLC fractions containing the T7 RNA polymerase were transferred to a dialysis membrane
previously rehydrated in water for 3 h. Dialysis membrane was sealed with a clip once it
contained the T7 RNA polymerase fraction, disposed in 2 | Dialysis Buffer (50 mM Tris-HCI, pH=8,
100 mM NacCl, 2 ml B-mecaptoetanol) and shaked for 2 h at 4 °C. Afther 2 h, the Dialysis Buffer
was removed and 3 | of new Dialysis Buffer were used. Dialysis membranes containing the

samples were shaken at 4 °C overnight.

Once the sample was dialyzed, it was concentrated to a final volume of 10 ml by centrifugation
at 3000 rpm, 4 °C for 20 min using a VivaSpin 20 (10000 MWCO from GE Healthcare Life Science).
Once the T7 was concentrated, aliquots of 1 ml sample: glycerol (1:1) were prepared, well mixed

and stored at -20 °C.

The purity of the T7- RNA polymerase obtained was analysed with a SDS-PAGE gel in Tris-Tricine
buffer (Tris-Tricine buffer 3X: 3M Tris-HCI, pH=8.45 and 0.3% (m/v) SDS). Along the process
different fractions were stored at 4°C for further analysis: 1) cells prior addition of IPTG; 2) cell
after incubation with IPTG; 3) supernatant of the cell pellet; 4) supernatant after sonication; 5)

sample after the FPLC prior dialysis; 6) and 7) samples after dialysis and VivaSpin.

The SDS-PAGE gel was prepared using the following procedure (see Figure 29):
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i) the SDS running gel solution (14% acrylamide (32:1), 1X Tris-Tricine buffer and 0.5% glycerol)
was mixed with APS 10% and TEMED and loaded in the gel plates. The plate was not filled up
with the SDS running solution, the last centimetre was filled with isopropanol and left until

complete polymerization of the gel.

ii) After polymerization, the isopropanol was removed, and this centimetre of gel plate was filled
with the SDS stacking gel solution (4% acrylamide (32:1), 1X Tris-Tricine buffer) mixed with the

APS 10% and TEMED and the combs for the lines formation were introduced.

iii) When the gel was completely polymerized, it was placed in the gel cassette, cathode chamber
was filled with cathode buffer (0.1 M Tris, 0.1 M Tricine and 0.1% (m/v) SDS, pH=8.25) and the
tank was filled with anode buffer (0.2 M Tris-HCI, pH=8.9).

iv) 40 pl samples 1) to 7) were heated to 95 °C and were shaken for 5 min followed by addition
of 40 pl of Tricine Sample Buffer (100 mM Tris-HCl, pH=6.8, 24% (m/v) glycerol, 8% (m/v) SDS,

5% (v/v) B-mercaptoethanol and 0.22% (m/v) bromophenol blue).

v) 15 pl of the sample mixture was loaded to each pocket and the gel was run at 90 V for 30 min

and at 120 V for 1 h. A protein ladder was also loaded into the gel.

vi) The gel was revealed using the Coomassie blue method. The gel was covered by 1 cm of
Coomassie Staining solution (10% (v/v) acetic acid, 44% (v/v) methanol and 0.1% (v/v) of
Coomassie blue in water) and was shacken overnight. Subsequently, the Coomassie staining
solution was replaced with the Coomassie Destaining (10% (v/v) acetic acid, 25% (v/v) methanol

in water) and left shaking for 4 h. Afterward, protein bands could be observed directly by eye.

[
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buffer
Ar—— buffer
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Anode (+) ——yg Cathode (-} E
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Figure 29. Scheme of the steps and procedure for the SDS-Page for protein analysis’

i "SDS-PAGE Electrophoresis” by Bensaccount is licensed under CC BY 3.0
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Transcription trials with increasing amounts of the newly synthesized protein were made to
know the concentration/activity ratio and the amount of T7-polymerase to be added for further

transcription reactions.

Transcription trial experiments of 50 pul were prepared with: 5 mM NTP, 1X TXN buffer (40 mM
Tris-HCI, pH=7.5, 2 mM Spermidine and 5 mM DTT ), 0.01% Triton-X-100, 15 pg/ml digested
plasmid, 30 mM MgCl; and increasing amounts of T7-polymerase: 10, 20, 30, 40, 50, 60, 70, 80,
90 and 100 pl/ml. Reaction mixtures were incubated at 37 °C and 300 rpm for 5 h and
consequently centrifuged during 1 min at 6000 rpm. 40 pl supernatant were mixed with 40 pul of
ULB (23.6 M urea, 16.7% Sucrose, 0.17% xylene cyanole and 0.17% bromophenol blue, 83 mM
Tris-HCI, pH=7.5 and 1.7 mM EDTA). The mixture was loaded into a PAGE 10% denaturalized gel

and it was run for 2.5 h at 24 W. Finally, RNA bands were visualized using a UV lamp.

3.2.4. Preparation of the RNA

3.2.4.1. Preparation of MBO1
The reaction conditions used for the linearization of plasmid pMB01 were: 100 pg plasmid, 1X R
buffer, 200 U Hindlll in a final volume of 400 pl. Reaction mixtures were incubated for 4 h at 37
°C. Subsequently, restriction enzyme was deactivated at 80 °C for 20 min. Agarose gel was run

to ensure the total linearization of the plasmid.

The construct MB01, a sequence of 214 nt. corresponding to the aptamer of the btuB riboswitch
was prepared by in vitro transcription with the homemade 77 RNA polymerase. In vitro
transcription conditions were: 20 pug/ml digested plasmid (pMB01), 5 mM each NTP, 0.01%
triton-X-100, 30 mM MgCl,, 1X TXN Buffer and 40-70 pl/ml of T7 RNA polymerase (depending
on the batch). Reaction mixture was incubated for 5 h at 37 °C and 300 rpm. After incubation,
tubes were centrifuged for 2 min at 4 °C and 6000 rpm. After centrifugation, supernatant was
transferred into new tubs and ethanol precipitated; 2.5 volumes of ice cold ethanol 100% and
250 mM NaCl were added and stored at -20 °C overnight. The precipitated RNA was centrifuged
30 min at4 °Cand 12000xg, supernatant was discarded, and RNA pellet was dried in the Vacuum
Concentrator Plus, Eppendorf. Once the pellet was dried, RNA was resuspended in the minimum
amount of water and purified by denaturing PAGE (10% w/v, 7 M urea) run at 40 W/gel for 5 h
approximately?°320*, RNA band was located by UV shadowing at 254 nm, excised and extracted
from the gel using Crush and Soak methodology?®*: gel band was crushed in small pieces and
stored at -20 °C overnight, 3 volumes of crush and soak buffer (10 mM MOPS, pH=6, 1 mM EDTA
and 250 mM NaCl) were added, vortexed and shaken at 4 °C for 2.5 h, vortexing the sample for

30 s every 30 min. Lastly, samples were centrifuged for 15 min at 4 °C and 12000xg and
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supernatant containing RNA was ethanol precipitated as previously explained. Dried RNA pellets
were resuspended in ddH,0 and concentrated by Vivaspin (10000 MWCO) Centrifugation. RNA
concentration was quantified spectroscopically by UV from absorbance at 260nm yielding = 1.5

mg per 24 ml reaction.

3.2.4.2. Preparation of JPO1
The reaction conditions used for the linearization of plasmid pJP01 were: 100 ug plasmid, 1 XR
buffer, 200 U Xhol in a final volume of 400 pl. Reaction mixtures were incubated 3 h at 37 °C.
Subsequently, restriction enzyme was deactivated at 80 °C for 20 min. Agarose gel was run to

ensure the total linearization of the plasmid.

The construct JP01, a sequence of 243 nt. corresponding to the whole btuB Riboswitch (aptamer
and expression platform until starting codon), was prepared by in vitro transcription with the
homemade T7 RNA polymerase using the same conditions and steps explained for MBO1 in

3.2.4.1 yielding =1.65 mg of RNA per 24 ml of TXN reaction.

3.2.5. Native gels
To evaluate the optimal Mg?* concentration needed to fold RNA, native gels were used. Samples
of 5 uM JP01, 100 mM KCl and 100 mM HEPES, pH=7.5 in a final volume of 10 ul were prepared.
Magnesium concentrations used were: 1) 0, 1, 5, 10, 20 and 30 mM MgCl,; 2) 0, 10, 20, 50, 100
and 200 mM MgCl,; 3) 0, 0.25, 0.5, 0.75, 1, 1.5 and 2 mM MgCl; 4) 0, 1, 3, 5, 10, 20 and 50 mM
MgCl,.

The RNA was mixed with KCl and water, annealed at 90 °C for 45 s, subsequently HEPES and
MgCl, were added and incubated 15 min at room temperature. Samples were then analysed in

a native PAGE (6% w/v) and run for 3 h at 10 W/gel and 4 °C.

To evaluate conformational changes in the presence of AdoCbl, samples with 10 mM, 20 mM
and 30 mM MgCl, were prepared with 0 or 0.5 mM AdoCbl. Preparation sample procedure was
analogous to the cited above. After AdoCbl addition, sample were incubated for 15 more min at
room temperature and lastly analysed by native PAGE (6% w/v). In presence of AdoCbl no

observable differences were detected.

3.2.6. UV Melting curves
Melting curves were recorded for JPO1 in water, with 100 mM KCl and an RNA concentration of
ca. =0.18 uM. RNA in the presence of KCl was annealed for 45 s at 90 °C. 3 ml samples were filled
into a 5 ml cuvette and covered with 0.5 ml paraffin oil to avoid sample evaporation.

Additionally, cuvette was capped, and the cap was fixed with parafilm. A heating and cooling
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cycle was performed between 10 to 93 °C. Absorption at 260 nm was recorded over the given

temperature range and it was done for duplicate.

The same experiments were performed with addition of 5 mM MgCl,, and with 5 mM MgCl; in
presence of 100 uM of AdoCbl, after annealing using the same temperature range and recording

the absorbance at 260 nm in duplicate.

3.2.7. In-line probing experiments

3.2.7.1. 5-End Labelling of the RNA
Both constructs, MBO1 and JPO1, were 5’-labelled with 32P-y-ATP (150 pCi/ul, 3000 Ci/mmol,
PerkinElmer) following the same procedure!®®. 240 pmol of RNA were dephosphorylated by
mixing 1X Multicore Buffer, 20 U TSAP in a final volume of 50 ul. The reaction mixture was
incubated at 37 °C, 300 rpm for 30 min. Immediately afterwards, the RNA was purified by
phenol/chloroform extraction using the following procedure: to the 50 pl of sample, 2.5 pl of
NaCl 5 M were added, consecutively 52.5 ul of phenol were added and vortexed to mix. The
mixture was centrifuged for 3 min at 10000 rpm in order to separate the phases. The aqueous
phase was stored and a second extraction with 50 ul of ME buffer (10 mM MOPs, pH=6, and 1

UM EDTA) was performed to the organic phase.

The aqueous phases were combined and 100 pul of chloroform were added and subsequently
vortexed and centrifuged. The aqueous phase was transferred to a new tube and a second
extraction with chloroform was performed. After the extraction, the RNA was precipitated with
ethanol overnight, centrifuged during 30 min at 4°C and 13200 rpm, the supernatant was
discarded, and the RNA pellet was dried in the concentrator for 20 min and finally, resuspended

in 8 ul ME buffer.

Dephosphorylated RNA was mixed with 4 pl of 32P-y-ATP, 4 U of T4 polynucleotide kinase (PNK)
and 1X PNK Buffer in a final volume of 20 ul. The sample was incubated at 37 °C and 300 rpm for
30 min. Reaction mixture was purified by denaturing PAGE (5% w/v, 7 M Urea) run at 20 W for
2.5 h. RNA was visualized using Storage Phosphor Screen and subsequently scanned and
digitalized with Typhoon FLA 9500 GE Healthcare Life Sciences. The RNA band was excised and
extracted from the gel using the crush and soak methodology explained in section 3.2.4. RNA
pellets were then dissolved in ddH,0 and the concentration was quantified by scintillation

counting and spectroscopically from absorbance at 260 nm using a Picodrop CUBE.
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3.2.7.2. In-line probing titrations
In-line probing experiments were performed using 3?P-5’-labelled RNA (=2.5 nM 32P-labelled
RNA). RNA was annealed for 45 s at 90 °C prior to the addition of 50 mM Tris-HCI, pH=8.3, 100
mM KCl, 20 mM MgCl, and the corresponding concentration of the Bi; derivative (see below) in
an overall volume of 10 ul. The RNA was incubated with increasing amounts of the
corresponding B1; derivative for 40 h at room temperature in the dark. The cleavage bands were
separated by denaturing PAGE (10% w/v, 7 M) and quantified using ImageQuant TL 8.1 de GE

Healthcare Life Sciences.
OH' Ladder:

The alkaline hydrolysis cleavage ladder was prepared by mixing 3*P-labelled RNA (same
concentration as the corresponding experiment) with 0.2 M NaHCOs, pH=9, in an overall volume

of 10 ul, and incubated for 5 min at 90 °C.
T1 Ladder:

The T1 cleavage ladder, a G sequencing ladder catalysed by ribonuclease T1 (restriction enzyme
that cuts the sequence after G) was prepared by mixing 3?P-labelled RNA (same concentration
as the corresponding experiment) with sodium citrate 25 mM, pH=5, and 1 U T1 ribonuclease in
colourless FLB (10 mM EDTA in formamide) in an overall volume of 10 ul. The sample was

incubated at 55 °C and 300 rpm for 15 min.
Blank:

The 3?P-labelled RNA was diluted in water to the same concentration as the corresponding

experiment. The sample did not contain Mg**"

The titration experiments were performed under conditions as described above. Both constructs
MBO01 and JPO1 where incubated with increasing concentrations of AdoCbl and Vitamin Bi,. The

same titration conditions for one By, derivative were used for both RNA constructs.

