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INTRODUCTION

____________________________________

The aim of this thesis was to elucidate the mechanism by which vitamin B12

represses translation of the cob operon and the btuB gene in Salmonella

typhimurium. First, I will give a general introduction to how gene expression

is regulated by translational control mechanisms followed by a background on

the regulation and biosynthesis of vitamin B12. Finally, I will present my

results and discuss a new model for translational regulation of the vitamin B12

biosynthetic genes.

Regulation of gene expression by translational control

Regulation of gene expression is crucial to the development and survival of all

organisms. Bacteria has an exceptional capacity to adjust the expression of

their genome, which is seen in their extremely good adaptability to

environmental fluctuations. Regulation of gene expression can take place at

many different stages: transcription, messenger RNA processing and stability,

translation, and protein modification and turnover.

The concept of unidirectional flow of information from DNA via RNA

to proteins was presented in 1958 by Francis Crick and named “The central

dogma” (24). A few years later, in 1961, a general model for genetic

regulation was formulated by Jacob and Monod from their studies on the lac

operon and the genes of bacteriophage λ. They proposed that protein synthesis

was regulated at the genetic level, and they suggested an intermediate in gene

expression; the messenger RNA (mRNA) (59). The existence of mRNA was

experimentally established in bacteria the same year by Brenner et al. (21) and

Gross et al. (48). After the discovery of transcriptional control it was soon

realized that the role of the mRNA was more complicated than first
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anticipated. The mRNA was not only a passive replica of a gene to be

delivered to the ribosome for protein synthesis, but also an active component

in regulation and modification. The mRNA could be involved in different

kinds of post-transcriptional control mechanisms, such as transcriptional

attenuation, RNase processing, and translational control.

Translational control is defined as modulation of the efficiency of

translation of mRNA, and usually occur at the level of initiation. Translational

control was an accepted term already in 1968. Activation of ribosomes in sea

urchin eggs after fertilization (57) was one of the first evidences of

translational regulation in a eukaryotic system. The first example of

prokaryotic translational control was found in bacteriophage f2, where it was

discovered that the structure of the mRNA was involved in the regulation (72,

73). A few years later, protein translational repressors were discovered, also in

RNA phages, where the phage coat protein binds to the ribosomal binding site

of the replicase gene and shuts down replicase synthesis (88, 128). Also in

these cases the structure of the mRNA play an important role.

The eukaryotic translational machinery is essentially insensitive to

inhibitory mRNA structures since the ribosomal scanning activity and the

eIF4A helicase activity efficienlty remove secondary structure (58).

Translational control in eukaryotes usually involves regulation of the

translational initiation factors, like eIF2, that can represse the global rates of

protein synthesis when it becomes phosphorylated (83). In contrast,

prokaryotic translation is strongly repressed by secondary structures that

occlude the ribosomal binding site (28, 46). Even if the Initiation Factor 3

(IF3) and the ribosomal protein S1 have been proposed to have RNA melting

properties, they are not ATP-dependent helicases like eIF4A (136, 139).

Therefore, the mRNA structure plays an active role in prokaryotic

translational control, either with or without accessory factors. Most of the

translational regulatory proteins found in prokaryotes have other functions in

the cell besides regulating translation.

Numerous examples of prokaryotic translational control mechanisms

have accumulated since the first published examples from the 1960s (for

reviews see: 26, 33, 90, 131). Recently it was discovered that many
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prokaryotic global regulators (Hfq, CsrA, and CspA) are controlling genes by

post-transcriptional mechanisms, and others (σS, σΗ, and HN-S) have a post-

transcriptionally regulated expression (90). This increases the number of

translationally regulated genes in prokaryotes considerably from what was

earlier known. In the following parts I will describe the participating elements

of prokaryotic translational control, followed by examples of the different

kinds of control mechanisms.

Translational control in prokaryotes

The role of the mRNA
The ribosomal binding site (RBS) of the mRNA comprises the region of the

mRNA that is protected by binding of the 30S subunit. The RBS was defined

by nuclease protection experiments with the initiation complex to cover about

35 nucleotides, from –20 nucleotides upstream and +15 nucleotides

downstream of the initiation codon (132, 133). Since translational control is

almost exclusively carried out at the level of initiation (Figure 1), a closer

examination of the RBS is necessary.

First, the accessibility of the RBS of the mRNA is essential for

ribosome binding. This binding can be hindered by secondary structures in the

mRNA, or by binding of repressor proteins or anti-sense RNAs. To allow

initiation of translation the RBS has to be in an unstructured region, as has

been clearly demonstrated by de Smit and van Duin (27).

Second, the interaction between mRNA and ribosomes is very

important for anchoring of the 30S subunit in the vicinity of the start codon.

The Shine-Dalgarno (SD) interaction consist of three to nine bases in the

mRNA that form standard base-pairs with some or all of the bases from 1534

to 1542 (ACCUCCUUA) at the 3’ end of 16S rRNA (56, 123, 133). Another

suggested interaction is the C-terminal domain, called the “mRNA catching

arm”, of the ribosomal protein S1 that has binding preferences for U-stretches

upstream of SD regions in the mRNA. (19). In the absence of S1, reduced

ribosome binding in the gene 32 of phage T4 has been observed (50). Further,
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Figure 1 General scheme for translation initiation in prokaryotes.
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enhancer sequences have been suggested to exist either upstream or

downstream of the RBS (reviewed by 58, 80). These enhancer sequences are

thought to stabilize the binding of ribosomes to the mRNA by promoting an

extended mRNA-16SrRNA interaction. However, there is not sufficient

evidence yet to conclusively prove any of these interactions. For instance, the

putative “downstream box” (129) has been extensively investigated lately with

unclear results (39, 79, 93, 103, 138), see discussion.

Third, the nature of the initiation codon is of great importance for

efficient aminoacyl-tRNA binding. The AUG codon is the most frequently

used and it forms the most stable interaction with the CAU anticodon in fMet-

tRNA. GUG and UUG codons are used in 8% and 1%, respectively, of the

bacterial genes (46, 81). The unusual codon AUU is used in only one gene, inf

C, encoding IF 3 (47).

Fourth, the spacing between the SD region and the initiation codon

influences the translational efficiency and it should be between 6 and 8

nucleotides to be optimal (14, 50, 106).

Efficient initiation of translation depends on cooperation between all

these different elements. Interestingly, it has been found that a strong SD-

antiSD interaction can compensate for a structured ribosomal binding site (30,

31).

Translational control mechanisms

Temperature control

RNA structures are “breathing” constantly resulting in an equilibrium between

folded and unfolded structures. This “breathing” affect all mRNAs but to a

different extent depending on the RNA structure and other regulatory factors

or elements. Some translational control mechanisms rely solely on the mRNA

structure but most mechanisms are more complex and involve many

interacting elements. The secondary structure of an mRNA can be used as a

temperature sensor since the stability of RNA secondary structures is very

temperature dependent. For example, the rpoH mRNA of E. coli (encoding
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σΗ that controls the heat-shock regulon) has a composite secondary structure

in the translation initiation region that acts as a sensor for thermo-induction,

independently of trans-acting factors (86). The transcriptional activator, LcrF,

of Yersinia pestis is another example. When this pathogen enters its host,

temperature rises to 37°C, and translation of LcrF is induced. One hypothesis

is that a stable hairpin structure in the RBS is destabilized enough for

translation to initiate when temperature increases (55). Another recently

discovered “RNA thermometer” is the 5’UTR of the cspA mRNA  (encoding

the E. coli cold shock protein CspA) that is activated upon decreased

temperature, probably due to conformational changes in the mRNA (150).

Kinetic control

Slow-forming structures are controlled kinetically by the delay of folding. For

example, the A gene of bacteriophage MS2 forms a long distance interaction

(LDI) between the SD region and a region 120 nucleotides upstream, that

represses translation. Thus, an in-built delay of folding of the A gene mRNA

structure provides enough time for ribosomes to access the RBS and facilitates

translation (100).

Translational coupling

Translating ribosomes can perform positive regulation by a mechanism called

translational coupling where altered translation of one gene affects the

downstream gene as well. The genes can either be tightly coupled with

overlapping sequences, as in the ribosomal subunit operons or they can be

separated by a few or more than 60 bases (99). Tight coupling usually

involves a one–ribosome mechanism, where a terminated ribosome “scans”

upstream or downstream of the stop codon to encounter a nearby initiation

codon and reinitiate. The expression of the lysis gene of bacteriophage MS2

depends on terminating ribosomes of the upstream overlapping coat gene and

is a good example of one-ribosome coupling (17, 64, 119). Looser coupling

involves different ribosomes as in the replicase gene of MS2. Here translation
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depends on elongating ribosomes from the far upstream coat gene to disrupt a

long distance interaction (LDI) that occludes the RBS of the replicase gene

(71, 84, 143).

mRNA processing

Processing of mRNA can regulate translation by changing the overall

conformation of RNA or by deleting local secondary structures (89). A

frequently involved effector molecule is RNase III, an RNA endonuclease that

cleaves double-stranded regions. Examples of genes that are regulated by

RNase III cleavage in the 5’ end of the mRNA are gene 1 in bacteriophage T7

(44), gene 19 in plasmid R1 (66), and the adhE gene of E. coli (10). Another

ribonuclease important for translational regulation is RegB encoded by

bacteriophage T4. RegB cleaves within the Shine-Dalgarno sequence of early

T4 mRNAs with the help of the ribosomal protein S1, and thereby down-

regulates their translation (113, 115, 116).

Activator proteins

Not many cases are known where proteins activate translation. Translation of

the mom gene of bacteriophage Mu is induced by binding of the Com protein;

this results in the disruption of a hairpin structure which sequesters the RBS

(51, 52, 149). Translation of the cIII genes of bacteriophage λ are activated by

binding, not cleaving, of RNase III (3, 4, 97). Hfq (HF-1) of E. coli is recently

documented to activate translation of the rpoS mRNA  (encoding the global

transcriptional activator σS), probably by facilitating the antisense RNA DsrA

interaction with rpoS mRNA (25, 69, 87).

Repressor proteins

The use of repressor proteins is probably the most common mode of

translational control in prokaryotes. Translational regulatory proteins usually

have another primary function in the cell as DNA– or RNA-binding proteins.
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This can frequently be seen in the autoregulatory ribosomal subunit or

translational component operons (for a review see 81). This mechanism of

regulation has appeared to be even more sophisticated. Thus, the dual function

proteins are often capable of recognizing two different molecules due to

structural mimicry in their binding sites (131). One of the best studied

examples is the E.coli thrS gene that encodes threonyl-tRNA synthetase

(ThrRS). Expression of ThrRS is negatively autoregulated at the translational

level due to structural mimicry between the ThrRS mRNA and the Threonyl-

tRNA. When ThrRS is in excess, compared to its natural substrate threonyl-

tRNA, it will bind to the RBS region of its own mRNA and repress

translation. Extensive analysis have shown that the ThrRS mRNA comprises

two threonyl-tRNA anticodon-like domains (108, 114, 130).

Antisense RNA

Antisense RNAs are small RNA molecules that can bind to complementary

regions on specific target RNAs and regulate their translation. The best

characterized examples derive from prokaryotic accessory elements such as

phages, plasmids, and transposons (151).

Only a small number of antisense RNAs are encoded by bacterial

chromosomes (145). Interestingly, these small regulatory RNAs only contain

short regions of target complementarity which increases the amount of target

possibilities. Hence, these riboregulators can act as global regulators, affecting

the expression of many different genes. The two recently described DsrA

(125, 126) and OxyS (5, 152) antisense RNAs are particulary interesting since

they are known to be involved in the translational regulation of two global

transcriptional regulators, σS and HN-S. This finding suggest that the extent of

antisense RNA regulated gene expression in the bacterial cell is much larger

that earlier anticipated.
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Transcription / Translation coupled regulation

The mRNA can be locked in certain conformations when it is synthesized, due

to multiple choices of transcriptional start site. This phenomenon can be used

to regulate translation. For example, a single promoter can have different

transcriptional start points, resulting in mRNAs with variable 5’ ends that

differ in translational activity. The pyrimidine synthesis genes pyrC and pyrD

of E.coli and S.typhimurium are only translated when their mRNA has a

specific 5’ end. The longer 5’ end is produced when CTP is abundant and

transcription can start with CCGG or CCCGG. This permits a hairpin structure

to fold that occludes the ribosomal binding site. A low CTP / GTP ratio is the

signal for pyrimidine shortage. This promotes a transcriptional start two or

three nucleotides downstream, at the GG. This results in transcripts which lack

the 5’ inhibitory hairpin and where translation initiation is allowed (127).

Translational enhancers

Translational enhancers have been found in many genes. The mechanism of

action most often involves a long distance interaction or a pseudoknot

interaction between upstream sequences and sequences near the RBS. This

interaction unfolds an inhibitory RBS hairpin and thereby allows recognition

of an otherwise sequestered RBS. For example, the repA gene of pMU604

(13, 147) and the repZ gene of plasmid ColIb-P9 (11, 12) have been

extensively studied. Translation of these genes requires the formation of a

pseudoknot interaction in the mRNA leader that resolves an inhibitory

structure in the RBS and activates translation. An antisense RNA molecule

can also bind to the repA mRNA and the repZ mRNA, inhibit the translational

enhancer pseudoknot interaction and repress translation.

When studying the cob operon of S. typhimurium we found that a

translational enhancer element in the cob mRNA leader is required for

efficient expression and normal regulation (paper I and III).
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Small Molecules

Not many examples are known where small molecules regulate translation.

Expression of the antibiotic resistance genes, erm and cat, in gram-positive

bacteria is induced in the presence of erythromycin (62, 67, 107) and

chloramphenicol (2, 36, 49, 75) respectively by the mechanism of translational

attenuation. Thus, presence of the antibiotic results in stalling of the ribosome

when the upstream leader peptide is synthesized; this stalling results in a

conformational change in the downstream RBSs of the erm and cat genes that

activates translation.

Vitamin B12 is small molecule that affects the translation of the cob

operon and the btuB gene of S. typhimurium by conformational changes in the

mRNA (papers I, II, and III). In order to understand this unusual example of

gene regulation, I will give a background to vitamin B12 before discussing our

findings concerning the vitamin B12 regulatory mechanism.

Vitamin B12

What is a Vitamin?
Vitamins are growth factors; i.e. organic compounds that are needed in very

small amounts and that cannot be synthesised by some organisms. Vitamins

cannot serve as energy sources or building blocks of macromolecules, but are

typically constituents of coenzymes or prosthetic groups. Many

microorganisms are able to synthesise all of the vitamins but some

microorganisms must be provided with the complete or parts of the vitamin.

Since biosynthesis of vitamins is usually costly, microorganisms prefer to

absorb them by high-affinity transport systems rather than to synthesise them

de novo. The most commonly required vitamins by microorganisms are

vitamins B1, B6 and B12.



17

Vitamin B12
Vitamin B12 is one of the largest polymeric organic molecules known (43)

and is essential to microorganisms, protists and animals. However, it can only

be synthesised by some Eubacteria and Archaea. Deficiency of vitamin B12

can cause a fatal disease of the red blood cells called pernicious anemia (40).

The cure against pernicious anemia was found to be a special liver diet (85).

Rickes et al discovered that vitamin B12 was the active component in the liver

diet (105). Determination of the three dimensional structure revealed an

unusual cobalt-carbon bond that is one of the few metal-carbon bonds found in

nature and is the key to the reactivity of vitamin B12 (70). A landmark

achievement in organic chemistry was the organic synthesis of vitamin B12 in

the laboratories of Woodward and Eschenmoser in 1972 (134, 148).

When S. typhimurium was found to be able to synthesize vitamin B12

de novo (60), geneticists joined the work to dissect the synthetis pathway of

vitamin B12. Experiments with the bacterial systems of S. typhimurium and P.

denitrificans (22, 61, 94, 95, 109, 112, 122) have given most of the current

information regarding the biosynthesis of this complex cofactor.

The biosynthetic pathway for vitamin B12
There exist two distinct biosynthetic pathways for vitamin B12 synthesis, one

aerobic and one anaerobic. Some bacteria use only the aerobic pathway (P.

denitrificans), some only the anaerobic pathway (P. shermanii and S.

typhimurium), and some use both (Citrobacter freundii, Klebsiella species,

and Escherichia blattae) (16, 68, 121).

An evolutionary study of the vitamin B12 synthetic genes in enteric

bacteria, revealed that S. typhimurium probably gained the vitamin B12

biosynthetic genes from a horizontal DNA transfer after the Salmonella

species diverged from E. coli (68). E. coli is not able to synthesize vitamin

B12 de novo. Furthermore, the vitamin B12 biosynthetic genes of other

enterobacteria capable of de novo synthesis showed very poor sequence

identity (<70%) to the S. typhimurium cob operon, suggesting that they might

have been horizontally transferred from different donor species.
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Figure 2 Structure of 5’ deoxyadenosylcobalamin, coenzyme B12. Ring

carbons are numbered, and sites of amidations are lettered in italic lower case.

Porphyrin rings are designated with capital letters. Name, abbreviation, and

source of each moiety are noted (copied from Roth et al 1996).
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Vitamin B12 can exist in many different forms; adenosylcobalamin (Ado-

B12), methylcobalamin (CH3-B12), cyanocobalamin (CN-B12) , and

hydroxylcobalamin (OH-B12). Only Ado-B12 and CH3-B12 can be used as

cofactors in different enzymatic reactions. This thesis concerns a study of

Ado-B12 and I will therefore focus my attention on this derivative of vitamin

B12.

Ado-B12 is a molecule with a molecular weight of 1580. It consists of three

subunits (see Figure 2 and reviewed by 111):

1) The central (corrin) ring that is related to heme and chlorophyll. The

central cobalt atom is unique for B12.

2) The adenosyl moiety, the 5’ deoxyadenosyl group (Ado), serves as

the upper axial ligand to the cobalt atom.

3) The nucleotide loop with 3’ phosphoribosyl-dimethylbenzimidazole

(Dmb), the lower axial cobalt ligand, is attached to the corin ring by

its phosphate through an aminopropanyl and a propionyl group.

Most of the 25 genes involved in the de novo synthesis of vitamin B12 in S.

typhimurium  are clustered in the cob operon near minute 44 on the

chromosome (see Figure 3 and reviewed by (111). The operon can be divided

in three parts: Part I encodes cobinamide synthetic functions (Cbi), Part II

encodes dimethylbenzimidazole synthetic functions (Dmb), and Part III

encodes enzymes responsible for joining the Cbi and the Dmb subunits

together to form complete vitamin B12. Other genes encoding vitamin B12

biosynthetic enzymes are cobA, cobB, cobC, cobD, and cysG which are

located outside the main operon. The c o b A  gene encodes an

adenosyltransferase enzyme that adenylates cobinamide (Cbi) to the Ado-Cbi

intermediate. cysG encodes encodes a methylase which is the first enzyme in

the vitamin B12 biosynthetic pathway. The functions of cobB, cobC, and

cobD are unknown but they are thought to be involved in assimilation of

exogenous vitamin B12.