AdoCbl titrations: titrations were done by addition of AdoCbl to a final concentration of 0, 50
nM, 100 nM, 200 nM, 300 nM, 400 nM, 500 nM, 1 uM, 2,5 uM, 10 uM, 50 uM, 100 puM and 500
UM,

Vitamin B;; titrations: titrations were done by addition of Vitamin B, to a final concentration

of 0,1 uM, 2.5 uM, 10 uM, 50 uM, 100 uM, 250 uM, 500 uM, 750 uM, 1 mM and 2.5 mM.
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3.2.8. Isothermal titration calorimetry (ITC)
ITC system (Nano-ITC low volume, TA Instruments) was cleaned out with SDS 2% solution (=200
ml), subsequently, reference and titration cells were filled with SDS 2% solution and heated to
80 °Cfor 1 h. Lastly, in both cells, ethanol 70% was injected, rinsed with ddH,0 and measurement

temperature was set and stabilized overnight.

For optimal results is extremely important to have the same buffer concentration in all solutions
used in an ITC experiment in order to avoid errors due to dilution heat. For these reason, stock
10X ITC buffer (1 M HEPES-KOH, pH=7.5, 1 M KCl and 50 mM MgCl,) was added in the needed

amount to prepare all ITC solutions.

To perform an ITC experiment, 1 ml ITC Buffer 1X, 500 ul AdoCbl (150-250 uM, protected from
light to avoid degradation) in ITC Buffer 1X and 250 ul RNA (15-20 uM, RNA solution was
annealed at 90 °C for 45 s and kept on ice prior ITC Buffer addition) in 1X ITC Buffer were needed.
Exact concentration of AdoCbl and RNA solution was spectroscopically measured. All solutions
were degassed at the experiment temperature for 15 min prior to be injected. Reference cell
was filled with 250 ul of 1 X ITC Buffer, titration cell with 250 ul RNA solution and 50 ul were

loaded in the titration syringe.

Blank experiments were also performed. In this case, titration cell was also filled with 1X ITC
Buffer to record dilution heat, which needs to be subtracted to the experimental heat. Titration

parameters used were: 17 injections of 3.03 pl with a collection time of 300s between injections.

ITC experiments were recorded for at 15, 17.5, 20, 22.5, 25, 27.5 and 30 °C for JPO1 and 15, 20,

25 and 30 for MBO1. Experiments at all the conditions were run in triplicate.

Titrations using Vitamin By, as titrant were tried without any satisfactory result. The reaction

heat was too low to be distinguished from background and dilution heat.

3.2.9. Fluorescence studies by coupling the btuB Riboswitch with mCherry

protein.

M9 medium

The M9 medium was used due to the absence of cobalamins, while LB can contain uncertain
quantities of cobalamin from the yeast extract. 5X M9 salts solution contained Na;HPO,.7H,0

(64 g/1), KH2PO4 (15 g/l), NaCl (2.5 g/l) and NH4Cl (5 g/1) dissolved in water and autoclaved.

For M9 supplemented medium (M9 medium), sterile M9 salts were diluted to 1X final

concentration and supplemented with the following nutrients that were sterilized by filtration
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prior to use: glucose (0.4%), MgS0O4 (2 mM), CaCl, (100 uM), DL-alanine (100 pg/mL), L-arginine
(22 pg/mL), glycine (100 pg/mL), L-histidine (22 pg/mL), L-leucine (20 pg/mL), L-isoleucine (20
pg/mL), L-methionine (20 pg/mL), L-proline (30 pg/mL), L-threonine (80 pg/mL), L-valine (40
pg/mL), L-lysine (88 pg/mL), L-cysteine (22 pg/mL), L-phenylalanine (20 pg/mL), L-tyrosine (20
pg/mL), L-tryptophan (20 pg/mL), L-serine (100 pg/mL), L-asparagine (100 pg/mL), L-glutamine
(100 pg/mL), L-aspartic acid (100 pg/mL), L-glutamic acid (100 pg/mL), Niacin (1 pug/mL), calcium
pantothenate (1 pg/mL), pyridoxine-HCl (1 pg/mL), thiamine-HCl (1 ug/mL) and biotin (500

ng/mL).
Cells incubation

Plasmid pJP04 was transformed into BL21 (DE3) cells according to the protocol described in
3.2.2. Small culture was centrifuged at 1000xg for 1 min. Supernatant was discarded and pellet

was resuspended in 4.2 ml of M9 medium.

Then, the corresponding amount of B;, derivative was added to the sample according to the
Table 2. Culture tubes containing M9 medium with different cobalamin concentrations were
inoculated with 100 ul of bacterial culture in M9 (resuspended pellet), final volume of each

sample was 4.1 ml. A blank sample without any cobalamin derivative was also prepared.

Samples were incubated for 8 h at 37 °C and 210 rpm. After 4 h incubation, IPTG to 0.4 mM was
added. 3 ml of each culture was transferred into plastic fluorescence cuvettes and optical
dispersion was measured at 650 nm (ODeso). It was attempted to equalize the samples dispersion

values by addition of M9 medium (differences on dispersion ranged 5%).
Table 2. Fluorescence studies performed with the mCherry protein. The cobalamin derivatives used were

adenosylcobalamin (AdoCbl), vitamin Bi, (Vit Biz), cobinamide (Cbi) and neocobinamide (Neocbi) with diferent
concentratiosn.

Tube 1 2 3 4 5 6 7 8 9 10
[AdoCbl] uM 0 0.1 1 10 30 50 100 | 250 | 500 | 750
[Vit B1] pM 0.1 1 10 30 50 100 | 250 |500 | 750 | 1000
[Cbi] uM 0.1 1 10 30 50 100 | 250 |500 | 750 | 1000
[Neocbi] uM 0.1 1 10 30 50 100 | 250 |500 | 750 | 1000

Finally, fluorescence of samples was measured using a Varian Cary Eclipse fluorimeter. Samples
were excitated at 560 nm and emission was registered from 580 to 900 nm. Experiments were

done in triplicate preparing new cultures every time.
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The Cbi and Neocbi derivatives were synthesised by Marc Servera as part of his Master thesis
entitled “Preparacié de derivats de cobalamina i estudi de la seva interaccié amb el

ribocommutador de K. pneumoniae”.
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3.3. Results and discussion.

For the full characterization of the full-length riboswitch from Klebsiella pneumoniae in-line
probing, native gels and isothermal titration calorimetry were performed. The native gel
provides information of the secondary structure of the RNA with or without interacting with the
effective biomolecule. Native gels give a slight insight in the RNA folding in the presence of metal
ions and the ITC provides a full characterization of the thermodynamic parameters of the

interaction.

3.3.1. Native gels
Native gels were performed to evaluate magnesium effect on the RNA folding and consequently,

on the secondary structure.

'».‘l 3
(Q;588 80,75 i
mM

Figure 30. Native gel of JPO1 titrated with increasing Mg?* concentration.

Samples with magnesium concentration lower than 10 mM showed a broader band than
samples with higher magnesium concentration. Therefore, due to sample aggregation, less RNA
was migrating through the gel. Also, a small migration difference can be observed between 1

mM Mg?* and 5 mM Mg?*'.

It can be seen in Figure 30 that samples containing from 0 to 0.5 mM magnesium migrated less
in the gel than samples with higher magnesium concentration. This can be correlated with P. K.
Choudhary et. al. result with btuB riboswitch of E. coli. In that case, raising the concentration of
Mg?* to 0.5 mM makes a noticeable conformational change to a more compact structure. This

fact explains the increment of the RNA migration in the gel®’.

After native gels analysis we conclude that the optimal magnesium conditions for our construct

were between 1 and 5 mM Mg?* to ensure correct folding but avoiding aggregation.

63



Native gels analyses in the presence of AdoCbl were also performed trying to observe
conformation changes in the RNA folding upon addition of coenzyme Bi;. Unfortunately,
conformational changes caused by the coenzyme Bi; binding to the btuB riboswitch could not

be observed with this technique, suggesting that they are quite subtle.

3.3.2. UV melting curves

To investigate the temperature stability of the RNA conformation in the presence of Mg¥,
thermal denaturation experiments were performed with and without the presence of the metal
ion. In order to compare all the experiments, the dissociation fraction (a) was calculated as in

Equation 1:
a = (Abs max — Abs x) /(Abs max — Abs min) Equation 1

Where Abs max is the maximum absorbance, Abs min is the minimum absorbance and Abs x is

the absorbance corresponding to the temperature.

The a obtained was plotted vs. temperature for both cases. The heating curves were less
reproducible than the cooling curves due to the dependence of the heating system and
condensation at the cuvette at low temperatures. For this reason, absorption data for the

cooling process is the one used in the plot (Figure 31).
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Figure 31. Melting temperature curves. Grey and Orange doted curves represent the RNA in absence of magnesium
while doted curves in blue, yellow and green respresent the samples with 5 mM Mg?*.
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As can be observed in Figure 31, the curve in absence of magnesium shows two different steps,
thus the RNA exhibits two unfolding steps. Although the two different steps can be observed in
the graph, it has not been possible to fit the curve to obtain two corresponding melting
temperatures. In presence of magnesium, only one transition is observed because only one

secondary structure is likely stabilized in presence of the cation.

The melting temperature (Tm) can be defined as the temperature at which a = 0.5%%, the

interpolation in the curve at this value allows to calculate the Tm for both conditions (Table 3):

Table 3. Melting temperatures obtained in absence of magnesium and with 5 mM magnesium for the JPO1
construct.

Experiment Tm (°C) Tm (°C)
omM Mg 5 mM Mg
1 55.4 68.2
2 55.4 68.4
3 55.0 68.6
Average 55.310.2 68.4+0.2

The melting temperature for the RNA in absence of magnesium was 55.3 £ 0.2 °C while increases
up to 68.4 0.2 °Cin presence of 5 mM Mg?*. Thus, as it can be observed in the plot, the addition
of 5 mM Mg* leads to a significative stabilization of the RNA conformation (~ 13 °C).
Furthermore, in absence of the metal ion, the RNA seems to lose the conformation in two

different steps while only one step was seen in presence of magnesium.

3.3.3. In-line probing

3.3.3.1. Evaluation of the titration experiments

Evaluation of the gels

As explained in section 3.2.7.2, in-line probing experiments were performed with both RNA
constructs used in this study (JPO1 and MB01) and with both B;, derivatives (AdoCbl and Vitamin
B12). Several titrations were incubated and loaded onto gels for analysis, however a poor
resolution of the T1 ladder was observed in most of the gels apart from two, which were further
analysed. They correspond to the JPO1 construct titrated with AdoCbl and will be named as Gel
A and Gel B hereafter.

Evaluation of changing bands:

The evaluation of the in-line probing gels A and B of JPO1 (see Appendix 2) with increasing
amounts of AdoCbl led to the observation of a total of 18 changing bands as it can be observed
in the Figure 32, where the cleavage sites were depicted with green flags. Cleavage sites were

numbered from 1 to 15 and bands 2’, 4’ and 8’ were treated together with 2, 4, 8 respectively
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due to their proximity in the sequence and same concentration dependent behaviour. The band

number and their corresponding position in the sequence are shown in Table 4.

Table 4. Band numbers and their nucleotide position in the sequence.

Band

Nucleotide
position

Band Nucleotide
position
1 39
2 49
2’ 53
3 58
4 70
4 71

S~

O 00 00 d O U

78
81
90
104
107
114

Band Nucleotide
position
10 120
11 133
12 148
13 166
14 184
15 208
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Figure 32. Gel B. Concentration dependent in-line probing experiment with JPO1 and AdoCbl. Lane C is
unreacted RNA. Lane — shows the cleavage patern of the RNA in the absence of AdoCbl. AdoCbl has been
increased from left to right (A to K pockets) and OH and T1 are the ladders after alkaline and RNase T1
digestion. Green flags represent the 18 changing bands detected.
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Background correction:

Correction of bands intensity deriving from deviations in the loaded volume were adressed by

evaluation of two different constant regions (see Figure 33.