The basic biosynthetic steps are: 1) Synthesis of the corrin ring, 2)

Attachment of the upper 5’-deoxyadenosine ligand to the cobalt ion, 3)
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Synthesis of the lower 5,6-dimethylbenzimidazole ligand, and 4) Assembly of

the nucleotide loop.

Figure 3 Chromosomal positions of the cob operon and the btuB gene in
Salmonella typhimurium

Metabolic requirements for vitamin B12
Two different forms of the vitamin B12 (cobalamin) cofacor are utilized by

vitamin B12 - dependent enzymes; methylcobalamin, used in certain methyl

transfer reactions, and adenosylcobalamin, needed for some carbon-carbon

bond rearrangements (120, 135). S. typhimurium requires vitamin B12 at least

in four kinds of reactions:

90 0

44

 +1     SD  AUG

btuB

 cbiABCDETGHJKLMNQOP  cobUS   cobT
 CobI                             CobII   CobII

+1     SD  AUG 462 nt leader

242 nt leader
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Propanediol dehydratase converts 1,2-propanediol to propionaldehyde, this

reaction provides energy but no carbon source (141).

Ethanolamine ammonia lyase converts ethanolamine to acetaldehyde and

ammonia. Acetaldehyde can serve as a carbon and energy source (20, 118).

Methionine synthetase is responsible for the last step in methionine synthesis,

where it transfers a methyl group from methyltetrehydrofolate to

homocysteine resulting in the formation of methionine (35, 137).

Epoxyqueuosine reductase participates in making queuosine, a hypermodified

tRNA base found in tRNAtyr, tRNAhis, tRNAasn, and tRNAasp (42).

Recent structural studies of certain vitamin B12-dependent enzymes

resulted in important findings to explain the catalytic mechanisms of these

enzymes. Chrystal structure analysis on methyl– and adenosylcobalamin

bound enzymes (34, 78, 140) has revealed that the dimethylbenzimidazole

ligand to the cobalt is displaced by a histidine residue from the binding protein

(76). In addition, a “catalytic quartet”, Co-His-Asp-Ser, consisting of the

cobolt atom in vitamin B12 and three amino acids in the bound enzyme, has

been suggested to function as the catalytic center (34).

External transport of vitamin B12
Transport of exogenous B12 into the cell requires two independently

functioning transport systems (Figure 4). Active transport across the outer

membrane is carried out by the high-affinity outer membrane receptor, BtuB,

and the TonB-dependent energy-transducing complex, consisting of the

cytoplasmic membrane proteins TonB, ExbB and ExbD (15, 53, 82, 101, 124,

144, 146). Transport across the cytoplasmic membrane involves two

membrane proteins, BtuC and BtuD, and one periplasmic protein, probably

BtuF (32, 142).
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    Figure 4 Transport of vitamin B12.

Regulation of vitamin B12 expression

Control of the cob/pdu regulon

The cob operon maps close to the pdu operon, which encodes propanediol

degradating enzymes. Both operons are induced by propanediol through PocR,

a regulatory protein of the AraC family. During anaerobic respiration of a

poor carbon source both operons are also activated by the Crp protein and the

ArcA protein. Five different promoters control expression of the regulon, four

of which are activated by PocR (Figure 5) (1, 6, 8, 9, 18, 23, 111).
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Control of expression of the cob operon and the btuB gene by Ado-B12

In 1987 it was found that expression of the cob operon is negatively feedback

regulated by vitamin B12 (37) and in 1991 it was shown that the btuB gene

encoding the BtuB protein, was also repressed by vitamin B12 (77). This

repression mechanism requires the formation of Ado-B12. CN-B12 and OH-

B12 are not capable of repressing the cob operon. CH3-B12 can mediate

repression of the btuB gene, but at 10 times higher concentrations than Ado-

B12 (92). This repression control of the cob operon and the btuB gene occurs

mainly at the translational level and requires several conserved sequence

elements in the untranslated mRNA leaders (104), I, II, III, (41) (91).

Figure 5 Regulation of the cob/pdu regulon of Salmonella typhimurium.
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The vitamin B12 paradox
At least 63 genes are involved in the biosynthesis and use of vitamin B12.

This genetic investment comprises almost 1% of the S. typhimurium genome.

Despite this huge investment there is no obvious selective advantage of

vitamin B12 synthesis under laboratory conditions. In addition, the enzymes

needed to utilize ethanolamine or propanediol as the sole carbon and energy

source require oxygen and vitamin B12. However, vitamin B12 can only be

synthesized  anaerobically. Hence, these enzymes cannot utilize endogenously

synthesised B12. This raises a paradox, “The B12 Paradox” (111), i.e. why is

vitamin B12 synthesised only under conditions when it cannot be used? And

why is such a large part of the genome dedicated to vitamin B12 biosynthesis,

transport, and utilization when there is no obvious selection for these genes?

Apparently, there must exist other conditions in natural habitats, where

vitamin B12 synthesis is selected for in S. typhimurium.

The cob operon is located near the pdu operon which is induced by

propanediol and mainly used in propanediol and ethanolamine metabolism. It

has been suggested that the main role of vitamin B12 is in the anaerobic

catabolism of propanediol and ethanolamine. Suggestions to possible natural

conditions where vitamin B12 might be an important and absolutely required

cofactor have been presented by Roth et al. (65, 111). They have shown that

tetrathionate can, in a vitamin B12 dependent manner, be used as an

alternative electron acceptor anaerobically to allow utilization of propanediol

or ethanolamine as the sole energy and carbon. They have also found

carboxysome skin protein homologoues in both the eut and the pdu operons in

S. typhimurium. Carboxysomes are organelles usually found in plants that are

involved in CO2 fixation. They speculate that S. typhimurium contain

carboxysome-like structures that can accommodate anaerobic metabolism of

ethanolamine and propanediol. Also, they have indications on associated

adenosyl transferases for several vitamin B12-dependent proteins, which

means that the vitamin B12-dependent proteins may adenosylate incomplete

vitamin B12 molecules (corrinoids) to adenosylcobalamin (Ado-B12).
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RESULTS

____________________________________

It was previously shown that vitamin B12 represses the translation of the cob

operon in S. typhimurium (104) and the btuB gene in E. coli (77). In this

thesis, I present a model for vitamin B12 regulation of the cob operon.

A hairpin structure which sequesters the RBS of the cob mRNA represses
translation in the presence of vitamin B12 (I).
Regulation of the cob operon by vitamin B12 was known to require sequences

in the 462 nts long cob leader and the coding region of the cbiA gene, the first

gene in the operon (104). Translational cob::lacZ fusions were repressed 5-60

fold, and transriptional cob::lacZ were repressed 5-10 fold, depending on the

particular fusion used. From a deletion analysis, the 5’ boundary for efficient

translation and normal vitamin B12 repression control was defined to

nucleotide +135 from the transcriptional start site. At the 3’ boundary, coding

sequences down to + 476 and +687, respectively, where required for

translational and transcriptional vitamin B12 repression control.

With this background knowledge, we wanted to analyse the structure of

the cob leader region and identify sequence elements that were important for

vitamin B12 represion. A computer aided secondary structure analysis of the

leader sequence suggested the presence of a hairpin structure in the RBS. We

constructed point-mutations in the proposed hairpin structure. The mutations

were transferred to a plasmid-borne lacZ  fusion and assayed for β-

galactosidase activity in the presence and absence of vitamin B12 (Figure 6).

Single mutations in the stem drastically impaired repression whereas single

mutations in the loop had no effect on repression. Compensatory double

mutations in the stem which restabilized the RBS hairpin gave wild-type like

repression ratios. From these results, we concluded that in the presence of

vitamin B12, a hairpin structure forms which sequesters the ribosomal binding

site and represses translation.
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RNA structure analysis by enzymatic probing of wild-type and hairpin

mutants further substantiated these results. The structural probing showed a

closed hairpin in the wild-type and in the compensatory double mutant

constructs but a destabilized hairpin in constructs with a single mutation in the

stem.

The 5’-deletions constructed previously (104) were analysed for

translational efficiency in the absence of vitamin B12. When sequences were

removed from +133 to +257, the expression level in a translational cbiA::lacZ

fusion decreased 11-fold under non-repressing conditions. Further deletion to

+333 decreased expression slightly more; 14-fold compared to the wild-type.

Finally, a  deletion to +386 showed a 86-fold decrease in  expression.

Mutations that destabilized  the RBS hairpin stem restored normal expression

levels to the +386 deletion construct. Toeprinting analysis of mRNA from the

+386 deletion showed binding of ribosomes only in the stem mutants with a

destabilized stem whereas the wild-type and compensatory mutants were not

able to bind the 30S subunits. This result suggested that efficient translation

required the 5’ end of the cob leader.

From these results we concluded that the 5’ end of the cbiA mRNA

leader contained a translational enhancer needed to destabilize the RBS

hairpin and to allow efficient translation of the cbiA gene. Vitamin B12 would

inhibit the enhancer and thereby repress translation.

Figure 6 Structure of the RBS hairpins in the btuB and the cbiA leaders and

effect of site-directed point mutations on B12 repression. The Shine-Dalgarno

sequence and the start codon are shown in bold. Values shown are in Miller

units. The repression ratio was calculated as the ratio of β-galactosidase

activity –B12/+B12. Numbering of nucleotides is relative to the transcriptional

start site (+1). The predicted stabilities for the respective hairpins are

indicated.
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btuB
∆G= -8.7 kcal/mol                    cbiA

                A  U225                 ∆G= -9.4 kcal/mol

   U         A
         222U           U           A  G

   C          U                             450C         G
     U      G                         A       A
      U    U                           448A---U455

   218C---G231                         447G---C456

   217C---G232                         446U---A457

   216U---A233                         445C---G458

   215A---U234                         444C---G459

   214C---G235                         443C---G460

   213G---C236                         442A---U461

GCCUGC         UUUACAAUGAUU      CCUACC          AAUGGCG

Mutation Expression Represion       Mutation      Expression  Repression

          -B12  +B12      ratio       -B12  +B12 ratio

wt 31    1       31        wt        1722     38   45

stem        stem
G213->C 17   14       1.2        C444->G      1157   770  1.5

C214->A 61   60       1.0        A457->U      1436   289         4.8

A215->C  5    2       2.5        G459->C      1602   552  2.9

C217->G 14    9       1.6        loop
C218->G 26   22       1.2        C450->A       1948    44   44

loop        compensatory
U222->C 22   1.7        13        C444G459        704    20   35

U225->C 42   2.2        19        ->GC

compensatory        U446A457      1817    51   36

A215U234 1.8   0.2          9        ->AU

->CG

C214G235  37   4.7          8
->AU
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The btuB mRNA shows similar vitamin B12 regulatory elements as the
cob mRNA (II).
It was previously shown that the btuB gene of E. coli was regulated by vitamin

B12 at both the transcriptional and translational level (77). We wanted to

determine whether the btuB gene of S. typhimurium also was regulated by

vitamin B12 and if the btuB RBS region adopted a similar hairpin structure as

the cbiA RBS. A computer predicted structure of the btuB leader suggested the

presence of a hairpin stucture in the RBS. In addition, a conserved 25-

nucleotide sequence element, designated the B12 box, was found in both the

E. coli and the S. typhimurium btuB mRNA leaders as well as the cob leader.

A DNA fragment of the btuB gene inserted into a plasmid to form a btuB::lacZ

translational fusion showed 31-fold repression by vitamin B12. Deletions that

removed nucleotides from the 5’ end of the mRNA completely abolished

repression. In the 3’ end of the mRNA, sequences could be removed up to

+339 (96 nucleotides downstream of the initiation codon at +243), without

any loss of repression. Further deletion of the coding region resulted in a

gradual loss of repression. From these results we concluded that a region from

+1 to +339 of the btuB gene, including the whole leader region and 96

nucleotides of the coding region, was needed for normal repression control by

vitamin B12.

Point mutations which resulted in a B12 non-repressible phenotype

were found at several positions over the leader region, suggesting that  the

minimal region needed for vitamin B12 repression was extensively structured.

Analysis of mutations that destabilized or restabilized the proposed

RBS secondary structure demonstrated that folding of the RBS hairpin was

essential for repression (Figure 6).

These results showed that there are many similarities between B12

repression of the btuB gene and the cbiA gene in S. typhimurium which points

towards a common regulatory mechanism. First, a hairpin structure in the

ribosomal binding site must be formed to confer normal repression. Second, a

long structured leader region and parts of the coding sequence are required.

Third, a conserved sequence element of 25 nucleotides, designated the B12

box, located about 100 nucleotides upstream of the initiation codon is found in
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both genes and is needed for vitamin B12 repression. However, differences

are also seen. Thus, expression of the cbiA gene depends on a translational

enhancer whereas no such enhancer was found in the btuB gene. Furthermore,

the btuB gene is mainly regulated at the translational level whereas the cbiA

gene is regulated at both the translational and transcriptional level.

Identification of a vitamin B12 repressed translational enhancer
interaction in the cob mRNA leader (III).
The upstream region of the cob leader mRNA was suggested to act as a

translational enhancer in paper I. In paper III, we wanted to identify and

analyse the mechanism of action of this putative enhancer.

Structural probing and computer modeling of the complete cob mRNA

leader revealed twelve hairpin structures and three long distance interactions,

one between +155 -> +158 (CACA) and +179 -> +182 (UGUG) (PI), one

between +223 -> +231 (GTGGTAGGG) and +435 -> +443 (CCCTACCAC)

(LDI ), and one between +373 -> +377 (GGTGG) and +440 -> +444

(CCACC) (TE).

Structural mapping of the “full-length” (5’-end= +135) and “truncated”

(5’-end= +386) mRNA indicated structural differences at the ribosomal

binding site, which implied that the translational enhancer involved  a long

distance interaction between sequences in the RBS and sequences upstream of

+386, most probably the LDI or the TE elements.

Site directed mutagenesis of the proposed LDI and TE elements, and

structural probing analysis of one of the mutants, showed that the TE element

interacted with the RBS and was responsible for the translational enhancer

activity that was lost in the truncated mRNA. From these results, we

concluded that the TE interaction unfolds the RBS hairpin and thereby

activates translation. When present, vitamin B12, by itself or together with a

vitamin B12-responsive factor binds the TE element and disrupt the TE

interaction. As a result the RBS hairpin folds and translation is repressed

(Figure 7).
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Figure 7 Model for vitamin B12 regulation of the cob operon in Salmonella

typhimrium.  See text for details.
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DISCUSSION

____________________________________

Model of B12 regulation
A new model for vitamin B12 regulation of the cob operon in S. typhimurium

has been presented in this thesis. Vitamin B12 induces the folding of a hairpin

which sequesters the RBS and represses translation. This occurs by the

inhibition of an element (TE) in the leader mRNA that acts as an enhancer and

prevents the RBS hairpin to form.

It is not known how vitamin B12 interacts with the mRNA. Most likely

vitamin B12 itself, or possibly together with a vitamin B12 responsive factor,

binds to the 5’ end of the mRNA. The search for a direct interaction between

adenosyl-B12 and in vitro transcribed cob or btuB mRNA have so far been

negative. Adenosyl-B12 binding to cob mRNA has been tested by equilibrium

dialysis (7) and protection studies of cob mRNA in the presence of adenosyl-

B12 have been performed by chemical probing of the nucleotide bases and the

ribose-phoshate backbone with negative results (102). In addition, adenosyl-

B12 binding to btuB mRNA and nuclease protection studies of adenosyl-B12

and btuB mRNA have been performed, again without any indications of an

interaction (92). Furthermore, extensive genetic screens for a vitamin B12

responsive regulatory protein have also been unsuccessful (7) (110) (63).

However, recently Nou and Kadner (92) made the interesting discovery that

adenosyl-B12 regulated ribosome binding to the btuB RBS requires a

ribosome associated, RNase sensitive factor. Since this putative vitamin B12

responsive regulatory factor is ribosome associated, it might have an

indispensable function. This finding could explain both why adenosyl-B12 can

not bind directly to in vitro transcribed mRNA and why no regulatory genes

were found in the genetic screens.
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Vitamin B12 is an ancient molecule
There are plenty of reasons why one should believe that the interaction of

vitamin B12 with the regulated mRNAs represents an ancient regulatory

mechanism and if we understand this mechanism, fundamental properties of

early gene regulation might be elucidated.

1 )  Vitamin B12 was probably synthesised prebiotically. Thus,

primordial soup experiments resulted in nonenzymatic synthesis of

porphyrins such as the corrinoid ring that vitamin B12 is derived

from (54). Thus, energetically favourable reactions can result in

formation of the complex vitamin B12 structure even in the absence

of an enzymatic pathways (38).

2 )  Recent results suggest that anaerobic fermentation/respiration of

small molecules might have been the primary function of vitamin

B12 (111). It is likely that the conditions during early evolution

were anaerobic and metabolism was based on small organic

molecules.

3) In  SELEX experiments an RNA aptamer has been selected (74) that

can specifically bind vitamin B12 (in the form of CN-B12). In

addition, an RNA aptamer which specifically binds ATP shows a

sequence which is similar to the B12 box sequence (117). This

finding is very interesting since it shows that specific binding of

vitamin B12 can be conferred by an RNA alone. Furthermore,

efficient repression in vivo by vitamin B12 can only be performed

by the Ado-B12 form which contains the 5’ deoxyadenosyl group.

Other small molecules that regulate translation
Chloramphenicol and Erythromycin are two other small molecules that are

known to regulate translation, and they do so by a mechanism called

translational attenuation (see page 16 and 75). These molecules normally bind

to ribosomes and inhibit global translation. But at subinhibitory levels these

antibiotics are capable of inducing the cat and the erm genes that encodes

resistance to chloramphenicol and erythromycin. A cooperation between the

nascent leader peptide and the antibiotic induces ribosomal stalling by
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inhibiting peptidyltransferase and translational termination, probably through

interference with the 23S rRNA structure. The stalling of ribosomes at a

specific sequence in the leader transcript induces conformational changes in

the cat and erm mRNA, thus freeing the RBS for translational initiation. These

examples indicate that small molecules are capable of regulating gene

expression by interacting with RNA.

Translational enhancers - a comparison
Enhancer sequences of translation exists in many forms, and can be divided in

two main classes. The first class consists of gene unspecific sequences in close

proximity upstream or downstream of the RBS, that are thought to enhance

initiation through base pairing with various motifs in 16S rRNA, see page 11.

For example the upstream "Olin Box" (or Epsilon sequence) first found in the

gene10 mRNA of bacteriophage T7 is thought to interact with a segment of

16S rRNA around nucleotide 460 (96). In addition, the "Downstream Box"

element located 0-30 nucleotides downstream of the AUG in gene 0.3 of

bacteriophage T7 is proposed to interact with the 1470-1480 nucleotides of

16S rRNA (129). These kind of enhancers have been extensively discussed

lately, especially the downstream box (39, 79, 93, 103, 138). Resch et al. have

shown that the proposed DB-16S rRNA intraction is dispensable for initiation

of leaderless mRNAs, including λcI mRNA (103). The main evidence against

the DB is a study by O'Connor et al. (93) where they deleted all chromosomal

rRNA genes and mutated the proposed anti-DB sequence in the only 16S

rRNA copy, located on a plasmid. Unaltered expression levels were measured

from three different genes that were earlier proposed to depend on the DB for

expression.