Figure 33. Gel B. Concentration dependent in-line probing experiment with JPO1 and AdoCbl. The red
squares depict the two regions selected (Zone 1 and Zone 2 from top to bottom) to correct the
background.
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The intensity of the two zones, depicted with red squares in Figure 33, were normalized dividing
a single pocket intensity by the maximal intensity of the zone giving the R factor of the single
zone (R1 and R2). Then, the R factor for each line was calculated by the average of the R factors

of a single zone and are gathered in Table 5. Calculations for gel A are shown in Appendix 2.

Table 5. R factors calculation for intensity correction of gel B

Zone 1l Zone 2
Pocket | Intensity 1 R1 Intensity 2 R2 R factor
A 3632 0.886 321.9 0.847 0.867
B 3974 0.970 314.8 0.828 0.899
C 3616 0.882 331.0 0.871 0.877
D 3890 0.949 320.5 0.843 0.896
E 3296 0.804 257.0 0.676 0.740
F 3087 0.753 296.0 0.779 0.766
G 4098 1.000 380.0 1.000 1.000
H 3862 0.945 271.2 0.714 0.828
I 3409 0.832 239.0 0.629 0.730
J 3967 0.968 297.8 0.783 0.876
K 3459 0.844 243.9 0.642 0.743

Intensity correction of the single bands and fitting for Ka calculation

After the calculation of the R factor, the intensity of each band was corrected by dividing the
intensity by the correction factor of the corresponding line giving the corrected intensity (lcorr)

of each band (see Table 6).

Changes of each cleavage site were quantified by plotting the intensities of the single band after
background correction (leorr/10%) vs. AdoCbl concentration using the software OriginLab.

Experimental data were fitted to a 1:1 binding isotherm?° (Equation 2).

2

CRNA + x + Ki) _ (CRNA Fx+ %) —4-cRNA-X  Equation 2
a

y = dF+(dB—dF).\/

2-cRNA

Where y corresponds to the l.orr/103, x to the AdoCbl concentration, dF is the RNA free fraction,

dB is the RNA bound to AdoCbl fraction, Ka corresponds to the association constant of the
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process and cRNA is the total concentration of RNA that was constant in all experiments
(2.6:10® M). Figure 34 shows the data for the first changing band of the gels A and B and the

calculated parameter after fitting the data to the 1:1 binding isotherm.
Calculation of the other bands and their fittings for both gels are shown in Appendix 2.

Table 6. Intensity correction calculations for band 1 of gel B. Depicted in blue data omitted in the fit.2.

Pocket

R average

| corrected

[AdoCbl] uM

A

236.30

0.866

272.68

0

C 223.38 0.877 254.82 0.1
D 192.62 0.896 214.92 0.2
E 153.63 0.740 207.54 0.3
F 167.51 0.766 218.71 0.4

H 134.15 0.828 162.01 1

I 119.55 0.730 163.68 2.5
J 130.70 0.876 149.24 10
K 109.21 0.743 147.00 100
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Figure 34. Plot of the corrected intensities vs AdoCbl concentration of site 1 of both gels A and B fitted to the 1:1
isotherm.

A Ka value was obtained for each cleavage site after fitting the data to the isotherm. These Ka
values with their standard deviation are summarized in Table 7. The Ka of the process was
calculated as the average of the Ka for the individual cleavage sites and the standard deviation
calculated using the propagation of uncertainty method. Finally, the dissociation constant was

calculated as the inverse of Ka. Obtained values are shown in Table 7.
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Table 7. Association constant of the AdoCbl to every individual cleavage site with the corresponding standard
deviation and the Ka, log Ka and KD of the overall interaction.

Site K(AdoCbl) Site K(AdoCbl)
1 2.6E+06 ¢+ 7E+05 8 9E+06
2 1.1E+07 # 9E+06 8' 7E+06 + 6E+06
2' 3E+06 + 2E+06 9 3.270E+06 * 7E+03
3 1.3E+06 10 2.2E+06
4 9E+06 + 6E+06 11 1.1E+07 + 8E+06
4 4E+06 + 2E+06 12 3.3E+06 + 1.3E+06
5 1.23E+06 13 2.5E+06 + 1.2E+06
6 2.18E+07 14 2.7E+06
7 6E+06 + 5E+06 15 5.4E+06 + 1.5E+06
Kmitjana(AdoCbl) 6E+06 + 5E+06
log Kmitjana 6.77 £0.37
Ko 170 + 140 nM

It should be recalled that the sequence used in these experiments, JPO1, included both the

aptamer and the expression platform. The dissociation constant obtained after the calculations

and fitting of the data agreed with the Kp values obtained for the well-studied btuB riboswitches

from E. coli and S. thypimurium found in Table 8.

Table 8. Bibliographic values of the dissociation constant with AdoCbl for the well-studied btuB riboswitches.The

constructs already studied do not carry the expression platform.

btuB riboswitch from KD sequence
M177

Escherichia coli iz Onan 202 nt

Salmonella thypimurium | 400 nM*2 | 206 nt

Evaluation of the relative intensity changes

Then, the intensity of each cleavage site was evaluated to

understand the influence of the

metabolite in each individual part of the RNA. To perform the evaluation, the parameter dF and

dB obtained after the data fitting to the isotherm were used and calculations are shown in Table

9.
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Table 9. Calculations of the relative intensity changes of the cleavage sites. Data from both gels are presented in the

table.
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When the intensity of the band decreased, a new dB was calculated dividing dB by the dF. Finally,
the diminution of intensity was obtained as the negative value of 1 minus the dB previously
calculated. Contrarily, when the intensity of the band increases a corrected dF was calculated
by dividing the dF value by the dB and the relative increase of the intensity was finally obtained

as 1 minus the dF corrected (see equations in Table 9).

The relative increments and diminutions of the intensity were then plotted vs the cleavage site
in order to visualize the local changes that were produced upon interaction of the metabolite

(see Figure 35).

0,8 -
Hgel A WmgelB
0,6 -
0,4
0,2

0

AIrclativc

changing cleavage sites

Figure 35. Plot of the relative intensity increases and decreases for every cleavage sites of both gels.

Due to the structural requirements of the self-cleavage reaction, those bands whose intensity
have changed with the addition of the coenzyme Bi, have undergone a change in their local
structure. While small structural changes are the possible origin of such intensity changes, also
larger changes like a switch from double-to-single stranded region (giving flexibility to the

backbone) upon Bi; biding or vice versa are feasible.

It can be observed in Figure 35 that bands 3 and 5 were only observable in gel A, while bands 6,
8, 10 and 14 were only present in gel B. It has been already mentioned that in-line probing is a
widely used technique to analyse the changes in the RNA secondary structure. The technique
can be also used to estimate the association constant of the interaction process as shown in

Table 7.
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In the in-line probing experiments, a band intensity increase implies a major cleavage probability
in this RNA region, thus 8, 8’, 10, 13 and 15 sites were involved in a conformational change to a
more flexible zone upon the RNA interaction with AdoCbl. In contrast, the decrease of the band
intensity implies a loss of cleavage in the zone that can be related with a major rigidity or a base

paring formation in the proximity of the cleavage site when the RNA interacts with the AdoCbl.

It has been already mentioned that the btuB riboswitches exhibit a negative regulation of
protein expression after binding to the metabolite. The cleavage sites identified from the in-line
probing experiments allow the postulation of a secondary structure for the gene-on
conformation of the btuB riboswitch from K. pneumoniae (Figure 36). In this conformation the
RBS depicted in green is accessible to the ribosome and the btuB protein can be synthetized.
The Figure 36 has been represented in consonance with the consensus structure of the most

172 3nd the energy of the non-conserved parts of the riboswitch was minimized

conserved regions
using the RNAfold web server. The yellow flags in the figure represent the position for the

changing bands found in the in-line probing experiments.
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Figure 36. Secondary structure of the btuB riboswitch from K. pneumniae in its gene-on conformation, unbound to the
AdoCbl metabolite. Yellow flags depict the changing band positions found in in-line probing.

In contrast, the riboswitch interaction with the AdoCbl leads to the gene-off conformation,

which is represented in the Figure 37. In this conformation the RBS is masked in the RBS-
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sequestor hairpin depicted in green. Thus, the btuB riboswitch upon the AdoCbl binding inhibits
the synthesis of the btuB protein. In the figure, cleavage sites found in the in-line probing

experiments are also depicted by yellow flags.
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Figure 37. Secondary structure of the btuB riboswitch from K. pneumniae in its gene-off conformation, upon binding
to the AdoCbl metabolite. Yellow flags depict the changing band positions found in in-line probing.

The comparison of the gene-on and gene-off conformations of the butB riboswitch from K.
pneumoniae and the relative changes of intensity represented in Figure 35 shows that they are
in agreement. For instance, the bands corresponding to cleavage sites 2 and 2’ decrease their
intensity when the AdoCbl concentration increases. Those bands are situated in a flexible zone
in the gene-on conformation whereas in the gene-off conformation they form part of a rigid
base pair region implicated in the formation of the pseudoknot. On the other hand, bands 13
and 15 increase their cleavage upon interaction of the AdoCbl. These two bands are situated in
the sequester-antisequestor stem depicted in pink in the gene-on conformation, which is a rigid
motif due to the base pair formation in the region. Upon interaction with the coenzyme B, the
RNA is shifted to the gene-off conformation in which the antisequester region, where the
cleavage site is situated, is single stranded having more flexibility and probability to be cleaved.

The same occurs for the band 15 which is placed as a linkage between two stems.
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The cleavage intensity of some other bands is more difficult to interpret from the comparison
of the two conformational structures. However, it is necessary to keep in mind that some
changes in the bands intensities can be directly influenced by the direct interaction of the

metabolite with a specific RNA region, which can change the local flexibility of the sequence.

The results presented are consistent with those from the well-studied B1;-riboswitches from E.
coli and S. typhimurium. Although being of different primary sequence, the affected cleavage
sites appear at similar locations on the secondary structures and are consistent with the
regulatory function of the sequence. The comparison of the cleavage sites obtained for K.
pneumoniae with the 8 main sites found by Nahvi et al. in the btuB riboswitch from E. coli and
later 9 sites found by Gallo et al. is shown in Figure 38. Seven of these cleavage sites found in E.
coli match with those found in K. pneumoniae in secondary structure localization as observed by
comparing Figure 37 to Figure 38. The equivalent cleavage sites are summarized in Table 10. The
site 1 from E. coli, if present in K. pneumoniae could not be identified due to experimental
limitations. The site 2 in E. coli was not present in the K. pneumoniae structure probably because
of the distinct difference in size of the P8 region. This is intriguing because it implies that the

local structures at these sites are equivalent to each other in both riboswitches.
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Figure 38. Secondary structure model for the btuB riboswitch from E.coli of 202 nt. length. Depicted with blue flags
the cleavage sites identified with the in-line probing experiments. 172 Depicted with a yellow flag a new evaluated
cleavage site'’7J

iNahvi, A., Barrick, J. E. & Breaker, R. R. Coenzyme B, riboswitches are widespread genetic control elements in
prokaryotes. (2004) Nucleic Acids Res. 32, 143-150 by permission of Oxford University Press
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Table 10. Comparison of the equivalent cleavage sites from E.coli and K. Pneumoniae.

Cleavage site E. coli Cleavage site K. pneumoniae
2 (68 nt) 4 (71 nt)
2b (77 nt) 5(78 nt)
3 (87 nt) 7 (90 nt)
4 (106 nt) 9 (115 nt)
5(110 nt) 10 (120 nt)
7 (164 nt) 13 (166 nt)
8 (183 nt) 14 (184 nt)
9 (202 nt) 15 (208 nt)

It is also important to note that the btuB riboswitch from K. Pneumoniae presents some
additional cleavage sites that are not present in previous studied sequences such as sites 1, 2, 3,

6, 8 and 12.
3.3.4. Isothermal Titration Calorimetry

ITC was used to measure the heat evolved or absorbed during the RNA-B;; interaction. The
experiments allow a characterization of the thermodynamic parameters of the interaction,
yielding the enthalpy (AH), entropy (AS), stoichiometry (n) and the association constant (Ka) in
a single experiment. Moreover, from these data, also Gibbs energy and the dissociation constant

of the process can also be calculated.

In the experiments at a certain temperature, the raw heat vs time was recorded for both
experiments, with B, as titrant and RNA as a titrate (Figure 39) and the dilution experiment
where the buffer was used as titrate (Figure 40). Then, the dilution heat was subtracted from
the experimental heat, to yield the value of the heat which corresponds only to the interaction

between the RNA and the By, derivatives.
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Figure 39. Plot of the Raw Heat (lWJ/s) vs. time (s) in an AdoCbl titration at 25°C with JPO1. Every peak corresponds to
the heat released after a titrant injection.
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Figure 40. Plot of the Raw Heat (u/s) vs. time (s) after addition of buffer at 25°C with JPO1 dilution experiment. Every
peak corresponds to the heat released after a titrant injection.
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The individual heat of every injection was obtained by integrating the area below of the
corrected peak. Corrected peak areas were plotted vs. concentration of coenzyme B2 (injection)
and the resulting curve fitted to an independent 1:1 process using the software included with

the calorimeter (NanoAnalize Software v3.1.2, TA Instruments).
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Figure 41. Peak areas corresponding to the heat released after injection plotted vs. cobalamin concentration (injection)
and the fitting to a 1:1 independent process.