The second class of translational enhancers involves gene specific

sequences upstream of the RBS that usually make long distance interactions

(LDI) to the RBS region to resolve an inhibitory structure, see page 15.

Studied examples of these kind of enhancers are the repA mRNA of pMU604

(13, 147), the repZ mRNA of plasmid ColIb-P9 (11, 12), the coat protein of

bacteriophage MS2 (29), and the cbiA mRNA of S. typhimurim (papers I and

III). The repA and repZ mRNA regulation comprise pseudoknot interactions
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between sequences that are separated 60, respectivly, 100 nucleotides apart.

These pseudoknots can be disrupted by antisense RNAs. The cbiA mRNA

translational enhancer interaction involves elements located 63 nucleotides

apart, and can be disrupted by vitamin B12. On the contrary the MS2 coat

mRNA needs a more distant enhancer segment, located about 1200

nucleotides upstream of the initiation codon, which is quite unusual. It is not

known wether the MS2 coat gene enhancer is a long distance interaction of the

mRNA.

Further analysis of vitamin B12 regulated genes would be of great

importance to increase our understanding of complex translational regulatory

mechanisms, and how such mechanisms might have evolved in the RNA

world; a prebiotic world where genetic information was carried by RNA, and

no protein catalysis existed (45, 98).
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CONCLUSIONS

____________________________________

1 – A hairpin structure which can sequester the RBS of the cbiA gene, the first

gene of the cob operon, is required to confer repression by vitamin B12. The

RBS hairpin structure acts as an on-off switch of translation.

2 – The btuB gene shows similar vitamin B12 regulatory elements as the cbiA

gene; a long structured leader, a B12 box, and a hairpin structure which can

sequester the RBS.

3 – A translational enhancer in the upstream part of the leader of the cbiA gene

is needed for efficient expression of the cbiA gene. The translational enhancer

activates translation by forming a long distance interaction between the TE

element and the RBS region that destabilizes the RBS hairpin. Vitamin B12

prevents the long distance interaction and as a result the RBS hairpin folds and

translation is inhibited.



36

ACKNOWLEDGEMENTS

____________________________________

I would like to express my gratitude to all people who made this work
possible. Special thanks are extended to the following persons:

Dan Andersson, my supervisor, for offering me a position in your group and
immediately letting me work on the hottest project, for sharing your excellent
knowledge in genetics and New York shopping, for your support,
encouragement and help in finishing this thesis.
Kurt Nordstrøm, professor of the division of Microbiology at the department
of Cell- and Molecular Biology. For your support and nice personality, and for
your neverending enthusiasm and great attainments of microbiology and
biochemistry that you shared with all of us.
Gerhart Wagner and Leif Kirsebom, my assisting supervisors, for your help
and encouragement. You made me do things I would never have believed I
was capable of!
Uwe von Ahsen, for being my second supervisor. Your help, your
enthusiasm, your ideas, your knowledge, your encouragement, and your
friendship was very valuble to me during these last two years. Thank you!
Renee Schroeder, for letting me stay in your laboratory and experience the
nice and friendly athmosphere of the University of  Vienna.
Monika, Dolly, Scot, and Chris, for taking so good care of me and for
making my stay in Vienna an unforgettable time!
Bertrand Seraphin and Juan Valcarcel, for organizing the best EMBO
course ever! I have never had so much fun during my years as a PhD student!
Agnetha RD, for your excellent help and cooperation during my first year.
Helena S, for sharing a short, bur nice time in the group with me, and for
lending me your very own baby-cradle for Marcus.
Johanna B, for being the most impressive PhD student I have met, a nice
friend, and my private courier between SMI and BMC.
Ulrika L, Anna-Chey N, and Solan R, for your invaluable help in the lab.
Eva F, for the hundreds of Mc Conkey plates I consumed during 1996.
Christer F, for always being so helpful.
Christina F, for all assistance, especially with financial items.
Janne O, Emilia B, Sophie M-P, Santanu D and Lena Å, for being the
kindest people on earth! Your help and friendship during this last year was
worth more than anything!



37

Coby J, for friendship, help, and for taking care of the three hybrid screens.
Magnus L, for friendship, for shearing numerous agarose gels and lunches,
and for helping me when I needed it the most.
Hilde E, your nice and funny personality makes everybody happy; no wonder,
-you are norwegian! Heia Norge!
Fredrik S and Thomas Å, for being the best lab teachers I ever had and for
inspiring me to start working at Micro.
Joanna K, for sharing your excellent knowledge on RNA techniques.
Henrik K, for your friendship during your stay in our department.
Lotta I, for your friendship and good heart. Good luck, you will succed!
Andrzej P and Pernilla L, for being my very nice office colleagues. Thank
you 1000 times for your patience when learning me “End Note”, Andrzej!
The computer guys, Bjorn G, Mathias B, Nils M, and Fredrik P, for your
endless help with everything related to computers..
Mirjana, for showing me Uppsala by night, 2000!
Patricia, for being a nice person from the north.
Dorothee, will you be back some day? We miss you!
Karin H, for always saying the things I need to hear.
Cecilia NS, for actually reading my thesis!
Tobias N, Nika , and Nina G, the newcomers; good luck!
Klas F, for bringing new exotic species to our department.
Rolf B, for making me see the bright sides of life; “du har det bra, du!”.
Diarmaid H, for your encouragement, advice, and concern.
Karin C, for your advice and understanding.
Hans J, again: for organizing the “RNA club” and learning me how to
organize a course.
Sara H and Jocke S, for sharing my passion for swedish folk music.
Olle P, for inspiring me with norwegian folk music (?!?) and for being the
best leader of  V-Dala Spelmanslag.
Sabina, Johanne & Urban, Pernilla & Tobias, and Pelle, for good
friendship since my first weeks in Uppsala, when I was only 18 (sladdbarnet).
Anne & Anders, Annika W, Christina N, Christina & Henrik, for
friendship.
Mamma, Rolf, Margareta, Lena, Bjørn, Linnea and Lina, for your
wonderful caring about Marcus; at the strangest hours with the shortest notice;
without you this thesis would never have been written.
Torunn, Karoline and Charlotte, believe me, I will be back some day!
My family, for your never ending support and love.
Marcus and Johan, for being the most important persons in my life.



38

…and, Frøken Ur, for giving me one extra hour!



39

REFERENCES

____________________________________

1. Ailion, M., T. A. Bobik, and J. R. Roth. 1993. Two global regulatory

systems (Crp and Arc) control the cobalamin/propanediol regulon of

Salmonella typhimurium. J Bacteriol 175:7200-8.

2. Alexieva, Z., E. J. Duvall, N. P. Ambulos, Jr., U. J. Kim, and P. S.
Lovett. 1988. Chloramphenicol induction of cat-86 requires ribosome stalling

at a specific site in the leader. Proc Natl Acad Sci U S A 85:3057-61.

3. Altuvia, S., D. Kornitzer, S. Kobi, and A. B. Oppenheim. 1991.

Functional and structural elements of the mRNA of the cIII gene of

bacteriophage lambda. J Mol Biol 218:723-33.

4. Altuvia, S., H. Locker-Giladi, S. Koby, O. Ben-Nun, and A. B.
Oppenheim. 1987. RNase III stimulates the translation of the cIII gene of

bacteriophage lambda. Proc Natl Acad Sci U S A 84:6511-5.

5. Altuvia, S., D. Weinstein-Fischer, A. Zhang, L. Postow, and G.
Storz. 1997. A small, stable RNA induced by oxidative stress: role as a

pleiotropic regulator and antimutator. Cell 90:43-53.

6. Andersson, D. I. 1992. Involvement of the Arc system in redox

regulation of the Cob operon in Salmonella typhimurium. Mol Microbiol

6:1491-4.

7. Andersson, D. I. unpublished.

8. Andersson, D. I., and J. R. Roth. 1989. Mutations affecting regulation

of cobinamide biosynthesis in Salmonella typhimurium. J Bacteriol 171:6726-

33.

9. Andersson, D. I., and J. R. Roth. 1989. Redox regulation of the genes

for cobinamide biosynthesis in Salmonella typhimurium. J Bacteriol

171:6734-9.



40

10. Aristarkhov, A., A. Mikulskis, J. G. Belasco, and E. C. Lin. 1996.

Translation of the adhE transcript to produce ethanol dehydrogenase requires

RNase III cleavage in Escherichia coli. J Bacteriol 178:4327-32.

11. Asano, K., and K. Mizobuchi. 2000. Structural analysis of late

intermediate complex formed between plasmid ColIb-P9 Inc RNA and its

target RNA. How does a single antisense RNA repress translation of two

genes at different rates? J Biol Chem 275:1269-74.

12. Asano, K., H. Moriwaki, and K. Mizobuchi. 1991. An induced

mRNA secondary structure enhances repZ translation in plasmid ColIb-P9. J

Biol Chem 266:24549-56.

13. Athanasopoulos, V., J. Praszkier, and A. J. Pittard. 1999. Analysis

of elements involved in pseudoknot-dependent expression and regulation of

the repA gene of an IncL/M plasmid. J Bacteriol 181:1811-9.

14. Barrick, D., K. Villanueba, J. Childs, R. Kalil, T. D. Schneider, C.
E. Lawrence, L. Gold, and G. D. Stormo. 1994. Quantitative analysis of

ribosome binding sites in E.coli. Nucleic Acids Res 22:1287-95.

15. Bassford, P. J., Jr., and R. J. kadner. 1977. Genetic analysis of

components involved in vitamin B12 uptake in Escherichia coli. J Bacteriol

132:796-805.

16. Battersby, A. R. 1994. How nature builds the pigments of life: the

conquest of vitamin B12 [published erratum appears in Science 1994 Aug

26;265(5176):1159]. Science 264:1551-7.

17. Berkhout, B., B. F. Schmidt, A. van Strien, J. van Boom, J. van
Westrenen, and J. van Duin. 1987. Lysis gene of bacteriophage MS2 is

activated by translation termination at the overlapping coat gene. J Mol Biol

195:517-24.

18. Bobik, T. A., M. Ailion, and J. R. Roth. 1992. A single regulatory

gene integrates control of vitamin B12 synthesis and propanediol degradation.

J Bacteriol 174:2253-66.

19. Boni, I. V., D. M. Isaeva, M. L. Musychenko, and N. V. Tzareva.

1991. Ribosome-messenger recognition: mRNA target sites for ribosomal

protein S1. Nucleic Acids Res 19:155-62.



41

20. Bradbeer, C. 1965. The clostridial fermentations of choline and

ethanolamine. 1. Preparation and properties of cell-free extracts. J Biol Chem

240:4669-74.

21. Brenner, S., F. Jacob, and M. Meselon. 1961. An unstable

intermediate carrying information from genes to ribosomes for protein

synthesis. Nature 180:576-581.

22. Chen, P., M. Ailion, N. Weyand, and J. Roth. 1995. The end of the

cob operon: evidence that the last gene (cobT) catalyzes synthesis of the lower

ligand of vitamin B12, dimethylbenzimidazole. J Bacteriol 177:1461-9.

23. Chen, P., D. I. Andersson, and J. R. Roth. 1994. The control region

of the pdu/cob regulon in Salmonella typhimurium. J Bacteriol 176:5474-82.

24. Crick, F. H. C. 1958. On protein synthesis. In Symposia on the society

for experimental biology: the biological replication of macromolecules

pp.138-163.

25. Cunning, C., L. Brown, and T. Elliott. 1998. Promoter substitution

and deletion analysis of upstream region required for rpoS translational

regulation. J Bacteriol 180:4564-70.

26. de Smit, M. H. 1998. Translational Control by mRNA Structure in

Eubacteria: Molecular Biology and Physical Chemistry. RNA Structure and

Function 495-539.

27. de Smit, M. H., and J. van Duin. 1990a. Secondary structure of the

ribosome binding site determines translational efficiency: a quantitative

analysis. Proc Natl Acad Sci U S A 87:7668-72.

28. de Smit, M. H., and J. van Duin. 1990b. Control of prokaryotic

translational initiation by mRNA secondary structure. Prog Nucleic Acid Res

Mol Biol 38:1-35.

29. de Smit, M. H., and J. van Duin. 1993. Translational initiation at the

coat-protein gene of phage MS2: native upstream RNA relieves inhibition by

local secondary structure. Mol Microbiol 9:1079-88.

30. de Smit, M. H., and J. van Duin. 1994a. Translational initiation on

structured messengers. Another role for the Shine-Dalgarno interaction. J Mol

Biol 235:173-84.



42

31. de Smit, M. H., and J. van Duin. 1994b. Control of translation by

mRNA secondary structure in Escherichia coli. A quantitative analysis of

literature data. J Mol Biol 244:144-50.

32. de Veaux, L. C., D. S. Clevenson, C. Bradbeer, and R. J. Kadner.

1986. Identification of the btuCED polypeptides and evidence for their role in

vitamin B12 transport in Escherichia coli. J Bacteriol 167:920-7.

33. Draper, D. E., C. Gluick, and P. J. Schlax. 1998. Pseudoknots, RNA

Folding, and Translational Regulation. RNA Structure amd Function 415-436.

34. Drennan, C. L., R. G. Matthews, and M. L. Ludwig. 1994.

Cobalamin-dependent methionine synthase: the structure of a

methylcobalamin-binding fragment and implications for other B12- dependent

enzymes. Curr Opin Struct Biol 4:919-29.

35. Drummond, J. T., and R. G. Matthews. 1993. Cobalamin-dependent

and cobalamin-independent methionine synthases in Escherichia coli: two

solutions to the same chemical problem. Adv Exp Med Biol 338:687-92.

36. Duvall, E. J., and P. S. Lovett. 1986. Chloramphenicol induces

translation of the mRNA for a chloramphenicol- resistance gene in Bacillus

subtilis. Proc Natl Acad Sci U S A 83:3939-43.

37. Escalante-Semerena, J. C., M. G. Johnson, and J. R. Roth. 1987.

Regulation of cobalamin biosynthetic operons in Salmonella typhimurium. J

Bacteriol 169:2251-2258.

38. Eschenmoser, A. 1988. Viamin B12: Experiments concerning the

origin of its molecular structure. Angew. Chem. Int. Ed. Engl. 27:
39. Etchegaray, J. P., and M. Inouye. 1999. Translational enhancement

by an element downstream of the initiation codon in Escherichia coli. J Biol

Chem 274:10079-85.

40. Folkers, K. 1982. Historical perspectives on the isolation of

chrystalline vitamin B12. B12 pp1.

41. Franklund, C. V., and R. J. Kadner. 1997. Multiple transcribed

elements control expression of the Escherichia coli btuB gene. J Bacteriol

179:4039-42.



43

42. Frey, B., J. McCloskey, W. Kersten, and H. Kersten. 1988. New

function of vitamin B12: cobamide-dependent reduction of epoxyqueuosine to

queuosine in tRNAs of Escherichia coli and Salmonella typhimurium. J

Bacteriol 170:2078-82.

43. Friedmann, H. C. 1975. Biosynthesis of corrinoids. Cobalamin:

biochemistry and pathophysiology 75-109.

44. Geisen, R. M., H. P. Fatscher, and E. Fuchs. 1987. More than 150

nucleotides flanking the initiation codon contribute to the efficiency of the

ribosomal binding site from bacteriophage T7 gene 1. Nucleic Acids Res

15:4931-43.

45. Gilbert, W. 1986. Origin of life: The RNA world. Nature 319:618.

46. Gold, L. 1988. Posttranscriptional regulatory mechanisms in

Escherichia coli. Annu Rev Biochem 57:199-233.

47. Gold, L., G. Stormo, and R. Saunders. 1984. Escherichia coli

translational initiation factor IF3: a unique case of translational regulation.

Proc Natl Acad Sci U S A 81:7061-5.

48. Gross, F., H. Hiatt, W. Gilbert, J. C. Kurland, R. W. Risebrough,
and J. D. Watson. 1961. Unstable ribonucleic acid revealed by pulse

labelling of Escerihia coli. Nature 190:581-585.

49. Gu, Z., R. Harrod, E. J. Rogers, and P. S. Lovett. 1994. Anti-

peptidyl transferase leader peptides of attenuation-regulated chloramphenicol-

resistance genes. Proc Natl Acad Sci U S A 91:5612-6.

50. Hartz, D., D. S. McPheeters, and L. Gold. 1991a. Influence of mRNA

determinants on translation initiation in Escherichia coli. J. Mol. Biol. 218:83-

97.

51. Hattman, S. 1999. Unusual transcriptional and translational regulation

of the bacteriophage Mu mom operon. Pharmacol Ther 84:367-88.

52. Hattman, S., L. Newman, H. M. Murthy, and V. Nagaraja. 1991.

Com, the phage Mu mom translational activator, is a zinc-binding protein that

binds specifically to its cognate mRNA. Proc Natl Acad Sci U S A 88:10027-

31.



44

53. Heller, K., and R. J. Kadner. 1985. Nucleotide sequence of the gene

for the vitamin B12 receptor protein in the outer membrane of Escherichia

coli. J Bacteriol 161:904-8.

54. Hodgson, G. W. 1968. Search for porphyrins in  lunar dust. Science

167:763-765.

55. Hoe, N. P., and J. D. Goguen. 1993. Temperature sensing in Yersinia

pestis: translation of the LcrF activator protein is thermally regulated. J

Bacteriol 175:7901-9.

56. Hui, A., and H. A. de Boer. 1987. Specialized ribosome system:

preferential translation of a single mRNA species by subpopulation of mutated

ribosomes in Escherichia coli. PNAS 84:4762-6.

57. Hultin, T. 1961. Activation of ribosomes in sea urchin eggs in response

to fertilization. Exp. Cell. Res. 25:405-417.

58. Jackson, R. J. 1996. A comparative view of initiation site selection

mechanisms. Translational Control, Cold Spring Harbor Laboratory Press pp.

71-112.

59. Jacob, F. C., and J. Monod. 1961. Genetic regulatory mechanisms in

the synthsis of proteins. J. Mol. Biol. 3:318-356.

60. Jeter, R. M., B. M. Olivera, and J. R. Roth. 1984. Salmonella

typhimurium synthesizes cobalamin (vitamin B12) de novo under anaerobic

growth conditions. J Bacteriol 159:206-13.

61. Jeter, R. M., and J. R. Roth. 1987. Cobalamin (vitamin B12)

biosynthetic genes of Salmonella typhimurium. J Bacteriol 169:3189-98.

62. Kadam, S. K. 1989. Induction of ermC methylase in the absence of

macrolide antibiotics and by pseudomonic acid A. J Bacteriol 171:4518-20.

63. Kadner, R. personal communication.

64. Klovins, J., N. A. Tsareva, M. H. de Smit, V. Berzins, and J. van
Duin. 1997. Rapid evolution of translational control mechanisms in RNA

genomes. J Mol Biol 265:372-84.

65. Kofoid, E., C. Rappleye, I. Stojiljkovic, and J. Roth. 1999. The 17-

gene ethanolamine (eut) operon of Salmonella typhimurium encodes five

homologues of carboxysome shell proteins. J Bacteriol 181:5317-29.