Experiments at different temperatures, between 15 °C and 30 °C, for both RNA constructs, JPO1
and MBO1, were recorded. Arithmetical means from the data at each temperature studied are

shown in Table 11 for the JPO1 construct and the Table 12 shows the results for the MBO1.

Table 11. ITC experiments results with JPO1 having AdoCbl as titrant. Values given are the mean of three titration

experiments with standard deviation. Results at 300.65K and 295.65 are mean of 4 and 5 experiments respectively.

AH AS

T (K) Ka log Ka (ki/mol) n (1/K-mol) Ko (nM)
303.15 1.0E+6+2E+5 5.99+0.09 | -132+5 | 0.91+0.08 | -321+16 | 1000+200
300.65 1.7E+613E+5 6.23+0.07 | -120£15 | 0.72+0.09 | -280+50 | 600+100
298.15 1.8E+6+2E+5 6.27£0.05 | -119+43 1.0£0.3 -28119 530150
295.65 2.6E+6+6E+5 6.41+0.09 | -100£10 | 0.84+0.18 | -230+30 390180
293.15 | 4.76E+6+1.7E+5 | 6.67+0.02 | -83+3 0.86+0.2 | -160%10 21018
290.65 3.4E+618E+5 6.52+0.09 | -75+£11 | 0.68+0.04 | -130+50 30060
288.15 5.4E+613E+5 6.73+0.02 | -60+6 | 0.82+0.03 | -80%18 18519
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Table 12. ITC experiments results with MBO1 having AdoCbl as titrant. Values given are the mean of three experiments
with standard deviation.

T (K) Ka log Ka AH n hs Ko (nM)
(kJ/mol) (J/K-mol)
303.15 7.5E+5x7E+4 5.881+0.04 -151+4 0.65+0.02 | -385+14 | 1300+130
298.15 1.3E+6+1.5E+5 | 6.11+0.05 | -122.7+0.9 | 0.72+0.06 | -294+3 770190

293.15 1.8E+614E+5 6.25+£0.09 -9515 0.78+0.09 | -204+16 | 570+110

288.15 9.0E+6+1.3E+6 | 6.95%0.06 -61+11 0.86+0.17 | -70+40 110+16

As it can be extracted from the results in Table 11 and Table 12, the interaction between the
butB riboswitch from K. pneumoniae follows a 1:1 stoichiometry (n=1) for both constructs,
although the n values obtained for the MB0O1 are lower than those obtained for JPO1. From the
ITC experiments it can be deduced that the interaction exhibits an exothermic enthalpy change
that increases in absolute value when the temperature increases. The enthalpy at 298.15 K was
-119+3 kJ/mol for JPO1 and -122.740.9 kJ/mol for MBO1. In Figure 42 the enthalpy changes for

both constructs are represented vs. temperature for an easier comparison:
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Figure 42. Plot of the Enthalpy change versus temperature. In blue squares values obtained for MB0O1 and in red
squares data for JPO1

As it can be appreciated in Figure 42, the variation of the enthalpy can be considered equivalent
for both constructs. The enthalpy of the interaction was exothermic, and its absolute value
increased upon a temperature raise. From the enthalpy change value, it can be assumed that

the interaction with the coenzyme B;, was not covalent (a higher enthalpy value would be
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expected), but that a sum of several weaker interaction like H-bonds (= 20 kJ/mol) or m-staking

were involved in the interaction.

The entropy of the process was at 298.15 K, -281+9 J/K-mol for JPO1 and -294+3 J/K-mol for
MBO1. The variation of the entropy vs. temperature was equivalent for both constructs. A
negative entropy change implies a more organized system after interaction with the coenzyme
B12. The conformational changes from the Gene-on conformation to the Gene-off form implicate
the pseudoknot formation, which causes a more conformationally restricted form of the btuB

riboswitch in addition to the complex formation between the RNA and Bi».

From the ITC data, the Ka and log Ka were also obtained and from these results, the Kp was
calculated as Kp= 1/Ka. The plot of the variation of the Kp vs. temperature is shown in Figure 43

for both constructs.
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Figure 43. Plot of the variation of the Kp vs temperature. In blue squares the dissociation constants calculated for
MBO1 and in red squares the results for JPO1.

The Kp for JPO1 at 298.15 K was 530+50 nM and 770190 nM for MBO1. In this case, the
dissociation constant of the MBO1 was in general higher than the dissociation constant for the
JPO1. A higher dissociation constant implicates a lower complex formation. Thus, the presence
of the expression platform present in JPO1 construct plays an important role in the complex

formation providing stability.
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The thermodynamic parameters show a distinct variation with temperature, which is due to the
non-negligible changes in the heat capacity (ACp= dAH/dT). The van’t Hoff (Equation 3) and
Gibbs-Helmholtz (Equation 4) plots to study the temperature dependence of the system are

represented in Figure 44 and Figure 45 respectivelly.

van't Hof f: InK = —%+ARTS Equation 3
van't Hoff
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Figure 44. Plot of the van’t Hoff equation for JPO1 and MBO01 data.
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Gibbs — Helmoltz: AG = AH —TAS Equation 4
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Figure 45. Plot of the Gibbs-Helmoltz equation for JPO1 and MBO1.

Both representations (van’t Hoff and Gibbs-Helmholtz) are linear when ACp equals zero. The
non-linearity of the plots (Figure 44 and Figure 45) suggests the need of using an extra term to
consider the ACp and the curve is fitted with a second order polynomial curve. However, in our
case, data shown in Figure 44 and Figure 45 cannot be fitted with a second order polynomial
curve. This fact suggests a more complex dependence on temperatures, or even a mechanistic

change dependent on temperature.

3.3.5.  Fluorescence studies by coupling the btuB Riboswitch with mCherry
protein.
Colonies transformed with pJPO4 were rosy coloured, fact that confirmed that plasmid pJP04

was correctly designed and cells containing this construct expressed correctly the mCherry

fluorescent and coloured protein.

The fluorescence of cultures, grown as explained in 3.2.9, corroborates the expression of
mCherry proteins. Cells grown in a cobalamin free medium (M9) presented an emission
fluorescence maximum at 606 nm. Keeping in mind that, according to literature, the mCherry
absorption maximum is at 560 nm and emission fluorescence maximum is situated at 610 nm?2%,
and the fact that factors such as pH can shift the peak by several nm, the maximum emission

peak at 606 nm can be attributed to mCherry fluorescence in the same way that the absorption.
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In Figure 46, a decrease in fluorescence intensity upon addition of coenzyme Bi, can be
observed. Fluorescence intensity depends on the fluorophore concentration that, in this
construct, is regulated by the btuB riboswitch. A higher Coenzyme B1, concentration increases
the maximum ratio of btuB riboswitch in the gene off conformation, which results in a lower

mCherry translation and thus in a lower fluorescent signal.
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Figure 46. Fluorescence emission spectrum of BL21 E. Coli cells containing pJP04 after 8h incubation with increasing
amounts of coenzyme Bys.

The same trend was found when cell cultures were incubated with increasing amounts of
cyanocobalamin. The fact that fluorescence intensity decreases while the cobalamin

concentration increases is thereby attributed to the regulatory function of the riboswitch.

In addition, differences in fluorescence intensity signal (FIS) can be noted for equal
concentration of By, derivatives (see Table 13 and Table 14). Fluorescence intensity diminishes

faster for cyanocobalamin than for adenosyl cobalamin.
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Table 13. Average value of three fluorescense experiments with adenosylcobalamin.

[AdoCbl] (nM) | log [AdoCbl] FIS % Inhibition SD
0 117.3 0.0 0.0

10? 2.0 114.0 2.1 6

103 3.0 104.8 10.7 1.9

10* 4.0 90.5 23.0 7
3-10* 4.5 75.1 35.8 3
5-10* 4.7 65.5 44.3 4

10° 5.0 46.8 59.8 7
2.5-10° 5.4 19.7 83.2 1.4
5-10° 5.7 8.5 92.7 0.9
7.5-10° 5.9 5.1 95.6 0.3
[AdoCbl] (nM) | log [AdoCbl] FIS % Inhibition SD

Table 14. Average value of three fluorescence experiments with vitamin Bj,.

[vit B12] (nM) log [vit B12] FIS % Inhibition SD
0 117.3 0.0 0
10° 2.0 120.0 -1.9 7
10° 3.0 119.3 -1.4 8
10* 4.0 93.2 20.5 3
3-10* 4.5 71.1 39.6 4
5-10* 4.7 55.4 52.7 3
10° 5.0 37.3 68.0 6
2.5:10° 54 7.8 93.2 2
5-10° 5.7 3.9 96.6 1.3
7.5-10° 59 4.0 96.6 1.1
10° 6.0 1.3 98.9 0.5

Inhibition percentage of fluorescence correlates with the inhibition of the protein mCherry
translation was calculated. It was calculated using Equation 5, where Fo is the fluorescence
intensity signal for the cobalamin free cell culture and F is the fluorescence signal of the
corresponding sample. Experiments were all done in triplicate. The average of the %l and the
standard deviation (SD) (see Table 13 and Table 14) for both cyanocobalamin and
adenosylcobalamin were calculated to plot the inhibition percentage against the logarithm of

the cobalamin concentration.

%I = Fo -100 Equation 5

86



Inhibition values were square adjusted to a sigmoidal curve (Figure 47) using the SOLVER tool,
included in Microsoft Excel, considering a sigmoidal curve as Equation 6:
a

= 14+ eb+cx

The coefficient values were calculated by minimizing the value of the sum of squared errors (yest-

y + Equation 6

y)? where yest was the curve value and y the average of experimental values.
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Figure 47. Representation of the inhibition percentage (1%) against the logarithm of cobalamin concentration (nM).
Points show the average of three experimental values and lines, the adjusted sigmoidal curves.

With the resulting equation obtained after adjustment, cobalamin concentration values that
results in 50% mCherry inhibition were calculated: [AdoCbl]so = 60 + 7 uM and [CNCbl]so = 44 +
4 uM. It should be emphasized that for the same concentration (750 UM) the coenzyme Bi,
inhibits the protein expression in a 95.6% while vitamin B1; shows an inhibition of 96.6%. These
results are not consistent with thermodynamic parameters found for the ligand-RNA
interactions process. Affinity constants for adenosylcobalamin are much higher in all
temperatures that cyanocobalamin affinity constant. However, vitamin Bi, can be taken up
much more easily from the environment by bacteria than adenosylcobalamin. In the end,
vitamin B1z can be easily transformed to the coenzyme in vivo in the cell, likely explaining the

observed differences.

Fluorescence for the cobinamide and neocobinamide was also recorded and the fluorescence

emission spectra from 580 nm to 900 nm have been plotted in Figure 48. For both derivatives
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the fluorescence spectrum recorded was equivalent, thus only the plot for the cobinamide is

shown.
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Figure 48. Fluorescence emission spectrum of BL21 E. Coli cells containing pJP04 after 8h incubation with increasing
amounts of cobinamide.

It can be observed in the Figure 48 that upon increasing the concentration of the Cbi and Neocbi
derivatives the fluorescence was quenched. Thus both derivatives were taken-up and were able
to interact with the riboswitch and furthermore were able to switch the RNA to the gene-off

conformation in order to negatively regulate the synthesis of the protein.
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The experiments were made for duplicate and average of the results of the two experiments are
summarized in Table 15 and Table 16 for both derivatives, cobinamide and neocobinamide,

where % of inhibition was calculated using Equation 5.

Table 15. Average value of two fluorescence experiments with cobinamide.

[Cbi] nM log[Cbi] FIS % Inhibition SD
0 0 204.5 0.0 0.0
10? 2.0 221.9 -17.3 0.3
103 3.0 150.0 6.8 0.2
10 4.0 212.6 -4.0 0.2
3-10* 4.5 200.1 2.1 0.5
5-10* 4.7 188.0 8.0 0.4
10° 5.0 173.6 15.1 0.0
2.5-10° 5.4 161.9 20.8 0.2
5-10° 5.7 101.8 50.2 0.1
7.510° 5.9 85.6 58.2 0.1
10° 6.0 64.7 68.4 0.0

Table 16. Average value of two fluorescence experiments with neocobinamide.

[Neocbi] nM log[Neocbi] FIS % Inhibition SD
0 0 204.5 0.0 0.0
102 2.0 186.2 8.9 0.2
103 3.0 201.3 1.5 0.0
10* 4.0 193.9 5.2 0.1
3-10* 4.5 184.9 9.6 0.3
5-10* 4.7 181.7 11.1 0.3
10° 5.0 170.3 16.7 0.3
2.5-10° 5.4 132.2 35.4 0.4
5-10° 5.7 105.0 48.7 0.0
7.5-10° 5.9 84.6 58.7 0.2
10° 6.0 63.0 69.2 0.1
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The % inhibition was calculated with Equation 5 and plotted vs the logarithm of the
concentration of cobalamin and adjusted to a sigmoidal curve (Equation 6) as explained above

for vitamin B1; and coenzyme Bi.
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Figure 49. Representation of the inhibition percentage (1%) agaist the logarithm of cobinamide and neocobinamide
concentration (nM). Points show the average of two experimental values and lines, the adjusted sigmoidal curves.

With the resulting equations obtained after adjustment, cobinamide and neocobinamide
concentration values that result in 50% mCherry inhibition were calculated: [Cbi]sp = 563 + 68
UM and [Neocbi]so = 508 + 45 uM. From the inhibition 50% values we can affirm that both

derivatives (Cbi and Neocbi) behaviour was pretty much identical.

It is important to notice that the maximal concentration used was 1 mM and only inhibited
around the 70% of the expression, while the same concentration with other derivatives was
nearly 100%. Assuming an equal up-take mechanism and efficiency for the four derivatives used,
we could conclude that the concentration values that results in 50% mCherry inhibition for the
complete derivatives (AdoCbl and VitB1,) were 10 times lower than values for the incomplete
derivatives (Cbi and Neochi). These results are in consonance with other results in bibliography
which conclude that the corrin ring is essential for the btuB riboswitch recognition and is enough
to switch the RNA structure (the four derivatives were able to switch the RNA structure), but
axial ligands are the responsible of the affinity (complete derivatives show a lower 50% inhibition

concentration than incomplete derivatives).
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4. PART II: Synthesis of descobaltocorrinoids

4.1. Introduction to PART Il

4.1.1. Descobaltocobalamin derivatives: synthesis and purification

As already exposed in section 1.1.3, there are certain bacterial species capable, in a deficit of
cobalt conditions, to synthesize the organic cobalamin moiety without the metallic atom in the
tetrapyrrole centre?®®. Descobaltocobalamin derivatives have been isolated from Chromatiales
bacteria, purple sulphur bacteria such as Allochromatium vinosum?*°, and purple none sulphur

bacteria Rhodopseudomonas spheroides%*2,

These compounds were then extracted and purified from the cell pellets. The extraction was
commonly performed in a solid-liquid extraction, using commonly ethanol or acetate buffer,
followed by a chromatographic column purification to isolate the distinct derivatives
extracted!*2%:209219  Chromatographic methodology has been widely used in the purification of

cobalamin derivative mixtures from both synthetic and biosynthetic typology?%2>46:62.211,
4.1.2. Aim of the subproject

The main aim of this second part of the thesis is to obtain an antivitamin derivative and to
synthesize descobaltocobalamin derivatives in which structural changes are supposed to be
minimum. Thus affinity to the Cbls protein transporters and riboswitches is expected to be
maintained. Furthermore, the lack of the cobalt centre will prevent the redox reactivity of the

molecule and consequently its biological function. The concret aims of this subpart were:
- Biosynthesis of descobaltocobalamins and their extraction and purification.
- Characterization of the descobaltocobalamin derivatives obtained.

- Studies of the coordination chemistry of the descocaltocobalamin derivatives with other

metal ions in an oxidation state (+3)
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4.2. Experimental section
Allochomatium Vinosum is a purple sulphur bacteria that grows under anaerobic conditions. This
bacterial strain naturally synthesizes descobaltocorrinoids when it is grown in a medium where

cobalt is absent?08212,

4.2.1. Media Composition and preparation
To obtain descobaltocobalamin a medium with no cobalt content was used?%:
-Solution 1: 7.02 g NaCl, 1.61 g NH4Cl, 0.544 g KH,PO4, 0.986 g MgS04- 7H,0, 0.146 g CaCl, 2H,0,
20 ml HCI 6N, 20 ml Malic acid 161 g/l, pH=7, 2 ml Solution Ill and 1.6 ml Solution IV were

dissolved in 1.2 | MilliQ water and autoclaved for 20 min at 121 °C.

-Solution 1I: 24.93 g Na,CO5; and 0.114 g NasS - 9H,0 were dissolved in 0.9 | MilliQ water and

autoclaved for 20 min at 121 °C.

-Solution I1l: 2.86 g H3BOs, 1.48 g MInCl; - 2H,0, 0.222 g ZnSO4 - 7H,0, 0.079 g CuSO4 - 5H,0, 0.145
g Na:MoO; - 2H0, 0.023 g NH4VO3 and 0.049g Co(NOs), - 6H,0 was dissolved in 1 | MilliQ and

autoclaved water. Stored at 4 °C.

-Solution IV: 4 g EDTA (acid form) and 2.65 g KOH were dissolved in 46.5 ml MilliQ water. 3.43 g
FeSO, - 7H,0 were dissolved in 91 ml MilliQ water. Once solved, solutions were mixed and let to

react with air bubbling overnight.

-Media: 600 ml Solution I and 300 ml Solution Il were mixed. pH was adjusted to 7.6 and 20 mg/|
dimethylbenzimidazole were added, finally MilliQ autoclaved water was added to a final 1 |

volume. Air of the solution was removed by bubbling N, into the solution.

4.2.2. Cell grown and descobaltocorrinoid extraction
Cell cultures were made in 2.2 | bottle with frosted tap. Cells were grown in a phototropic
chamber (Binder KBW400 90020-0180) at 3041 °C and light from Osram lumilux Cool daylight of
24 w/m?or 9000 Ix for 72+2 h. After this period, cells were harvested by centrifugation at 3214xg
for 15 min at 4 °C. Cell pellets were washed with NaCl 0.9%(w/v) and stored at -20 °C for further

steps. Approximately 16 g of cell pellet were obtained from every 9 | of culture.

Stock cell culture was prepared by lyophilization of 4 ml culture pellets resuspended in 1 ml

sucrose 10% (w/v). Once lyophilized, sample was stored at -20 °C.

The compounds of interest were ethanol extracted from the cell pellets in the darkness to avoid
degradation. A mixture of ethanol: water: acetic acid (180:20:1) was prepared and ca.= 100 g of

cell pellets were resuspended in ca.= 600 ml of the extraction solution and vortexed until
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complete resuspension. Cell suspension was then centrifuged 10 min at 3214xg, the blue-green
supernatant was collected in a 1 | round-bottomed flask and rotaevaporated at 35 °C until
complete ethanol evaporation. To ensure the total elimination of ethanol, 20 ml of MilliQ water
were added and evaporated again. The final volume of the sample was ca.= 100 ml, where a

brownish precipitate appeared while solution was concentrating.

The pH of the final solution was adjusted to 3 by addition of HCl 6M and centrifuged for 5 min
at 3214xg at room temperature. The supernatant was collected in a clean flask and pH adjusted
to 7 by addition of NaOH 5M. The final yellow-orange solution was lyophilized for further

concentration and stored at -20 °C before purification.

4.2.3. Descobaltocorrinoids purification
First purification was performed using a C-18 reverse phase column. 3 g of C-18 were used to
pack the chromatographic column, resulting in a 4 cm long and 1.5 cm diameter column.
Solvents used for purification were water (A) and acetonitrile 90% (v/v) (B). The

chromatographic column was run using overpressure.

- Chromatographic column packing and preparation: 3g of C-18 were dissolved in 10 ml B and
inserted in a 10 ml glass column of 1.5 cm diameter and left to deposit by gravity. Once
chromatographic column was packed, solvent was gradually changed to A. 50 ml of A were

passed through the chromatographic column prior to sample loading.

- Sample purification: Samples were dissolved in a minimum amount of water (25 ml) and
centrifuged for 10 min at 10.000xg prior to the chromatographic column loading. Pellet formed
was discarded and only the liquid phase was loaded to the chromatographic column. A solvent
gradient to 30% B was used to separate JPM_1 fraction from JPM_2 fraction. Both fractions were

concentrated until dryness in concentrator and stored at 4 °C for further purification.

-JPM_1 purification: the JPM_1 fractions of 10 extractions were solved in a minimum water and
purified on a C-18 chromatographic column using a gradient from 10% to 30% B. In the
purification, 5 different fractions were collected: JPM1_1 (pallid pink) was eluted at 10% B,
JPM1_2 (orange) was eluted at 22.5% B, JPM1_3 (yellow) fraction was eluted at 25% B, JPM1_4
(orange) was eluted at 25% B and finally JPM1_5 (yellow) fraction eluted at 27.5% B.

-JPM_2 purification: JPM_2 fraction of 10 extractions were solved in a minimum water and
purified on a C-18 chromatographic column using a gradient from 0% to 20%B. From the JPM2
sample 7 fractions were distinguished: at 2.5% B JPM2_1 (yellow) fraction was eluted, at 5% B
JPM2_2 (yellow) was collected, JPM2_3 (pink) was eluted at 7.5% B and JPM2_4 (intense pink)
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was eluted at 10% B. Fraction JPM2_5 (pink) was collected at 15% B, samples JPM2_6 (yellow)
and JPM2_7 (pink) were eluted at 17.5% B and 20% B, respectively.

-All samples were concentrated until dryness in the concentrator at room temperature and

stored at 4 °C.

- MS spectrum: 2 mg of sample were dissolved in 1 ml water. Then, 1 ul of the previous solution
was taken and diluted in 1 ml methanol. The MS used was a Q-exactive Orbitrap (Thermo Fisher
Scientific). A heated electrospray ionization (HESI) source in positive ion mode was used for the
ionization of target compounds. The key parameters were as follows: spray voltage, 3.9 kV;

sheath gas flow rate, 6 arbitrary units; and capillary temperature, 320 °C.
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4.3. Results and discussion

To obtain the descobaltocorrinoids, a culture medium without cobalt was prepared and cells
were grown and collected. Afterwards, the descobaltocorrinoids were extracted and separated
by chromatographic columns. The results of the extractions and the experiments for the

identification of the fractions obtained are explained below.
43.1. Cell grown and descobaltocorrinoids extraction

In total, 1600 g of cell pellets were processed, which correspond to 900 | of culture media.
Fractions of 160 g were extracted thus 10 descobaltocorrinoids extractions were performed,
followed by their respective chromatographic columns for separation of JPM1 and JPM2

fractions.

Finally, the fractions of JPM1 and JPM2 obtained from the different chromatographic columns
were combined for the last purification step, giving 7 fractions of the JPM2 and 5 fractions for

JPM1.
4.3.2. Descobaltocorrinoids purification

In the purification process, several bands were eluted from the chromatographic column. Bands
with a red coloration, which could correspond to the descobaltocobalamin and
descobaltocobiric acid were analysed using a HPLC-HRMS.

For JPM_1, bands corresponding to JPM1_1, JPM1_2 (Figure 50) and JPM1_4 were analysed.

For JPM_2, bands corresponding to JPM2_3, JPM2_4, JPM2_5 and JPM2_7 were analysed.
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Figure 50. Mass spectrum of the JPM1_2 fraction, which corresponds to the descobaltocobalamin.

In the mass spectrum of the fraction JPM1_2 several peaks were assigned as shown in Figure 50:

m/z of 1272.6555 corresponds to M+H*(calc. for CezHg1N13014P* 1272.6541), peak at 1294.6379

corresponds to M+Na* ( calc. for CezHsoN13014PNa*1294.6360) and with z=2 peaks 636.8310 and

647.8218 were assigned to M+2H" (calc. for Ce;H92N13014P?* 636.8307) and M+H*+Na* (calc. for

C52H91N13014PN32+ 6478216) res pectively.
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Figure 51. Mass spectrum of the JPM2_5 fraction which correspond to the descobalocobyric acid.

In the mass spectrum of the fraction JPM2_5 several peaks were assigned as shown in Figure 51:

m/z of 875.5139 corresponds to M+H*(calc. for CysHs70sN10" 875.5138) and with z=2 peaks

449.2517 assigned to M+H*+Na* (calc. for C4sHs70sN1oNa?* 449.2515) respectively.

In both mass spectra the peak 301.1410 correspond to dibutylphthalate (calc. for Ci6H2,NaO4*

301.1410) and 229.1412 to (2)-trimethyl (3-phenylpent-3-en-1-yn-1-yl)silane (calc. for CisH1Si*

229.1407), contaminants from plastic material used in the synthesis like Eppendorf tubes or

septums.

Despite the presence of the plastic contaminants, 4 mg of descobaltocobalamin and 2 mg of

descobaltocobyric acid were obtained in high purity.
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5. Conclusions and Outlook.

The project addresses the verification of the computationally found sequence of a btuB
riboswitch in Klebsiella pneumoniae genome and, if so, how the Bi;-responding riboswitch

interacts with the metabolite.

After the native gels and the UV melting experiments, it was observed that the presence of
magnesium is essential for the RNA folding. The melting temperature determined for a sample
in absence of magnesium is 55.3+0.2 °C. That temperature is increased to 68.4+0.2 °C upon
magnesium addition to 5mM. From these results it is concluded that a concentration between
5 and 20 mM is needed for a correct RNA folding. Concentrations below 5 mM do not ensure
the correct RNA folding while concentrations above 20 mM implicate the aggregation of the

sample.

The in-line probing tritation studies with the btuB riboswitch from K. pneumoniae give insights
in the RNA structural rearrangements, after interaction with coenzyme Bi,, by showing intensity
changes at 15 cleavage sites within the 243 nt. long sequence. This rearrangement, produced
upon the coenzyme Bj; binding to the RNA, validates the computationally found sequence as a
riboswitch of the Bi, family. Taken together, these results allow to postulate a secondary
structure of the btuB riboswitch from K. pneumoniae, both in gene-on and gene-off
conformations. In proposed the gene-off conformation, the RBS was masked in a double strand
region, thus concluding that this riboswitch gene regulation is due to an inhibition of the
translation initiation mechanism. In order to estimate a Kp, the intensity of the gel bands was
background corrected. The corrected intensity was fitted to a 1:1 binding isotherm, yielding to
a Ka for an individual band. The Ka of the process was calculated as the average of individual
Kas. Finally, the Kp value of 170 + 140 nM was estimated for the interaction between the btuB

riboswitch and the coenzyme Bi,.

ITC experiments have been performed to thermodynamically characterize both sequences, JPO1
and MBO01, which differ in the expression platform. It is concluded that both sequences show
the same behavior upon interaction with AdoCbl. Moreover, after the thermodymamic
characterization of both sequences, JPO1 and MBO01, which differ in the expression platform, it
is concluded that both sequences showed the same behaviour. The interaction process is
exothermic with an entalphy of -119%3 kJ/mol for JPO1 and -122.7+0.9 kJ/mol for MBO1 at
298.15 K. The entropy change is also negative, as can be expected in a process where two
molecules interact in the formation of a complex. The results were fitted to a 1:1 isotherm, thus

concluding that the process follows a 1:1 stoichiometry from the n values obtained. The Kp
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values obtained are 53050 nM and 770+90 nMfor JPO1 and MBO1 respectively at 298 K which

are in consonance with other Kp found in bibliography for other Bi; riboswitches studied.

ITC experiments using Vitamin By, as a titrant were performed. Nevertheless, the heat released
could not be distinguished from the dilution heat. Thus, quantitative results could not be
extracted. Although it can be affirmed that the vitamin Bi; interaction with the btuB riboswitch

is weaker compared with the one observed with AdoCbl.

The regulation mechanism of the riboswitch has been in vivo evaluated by coupling a red
fluorescence protein (mCherry) to the riboswitch sequence. The cells have been incubated with

a gradient of cobalamin derivatives in the media. Then, their fluorescence have been measured.

The fact that the fluorescence intensity decreases upon increasing amounts of Bi, derivatives
gives a proof of the protein synthesis inhibition via riboswitch regulation. According to the fact
that the mCherry protein is the responsible for the sample fluorescence, lower amount of this

protein leads to a fluorescence decrease.

The fluorescence experiments also corroborate prior studies, which concluded that the corrin
ring is essential for the RNA recognition but the apical moieties of the Bi; are essential for
increasing the affinity. That trend is also observable in the fluorescence experiments. On one
hand the neocobinamide and the cobyric acid derivatives are capable of partially inhibiting the
synthesis of the mCherry protein in the used condition. On the other hand, the complete Bi,
derivatives, the vitamin B1; and coenzyme Bi,, are able to fully inhibit the protein synthesis using

much lower concentrations.

Finally, in the last part of the thesis it has been possible to obtain the descobaltocobalamin and
the descobaltocobyric acid from cultures of Allochromatium Vinosum. The extraction procedure
followed has been less efficient than expected. Hundreds of liters of bacteria have been
processed and only 4 mg of descobaltocobalamin and 2 mg of descobaltocoyric acid have been

obtained.

One of the aims of the project was the synthesis of new Bi, derivatives using the
descobaltocobalamin products obtained. Although the isolation of these products in quite high
purity was achieved, the small amounts obtained and the tedious obtention proces made it

impossible.

During the writing of this thesis, one of the objectives was achieved by one of our competitors.
In particular, Krattler  and coworkers were able to  synthesize the

descobaltorhodiumcobalamin?* using a more efficient methodology.
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7. Appendices

Appendix 1. Plasmids schemes

pMB01

pJP01

P Lac operon
[ T7 promoter
Amplicilin resistence

B 5B riboswitch

Hindlll Restiction site
A Xhol Restriction site
@ 77 termination

P Lac operon
I T7 promoter

Amplicilin resistence
[ btuB riboswitch
A Xhol Restriction site
@ 77 termination
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I Lac operon
[ T7 promoter
Amplicilin resistence

I btuB riboswitch

pJ POZ Hindlll Restiction site

A Xhol Restriction site
. T7 termination

B Lac operon

B mCherry
Amplicilin resistence

pRESTb' I"‘| [ T7 promoter
mCherry .‘| Hindlll Restiction site

‘ T7 termination
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B Lac operon
B mCherry
Amplicilin resistence

[ T7 promoter

Hindlll Restiction site
A Xhol Restriction site
@ 77 termination

P Lac operon
B mCherry
Amplicilin resistence
I btuB riboswitch
I T7 promoter
Hindlll Restiction site

A Xhol Restriction site
‘ T7 termination
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pJP04

B Lac operon

B mCherry
Amplicilin resistence

B btuB riboswitch

[ T7 promoter
Hindlll Restictiopn site
Starting codon

‘ T7 termination
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Appendix 2. In-line probing gels and bands fitting to the 1:1 isotherm.

Gel A
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Gel B
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Background zones of the gels and R calculation

Gel A
Pocket Zone 1 Zone 2 R average
Intensity 1 R1 Intensity 2 Rz
A 3021.63 0.981 337.65 1.000 0.990
B 1028.43 0.334 132.97 0.394 0.364
C 2608.70 0.847 286.06 0.847 0.847
D 2833.97 0.920 265.13 0.785 0.853
E 2717.19 0.882 237.10 0.702 0.792
F 2993.00 0.971 326.04 0.966 0.969
G 2824.82 0.917 258.80 0.766 0.842
H 2760.38 0.896 209.27 0.620 0.758
| 2847.65 0.924 236.38 0.700 0.812
J 2902.98 0.942 217.41 0.644 0.793
K 3081.05 1.000 201.99 0.598 0.799
Gel B
Pocket Zone 1 Zone 2 R average
Intensity 1 R1 Intensity 2 Rz
A 3631.73 0.886 321.87 0.847 0.867
B 3974.10 0.970 314.81 0.828 0.899
C 3615.65 0.882 331.02 0.871 0.877
D 3889.87 0.949 320.48 0.843 0.896
E 3296.41 0.804 256.95 0.676 0.740
F 3086.57 0.753 295.92 0.779 0.766
G 4098.29 1.000 380.03 1.000 1.000
H 3862.15 0.942 271.22 0.714 0.828
I 3409.18 0.832 239.02 0.629 0.730
J 3967.42 0.968 297.75 0.783 0.876
K 3459.07 0.844 243.90 0.642 0.743
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Intensity corrected values for the bands and the 1:1 isotherm fitting.

/10°

corr

Band 1
Pocket [AdOCbl] |corrected Icorrected |Correctecl/103 |Correctecl/103
uM Gel B Gel A Gel B Gel A
A 0 272.69 203.44 0.273 0.203
B 0.05 - - - -
C 0.1 254.82 - 0.255 -
D 0.2 214.92 - 0.215 -
E 0.3 207.54 174.24 0.208 0.174
F 0.4 218.71 - 0.219 -
G 0.5 - 170.40 - 0.170
H 1 162.01 147.65 0.162 0.148
| 2.5 163.68 150.46 0.164 0.150
J 10 149.24 136.36 0.149 0.136
K 100 147.00 120.91 0.147 0.121
m gelB
; ® gelA
0.28 - —— 1:1 isotherm fitting gel B
- —— 1:1 isotherm fitting gel A
0 26 - Model RS_1to1Ka (User)
) Equation f=dF+(dB-dF)*(((cRNA+x+1/Ka)-((cCRNA+x+1/Ka)"2-4*cRNA*x)"0.5)/(2*CRNA))
. Reduced Chi-Sqr 1.19102E-4 5.53734E-5
024 . 2. RS S Value == Standard Error
i dF 0.27573 0.010048
dB 0.14511 0.0071249
0.22 4 Ka 329856406 9.7881E+05
CRNA 2.6E-8 0
] dF 0.20251 0.0072360
0.20 -+ i: 1.803&12122 6;.;)‘?55;3(5;
i cRNA 2.6E-8 0
0.18 -
0.16
1 u
0.14
0.12 - °
I T I ' I T I T T I !
0.00000 0.00002 0.00004 0.00006 0.00008 0.00010

[AdoCbl] (M)
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/10°

corr

Band 2

[AdOCbl] |corrected Icorrected |Correctecl/103 |Correctecl/103
Pocket uM Gel B Gel A Gel B Gel A
A 0 338.55 - 0.339 -
B 0.05 312.40 235.50 0.312 0.236
C 0.1 236.54 208.99 0.237 0.209
D 0.2 217.44 188.47 0.217 0.188
E 0.3 229.01 228.90 0.229 0.229
F 0.4 225.38 188.77 0.225 0.189
G 0.5 187.54 160.95 0.188 0.161
H 1 187.23 162.28 0.187 0.162
I 2.5 171.10 142.61 0.171 0.143
J 10 159.35 129.93 0.159 0.130
K 100 147.00 120.91 0.147 0.121
m gelB
0.55 - ® gelA
: —— 1:1 isotherm fitting gel B
0.50 N — 1:1 isotherm fitting gel A
1 Model RS_1to1Ka (User)
0.45 Equation f=dF+(dB-dF)"(((CRNA+x+1/Ka)-((CRNA+x+1/Ka)'2-4"cRNA*X)"0 5)/(2"CRNA))
. ] educed Chi-Sqr 2.20106E-4 2.30248E-4
] ,l:d ﬁ R,qus::q 0.97826 0.86805
Value Standard Error
040 = dF 0.50010 0.014512
dB 0.17516 0.0072702
a gelB Ka 2.0020E+07 3.5602E+06
0.35 1 ZtNA 02256562 0.013132
i dB 0.13524 0.010506
gelA Ka 2.2642E+06 9.9767E+05
0.30 cRNA 26E-8 0
0.25
0.20
|
0.15 .
i L
0. 1 O I L} I L] I T I T I T I 1
0.00000 0.00002 0.00004 0.00006 0.00008 0.00010

[AdoCbl] (M)
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corr

Band 2’

[AdOCbl] |corrected Icorrected ICorrected/]-O3 ICorrected/]-O3
Pocket uM Gel B Gel A Gel B Gel A
A 0 362.76 210.14 0.363 0.210
B 0.05 312.95 - 0.313 -
C 0.1 320.62 - 0.321 -
D 0.2 264.92 204.54 0.265 0.205
E 0.3 254.49 190.19 0.254 0.190
F 0.4 282.07 - 0.282 -
G 0.5 266.33 179.91 0.266 0.180
H 1 223.60 161.84 0.224 0.162
| 2.5 224.92 152.10 0.225 0.152
J 10 205.68 134.99 0.206 0.135
K 100 194.33 123.27 0.194 0.123
m gelB
0.40 - o golA
1 —— 1:1 isotherm fitting gel B
n L s
0.35 — 1:1 isotherm fitting gel A
Model RS_1to1Ka (User)
Equation f=dF +(dB-0F)*(((CRNA+x+1/Ka)-((cRNA+x+1/Ka)*2-4"cRNA*X)0.5)/(2"cRNA)
1 Reduced Chi-Sqr 2.58929E-4 2.38935E-5
Adj. R-Square 0.90476 0.97646
030 I - Value 05356 Standard Error0013558
B 0.20355 0.010018
. gelB Ka 4.4974E+08 1.6074E+06
cRNA 26E-8 0
0.25 4 = o ol
gelA Ka 1.1076E+06 2.4592E+05
4 CcRNA 2.6E-8 0
0.20 - ; .
T |
015 ®
. T °
0-10 I T I L I T I T I T I 1
0.00000 0.00002 0.00004 0.00006 0.00008 0.00010

[AdoCbl] (M)

130



Band 3

[AdOCbl] lcorrected lcorrected I(Zorrected/]-o3 ICorrected/]-O3

Pocket uM Gel B Gel A Gel B Gel A
A 0 - 226.76 - 0.227
B 0.05 - 207.86 - 0.208
C 0.1 - - - -
D 0.2 - 215.39 - 0.215
E 0.3 - 204.09 - 0.204
F 0.4 - - - -
G 0.5 - 195.79 - 0.196
H 1 - 180.18 - 0.180
I 2.5 - 181.08 - 0.181
) 10 - 162.60 - 0.163
K 100 - 158.68 - 0.159

1 m gelA
0231 1:1 isotherm fitting gel A
0.22 _- ‘ gggizz - ?:Sﬁ;lt(:;wa}f:;)l{(j(z;ﬂ.::;;1fKa)-((cRNA+x+1fKa)"2-4'cRNA'x)“0.5)J(2‘cRNAn |
T Al B Suare il Value Standard Error
0.21 dF 0.22132 0.0048587
: @B 0.15951 0.0050581
0.20 - ‘ CcRNA 2.6E-8 0
a) 1 "
A 1 |

0184 oM

0.17 1 \

0.16 - e —— -

01 5 I ! | ! I ! I ! | ! | !

0.00000 0.00002 0.00004 0.00006 0.00008 0.00010

F1




Band 4

[AdOCbl] Icorrected Icorrected ICorregida/lO3 ICorregida/lO3
Pocket uM Gel B Gel A Gel B Gel A
A 0 667.14 402.09 0.667 0.402
B 0.05 510.40 - 0.510 -
C 0.1 512.89 389.99 0.513 0.390
D 0.2 393.98 361.65 0.394 0.362
E 0.3 360.26 307.58 0.360 0.308
F 0.4 374.20 325.89 0.374 0.326
G 0.5 385.09 296.76 0.385 0.297
H 1 - 265.46 - 0.265
| 2.5 350.41 244.63 0.350 0.245
J 10 316.26 - 0.316 -
K 100 305.92 213.62 0.306 0.214
m gelB
0.7 - 9
u ® gelA
1 —— 1:1 isotherm fitting gel B
—— 1:1 isotherm fitting gel A
0.6 Modal RS_1to1Ka (User)
Equation f=dF +(dB-dF)*(((cCRNA+x+1/Ka)-((CRNA+x+1/Ka)"2-4*cRNA"x)"0 5)/(2*cRNA))
4 Reduced Chi-Sqr 6.60086E-4 2.01315E-4
Adj. R-Square 0.94789 0.95191
] Value Standard Error
0.5 1 dF 0.66350 0.024763
a8 0.32029 0.014108
gel B Ka 1.4905E+07 4.1955E+06
1 cRNA 26E-8 0
dF 0.41181 0.012469
0.4 e TS ST
CcRNA 26E-8 0
- |
0.3 1 u
0.2- ¢
| ! | ! | ' | ! I ! ] !
0.00000 0.00002 0.00004 0.00006 0.00008 0.00010

[AdoCbl] (M)
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corr

Band 4’

[AdOCbl] |corrected Icorrected ICorregida/]-O3 ICorregida/]-O3
Pocket uM Gel B Gel A Gel B Gel A
A 0 543.33 387.86 0.543 0.388
B 0.05 433.26 - 0.433 -
C 0.1 440.11 367.81 0.440 0.368
D 0.2 357.89 333.02 0.358 0.333
E 0.3 350.43 290.72 0.350 0.291
F 0.4 360.16 298.02 0.360 0.298
G 0.5 348.69 273.40 0.349 0.273
H 1 297.91 232.89 0.298 0.233
I 2.5 295.61 - 0.296 -
J 10 - 211.01 - 0.211
K 100 228.12 182.80 0.228 0.183
m gelB
- ® gelA
0.55 - . —— 1:1 isotherm fitting gel B
1 —— 1:1 isotherm fitting gel A
U 50 _ Model RS_1to1Ka (User)
. Equation f=dF +(dB-dF)"(((cRNA+x+1/Ka)-((cCRNA+x+1/Ka)"2-4"cRNAX)"0.5)/(2"cRNA))
. Reduced Chi-Sqr 6.67058E-4 1.73229E-4
Adj. R-Square 0.91509 0.96419
045 - Value Standard Error
. dF 0.52405 0.022896
| gelB iB 6 15:.72232 2 2%200123@
0.40 - cRNA 2.6E-8 . 0
dF 0.39664 0.011790
' ool s 27rssesos ssrcaEsos
0.35 1 cRNA ‘ 2.6E-8 v 0
0.30
1 @
0.25 - \
| \ [
0.20 - h
| ®
0-1 5 I T I T I T I I T I 1
0.00000 0.00002 0.00004 0.00006 0.00008 0.00010

[AdoCbl] (M)
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Band 5

[AdOCbl] Icorrected Icorrected I(Zorrected/]-o3 I(iorrected/]-o3
Pocket uM Gel B Gel A Gel B Gel A
A 0 - 227.06 - 0.227
B 0.05 - - - -
C 0.1 - 222.43 - 0.222
D 0.2 - 217.64 - 0.218
E 0.3 - 212.78 - 0.213
F 0.4 - - - -
G 0.5 - 209.27 - 0.209
H 1 - 201.56 - 0.202
I 2.5 - 191.48 - 0.191
J 10 - - - -
K 100 - 179.56 - 0.180
. m gelA
0.23 4 —— 1:1 isotherm fitting gel A
Model RS_1to1Ka (User)
. Equation f=dF+(dB-dF)*(((CRNA+x+1/Ka)-((CRNA+x+1/Ka)*2-4*cRNA*x)*0.5)/(2*cRNA))
Reduced Chi-Sqr 6.8989E-7
Adj. R-Square 0.99733
022 - Value Standard Error
dF 0.22687 6.4611E-04
dB 0.17946 7.9108E-04
] gelA Ka 1.2267E+06 85414
cRNA 2.6E-8 0
0214 o
5 0.20 *
0.19
0.18 a
I T T ) T T T T T T 1
0.00000 0.00002 0.00004 0.00006 0.00008 0.00010

[AdoCbl] (M)
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/10°

corr

Band 6

[AdOCbl] |corrected Icorrected ICorrected/103 ICorrected/103
Pocket uM Gel B Gel A Gel B Gel A
A 0 557.10 - 0.557 -
B 0.05 511.33 - 0.511 -
C 0.1 469.24 - 0.469 -
D 0.2 - - - -
E 0.3 448.80 - 0.449 -
F 0.4 447.90 - 0.448 -
G 0.5 - - - -
H 1 - - - -
| 2.5 440.28 - 0.440 -
) 10 - - - -
K 100 431.68 - 0.432 -
- m gelB
— 1:1 isotherm fitting gel B
056
Model RS_1to1Ka (User)
J Equation f=dF+(dB-dF )*(((cRNA+x+1/Ka)-((cRNA+x+1/Ka)*2-4*cRNA*X)*0.5)/(2*cRNA))
Reduced Chi-Sqr 4.99627E-5
054 7] Al RrSare — Value Standard Error
] dF 055896 0.0069682
ool dB 043343 0.0045569
Ka 2.1820E+07 5.3990E+06
0.52 + CRNA 26E8 0
l =
0.50
0.48
0.46 T
0.44 - .L
J | |
0-42 I T l T I L) l T I L] I 1
0.00000 0.00002 0.00004 0.00006 0.00008 0.00010

[AdoCbl] (M)
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Band 7

[AdOCbl] lcorrected lcorrected I(Zorrected/]-o3 ICorrected/lO3
Pocket uM Gel B Gel A Gel B Gel A
A 0 820.29 520.72 0.820 0.521
B 0.05 738.44 - 0.738 -
C 0.1 742.03 - 0.742 -
D 0.2 677.72 - 0.678 -
E 0.3 663.90 516.96 0.664 0.517
F 0.4 655.04 503.54 0.655 0.504
G 0.5 664.22 490.28 0.664 0.490
H 1 - 465.34 - 0.465
I 2.5 659.02 435.99 0.659 0.436
J 10 - 406.23 - 0.406
K 100 598.12 396.97 0.598 0.397
m gelB
. ® gelA
—— 1:1 isotherm fitting gel B
0.8 1 — 1:1 isotherm fitting gel A
Model RS_1to1Ka (User)
4 Equation f=dF+(dB-dF)*(((CRNA+x+1/Ka)-((CRNA+x+1/Ka)2-4*cRNA*X)"0 5)/(2*cRNA))
Reduced Chi-Sqr 4.10824E-4 6.50919E-5
Adj. R-Square 0.90374 0.97291
07 — Value Standard Error
dF 0.81649 0.019187
dB 0.62374 0.013865
] gelB Ka 1.1219E+07 4.5793E+06
cRNA 2.6E-8 0
dF 0.52907 0.0069647
0.6 4 dB 0.39158 0.0068704
gelA Ka 7.4089E+05 1.8029E+05
cRNA 26E-8 0
0.5 1
0.4 - —_ .
| ! | | ! I ! | ! | !
0.00000 0.00002 0.00004 0.00006 0.00008 0.00010

[AdoCbl] (M)
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/10°

corr

Band 8

[AdOCbl] Icorrected Icorregida ICorregida/lO3 ICorregida/lO3
Pocket uM Gel B Gel A Gel B Gel A
A 0 381.72 - 0.382 -
B 0.05 428.02 - 0.428 -
C 0.1 438.72 - 0.439 -
D 0.2 464.10 - 0.464 -
E 0.3 507.65 - 0.508 -
F 0.4 515.99 - 0.516 -
G 0.5 479.48 - 0.479 -
H 1 497.63 - 0.498 -
I 2.5 - - - -
J 10 - - - -
K 100 533.07 - 0.533 -
0.54
4 |
0.52
1 m gelB
0.50 o -
—— 1:1 isotherm fitting gel B
T Model RS_1to1Ka (User)
0.48 4 Equation f=dF+(dB-dF)*(((CRNA+x+1/Ka)-((CRNA+x+1/Ka)"2-4*cRNA*X)"0.5)/(2*cRNA))
Reduced Chi-Sqr 2.92938E-4
7T Adj. R-Square 0.87602
046 _ o Value 038101 Standard Error -
1 gelB iB 9 47(;15 éfig 4 5%:;;122
0.44 + CcRNA  26Es : 0
0.42
0.40
0.38
0-36 l T I T I L} I L] I L} I 1
0.00000 0.00002 0.00004 0.00006 0.00008 0.00010

[AdoCbl] (M)
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/10°

corr

Band 8’

[AdOCbl] lcorrected lcorrected ICorrected/]-O3 ICorrected/]-O3
Pocket uM Gel B Gel A Gel B Gel A
A 0 553.07 391.00 0.553 0.391
B 0.05 596.74 - 0.597 -
C 0.1 582.09 446.56 0.582 0.447
D 0.2 608.05 461.73 0.608 0.462
E 0.3 617.40 458.73 0.617 0.459
F 0.4 632.95 - 0.633 -
G 0.5 622.91 462.30 0.623 0.462
H 1 658.18 481.72 0.658 0.482
I 2.5 691.45 485.52 0.691 0.486
) 10 - - - -
K 100 717.68 488.97 0.718 0.489
—
0.7 1
] m gelB
® gelA
0.6 —— 1:1 isotherm fitting gel B
—— 1:1 isotherm fitting gel A
- |
0.5 4 °
Model RS_1to1Ka (User)
T Equation f=dF+(dB-dF)*(((cRNA+x+1/Ka)-((cRNA+x+1/Ka)"2-4*cRNA*x)"0.5)/(2*cRNA))
Reduced Chi-Sqr 1.12491E-4 4.4264E-5
Adj. R-Square 0.95448 0.95517
04 -1 Value Standard Error
dF 0.56656 0.0075289
dB 0.71821 0.0095595
. gelB Ka 1.6763E+06 4.1827E+05
CcRNA 2.6E-8 0
dF 0.39217 0.0066069
0.3 4 dB 0.48583 0.0042425
gelA Ka 1.2745E+07 3.7352E+06
cRNA 2.6E-8 0
I ! | ! | ! I ! | ] !
0.00000 0.00002 0.00004 0.00006 0.00008 0.00010

[AdoCbl] (M)
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/10°

corr

Band 9

[AdOCbl] |corrected Icorrected ICorrected/]-O3 ICorrected/]-O3
Pocket uM Gel B Gel A Gel B Gel A
A 0 691.00 556.19 0.691 0.556
B 0.05 616.04 - 0.616 -
C 0.1 609.31 502.60 0.609 0.503
D 0.2 546.63 477.52 0.547 0.478
E 0.3 546.84 412.77 0.547 0.413
F 0.4 560.45 379.04 0.560 0.379
G 0.5 515.68 383.54 0.516 0.384
H 1 463.79 331.67 0.464 0.332
| 2.5 432.60 297.44 0.433 0.297
J 10 - 282.27 - 0.282
K 100 409.47 270.10 0.409 0.270
m gelB
; e gelA
—— 1:1 isotherm fitting gel B
0.7 u —— 1:1 isotherm fitting gel A
Model RS_1to1Ka (User)
i Equation f=dF+(dB-dF)* ((CRNA+x+1/Ka)-{(CRNA+x+1/Ka)"2-4"CRNA*X)"0.5)/(2*CRNA))
Reduced Chi-Sqr 3.9499E-4 1.99048E-4
0.6 - Adj. R-Square 094837 0.97931
Value Standard Error
dF 067218 0.015941
L B 0.40883 0.015974
gelB Ka 3.2610E+06 8.6815E+05
0.5 ZENA o.zéaGEs;: 0.012372
dB 0.26698 0.0092195
1 gel A Ka 3.2748E+06 5.2070E+05
cRNA 2.6E-8 0
0.4 - .
0.3 1
B @
0-2 l T I T I T I T I T I 1
0.00000 0.00002 0.00004 0.00006 0.00008 0.00010

[AdoCbl] (M)
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CcoIT

Band 10

[AdOCbl] lcorrected lcorrected I(Zorrected/]-o3 ICorrected/lO3
Pocket uM Gel B Gel A Gel B Gel A
A 0 1150.47 - 1.150 -
B 0.05 1285.20 - 1.285 -
C 0.1 - - - -
D 0.2 1300.22 - 1.300 -
E 0.3 1349.76 - 1.350 -
F 0.4 - - - -
G 0.5 1351.77 - 1.352 -
H 1 1416.57 - 1.417 -
I 2.5 1434.11 - 1.434 -
J 10 - - - -
K 100 1555.53 - 1.556 -
1.6
|
[
L
14 m gelB
' —— 1:1 isotherm fitting gel B
+ Model RS_1to1Ka (User) ‘
Equation f=dF+(dB-dF)"({(CRNA+x+1/Ka)-((cRNA+x+1/Ka)*2-4"cRNA"X)*0.5)/(2"cRNA))
Reduced Chi-Sqr 0.00179
] Adj. R-Square 0.875
Value Standard Error
dF 1.2000 0.033607
dB 1.5250 0.036664
T gelB Ka 2.2093E+06 1.0831E+06
CcRNA 2.6E-8 0
1.2 -
|
I ! I ! I ! I ! I ! I !
0.00000 0.00002 0.00004 0.00006 0.00008 0.00010

[AdoCbl] (M)
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corr

Band 11

[AdOCbl] Icorrected Icorrected I(Zorrected/]-o3 ICorrected/lo3
Pocket uM Gel B Gel A Gel B Gel A
A 0 2303.55 1938.39 2.304 1.938
B 0.05 2159.68 - 2.160 -
C 0.1 2010.21 1887.15 2.010 1.887
D 0.2 1911.11 1893.81 1.911 1.894
E 0.3 1864.84 1743.39 1.865 1.743
F 0.4 1931.27 - 1.931 -
G 0.5 1857.46 1709.32 1.857 1.709
H 1 - 1589.19 - 1.589
I 2.5 1886.45 1508.94 1.886 1.509
J 10 - - - -
K 100 1825.12 1500.69 1.825 1.501
m gelB
e gelA
23 1 —— 1:1 isotherm fitting gel B
o —— 1:1 isotherm fitting gel A
Model RS_1to1Ka (User)
2.2 Equation f=dF+(dB-dF)*(((cCRNA+x+1/Ka)-((cRNA+x+1/Ka)'2-4*cRNAX)"0.5)/(2*cCRNA))
. Reduced Chi-Sar 0.00161 0.00218
Adj. R-Square 0.93721 0.92944
2.14 . Value ros Standard Error S
b dB 1.8333 0.024808
gelB a K + +
204 :RNA 1912:2;; 6.5820E og
B dF 1.9680 0.040659
dB 1.4636 0.040377
1.9 4 gelA Ka 2.2195E+06 7.9383E+05
| CRNA 2,6E-8 0
1.8 "
1.7
1.6 ‘
15 Kk o
I ! I ! I ' ] ' I ! I !
0.00000 0.00002 0.00004 0.00006 0.00008 0.00010

[AdoCbl] (M)
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Band 12

[AdOCbl] |C0rrected ICOrreCted |C0rrected/103 |C0rrected/103
Pocket uM Gel B Gel A Gel B Gel A
A 0 1921.11 1508.31 1.921 1.508
B 0.05 1677.53 - 1.678 -
C 0.1 1702.52 1518.99 1.703 1.519
D 0.2 1505.46 1402.50 1.505 1.403
E 0.3 1432.47 1290.95 1.432 1.291
F 0.4 1306.40 1241.94 1.306 1.242
G 0.5 1282.99 1124.71 1.283 1.125
H 1 1223.45 1047.27 1.223 1.047
| 2.5 - 949.65 - 0.950
J 10 - 864.39 - 0.864
K 100 1028.27 822.86 1.028 0.823
m gelB
2.0 - ® gelA »
—— 1:1 isotherm fitting gel B
1 —— 1:1 isotherm fitting gel A
1 8 = Model RS_1to1Ka (User)
Equation f=dF+(dB-dF )*(((cRNA+x+ 1/Ka)-(CRNA+x+1/Ka)*2-4"cRNAx)10.5)/(2CRNA))
] Reduced Chi-Sqr 000219 0.00237
Adj. R-Square 097162 0.96387
Value Standard Error
1.6 4 oF 1.9000 0039734
@B 1.0328 0.041780
i gelB Ka 4.5676E+06 9.2011E+05
CRNA 26E-8 0
o 14 = 081657 oossszt
‘9 gelA Ka 2.0174E+06 4.5495E+405
= E CRNA 26E-8 0
5]
—° 1.2 5 |
e ]
1.0 5 \
- “\t -
0.8 -
| ' I ! I ! I ! I ! I !
0.00000 0.00002 0.00004 0.00006 0.00008 0.00010

[AdoCbl] (M)
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Band 13

[AdoCbl] lcorreted lcorrected | lcorrected/10% | Icorrected/10°
Pocket uM Gel B Gel A Gel B Gel A
A 0 2457.70 1808.57 2.458 1.809
B 0.05 2730.45 - 2.730 -
C 0.1 2739.01 1929.68 2.739 1.930
D 0.2 2672.64 2082.28 2.673 2.082
E 0.3 2909.02 2073.66 2.909 2.074
F 0.4 2783.01 - 2.783 -
G 0.5 - 2165.40 - 2.165
H 1 2940.18 2247.09 2.940 2.247
| 2.5 - 2176.39 - 2.176
J 10 3117.62 2311.76 3.118 2.312
K 100 3386.95 2439.30 3.387 2439
m gelB
_ ® gelA
3.4 — 11 ?sotherm f?tt?ng gel B
| —— 1:1 isotherm fitting gel A
3.2 1 !:jj.an 22;11(:15:5::;{(S;;NA+x+1fKa)—::cRNA+x+wfKa)ﬂz«vcRNA'x)ﬂowz'cRNA)J
g n Reduced Chi-Sqr 001342 0.00443
3.0 Al FeSauere e
] o 2503 0080268
28 L @ RS i
] T o8
8044 " .
i —®
2.2 1 :./
20] ¢
o] 1
O.OOIOOO 0.06002 0.0(;004 0.00|006 O.OOIOOS 0.00'010

[AdoCbl] (M)
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corr

Band 14

[AdOCbl] lcorrected lcorrected ICorrected/]-O3 ICorrected/]-O3
Pocket uM Gel B Gel A Gel B Gel A
A 0 3737.16 - 3.737 -
B 0.05 3524.08 - 3.524 -
C 0.1 3374.96 - 3.375 -
D 0.2 3191.43 - 3.191 -
E 0.3 3188.68 - 3.189 -
F 0.4 - - - -
G 0.5 2906.67 - 2.907 -
H 1 2904.54 - 2.905 -
I 2.5 2641.53 - 2.642 -
J 10 2459.16 - 2.459 -
K 100 2409.06 - 2.409 -
3.8
[ m gelB
364 — 1:1 isotherm fitting gel B
’ Model RS_1to1Ka (User)
Equation f=dF +(dB-dF)*(((cCRNA+x+1/Ka)-((cRNA+x+1/Ka)*2-4*cRNA*x)"0.5)/(2*cRNA))
3 4 _ Re.duced Chi-Sqr gggzjg
’ A RS Value Standard Error
dF 3.6792 0.057037
3.2 s @ 273551 srasse 106
CRNA 26E-8 0
3.0 - .
284 |
2.6 -\
\\;
.‘ —_—
2.4 4 L
I T I T I T I T I T I 1
0.00000 0.00002 0.00004 0.00006 0.00008 0.00010

[AdoCbl] (M)
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Band 15

[AdOCbl] lcorrected lcorrected ICorrected/]-O3 ICorrected/]-O3
Pocket uM Gel B Gel A Gel B Gel A
A 0 - - - -
B 0.05 7105.96 4735.72 7.106 4.736
C 0.1 6552.91 - 6.553 -
D 0.2 7543.01 5769.16 7.543 5.769
E 0.3 8159.16 6566.59 8.159 6.567
F 0.4 7160.25 6765.11 7.160 6.765
G 0.5 7212.64 5849.22 7.213 5.849
H 1 8203.45 6754.62 8.203 6.755
I 2.5 - 7374.93 - 7.375
J 10 8411.59 7199.70 8.412 7.200
K 100 8500.54 7399.22 8.501 7.399
m gelB
® gelA
—— 1:1 isotherm fitting gel B
—— 1:1 isotherm fitting gel A
| |
8
4 o °
® Model RS_1to1Ka (User)
7 — Equation f=dF+(dB-dF)*(((cRNA+x+1/Ka)-((cRNA+x+1/Ka)"2-4*cRNA*x)"0.5)/(2*cRNA))
Reduced Chi-Sqr 0.20063 0.1427
Adj. R-Square 0.6787 0.818
i Value Standard Error
dF 6.4066 0.36895
dB 8.4506 0.31469
gelB Ka 3.9025E+06 2.8598E+06
6 ] CcRNA 2.6E-8 0
dF 3.9886 0.78973
dB 7.3319 0.23237
4 gelA Ka 6.8260E+06 4.2629E+06
cRNA 2.6E-8 0
54
| ! | ! | ! 1 ' 1 ! I '
0.00000 0.00002 0.00004 0.00006 0.00008 0.00010

[AdoCbl] (M)
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Appendix 3. Isothermal titration calorimetry data

Individual ITC experiments for JPO1

T (K) Ka/10°® | log Ka | AH (kJ/mol) n AS (J/K mol) | Kp (nM)
303.15 1.22 6.09 -131.2 1.002 -316.1 820
303.15 0.97 5.99 -128.3 0.886 -308.7 1026
303.15 0.81 5.91 -137.4 0.853 -340.0 1240
300.65 1.39 6.14 -119.1 0.702 -278.7 722
300.65 1.70 6.23 -142.2 0.844 -353.8 588
300.65 2.00 6.30 -114.5 0.633 -260.0 500
300.65 1.88 6.28 -105.2 0.704 -229.7 531
298.15 1.73 6.24 -119.5 0.808 -281.3 578
298.15 1.82 6.26 -122.2 0.819 -290.2 551
298.15 2.12 6.33 -117.2 1.375 -272.1 47?2
295.65 2.22 6.35 -101.1 0.779 -220.3 451
295.65 2.44 6.39 -99.1 1.052 -212.8 410
295.65 3.30 6.52 -117.3 0.695 -272.1 303
293.15 4.59 6.66 -86.6 0.923 -167.8 218
293.15 4.76 6.68 -80.9 1.057 -148.1 210
293.15 494 6.69 -83.6 0.613 -157.0 202
290.65 4.67 6.67 -65.3 0.681 -96.9 214
290.65 3.06 6.49 -77.7 0.703 -143.1 327
290.65 2.93 6.47 -66.5 0.735 -66.5 342
290.65 2.81 6.45 -93.4 0.696 -198.0 356
290.65 3.73 6.57 -75.7 0.625 -134.5 268
288.15 5.71 6.76 -66.4 0.789 -101.0 175
288.15 5.41 6.73 -55.3 0.835 -63.1 185
288.15 5.16 6.71 -60.3 0.833 -80.7 194
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Individual ITC experiments for MB01

T (K) Ka/10°® | log Ka | AH (kJ/mol) n AS (J/JKmol) | Kp (nM)
303.15 1.22 6.09 -131.2 1.002 -316.1 820
303.15 0.97 5.99 -128.3 0.886 -308.7 1026
303.15 0.81 5.91 -137.4 0.853 -340.0 1240
298.15 1.73 6.24 -119.5 0.808 -281.3 578
298.15 1.82 6.26 -122.2 0.819 -290.2 551
298.15 2.12 6.33 -117.2 1.375 -272.1 472
293.15 4.59 6.66 -86.6 0.923 -167.8 218
293.15 4.76 6.68 -80.9 1.057 -148.1 210
293.15 4.94 6.69 -83.6 0.613 -157.0 202
288.15 5.71 6.76 -66.4 0.789 -101.0 175
288.15 5.41 6.73 -554 0.835 -63.13 185
288.15 5.16 6.71 -60.3 0.833 -80.71 194
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