45

66. Koraimann, G., C. Schroller, H. Graus, D. Angerer, K. Teferle, and
G. Hogenauer. 1993. Expression of gene 19 of the conjugative plasmid R1 is

controlled by RNase III. Mol Microbiol 9:717-27.

67. Kwak, J. H., E. C. Choi, and B. Weisblum. 1991. Transcriptional

attenuation control of ermK, a macrolide-lincosamide- streptogramin B

resistance determinant from Bacillus licheniformis. J Bacteriol 173:4725-35.

68. Lawrence, J. G., and J. R. Roth. 1995. The cobalamin (coenzyme

B12) biosynthetic genes of Escherichia coli. J Bacteriol 177:6371-80.

69. Lease, R. A., and M. Belfort. 2000. From the cover: A trans-acting

RNA as a control switch in Escherichia coli: DsrA modulates function by

forming alternative structures [see comments]. Proc Natl Acad Sci U S A

97:9919-24.

70. Lenhert, P. G., and D. C. Hodkin. 1961. Chrystal structure of

adenosylcobalamin. Nature 192:937-938.

71. Licis, N., J. van Duin, Z. Balklava, and V. Berzins. 1998. Long-range

translational coupling in single-stranded RNA bacteriophages: an evolutionary

analysis. Nucleic Acids Res 26:3242-6.

72. Lodish, H. F., S. Cooper, and N. Zinder. 1964. Host-dependent

mutants of the bacteriophage f2 IV. On the biosynthesis of the viral RNA

polymerase. Virology 24:60-70.

73. Lodish, H. F., and N. D. Zinder. 1966. Mutations of the bacteriophage

f2 VIII, control mechanisms for phage-specific syntheses. J. Mol. Biol.

19:333-348.

74. Lorsch, J. R., and J. W. Szostak. 1994. In vitro selection of RNA

aptamers specific for cyanocobalamin. Biochemistry 33:973-82.

75. Lovett, P. S. 1996. Translation attenuation regulation of

chloramphenicol resistance in bacteria--a review. Gene 179:157-62.

76. Ludwig, M. L., and R. G. Matthews. 1997. Structure-based

perspectives on B12-dependent enzymes. Annu Rev Biochem 66:269-313.

77. Lundrigan, M. D., W. Koster, and R. J. Kadner. 1991. Transcribed

sequences of the Escherichia coli btuB gene control its expression and

regulation by vitamin B12. Proc Natl Acad Sci U S A 88:1479-83.



46

78. Mancia, F., N. H. Keep, A. Nakagawa, P. F. Leadlay, S.
McSweeney, B. Rasmussen, P. Bosecke, O. Diat, and P. R. Evans. 1996.

How coenzyme B12 radicals are generated: the crystal structure of

methylmalonyl-coenzyme A mutase at 2 A resolution. Structure 4:339-50.

79. Martin-Farmer, J., and G. R. Janssen. 1999. A downstream CA

repeat sequence increases translation from leadered and unleadered mRNA in

Escherichia coli. Mol Microbiol 31:1025-38.

80. McCarthy, J. E., and R. Brimacombe. 1994. Prokaryotic translation:

the interactive pathway leading to initiation. Trends Genet 10:402-7.

81. McCarthy, J. E., and C. Gualerzi. 1990. Translational control of

prokaryotic gene expression. Trends Genet 6:78-85.

82. Merianos, H. J., N. Cadieux, C. H. Lin, R. J. Kadner, and D. S.
Cafiso. 2000. Substrate-induced exposure of an energy-coupling motif of a

membrane transporter. Nat Struct Biol 7:205-9.

83. Merrick, W. C., and J. W. B. Hershey. 1996. The Pathway and

Mechanism of Eucaryotic Protein Synhesis. Translational Control 31-69.

84. MinJou, W., M. Haegman, M. Ysebaert, and W. Fiers. 1972.

Nucleotide sequene of the gene coding for the bacteriophage MS2 coat

protein. Nature 237:82-88.

85. Minot, C. R., and W. P. Murphy. 1926. Treatment of pernicious

anemia by special diet. J. Am. Med. Ass. 87:470-476.

86. Morita, M. T., Y. Tanaka, T. S. Kodama, Y. Kyogoku, H. Yanagi,
and T. Yura. 1999. Translational induction of heat shock transcription factor

sigma32: evidence for a built-in RNA thermosensor. Genes Dev 13:655-65.

87. Muffler, A., D. Fischer, and R. Hengge-Aronis. 1996. The RNA-

binding protein HF-I, known as a host factor for phage Qbeta RNA

replication, is essential for rpoS translation in Escherichia coli. Genes Dev

10:1143-51.

88. Nathans, D., M. P. Oeschger, P. S.K., and E. K. 1969. Regulation of

protein synthesis directed by coliphage MS2 RNA. Phage proein and RNA

synthesis in cells infected with suppressible mutants. J. Mol. Biol. 39:279-

292.



47

89. Nicholson, A. W. 1999. Function, mechanism and regulation of

bacterial ribonucleases. FEMS Microbiol Rev 23:371-90.

90. Nogueira, T., and M. Springer. 2000. Post-transcriptional control by

global regulators of gene expression in bacteria. Curr Opin Microbiol 3:154-8.

91. Nou, X., and R. J. Kadner. 1998. Coupled changes in translation and

transcription during cobalamin- dependent regulation of btuB expression in

Escherichia coli. J Bacteriol 180:6719-28.

92. Nou, X., and R. J. Kadner. 2000. Adenosylcobalamin inhibits

ribosome binding to btuB RNA. Proc Natl Acad Sci U S A 97:7190-5.

93. O'Connor, M., T. Asai, C. L. Squires, and A. E. Dahlberg. 1999.

Enhancement of translation by the downstream box does not involve base

pairing of mRNA with the penultimate stem sequence of 16S rRNA. Proc Natl

Acad Sci U S A 96:8973-8.

94. O'Toole, G. A., and J. C. Escalante-Semerena. 1993. cobU-

dependent assimilation of nonadenosylated cobinamide in cobA mutants of

Salmonella typhimurium. J Bacteriol 175:6328-36.

95. O'Toole, G. A., M. R. Rondon, and J. C. Escalante-Semerena. 1993.

Analysis of mutants of Salmonella typhimurium defective in the synthesis of

the nucleotide loop of cobalamin. J Bacteriol 175:3317-26.

96. Olins, P. O., and S. H. Rangwala. 1989. A novel sequence element

derived from bacteriophage T7 mRNA acts as an enhancer of translation of

the lacZ gene in Escherichia coli. J Biol Chem 264:16973-6.

97. Oppenheim, A., S. Altuvia, D. Kornitzer, D. Teff, and S. Koby.

1991. Translation control of gene expression. J Basic Clin Physiol Pharmacol

2:223-31.

98. Orgel, L. E. 1986. RNA catalysis and the origins of life. J Theor Biol

123:127-49.

99. Petersen, C. 1989. Long-range translational coupling in the rplJL-

rpoBC operon of Escherichia coli. J Mol Biol 206:323-32.

100. Poot, R. A., N. V. Tsareva, I. V. Boni, and J. van Duin. 1997. RNA

folding kinetics regulates translation of phage MS2 maturation gene. Proc Natl

Acad Sci U S A 94:10110-5.



48

101. Postle, K. 1993. TonB protein and energy transduction between

membranes. J Bioenerg Biomembr 25:591-601.

102. Ravnum, S. unpublished.

103. Resch, A., K. Tedin, A. Grundling, A. Mundlein, and U. Blasi. 1996.

Downstream box-anti-downstream box interactions are dispensable for

translation initiation of leaderless mRNAs. Embo J 15:4740-8.

104. Richter-Dahlfors, A. A., and D. I. Andersson. 1992. Cobalamin

(vitamin B12) repression of the Cob operon in Salmonella typhimurium

requires sequences within the leader and the first translated open reading

frame. Mol Microbiol 6:743-9.

105. Rickes, E. L., N. G. Brink, F. R. Koniuszy, T. R. Wood, and K.
Folkers. 1948. Chrystalline vitamin B12. Science 107:396.

106. Ringquist, S., S. Shinedling, D. Barrick, L. Green, J. Binkley, G. D.
Stormo, and L. Gold. 1992. Translation initiation in Escherichia coli:

sequences within the ribosome-binding site. Mol Microbiol 6:1219-29.

107. Rogers, E. J., and P. S. Lovett. 1990. Erythromycin induces

expression of the chloramphenicol acetyltransferase gene cat-86. J Bacteriol

172:4694-5.

108. Romby, P., J. Caillet, C. Ebel, C. Sacerdot, M. Graffe, F.
Eyermann, C. Brunel, H. Moine, C. Ehresmann, B. Ehresmann, and M.
Springer. 1996. The expression of E.coli threonyl-tRNA synthetase is

regulated at the translational level by symmetrical operator-repressor

interactions. Embo J 15:5976-87.

109. Rondon, M. R., J. R. Trzebiatowski, and J. C. Escalante-Semerena.

1997. Biochemistry and molecular genetics of cobalamin biosynthesis. Prog

Nucleic Acid Res Mol Biol 56:347-84.

110. Roth, J. R. personal communication.

111. Roth, J. R., J. G. Lawrence, and T. A. Bobik. 1996. Cobalamin

(coenzyme B12): synthesis and biological significance. Annu Rev Microbiol

50:137-81.



49

112. Roth, J. R., J. G. Lawrence, M. Rubenfield, S. Kieffer-Higgins, and
G. M. Church. 1993. Characterization of the cobalamin (vitamin B12)

biosynthetic genes of Salmonella typhimurium. J Bacteriol 175:3303-16.

113. Ruckman, J., S. Ringquist, E. Brody, and L. Gold. 1994. The

bacteriophage T4 regB ribonuclease. Stimulation of the purified enzyme by

ribosomal protein S1. J Biol Chem 269:26655-62.

114. Sacerdot, C., J. Caillet, M. Graffe, F. Eyermann, B. Ehresmann, C.
Ehresmann, M. Springer, and P. Romby . 1998. The Escherichia coli

threonyl-tRNA synthetase gene contains a split ribosomal binding site

interrupted by a hairpin structure that is essential for autoregulation. Mol

Microbiol 29:1077-90.

115. Sanson, B., R. M. Hu, E. Troitskayadagger, N. Mathy, and M.
Uzan. 2000. Endoribonuclease RegB from bacteriophage T4 is necessary for

the degradation of early but not middle or late mRNAs. J Mol Biol 297:1063-

74.

116. Sanson, B., and M. Uzan. 1993. Dual role of the sequence-specific

bacteriophage T4 endoribonuclease RegB. mRNA inactivation and mRNA

destabilization. J Mol Biol 233:429-46.

117. Sassanfar, M., and J. W. Szostak. 1993. An RNA motif that binds

ATP. Nature 364:550-3.

118. Scarlett, F. A., and J. M. Turner. 1976. Microbial metabolism of

amino alcohols. Ethanolamine catabolism mediated by coenzyme B12-

dependent ethanolamine ammonia-lyase in Escherichia coli and Klebsiella

aerogenes. J Gen Microbiol 95:173-6.

119. Schmidt, B. F., B. Berkhout, G. P. Overbeek, A. van Strien, and J.
van Duin. 1987. Determination of the RNA secondary structure that regulates

lysis gene expression in bacteriophage MS2. J Mol Biol 195:505-16.

120. Schneider, Z., and A. Stroinski. 1987. Methylcobamide-dependent

reactions. Comprehensive B12 259-266.

121. Scott, A. I. 1993. How nature synthesises vitamin B12-A survey of the

last four billion years. Angewandte chemie 32:1223-1376.



50

122. Scott, A. I., C. A. Roessner, N. J. Stolowich, J. B. Spencer, C. Min,
and S. I. Ozaki. 1993. Biosynthesis of vitamin B12. Discovery of the

enzymes for oxidative ring contraction and insertion of the fourth methyl

group. FEBS Lett 331:105-8.

123. Shine, J., and L. Dalgarno. 1974. The 3'-terminal sequence of

Escherichia coli 16S ribosomal RNA: complementarity to nonsense triplets

and ribosome binding sites. Proc Natl Acad Sci U S A 71:1342-6.

124. Skare, J. T., B. M. Ahmer, C. L. Seachord, R. P. Darveau, and K.
Postle. 1993. Energy transduction between membranes. TonB, a cytoplasmic

membrane protein, can be chemically cross-linked in vivo to the outer

membrane receptor FepA. J Biol Chem 268:16302-8.

125. Sledjeski, D., and S. Gottesman. 1995. A small RNA acts as an

antisilencer of the H-NS-silenced rcsA gene of Escherichia coli. Proc Natl

Acad Sci U S A 92:2003-7.

126. Sledjeski, D. D., A. Gupta, and S. Gottesman. 1996. The small RNA,

DsrA, is essential for the low temperature expression of RpoS during

exponential growth in Escherichia coli. Embo J 15:3993-4000.

127. Sorensen, K. I. 1994. Conformational heterogeneity in the Salmonella

typhimurium pyrC and pyrD leader mRNAs produced in vivo. Nucleic Acids

Res 22:2180.

128. Spahr, P. F., M. Farber, and R. F. Gesteland. 1969. Binding site on

R17 RNA for coat protein. Nature 222:455-459.

129. Sprengart, M. L., E. Fuchs, and A. G. Porter. 1996. The downstream

box: an efficient and independent translation initiation signal in Escherichia

coli. Embo J 15:665-74.

130. Springer, M., M. Graffe, J. Dondon, and M. Grunberg-Manago.

1989. tRNA-like structures and gene regulation at the translational level: a

case of molecular mimicry in Escherichia coli. Embo J 8:2417-24.

131. Springer, M., C. Portier, and M. Grunberg-Manago. 1998. RNA

Mimicry in the Translational Apparatus. RNA Structure and Function 377-

413.



51

132. Steitz, J. A. 1975. Ribosome recognition of initiator regions in the

RNA bacteriophage genome. RNA phages (e.d. N.D. Zinder), Cold Spring

Harbor Laboratory, Cold Spring harbor, New York 319-352.

133. Steitz, J. A., and K. Jakes. 1975. How ribosomes select initiator

regions in mRNA: base pair formation between the 3' terminus of 16S rRNA

and the mRNA during initiation of protein synthesis in Escherichia coli. Proc

Natl Acad Sci U S A 72:4734-8.

134. Stevens, R. V. 1982. Synthesis of vitamine B12. B12 169-200.

135. Stroinski,  A.  1987. Adenosylcobamide-dependent reactions.

Comprehensive B12 226-259.

136. Subramanian, A. R. 1983. Structure and function of ribosomal protein

S1. Prog. Nucleic Acid Res. Mol. Biol. 28:101-142.

137. Taylor, R. T., and H. Weisbach. 1973. N5-methyltetrahydrofolate-

homocysteine methyltransferases. The Enzymes

138. Tedin, K., I. Moll, S. Grill, A. Resch, A. Graschopf, C. O. Gualerzi,
and U. Blasi. 1999. Translation initiation factor 3 antagonizes authentic start

codon selection on leaderless mRNAs. Mol Microbiol 31:67-77.

139. Thomas, J. O., and W. Szer. 1982. RNA-helix-destabilising proteins.

Prog. Nucleic Acid Res. Mol. Biol. 27:157-187.

140. Tollinger, M., R. Konrat, B. H. Hilbert, E. N. Marsh, and B.
Krautler. 1998. How a protein prepares for B12 binding: structure and

dynamics of the B12-binding subunit of glutamate mutase from Clostridium

tetanomorphum. Structure 6:1021-33.

141. Toraya, T., S. Honda, and S. Fukui. 1979. Fermentation of 1,2-

propanediol with 1,2-ethanediol by some genera of Enterobacteriaceae,

involving coenzyme B12-dependent diol dehydratase. J Bacteriol 139:39-47.

142. Van Bibber, M., C. Bradbeer, N. Clark, and J. R. Roth. 1999. A

new class of cobalamin transport mutants (btuF) provides genetic evidence for

a periplasmic binding protein in Salmonella typhimurium. J Bacteriol

181:5539-41.



52

143. van Himbergen, J., B. van Geffen, and J. van Duin. 1993.

Translational control by a long range RNA-RNA interaction; a basepair

substitution analysis. Nucleic Acids Res 21:1713-7.

144. Wang, A. 1992. [Isolation of vitamin B2 auxotroph and preliminary

genetic mapping in Salmonella typhimurium]. I Chuan Hsueh Pao 19:362-8.

145. Wassarman, K. M., A. Zhang, and G. Storz. 1999. Small RNAs in

Escherichia coli. Trends Microbiol 7:37-45.

146. White, J. C., P. M. DiGirolamo, M. L. Fu, Y. A. Preston, and C.
Bradbeer. 1973. Transport of vitamin B 12 in Escherichia coli. Location and

properties of the initial B 12 -binding site. J Biol Chem 248:3978-86.

147. Wilson, I. W., J. Praszkier, and A. J. Pittard. 1993. Mutations

affecting pseudoknot control of the replication of B group plasmids. J

Bacteriol 175:6476-83.

148. Woodward, R. B. 1979. Synthetic vitamin B12. Vitamin B12 37-87.

149. Wulczyn, F. G., M. Bolker, and R. Kahmann. 1989. Translation of

the bacteriophage Mu mom gene is positively regulated by the phage com

gene product. Cell 57:1201-10.

150. Yamanaka, K., M. Mitta, and M. Inouye. 1999. Mutation analysis of

the 5' untranslated region of the cold shock cspA mRNA of Escherichia coli. J

Bacteriol 181:6284-91.

151. Zeiler, B. F., and R. W. Simons. 1998. Antisense RNA Structure and

Function. RNA Structure and Function, Cold Spring Harbor Laboratory Press

437-464.

152. Zhang, A., S. Altuvia, A. Tiwari, L. Argaman, R. Hengge-Aronis,
and G. Storz. 1998. The OxyS regulatory RNA represses rpoS translation and

binds the Hfq (HF-I) protein. Embo J 17:6061-8.


	Abstract
	MAIN REFERENCES
	TABLE OF CONTENTS
	ABBREVIATIONS
	INTRODUCTION
	Regulation of gene expression by translational control
	Translational control in prokaryotes
	The role of the mRNA
	Translational control mechanisms

	Vitamin B12
	What is a Vitamin?
	Vitamin B12
	The biosynthetic pathway for vitamin B12
	Metabolic requirements for vitamin B12
	External transport of vitamin B12
	Regulation of vitamin B12 expression
	The vitamin B12 paradox


	RESULTS
	A hairpin structure which sequesters the RBS of the cob mRNA represses translation in the presence of vitamin B12 ( I)
	The btuB mRNA shows similar vitamin B12 regulatory elements as the cob mRNA (II)
	Identification of a vitamin B12 repressed translational enhancer interaction in the cob mRNA leader (III)

	DISCUSSION
	Model of B12 regulation
	Vitamin B12 is an ancient molecule
	Other small molecules that regulate translation
	Translational enhancers - a comparison

	CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES

