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ABSTRACT 

Queuosine (Q) is a hypermodified nucleoside present at the wobble position in 

the 5ʹ-GUN-3ʹ anticodon loop of asparagine, aspartic acid, histidine, and tyrosine 

encoding tRNAs. This hypermodified base contains a 7-deazapurine structure 

common to many antibiotics, antivirals, and antineoplastic secondary metabolites. 

It is synthesized de novo in prokaryotes from GTP, whereas in eukaryotes it is 

ingested from dietary sources as the free-base queuine and exchanged for guanine 

in mature tRNA. Queuosine has been associated with many physiological 

phenomena such as cancer pathology, neoplasia, and virulence; although a 

discrete physiological relevance of this modification remains to be determined 

due to the lack of observable phenotypes associated with its respective loss. 

However, conservation of this modification across almost all domains of life 

suggests that it confers a selective advantage to its host.  

CPH4 synthase (QueD) catalyzes the second step in the queuosine biosynthetic 

pathway entailing conversion of 7,8-dihydroneopterin triphosphate to 6-carboxy-

5,6,7,8-tetrahydropterin. By contrast, the almost structurally identical mammalian 

homolog catalyzes the conversion of the same substrate to 6-

pyruvoyltetrahydropterin, which is an intermediate in the tetrahydrobiopterin 

biosynthetic pathway. Herein, we present multiple X-ray crystal structures 

coupled with biochemical studies that reveal an additional active site catalytic 

dyad in QueD responsible for the differing activity. 

Prior to the studies detailed in this dissertation, the enzyme responsible for 

catalyzing the final step in the pathway, conversion of epoxyqueuosine to 
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queuosine, had yet to be elucidated. To search for this enzyme, we screened a 

library of isogenic variants of Escherichia coli where all of the nonessential genes 

are sequentially inactivated. RNA was extracted from each strain and analyzed 

using LC-MS methods, which led to the identification of a mutant strain that 

accumulates epoxyqueuosine and contains no queuosine. The enzyme, 

epoxyqueuosine reductase (QueG), has been subjected to extensive biochemical 

analyses both in vitro and in vivo. From these studies, we have shown QueG to 

contain two [4Fe-4S] clusters and cobalamin as cofactors that are absolutely 

required for catalysis. In addition, we have identified conserved residues that 

affect activity and modulate the coordination sphere around the cobalamin 

cofactor.  
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CHAPTER 1: 

INTRODUCTION TO THE MODIFIED NUCLEOSIDE QUEUOSINE  
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1.1 EARLY DISCOVERY OF QUEUOSINE AND ITS PRECURSORS 

Beyond the four canonical ribonucleic acids uridine, cytidine, guanosine, and 

adenosine, there is an additional layer of RNA structural complexity that until the 

1960s had gone unnoticed. Although the concept that a small portion of RNA is 

further adorned and modified is no longer in its infancy, we are just beginning to 

understand the underlying necessity of this structural diversity in relation to 

organismal physiology. To date, the identities of ~144 structurally unique RNA 

modifications have been confirmed (1, 2). The physiological relevance of many of 

the modifications remains to be determined due in large part to the lack of 

observable phenotypes associated with their respective loss and the dearth of 

biosynthetic data available for each modification. However, the structures of 

many of these non-canonical RNA modifications are quite complex and require a 

significant portion of the organism’s energy and metabolic reserves. In addition, 

the biosynthetic pathways for production of many modifications constitute a 

significant portion of their respective organism’s genome, underscoring the 

importance of the modification. 

 One of the most complex RNA modifications is queuosine (Q)(7-(5-

[((1S,4S,5R)-4,5-Dihydroxy-2-cyclopenten-1-yl)amino]methyl)-7-

deazaguanosine), which replaces guanosine in the wobble position of the 5ʹ-GUN-

3ʹ anticodon loop (where N can be any nucleoside) of asparagine-, aspartic acid-, 

histidine-, and tyrosine- encoding tRNAs (Fig. 1.1)(3). This hypermodified base 

contains a 7-deazapurine structure common to many antibiotics, antivirals, and 

antineoplastic secondary metabolites (4). It can exist as the free nucleobase  
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(queuine), nucleoside, nucleotide, or as a nucleoside incorporated into tRNA (Fig. 

1.1). It is synthesized de novo in prokaryotes, whereas in eukaryotes it is ingested 

as the free-base queuine and appended into tRNA by the conserved 

transglycosylase enzyme Tgt (Fig. 1.2)(5). The exact physiological relevance of 

queuosine has thus far eluded studies; however, conservation of this modification 

across almost all domains of life suggests that it confers a selective advantage to 

its host (6).  

 Prior to the completion of the studies that will be detailed in this 

dissertation, the de novo biosynthetic pathway had yet to be fully elucidated. The 

forthcoming introduction will detail early studies pertaining to the discovery and 

structural identification of queuosine, its role within biology, and the biosynthetic 

pathway to this unique modification.  

The RNA revolution of the 1960s revealed the staggering complexity and 

breadth of RNA modifications. Various research groups had begun to sequence 

tRNA from multiple organisms and it was becoming evident that there were a vast 

number of unidentified nucleosides. Initial attempts at sequencing tRNA 

transcripts left many scientists confounded due to the presence of an additional 

nucleobase in certain sequenced tRNA species that separate near guanine during 

thin layer chromatography. This phenomenon was observed by 3 independent 

research groups and the novel nucleoside, denoted Q or G*, was considered a 

close structural analog to guanosine (7-10). The nucleoside was further observed 

as a linked dinucleoside in rat liver tRNA (11). It took five more years to identify 

that this unique nucleoside was present in the first anticodon position of tRNAs  
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Figure 1.2 The complete de novo queuosine biosynthetic pathway. The 
pathway to queuosine is catalyzed by eight enzymes acting in sequential fashion 
starting from the precursor GTP. Abbreviations used are as follows: GCH I, GTP 
cyclohydrolase I; H2NTP, 7,8-dihydroneopterin triphosphate; QueD, 6-carboxy-
5,6,7,8-tetrahydropterin synthase; CPH4, 6-carboxy-5,6,7,8-tetrahydropterin; 
QueE, 7-carboxy-7-deazaguanine synthase; CDG, 7-carboxy-7-deazaguanine; 
QueC, 7-cyano-7-deazaguanine synthetase; PreQ0, 7-cyano-7-deazaguanine; 
QueF, 7-cyano-7-deazaguanine reductase; PreQ1, 7-aminomethyl-7-deazaguanine; 
Tgt, tRNA:guanine transglycosylase; QueA, S-adenosyl-L-methionine tRNA 
ribosyltransferase; QueG, epoxyqueuosine reductase. 
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encoding for His, Asn, Asp, and Tyr (12). Although the existence of this 

modification was determined in the late 1960s, it wasn’t until 1975 that the 

structure of queuosine was determined using a combination of UV-visible 

spectroscopy, mass spectrometry, and proton NMR (13). In addition, queuosine 

isolated from rabbit liver was found to be further modified with either D-mannose 

or D-galactose linked to the hydroxyl at the 4ʹ position of the cyclopentenediol 

moiety (Fig. 1.1)(14). Further studies determined that tRNA-Asp specifically 

contains the mannose modification, while tRNA-Tyr contained galactose in this 

position and that these modifications are found solely in mammals (15). A 

queuosine mannosylating enzyme, partially purified from rat liver, was shown to 

utilize GDP-mannose as the substrate (16). Mannosylated queuosine seems to be 

present in greater quantities than galactosylated queuosine in liver tissue from 

various organisms (17). The identification of a queuosine-sugar conjugate was 

followed closely by the identification of the absolute configuration of queuosine 

through a combination of circular dichroism, optical rotary dispersion, NMR, and 

x-ray crystallography on isolated and synthetically prepared queuosine (18-20). 

Subsequent studies on mutant strains of Escherichia coli lacking queuosine led to 

the discovery and structure elucidation of the precursors preQ0 and preQ1 (Fig 

1.2)(21, 22). Surprisingly, it wasn’t until the late 1980s that the structure of the 

precursor epoxyqueuosine (oQ)(Fig. 1.2) was established by the same research 

group that previously discovered the structure of queuosine 12 years prior (23). 

Around the same time the structures of queuosine and its precursors were being 

determined, a molecule denoted as “Q-factor” was observed in animal serum that 
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had an effect on the presence of Q-containing tRNA (24). Two years later this Q-

factor was found to be the free base queuine (Fig. 1.1)(25, 26). The free base 

queuine was then demonstrated to be incorporated intact in fully formed tRNA in 

mammals (27).  

More recently, a novel queuosine derivative, glutamylqueuosine, has been 

identified in bacteria (Fig. 1.1). Glutamylqueuosine is synthesized by a glutamyl-

tRNA synthetase homolog that lacks the anticodon-binding domain (28, 29). The 

enzyme has been shown to modify mature (Q+)-tRNA-Asp, though the 

mechanism and location of the glutamylation remains unknown (30). Subsequent 

biochemical and structural studies have revealed that this enzyme possesses a 

zinc-dependent catalytic acceptor-stem binding domain, which is homologous to 

the same domain of glutamyl-tRNA synthetase (31-34). Intriguingly, the gene 

encoding this enzyme is located in the same operon and directly downstream of 

dksA, which is a transcriptional regulator that prevents growth arrest in amino 

acid starved conditions and protects against UV damage in both Shigella flexneri 

and E. coli (35, 36). 

To date, queuosine has only been observed in the specific tRNAs mentioned 

above, but recent studies have noted the possibility that this modification may 

exist in other forms of RNA. Tritiated-preQ1 was fed to E. coli and after isolation 

of total RNA, radioactivity was present in bands consistent with RNA species 

much larger than tRNA (37). Although this preliminary result has yet to be 

confirmed, it does imply that the queuosine modification may be more ubiquitous 

than previously thought.  



 

 21 

1.2 QUEUOSINE RELEVANCE TO ORGANISM SPECIFIC 

PHYSIOLOGY 

Despite decades of interest in queuosine, the physiological significance of the 

modified base remains unknown. Although a definitive, all-encompassing 

relevance for this modification has eluded researchers, there have been many 

studies focused on the resulting (often contradictory) implications of the absence 

of this modification. This section will summarize all of the literature regarding the 

various role(s) of the modification in physiology.  

The hypermodified base queuosine is found in nearly all domains of life (6, 

38), excluding Archaea, which harbors a separate modified 7-deazapurine 

nucleoside called Archaeosine (39). In bacteria, only Thermus thermophilis, 

Mycoplasma, Mycobacterium, and Treponema pallidum have been shown to be 

devoid of the queuosine modification within tRNA (40, 41). Within Eukaryotes, 

only yeast has been shown to be devoid of queuosine in all organisms surveyed 

thus far (40, 42). Yeast seem to lack the enzymes necessary for incorporation of 

the free base and de novo creation of the nucleoside (40). Interestingly, the 

modification is not only present in cytoplasmic tRNA, as it has been found in 

tRNA from mitochondria and chloroplasts (43-45). Based on its ubiquity, one 

could hypothesize that this modification should be of great importance due to its 

presence in higher order organisms, yet the exact necessity of this modification 

has remained largely unknown.  
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Queuosine and growth viability 

Queuosine is not essential under normal growth conditions. In E. coli, deletion 

of any of the biosynthetic genes, apart from GCH I as it is essential because of its 

dual role in the biosynthesis of folic acid, results in no abnormal growth 

phenotype. Surprisingly, the queuosine deficient strain actually grows slightly 

faster than the wild-type strain, except in mixed cultures where the wild-type 

strain outcompetes the queuosine deficient strain when grown to extended 

stationary phase and after multiple subcultures (3-4 days)(46, 47). Interestingly, 

queuosine may also play a role in controlling saturation density in regards to 

cultured human skin fibroblast cells (48). 

 

Role of queuosine in frameshifting 

The presence of the queuosine modification in the wobble position of tRNAs 

has led to the hypothesis that it may influence codon usage or be involved in 

frameshifting. Programmed ribosomal frameshifting is common to organisms 

within all domains of life and adds another layer of regulation during RNA 

decoding (49). Frameshifting events are most commonly observed in viruses for 

synthesis of precursor proteins and maintenance of proper ratios of functional and 

structural proteins during replication (50). One proposed mechanism of 

frameshifting involves modified RNA nucleosides in the anticodon loop, wherein 

lack of the bulky modification results in the observed shift in the codon reading 

frame (51).  
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A frameshifting event is required in translation of the viral gag-pol protein to 

obtain functional enzymes involved in viral reverse transcription and integration 

in virally infected cells (52). Virally infected cells are often hypomodified with 

respect to queuosine relative to uninfected cells, and as the proposed 

frameshifting site in this gag-pol sequence includes a codon for Asn, it was 

postulated that queuosine is implicated in the frameshifting event (53). 

Furthermore, hypomodified yeast tRNA-Asn directly stimulates the frameshifting 

event in rabbit reticulocyte lysate and may have a synergistic effect with tRNA-

Phe, containing a separate RNA modification wybutosine. However, the primary 

structure of yeast and mammalian tRNA differs greatly and this could possibly 

account for the frameshifts (54). 

Studies with Salmonella typhimurium as the model organism have shown that 

the presence of queuosine in tRNA-Tyr has no effect on +1 frameshifting when 

compared to hypomodified tRNA-Tyr (55). The effect of queuosine on -1 

frameshifting has also been assessed in multiple instances, and all reports 

conclude that queuosine has no effect on -1 frameshifting (56-61).  

The current data suggest a correlation between queuosine hypomodification 

and efficient programmed frameshifting. Due to the location of the queuosine 

modification in the wobble position of the anticodon loop, the lack of the 

modification makes for a plausible cause of the frameshifting event.  
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Role of queuosine in codon usage 

A potentially obvious mechanism by which queuosine may play a role in 

physiology is by modifying codon-anticodon interactions and modulating codon 

preference. The three-dimensional structure of queuosine modeled into yeast 

tRNA-Phe shows that the base would be positioned out of the anticodon loop in 

an arrangement that would not interfere with the codon-anticodon interaction 

(19). But as in the case of frameshifting, a clear model has yet to emerge and there 

are contradicting results, presumably due to the fact that these effects are often 

studied in artificial systems that may not adequately capture the biologically 

relevant contexts.  

Queuosine modification was previously shown to be more important for 

enhanced interaction with codons ending in U rather than codons ending in C 

(12). Furthermore, a QU base pair is more stable by a factor of 3 over a GU 

base pair within the same triplet codon (62). Drosophila melanogaster tRNA 

injected into Xenopus oocytes determined (Q-)-tRNA-His exhibits a preference 

for the codon CAC to CAU, whereas (Q+)-tRNA-His has no preference (63). By 

contrast, (Q-)-tRNA-His has the same ability as (Q+)-tRNA-His to read both 

cognate CAU and CAC codons and does not do so preferentially in rabbit 

reticulocyte lysate when translating rabbit globin (64-66). In mammalian systems, 

(Q+)-tRNA-Asp prefers GAC to GAU more so than its queuosine lacking 

counterpart (67). Although contradictory, these studies were performed in varying 

conditions with tRNA from multiple organisms, and it may be that these 

differences cannot be attributed solely to queuosine modification and instead may 
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be an effect of other tRNA structural features. Therefore, a discrete association 

between queuosine modification and codon preference remains to be established.  

 

Role of queuosine in codon readthrough 

The consequence of the presence of queuosine in the anticodon loop has also 

been investigated in the context of stop codon readthrough. Viruses commonly 

utilize amber suppression during infection of their cognate host bacterium. The 

tRNA of the host will recognize the viral “stop” codon, whereas viral tRNA will 

not, allowing translation of the full-length protein and suppression of the amber 

stop codon. Queuosine modification plays a direct role in stop codon suppression. 

One of the earliest studies that ultimately resulted in the identification of 

queuosine in the anticodon loop in tRNA was undertaken due to the observation 

that a mutation in E. coli modified tRNA-Tyr in a manner leading to amber 

suppression (8). As stated previously, viral infection typically results in queuosine 

deficiency and concurrently, (Q-)-tRNA-Tyr has been shown to suppress amber 

codons in tobacco mosaic virus (TMV) mRNA, while (Q+)-tRNA-Tyr does not. 

This has also been observed in vivo, using both D. melanogaster and yeast tRNA 

microinjected into Xenopus oocytes, and in vitro (68-70). Therefore, the 

queuosine modification does indeed play a role in stop codon suppression. 

 

Role of queuosine in protein synthesis and aminoacylation 

Due to its location on tRNA, it is also plausible that queuosine modification 

may affect the rate of protein synthesis in addition to the aminoacylation of the 
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tRNA. As with the frameshifting studies, much of what we know about the 

potential role of queuosine in protein synthesis and aminoacylation come from 

bulk studies that do not take into account any physiological drivers of the process 

often leading to contradictory results. In a cell free experiment utilizing D. 

melanogaster tRNA, queuosine modification had no effect on the rate of protein 

synthesis (71). However, in an E. coli mutant, which lacked the ability to 

incorporate queuosine into tRNA, the rate of protein synthesis was actually 

enhanced by 40% (47), and in vitro studies observed a 20% decrease in protein 

synthesis when queuine was added to a queuosine deficient cell free system (72). 

Therefore, queuosine may exert an organism specific inhibitory effect on protein 

synthesis. 

When queuosine modification was studied in the context of aminoacylation, 

conflicting results emerged. No significant difference in the Vmax of 

aminoacylation of (Q+)-tRNA-Tyr relative to (Q-)-tRNA-Tyr was detected in E. 

coli, nor of tRNA-His in rabbit reticulocyte lysate (47, 64). Conversely, nutrient 

starvation induces development in Dictyostelium discoideum ameba and 

subsequently results in one isoacceptor of tRNA-Asn to be devoid of queuosine, 

while another retains the queuosine modification (73). In addition, comparison of 

the Vmax of aminoacylation of tRNA-Asp species from rat liver results in a 

marked 16-fold increase in aminoacylation for the queuosine modified species 

over the unmodified tRNA while the Km remained the same (67). Again, this 

phenomenon seems to be dependent upon the respective organism and the 

conflicting results impede development of a unifying conclusion. 
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Role of queuosine in pathogenicity, viral infection, and symbiosis 

A fascinating area of queuosine research resides in the relationship between 

queuosine and pathogenicity. The most striking example involves Shigella 

flexneri, a pathogenic gram-negative proteobacterium that causes gastrointestinal 

problems in humans. A genomic island in Shigella that is responsible for 

pathogenicity includes the vacC gene, which encodes for a protein homologous to 

the insertion enzyme Tgt (Fig. 1.2)(74). Mutant strains that lack this gene have 

markedly reduced virulence that could be restored by complementation with the 

E. coli tgt homolog. This mutant also exhibits greatly reduced expression of the 

VirF protein, which is responsible for transcriptional regulation of virulence-

related genes. Decreased intracellular concentration of VirF correlates with 

decreased expression of these genes. Interestingly, hypomodification of tRNA 

with respect to queuosine leads to poor translation of virF, which may be the 

cause of the reduced intracellular concentrations and reduced virulence (75). 

Remarkably, it was found that virF mRNA is a substrate for the E. coli tgt 

homolog of vacC, which incorporates preQ1 into virF mRNA in vitro (76). To 

date, this remains the only known instance of Tgt modification on a substrate 

other than tRNA.  

In the plant pathogen Pseudomonas syringae, the genes queA-tgt are found 

adjacent to a pathogenicity island (Pai) and may have been a point of insertion for 

the Pai in ancestral genomes (77, 78). While this observation does not directly 

imply that the genes are associated with pathogenicity, their sequence or 



 

 28 

organization within the genome of the respective pathogen may play a role in 

recruitment of other genes necessary for pathogenicity. 

Full genome sequencing of the Streptococcus pneumoniae virulent phage Dp-

1 revealed that of its total 56.5 kbp genome, ~8 kbp are reserved for queuosine 

biosynthesis genes, specifically queC,D,E,F,T and tgt (79). Surprisingly, its host 

S. pneumoniae does not contain the genes queD and queE and has a dissimilar tgt 

gene, but does contain a queA homolog. QueA is the enzyme responsible for the 

addition of the cyclopentanediol epoxide moiety to preQ1-tRNA to form 

epoxyqueuosine (Fig. 1.2). Additional studies on this system are needed to clarify 

the interplay between the host/phage transcriptome and proteome.  

Recently, an analysis of previously unidentified marine phage genomes 

identified two Cellulophaga phage genera, CbaSM (myovirus) and Cba131 

(siphovirus), which contain a significant number of queuosine biosynthesis genes 

(80). However, the authors note that queuosine genes are not commonly seen in 

complete phage genomes published thus far, yet they are frequently present in 

viral metagenomes obtained from marine environments (55 of 137) and this may 

reflect a greater necessity for queuosine in such environments.  

Transcriptome analyses of the plant pathogen Salmonella enterica subsp. 

enterica serovar Weltevredenin revealed a marked increase in expression of queA 

mRNA when grown with its host alfalfa sprout in comparison to when cultivated 

in M9-glucose media (81). In addition, an increase in expression of tgt mRNA is 

observed in a pathogenic phenazine-1-carboxylic acid resistant strain of 

Xanthomonas oryzae pv. oryzae in comparison to a susceptible strain again (82).  
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Finally, queuosine is essential for symbiosis in rhizobia. The rhizobium 

Sinorhizobium meliloti requires an intact queuosine biosynthesis pathway for 

proper bacterial entry and cytoskeleton rearrangement in a HeLa cell model for 

rhizobium colonization, both of which are critical for symbiosis. Furthermore, a 

complete pathway is necessary for symbiosis with its plant host Medicago 

truncatula (83). From the aforementioned studies, it is clear that queuosine plays 

a prominent yet unidentified role in host/pathogen interactions and symbiosis.  

 

Role of queuosine in heavy metal resistance 

Research on queuosine in Drosophila has also established a link to protection 

against heavy metal poisoning. Studies have shown an increase in queuosine 

containing tRNA in young-adult D. melanogaster over the course of eight days 

when grown on a diet containing significant amounts of Cd2+, Sr2+, Ni2+, Cu2+, 

and Zn2+. In addition, adults grown on a standard diet and then subsequently 

exposed to Hg2+, Cd2+, Sr2+ and Zn2+ also display an increase in queuosine 

content, and in the case of cadmium, the increase is observed within 24 h of 

exposure (84, 85). The effect of exogenous queuine in relation to cadmium 

toxicity was also explored. When pupae were grown on a medium containing 

CdCl2 further supplemented with exogenous queuine, more pupae matured into 

adults in comparison to pupae grown in medium with CdCl2 but lacking queuine 

(86).  

A more recent study revealed a possible link between the genes queA and tgt 

and heavy metal resistance. A metagenomic analysis of acid mine drainage 
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bacteria identified 19 ORFs that contribute to arsenic resistance in this population, 

two of which are queA and tgt. Surprisingly, when the adjacent queA-tgt genes 

were introduced into E. coli on a plasmid, the cells drastically increase their 

arsenic resistance capabilities (87). Moreover, the authors observed that this 

plasmid also confers heat shock resistance to E. coli. The resistance to heavy 

metals resulting from queuosine modification is another instance of the 

relationship between this modification and stress response. 

 

Role of queuosine in development and aging 

Much attention has been focused on investigating regarding the relationship 

between queuosine and aging. Early studies focused primarily on the model 

organism Drosophila, or more specifically, the class Insecta. In D. melanogaster, 

queuosine modified tRNA is present in low abundance in the egg, and decreases 

to even lower levels until the late-instar larva stage. At this time, the percentage of 

queuosine containing tRNA begins to dramatically increase throughout extended 

adulthood and consistent throughout the adult aging (88, 89). There are several 

literature reports of purported links between queuosine modification and diet in 

flies (71, 90, 91). However, the diet-based differences are almost certainly the 

result of the presence or absence of queuosine in the dietary source. The “normal 

diet” consists of cornmeal and sugars and contains queuosine, whereas the 

alternative diet consisting solely of yeast extract is devoid of the modified base. 

Since Drosophila do not biosynthesize queuosine and rather obtain it in their diet 
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as queuine (86), the flies would not have obtained queuine for incorporation on a 

yeast-only food source.  

Reports in other organisms in the order Diptera, of which Drosophila is a 

member, reveal conflicting proportions of queuosine containing tRNA. In Musca 

domestica, (Q+)-tRNA is the only form found in both larvae and in adults, while 

in Lucilia sericata the larvae exhibit a slight (Q+)-tRNA deficiency (92). In 

Tenebrio molitor, only in the pupal stage is there a (Q+)-tRNA deficiency (92). 

Moreover, analysis of tgt expression in D. melanogaster revealed higher 

expression rates in the embryo and the first-instar larval stages, but the expression 

levels are not consistent across other species of Drosophila (93). While this data 

is in direct contrast to the observed dramatic (Q+)-tRNA deficiency in Drosophila 

during that stage of growth, queuosine modification is not essential for maturation 

as Drosophila grown in the absence of queuosine will still proceed to adulthood 

(86). Normal development was also observed in C. elegans when strictly fed 

queuosine lacking E. coli. Under these conditions, the C. elegans were shown to 

be completely devoid of queuosine, highlighting the fact they cannot synthesize 

queuosine de novo, but also exhibited no developmental defects throughout 

growth and adulthood (94).  

Other organisms exhibit varying queuosine content during growth and 

maturation. For instance, more queuosine deficient tRNA-His is present in fetal 

sheep liver in comparison to adult sheep liver (95). Also, regenerating adult rat 

liver has more (Q-)-tRNA than normal adult rat liver (96, 97). However, 

subsequent studies conducted throughout the aging process of rats concluded that 
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there is a significant population of queuosine deficient tRNA at a very early age, 

which steadily increases and reaches a plateau around 9 months and is held 

relatively constant through the next 17 months (98). Another confounding 

observation in mammalian development is the slight deficiency (~14% compared 

to amniotic fluid) of queuosine containing tRNA in human placenta (99) in 

comparison to bovine (25) and human amniotic fluid (6). In D. discoideum, 

developing cells contain more (Q+)-tRNA than vegetative cells (100). In Lupin, 

(Q+)-tRNA-Tyr is found in adult tissue and in seeds, however, it is not found in 

young leaves and stems (38). Furthermore, queuosine hypomodification is 

observed in adult wheat and tobacco, while there is a high abundance of  (Q+)-

tRNA in wheat germ (101). As can be said for many queuosine-associated 

phenotypes, the data prove inconclusive for an overarching correlation between 

queuosine and development and seems completely organism dependent.  

 

1.3 QUEUOSINE AND CANCER PATHOLOGY 

Undoubtedly the most relevant area of queuosine related research to human 

health is the correlation between this unique modification and cancer. After 

identification of the presence of queuosine, many studies have shown that various 

cancerous cell types contain tRNA that is undermodified, or hypomodified with 

queuosine relative to wild-type.  

The earliest hint of a relationship between queuosine and cancer was during 

studies involving SV40-transformed mouse fibroblast cells, wherein 

chromatographic studies of various tRNAs revealed marked shifts in elution 
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patterns attributed to differential modification of tRNA species. Transfection of 

murine cells with SV-40 virus results in rapid DNA replication and increased 

RNA and protein synthesis, leading to tumorigenesis in mouse models (102). This 

suggests cells undergoing rapid cell growth, which is often the case in neoplasia, 

are hypomodified in respect to queuosine (103); however, further studies 

indicated that it may not necessarily have to do with SV-40 transfection (104). 

Studies on rat mammary carcinosarcoma tissue, Morris hepatoma 7794A, and 

ascites hepatoma have shown undermodification, while complete modification 

was seen in rat liver (97, 105, 106). Comparison of the nucleotide content of the 

isoaccepting tRNA-Asp species in the tumor tissue and in normal tissue 

confirmed the only difference was queuosine modification (107). Furthermore, 

sequence analysis of mitochondrial tRNA of Morris hepatoma 5123D revealed a 

complete lack of queuosine incorporation (43). As this is a slowly growing tumor 

type, the lack of queuosine is not simply due to a lag in incorporation during 

growth. In Chinese hamster embryo cells, treatment with 7-methylguanine, an 

inhibitor of Tgt that inserts Q into mature tRNA, induced neoplasia and these 

neoplastic cells also displayed lower (Q+)-tRNA levels (108). Therefore, a direct 

correlation between rapid growth and queuosine hypomodification is not clear, 

however, there is a strong correlation between this modification and neoplastic 

transformation. 

To date, one of the most striking examples of the link between queuosine and 

cancer was observed in Ehrlich ascites tumor-bearing mice. tRNAs from this 

tumor type display a queuosine deficiency, which is relieved, albeit to lower 
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levels than normal, by direct infusion of queuine (109). In addition to partially 

restoring the levels of the modification, the infusion also inhibits tumor growth. 

The effect of cancer differentiation on the degree of queuosine-modified tRNA 

also shows an intriguing connection. When erythroid-like differentiation in Friend 

leukemia cells is induced by dimethyl sulfoxide, the amount of queuosine 

containing tRNA initially decreases over the first two days, but reverses and 

begins to gradually increase over the following two days. Therefore the extent of 

queuosine modification is best correlated with differentiation (110). In murine 

erythroleukemia cells, erythroid differentiation also results in an increase in the 

amount of (Q+)-tRNA that can be blocked by addition of a tumor-promoter 12-O-

tetradecanoylphorbol 13-acetate, which is also known to inhibit differentiation 

(111). These studies suggest that hypomodification of tRNA is not solely due to 

fast growth rate of the cell and is probably a specific property of undifferentiated 

cells (112).  

These observations directly conflict with a later study that found an increase 

in (Q-)-tRNAs after induction of erythroid differentiation of murine 

erythroleukemia cells in the same manner as the prior studies (113). However, an 

increase in the amount of (Q+)-tRNAs is observed when terminal differentiation 

is induced in human K562 erythroleukemia cells by 1-β-D-

arabinofuranosylcytosine (114). Analysis of tRNA from skin, liver, and benign 

and malignant melanomas of the minnow Xiphophorus showed a significant 

deficiency of (Q+)-tRNA in the malignant melanoma (115). Skin tissue samples 

also display a marked lack of (Q+)-tRNA, although there is a significant 
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concentration of pteridines, which are known to inhibit queuosine incorporation in 

vivo (116), in Xiphophorus skin cells.  

A significant deficiency of (Q+)-tRNA has also been observed in leukemic 

lymphocytes (98). Analysis of queuosine in tRNA from a variety of human 

leukemias and lymphomas at different stages of malignancy exhibit a general 

trend wherein the greater the amount of (Q-)-tRNA, the higher the grade of 

malignancy, and that deficiency is not simply due to lack of queuine availability 

(117). The same trend is observed in studies comparing lung cancer, brain tumors, 

and malignant ovarian tumors when compared to their cognate benign tumor 

tissue or normal, healthy tissue (118-120). Furthermore, the deficiency increases 

as the tissue type transitions from well differentiated to poorly differentiated 

(119). Queuosine abundance correlates well with histopathological classification 

of the tumors and absolute content has been proposed to be used as a metric to 

grade patient survival. 

As only the enzyme Tgt is required in eukaryotic systems to insert queuosine 

into tRNA, expression and activity levels of this enzyme could possibly contribute 

to the hypomodification phenotype. When non-transformed murine fibroblasts are 

compared to oncogenic ras-transfected murine fibroblasts, there is a clear 

deficiency in (Q+)-tRNA in the ras-transfected cells, which can be reversed by 

the addition of exogenous queuine (121). This deficiency is not due to a lack of 

the modifying enzyme Tgt, as the ras-transfected cells exhibit increased Tgt 

activity in comparison to the non-transformed cells. In fact, higher levels of 

activity and expression of Tgt is observed in queuosine hypomodified cells 
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relative to normal cell types (122-124). However, tissue from Dalton’s lymphoma 

ascites transplanted mouse liver, which exhibits a deficiency of (Q+)-tRNA in 

comparison to normal mouse liver, also harbors Tgt with approximately half the 

activity of the same enzyme found in normal mouse liver (125). Furthermore, a 

human colon adenocarcinoma cell line is known to be completely devoid of both 

(Q+)-tRNA and Tgt activity (126). Therefore, the extent of queuosine 

modification and the activity of the required Tgt insertion enzyme are mutually 

exclusive.  

While there is a significant body of evidence pertaining to (Q)-tRNA 

deficiency in cancerous tissues when compared to normal tissue, it is still unclear 

why this is the case and if this is the effect or the cause of the tumorgenic state. 

Curiously, histologically “normal” livers of mice containing subcutaneous 

plasmacytomas display queuosine hypomodification (127). As queuosine is not 

absolutely necessary for survival but rather utilized for optimal growth in 

competing conditions, a tumor-inducing queuosine deficiency in normal cells may 

confer an advantage to the tumor during the growth process. However, it is 

believed that queuosine hypomodification is not explicitly required for neoplasia 

to occur as queuosine deficiencies greatly vary in different cancer types and 

queuosine content of the various isoacceptors also vary between normal and 

cancerous tissue (97, 128, 129). In addition, induced rapid normal tissue 

formation and regeneration in normal liver tissue results in queuosine 

hypomodification (64, 97, 130, 131). Yet, this cannot fully account for the lack of 

queuosine in tRNA, as exogenous treatment of Ehrlich ascites tumors with 
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queuine does not recapitulate full modification to (Q+)-tRNA, and slow growing 

tumors are also hypomodified. It may be that cell lines and tissue types utilize 

queuosine differently than in normal cells under optimal growth conditions. The 

lack of queuosine containing tRNA in cancerous cells may be a combination of a 

decreased ability to uptake queuine, improper salvage, and/or an as of yet 

undetermined Tgt inhibiting factor produced by the tumor (as seen in the case of 

7-methylguanine and pteridine inhibition). Queuosine depletion in cancerous 

tissues may confer an advantage during growth and proliferation, though much 

more research is needed before a conclusive theory can be reached.  

 

1.4 QUEUOSINE RELEVANCE TO MAMMALIAN PHYSIOLOGY 

Queuosine and the free base queuine play cryptic role(s) in cellular 

proliferation. It was first observed in cultured HeLa cells grown in Q-free 

conditions that addition of exogenous queuine after the third day of growth 

significantly stimulates proliferation. In addition, the mRNA levels for the 

transcription factors (and proto-oncogenes) c-Myc and c-Fos both increased and 

decreased, respectively, leading to the conclusion that queuine may substitute as a 

growth factor (132). Human promyelocyte leukemia HL-60 cells treated with a 

differentiation-inducing agent, 6-thioguanine, undergo a proliferation period of ~2 

days, then proceed to differentiation. However, when supplemented with queuine 

the cells no longer proceed to differentiation and remain in a proliferative state 

(133).  
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Earlier studies had established an association between queuosine and 

biological oxidations (134). Indeed, diminished activity of various antioxidant 

enzymes in Dalton’s lymphoma ascites transplanted mice can be stimulated by 

addition of queuine (135).  

It has been suggested that the free base queuine and the queuosine tRNA 

modification might control different aspects of cellular proliferation and growth 

dependent upon oxygen availability. In (Q-)-HeLa cells grown in aerobic 

conditions, addition of exogenous queuine slightly inhibits then stimulates 

proliferation as the concentration of exogenous queuine increases; however, under 

hypoxic conditions this phenomena is reversed (136). A thorough investigation on 

the effect of queuine on cellular proliferation in various cell lines gives conflicting 

results under aerobic conditions. Non-transformed human fibroblasts, 

hepatocytes, and mouse fibroblasts display stimulated proliferation with the 

addition of exogenous queuine (137). This is also the case for cancerous cell lines 

HL-60, epidermoid carcinoma A-431, and epitheloid carcinoma HeLa-S3 (137). 

However, proliferation is inhibited in rat pheochromocytoma PC-12, human 

adenocarcinoma Colo-DM320, mouse ascites tumors, human malignant brain 

tumor U87, human hepatoma HepG2, and Dalton’s lymphoma ascites 

transplanted mice (137, 138). In addition, queuine stimulates proliferation in non-

transformed NIH-3T3 fibroblasts, but inhibits proliferation in the same ras-

oncogene transformed cell line (137).  

Multiple studies have shown that HeLa cells grown under hypoxic conditions 

lose the ability to modify tRNA to queuosine and the substrate queuine builds up 
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in the cell against the concentration gradient (139). It is thought that this variation 

is due to the metabolic predisposition of the cell, wherein a state of aerobic 

metabolism favors a stimulation of proliferation. By contrast, oxygen-limiting 

conditions or “aerobic glycolysis” (in the case of cancerous cells), inhibits 

proliferation (140). This idea is supported by the observation that queuine 

modulates levels of lactate dehydrogenase enzymes (LDH) (141). Specifically, 

HeLa cells that do not have queuine have increased levels of the terminal 

anaerobic glycolytic and hypoxic stress-indicating enzyme LDH K isoform. 

Mitogenic stimulation results in increased activity, yet when the cells are 

supplemented with queuine this increase in activity is blocked (142). 

Transcription of ldh a, and subsequent expression and activity of its 

corresponding isoform LDH A4, is increased in (Q-)-HeLa cells in hypoxic 

conditions or cells involved in “aerobic glycolysis” (137). Furthermore, under 

aerobic conditions activities of LDH A and K were present, but decreased after 

supplementation with queuine (143). Separate studies support the conclusion that 

queuine suppresses the anaerobic glycolytic pathway by modulation of LDH A 

levels in various tissues of Dalton’s lymphoma bearing mice (144). Based on 

these findings, it is clear that queuine and queuosine modified tRNA play a 

crucial role in adaptation and proliferation dependent upon the metabolic state of 

the cell and oxygen availability.  

Queuine may also play a prominent role in protein phosphorylation and 

cellular signaling. The presence of queuosine has a significant impact on the 

extent of protein phosphorylation (72). Specifically, addition of queuosine is 
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known to stimulate phosphorylation of an unidentified 42 kDa protein (132). 

Moreover, queuosine deficient HeLa cells display reduced levels of tyrosine 

phosphorylation for two unidentified membrane associated proteins (145). The 

lack of phosphorylation in queuosine deficient cells is relieved by addition of 

epidermal growth factor (EGF). When taken together, these observations suggest 

queuine plays a role in cellular signaling pathways that include receptor tyrosine 

kinases. This was corroborated by the observation that addition of exogenous 

queuine increases the amount of autophosphorylation of the EGF receptor in 

human A431 epidermoid carcinoma cells approximately three to four-fold, both in 

vivo and in vitro in the absence of tRNA (146). It was also shown that queuine 

inhibits the stimulated proliferation effect of EGF in (Q-)-HeLa cells and that this 

effect parallels the modulation of EGF receptor activity (146). The effects of 

queuine extend to other receptor tyrosine kinases as well. For example, queuine 

acts in an antagonistic manner with EGF, but in a synergistic manner with 

platelet-derived growth factor with increased phosphorylation of multiple proteins 

in HeLa cells. This was cited as a possible reason for stimulation of proliferation 

in aerobic cellular conditions by queuine (147). Finally, administration of queuine 

to Dalton’s lymphoma-bearing mice resulted in attenuation of the elevated levels 

of tyrosine phosphorylation, which is a hallmark of this condition (148). As with 

many observations associated with queuosine, there is much work needed to 

deduce the cellular mechanisms by which it acts. However, there is compelling 

evidence that the free base queuine is in some capacity a cellular growth factor. 



 

 41 

Arguably, some of the most interesting studies on the relevance of queuosine 

to mammalian physiology began while studying mice bred from birth without gut 

microbiota. When germ-free mice are fed a chemically defined diet that consists 

of all known essential components of a rodents diet for four weeks, liver tRNA 

displays only 15% of the His and Asn isoacceptors are modified with queuosine, 

while germ-free mice fed a commercial mouse chow diet and conventional mice 

achieve 88% modification. In all cases, isoacceptors Asp and Tyr are fully 

modified with queuosine (149). All mice lived through the duration of the study 

and there were no major phenotypic differences between the groups. A follow up 

study examined the effects of the Q-deficient diet on mice over the course of a 

year. Analysis of liver tRNA shows that the mice are completely devoid of Q-

containing tRNA and that their physiological state is perfectly normal (150). In 

addition, this deficiency is relieved by either injecting queuine, ingesting queuine, 

or by ingesting Q-containing tRNA from E. coli, and administration of queuine 

leads to (Q+)-tRNA-Asp before (Q+)-tRNA-His. Although the mice had no 

physiological defects during the study, and in fact could grow and reproduce 

through many generations, they were in a stress-free environment to maintain the 

germ-free physiological state.  

In a groundbreaking follow-up study, the effect of nutritional stress on the 

germ-free mice was examined. Removal of tyrosine from the chemically defined 

Q-deficient diet led to neurological issues and other maladies. All of the mice died 

within two weeks, even when phenylalanine was included in the diet, as tyrosine 

can be synthesized from phenylalanine by phenylalanine hydroxylase (151). 
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When either tyrosine or queuine were added back into the diet, the mice were 

asymptomatic and lived through the remainder of the studies.  

Additional studies aimed at elucidating the connection between tyrosine and 

queuine implicated tetrahydrobiopterin (BH4), which is an essential cofactor for 

phenylalanine hydroxylase (152). The precise nature of the connection remains 

unknown, however, HepG2 cells and mice made deficient in queuosine tRNA by 

disruption of the tgt gene are unable to produce tyrosine from phenylalanine 

(153). Phenylalanine hydroxylase from the deficient mice displays normal 

expression and activity. However, the levels of BH4 are quite low and a 

concomitant increase in the levels of its oxidation product dihydrobiopterin is 

observed. Furthermore, dihydrobiopterin is recycled to BH4 by dihydrofolate 

reductase, which is present in levels comparable to wild-type. A clear picture of 

the role of queuosine is still elusive, but there must be a connection between 

queuosine modification and pterin redox homeostasis. Curiously, BH4 is an 

inhibitor of Tgt (113), perhaps acting as a negative feedback regulator of 

queuosine containing tRNA for the purpose of maintaining appropriate cellular 

levels of reduced pterins. 

Many of the cellular physiological studies detailed above require the 

administration of exogenous queuine or queuosine. The mechanism of cellular 

uptake has been the subject of several reports. Studies monitoring the uptake of 

tritiated-queuine identified a transport system that exhibits biphasic kinetics, with 

one KM in the lower nanomolar range and the other in the high nanomolar/low 

micromolar range for queuine (154). In certain cells lines, the lower KM uptake 
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pathway could be inhibited by phorbol-12,13-didecanoate (PDD), which is known 

to activate protein kinase C. Protein kinase C has been identified as a direct 

modulator of queuine uptake, wherein activators and inhibitors of protein kinase 

C both increase and decrease the rate of queuine uptake in human fibroblast cells, 

respectively (155). Furthermore, inhibitors of protein phosphatase also stimulate 

queuine uptake (156). Curiously, human interferon also inhibits uptake in the 

same cell line (157). In queuosine deficient HeLa cells grown in hypoxic 

conditions and subsequently supplemented with queuine, no Q-tRNA 

modification is observed, yet significant (2 µM) queuine is found in the cytosol.  

The fact that queuine could build up against the concentration gradient 

suggests that this process takes place via active transport (143). Recently, putative 

queuine or queuosine transporter genes (queT and qrtT) have been identified on 

the basis of preQ1 riboswitch motifs located upstream of their DNA coding 

regions (158). PreQ1 riboswitches control the expression of many queuosine 

biosynthetic enzymes (159, 160). Therefore, it is believed that these recently 

identified genes could be involved in queuosine biosynthesis; however, they have 

yet to be functionally characterized. 

The recycling of nucleosides from various species of RNA is well 

documented and led to the logical suggestion that there may also be a method of 

queuine/queuosine salvage. It was first documented that Vero cells can utilize 

both queuine and queuosine for production of Q-tRNA, but because the base 

exchange reaction is only specific for the free base queuine, it was proposed that 

there must be a salvage mechanism to produce queuine from queuosine (161). 
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This activity was also observed in normal human skin fibroblast cells (48). 

Further studies using Vero cell extract demonstrated that the substrate for the 

nucleosidase is queuosine-5ʹ-phosphate, but not queuosine, queuosine-3ʹ-

phosphate, nor mannosylqueuosine-5ʹ-phosphate (162). Conversely, cell extracts 

of the green algae species Chlorella pyrenoidosa and Chlamydomonas reinhardtii 

were shown to catalyze the conversion of queuosine to queuine, but can not 

convert queuosine-5ʹ-phosphate to queuine (163).  

To test whether queuosine deficiency is due to a malfunctioning queuosine 

salvage pathway, multiple human tumor types have been analyzed for their Q-

tRNA content and concurrent Q-salvage leading to conflicting results. In one 

study, no correlation between the two phenomena is observed (126). However, 

another study concludes that MCF-7 breast adenocarcinoma cells are both 

queuosine deficient in tRNA and possess a defunct queuosine salvage pathway 

(164). Recently, a domain of unknown function has been shown to be required for 

queuosine production in Schizosaccharomyces pombe by analysis of deletion 

mutant tRNA. This deficiency is relieved through in vivo complementation with 

multiple homologs of the gene (165). Bioinformatics and homology modeling 

suggest it to be a putative ribonucleoside hydrolase, and thus a potential enzyme 

involved in queuosine salvage. 

 

1.5 THE DE NOVO QUEUOSINE BIOSYNTHETIC PATHWAY 

The identification of the novel 7-deazapurine structure of queuosine and 

discovery that the same scaffold is at the heart of pyrrolopyrimidine antibiotics 
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spurred significant interest in studies aimed at elucidating the biosynthetic 

pathway. It was recognized early on that eukaryotes append the free base queuine 

directly into tRNA to obtain Q-tRNA, while prokaryotes synthesize queuosine de 

novo. Radiotracer feeding experiments provided significant clues to the fact that 

deazapurines are derived from purines. When 2-14C-guanine is added to the 

growth media of Salmonella typhimurium, queuosine isolated from the organism 

contains radioactivity, therefore, C2 must remain in the molecule throughout the 

biosynthetic transformations (166). By contrast, growth on 8-14C-guanine led to 

accumulation of no radioactivity in isolated queuosine, therefore the C8 atom 

must be expelled along with N7 to form the deazapurine core. These findings 

paralleled radiotracer experiments carried out on the biosynthesis of riboflavin 

and folic acid, though clearly the 7-deazapurine pathways produced very different 

products. Furthermore, these findings were reminiscent of those for 

pyrrolopyrimidine nucleoside antibiotics, despite the fact that the final 

deazapurine structure in those cases resembles adenosine (167-169).  

 

1.5.1 IDENTIFICATION OF INTERMEDIATES BY ANALYSIS OF 

MUTANT STRAINS  

Simultaneously with the radiotracer feeding experiments, significant 

efforts in the early 1970’s were directed towards isolation of possible 

intermediates within the biosynthetic pathway through analysis of mutant strains 

of E. coli. A methyl-deficient strain of E. coli was found to harbor multiple 

precursors to queuosine (170). Feeding experiments to supplement the methyl-
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deficiency established that methionine was not a precursor to queuosine. Further 

studies with this methyl-deficient strain culminated in the identification and 

characterization of 7-(aminomethyl)-7-deazaguanine or preQ1 (22). Studies with a 

second E. coli mutant, which is also unable to produce queuosine, resulted in the 

identification of the precursor 7-(cyano)-7-deazaguanine or preQ0 (21).  

 

 

1.5.2 ENZYMES INVOLVED IN THE BIOSYNTHETIC PATHWAY 

 The biosynthetic pathway to queuosine is shown in Fig. 1.2. This section 

will summarize the state of knowledge on each of the steps in the pathway. 

GTP cyclohydrolase I 

It was deduced from early studies that the enzyme responsible for the first 

step in the pathway for biosynthesis of deazapurines must include a GTP 

cyclohydrolase I (GCH I)(169), which had previously been implicated in the 

biosynthesis of folate (171-173). The role of GCH I in the pathway was 

established unambiguously by the discovery that the gene cluster encoding the 

biosynthetic pathway to the pyrrolopyrimidine nucleosides sangivamycin and 

toyocamycin retained a GCH I homolog, which upon functional characterization 

proved able to catalyze a reaction identical to that of the bacterial GCH I involved 

in the biosynthesis of folic acid (174, 175). Functional biochemical investigation 

of the identified genes proved the necessity of coupling bioinformatics with 

functional studies. Due to GCH I involvement in mammalian folate biosynthesis, 

this enzyme and reaction mechanism have been thoroughly studied (176-181). 
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CPH4 synthase  

The next key breakthrough in the field was made possible by the use of 

bioinformatic methods. Using comparative bioinformatic analyses of multiple 

bacterial genomes, four genes (queC, D, E and F) were identified in B. subtilis to 

potentially encode for proteins involved in the initial biosynthetic steps to preQ1 

(41). One ORF, queD, was annotated as a pyruvoyltetrahydropterin synthase 

(PTPS). Single-gene deletion mutants of any of the four homologs in 

Acinetobacter results in a loss of queuosine in bulk RNA. Introduction of the 

genes in trans complemented the queuosine deficiency.  

Prior to the discovery of queD as a gene involved in the queuosine 

biosynthetic pathway, this PTPS-like homolog was thought to catalyze the 

conversion of sepiapterin to 7,8-dihydropterin (182). Eukaryotic PTPS homologs 

are responsible for conversion of H2NTP to 6-pyruvoyl tetrahydropterin (PPH4) in 

the biosynthesis of BH4 (152, 183). However, product analysis with the E. coli 

homolog was performed in aerobic conditions and the products were derivatized 

prior to analysis leading to the incorrect identification of the true product of the 

reaction. In addition, sepiapterin is not an E. coli metabolite; therefore the native 

activity was still unknown. Studies on this enzyme in vitro in anaerobic 

conditions confirmed that the native activity is conversion of H2NTP to 6-

carboxy-tetrahydropterin (CPH4), an intermediate in the queuosine biosynthetic 

pathway (Fig. 1.2)(184). This enzyme can also convert sepiapterin, and the 

product of the mammalian homolog PPH4, to CPH4 as well. The X-ray crystal 

structure of the PTPS homolog from B. subtilis has also been solved, however it 
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does not retain the same catalytic active site residues and the activity remains 

unknown (185).  

Additional structural and biochemical studies of E. coli QueD have 

illuminated the molecular underpinnings of this differential activity. Although the 

bacterial enzyme is almost identical in structure to the mammalian enzyme, there 

is an additional His/Asp catalytic dyad in the bacterial enzyme active site (186). 

In addition, it was shown in vitro that the mammalian PTPS enzyme can utilize 

both PPH4 and sepiapterin to produce CPH4 in substrate saturating conditions, 

further demonstrating the significant enzyme promiscuity present in the PTPS 

family of enzymes. The promiscuous activity was also evidenced through in vivo 

complementation studies (187). The studies detailed above will be described in a 

subsequent chapter, as they constitute a significant portion of the research of this 

dissertation.  

CDG synthase 

The third step in the pathway to queuosine is catalyzed by CDG synthase 

(QueE)(Fig. 1.2). A role for this enzyme in biosynthesis of deazapurines was first 

gleaned from work on the B. subtilis homolog, which when deleted, led to 

elimination of queuosine from RNA. QueE is a member of the radical S-adenosyl-

L-methionine (SAM) superfamily, whose members reductively cleave SAM 

ligated to an iron-sulfur cluster to form a 5ʹ-deoxyadenosyl radical to initiate 

chemistry (188, 189) and have a common spacing of its cysteine residues in a 

CX3CX2C motif (190). QueE catalyzes the radical-mediated ring contraction of 

CPH4 to CDG, and extensive biochemical studies have demonstrated that the 
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reaction is initiated by abstraction of a hydrogen atom from the C6 position of 

CPH4 of the substrate (191). Exquisite X-ray crystal studies have revealed the 

overall structure of QueE and the substrate- and product-bound structures, 

providing insight into the reaction mechanism and the role of the Mg2+ metal ion 

in catalysis (192).  

PreQ0 synthetase 

Detailed genetic analysis of a separate E. coli Q-deficient mutant 

identified the deleterious mutation in the gene queC. QueC was then shown to 

catalyze a step in the pathway prior to preQ0 (193). Indeed, QueC catalyzes the 

conversion of CDG to preQ0, wherein the nitrogen atom of the cyano moiety is 

derived from ammonia (Fig. 1.2)(194). The X-ray crystal structure of the B. 

subtilis homolog at 2.95 Å (195) revealed it to be a dimer comprised of a 

Rossmann fold in the N-terminus and a zinc-binding domain on the C-terminus.  

PreQ0 reductase 

PreQ0 reductase (QueF) catalyzes the NADPH-dependent reduction of 

preQ0 to preQ1 (Fig. 1.2)(196). QueF was first identified by bioinformatic 

methods, and sequence similarity to GCH I suggested that it may be a 

cyclohydrolase. However, subsequent X-ray crystallographic structure 

determination revealed that while QueF belongs to the tunnel-fold (T-fold) 

superfamily, all members of which bind pterin-like substrates (197-199), the 

enzyme catalyzes the 4-electron reduction of the nitrile moiety of preQ0. An 

absolutely conserved Cys residue forms a covalent thioimide bond with the preQ0 

substrate, facilitating the reduction (200-202). Recently, the E. coli homolog has 
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been expressed, purified, and screened for its substrate specificity for possible use 

as a biocatalyst (203, 204). In addition to the preQ0 reduction, QueF has also been 

suggested to be involved in copper homeostasis (205).  

A culminating study promptly followed the newly identified activity of 

QueD and lifted the veil shrouding the sequence of the early steps in the 

biosynthetic pathway. The in vitro analysis of purified GCH I, QueD, QueE, and 

QueC confirmed: QueC catalyzes the ATP-dependent conversion of CDG to 

preQ0 using ammonia, and GTP is converted to preQ0 in the sequential order of 

proteins listed above (Fig. 1.2)(194).  

Translation of transcripts produced from the above mentioned genes 

involved in the biosynthesis of queuosine have recently been shown to be 

controlled by preQ0 and preQ1 riboswitches (206, 207). These riboswitch aptamer 

domains have high affinity for the cognate small molecule ligand and retain 

simple and compact structures (160). Currently, there have been three classes of 

preQ1 riboswitches identified and other variants identified within the classes 

(208).  

tRNA:guanine transglycosylase 

One of the most rigorously studied enzymes in the queuosine biosynthetic 

pathway is tRNA-guanine transglycosylase (Tgt). This enzyme was the first 

example of a catalyst that excises a nucleobase without breaking a phosphodiester 

bond. In prokaryotes, Tgt catalyzes exchange of preQ1 in place of guanine in 

mature tRNA whereas in eukaryotes it appends the free-base queuine in the 

corresponding position of tRNA (Fig. 1.2).  
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The transglycosylase activity of Tgt was first identified in studies that 

examined the ability of rabbit reticulocytes to exchange 14C-guanine into a 

specific position within mature tRNA (209-211). This guanylation activity was 

also observed in an in vitro cell-free rabbit reticulocyte system that incorporates 

guanine base into E. coli tRNA (212). This observation was used to purify E. coli 

Tgt and show that tRNA-Asn, Asp, His, and Tyr are all substrates in the 

guanylation reaction (213, 214).  

The physiological activity of E. coli Tgt was later found to be 

incorporation of queuosine precursors into tRNA. Additional studies 

demonstrated that while both precursors preQ1 and preQ0 can be inserted in the 

wobble position in the expected tRNAs, the free base queuine was not a substrate 

(215). Moreover, free guanine was shown to be exchanged for preQ0-containing 

tRNA, but could not be exchanged for preQ1 and queuosine containing tRNA.  

Studies aimed at identifying the minimal requirements of substrate 

recognition by Tgt reveal that full-length tRNA-Tyr substrate obtained by in vitro 

transcription is utilized at rates within experimental error when compared to 

tRNA-Tyr isolated from an E. coli Δtgt mutant (216). In addition, a 17-mer 

oligonucleotide corresponding to the stem loop region of tRNA-Tyr can be turned 

over in a comparable fashion with only a 20-fold drop in catalytic efficiency 

compared to the full-length substrate (216) and that the stem loop portion interacts 

directly with the enzyme (217). The comparable catalytic efficiency between the 

two substrates supports the notion that other post-transcriptional modifications are 

not required and only the stem loop is crucial for substrate recognition.  
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Sequence and substrate recognition were analyzed in greater detail both in 

vitro and in vivo, and reveal that U33-G34-U35 with a pyrimidine in position 32 

is sufficient for recognition and the stem loop must maintain the minihelical 

structure (218-220). Subsequent studies have highlighted other possible sites of 

modification, for instance, position G53 in the TψC arm of in vitro transcribed 

yeast tRNA-Phe (within a U-G-U recognition sequence) is also recognized by E. 

coli Tgt for insertion (221). In addition, E. coli Tgt recognizes the U-G-U 

sequence shifted +1 in the minihelix, but will not recognize other sequence shifts 

(222). Finally, the same enzyme was shown to recognize a deoxyguanosine in 

position 34 (the canonical position of modification) and could even recognize and 

catalyze the reaction when the entire minihelix was made up of 2ʹ-

deoxynucleosides, as long as the thymidines were substituted with 2ʹ-

deoxyuridines (223). In addition, positions 36, 37, and 38 in the anticodon loop 

exert considerable effect on glycosylation of queuosine and the full-length 

substrate is necessary for modification in mammalian systems (224, 225).  

The E. coli homolog has a structural zinc metal ion, which is coordinated 

by three cysteine residues and one histidine residue to facilitate homotrimer 

formation and binding to the tRNA substrate (226, 227). This is also the first 

example of a (β/α)-barrel protein fold interacting with a nucleic acid substrate 

(228). Extensive sequence analyses have since established that all homologs adopt 

a common fold and retain conserved active site residues (229). The mechanism of 

Tgt involves nucleophilic attack by a conserved active site Asp residue at C1´ 

(230-233), cleaving the N-C glycosidic bond and forming the covalent Tgt-RNA 
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intermediate, which has been observed experimentally (233, 234). Exchange of 

the guanine base with preQ1 (or queuine in the mammalian Tgt) is followed by 

expulsion of the enzyme side chain by formation of the N-C glycosydic bond 

(235, 236). The kinetic mechanism of the reaction is ping-pong (237) and product 

release is the rate determining step (238).  

The activity of mammalian Tgt appears to be tightly regulated. Protein 

kinase C was observed to directly activate rat liver Tgt preparations, while 

alkaline phosphatase was shown to decrease activity leading to reactivation (239). 

This is in line with the fact that queuine uptake is stimulated by protein kinase C 

(154-156). In addition, small molecule activators and inhibitors of protein kinase 

C modulate activity of Tgt indirectly by modulating phosphorylation state(s) of 

the protein (139).  

 

S-adenosyl-L-methionine tRNA ribosyltransferase 

Early studies on methyl-deficient strains of E. coli uncovered an indirect 

methionine requirement for biosynthesis of queuosine (240). However, no 

incorporation of radioactivity is observed in queuosine or queuosine precursors 

when uniformly 14C-labeled methionine is supplemented into the media (170). 

The queA gene is found co-localized in an operon next to tgt in E. coli and, 

through complementation studies, is found to relieve a queuosine deficiency 

downstream of the biosynthetic reaction catalyzed by Tgt (241). An 

overexpressed and purified homolog from Schistosoma japonicum was used to 

show that the enzyme appends an S-adenosyl-L-methionine (SAM)-derived 
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cyclopentanediol epoxide moiety to form the penultimate intermediate to 

queuosine (Fig. 1.2)(242). In the course of the reaction, the ribose of SAM is 

isomerized and incorporated; the enzyme will also accept a 17-mer stem loop 

microhelix, which has facilitated studies of this enzyme (243).  

The reaction mechanism has been studied using 13C-labeled SAM 

substrate and analyzed by 13C NMR methods (244). The reaction is initiated by 

abstraction of a proton at C5´ of the ribose to generate a sulfonium ylide, which is 

followed by opening of the ribose ring and elimination of the adenine base. 

Nucleophilic attack of the amino group of the substrate on what was formerly the 

C4´ of the ribose initiates the cascade of events that leads to formation of the 

epoxide and elimination of methionine. This mechanism is consistent with kinetic 

studies that have shown it to be ordered sequential bi-ter, where tRNA-preQ1 

binds first followed by SAM, and products are released in the order of adenine, 

methionine, and epoxyqueuosine (245, 246). To date, there have been two x-ray 

crystal structures solved of homologs from B. subtilis and Thermotoga maritime, 

which have identified this protein as having two domains, a β-barrel domain and 

an αβα-sandwich domain, and acting as a monomer in solution (247, 248).  

Epoxyqueuosine reductase 

The final step in the de novo queuosine biosynthetic pathway entails the 

conversion of epoxyqueuosine to queuosine catalyzed by epoxyqueuosine 

reductase (QueG)(Fig. 1.2). Before the discovery of the enzyme (Chapter 3 of 

this dissertation), very little was known about this biosynthetic step. When E. coli 

or S. typhimurium are grown in glucose-salt media, only epoxyqueuosine was 
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observed in tRNA; however, when the media is supplemented with cobalamin 

queuosine is observed exclusively (249). This led to the conclusion that a 

cobalamin-dependent enzyme catalyzed the reaction. Indeed, this was confirmed 

more than two decades later by analysis of total RNA isolated from an array of 

single-gene knockout mutants of E. coli. A mutant was identified that does not 

posses the queuosine modification, but does retain the epoxyqueuosine 

intermediate. The gene was homologous to a class of cobalamin-dependent 

reductive dehalogenase enzymes and was subsequently cloned and purified. Using 

in vitro reaction conditions containing the proper reductants, the enzyme can 

convert epoxyqueuosine to queuosine in the same small 17-mer tRNA-Tyr 

minihelix used in many prior studies detailed above, and can also convert isolated 

total oQ-tRNA to Q-tRNA with exogenous cobalamin stimulating this process 

(250). This was the first example of a B12-dependent reduction of an epoxide. I 

have conducted additional studies regarding this fascinating enzyme that will 

make up the majority of this dissertation.  
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CHAPTER 2: 

BIOCHEMICAL AND STRUCTURAL STUDIES OF 6-CARBOXY-5,6,7,8-

TETRAHYDROPTERIN SYNTHASE REVEAL THE MOLECULAR 

BASIS OF CATALYTIC PROMISCUITY WITHIN THE TUNNEL FOLD 

SUPERFAMILY  
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2.1 ABSTRACT 

6-Pyruvoyltetrahydropterin synthase (PTPS) homologs in both mammals 

and bacteria catalyze distinct reactions using the same 7,8-dihydroneopterin 

triphosphate substrate. The mammalian enzyme converts 7,8-dihydroneopterin 

triphosphate to 6-pyruvoyltetrahydropterin whereas the bacterial enzyme 

catalyzes the formation of 6-carboxy-5,6,7,8-tetrahydropterin. To understand the 

basis for the differential activities we determined the crystal structure of a 

bacterial PTPS homolog in the presence and absence of various ligands. 

Comparison to mammalian structures revealed that although the active sites are 

nearly structurally identical, the bacterial enzyme houses a His/Asp dyad that is 

absent from the mammalian protein. Steady state and time-resolved kinetic 

analysis of the reaction catalyzed by the bacterial homolog revealed that these 

residues are responsible for the catalytic divergence. This study demonstrates how 

small variations in the active site can lead to the emergence of new functions in 

existing protein folds. 

 

2.2 INTRODUCTION 

The rapid sequencing of bacterial genomes has led to an explosion of 

sequence information for proteins whose functions are not known. It is rarely 

possible to predict enzymatic function purely on the basis of sequence because 

proteins with nearly identical three-dimensional structures can catalyze vastly 

different reactions. To bridge the gap from sequence to function, a molecular level 
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understanding of the amino acid changes that permit evolution of novel enzymatic 

activity in existing folds is highly desirable. 

The tunnel fold (T-fold) superfamily is comprised of a widely distributed 

group of enzymes that catalyze transformations leading to the production of 

purines and pterins (183, 197). The mammalian T-fold enzyme 6-

pyruvoyltetrahydropterin (PPH4) synthase (mPTPS) is required for the 

biosynthesis of 6R-L-erythro-5,6,7,8-tetrahydrobiopterin (BH4) in eukaryotes 

(Fig. 2.1)(251). BH4 is an essential cofactor for many enzymes including nitric 

oxide synthase and phenylalanine hydroxylase where it can act as either an 

electron donor or in oxygen insertion (152). In addition, this cofactor has been 

implicated in a vast array of physiological roles including 

hyperphenylalaninaemia, cellular proliferation, vascular dysfunction, and various 

neurological disorders (152, 252). mPTPS catalyzes the conversion of 7,8-

dihydroneopterin triphosphate (H2NTP) to PPH4, which is subsequently converted 

to BH4 by the NADPH-dependent sepiapterin reductase (253, 254). More 

recently, an alternative pathway has been identified in higher organisms, 

including humans, which allows for bypassing the enzyme sepiapterin reductase 

through the combined actions of a carbonyl reductase and an aldose reductase or 

by members of the aldo-keto reductase family of enzymes (255-258). BH4 is 

typically not produced in bacteria, but is present in glycosylated forms in certain 

cyanobacteria and Chlorobium tepidum (259-263).  

Although most bacteria do not posses BH4, a PTPS homolog is found in 

virtually all bacterial genomes for production of pterins and deazapurines. 
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Previous studies from our lab have established that the Escherichia coli PTPS 

homolog, 6-carboxy-5,6,7,8-tetrahydropterin synthase, catalyzes the second step 

in the biosynthesis of pyrrolopyrimidine nucleosides involving the conversion of 

H2NTP to 6-carboxy-5,6,7,8-tetrahydropterin (CPH4)(194). CPH4 is a precursor to 

>30 natural products that range from antibiotic and anticancer agents, produced 

by various strains of Actinomyces, to the modified tRNA base queuosine, which is 

found in nearly all kingdoms of life (Fig. 2.1)(4).  

CPH4 synthase is promiscuous and in addition to H2NTP converts 

sepiapterin and PPH4 to CPH4 (184). It is not clear how this bacterial protein, 

which is closely related at the sequence level to its mammalian homolog involved 

in the biosynthesis of BH4, catalyzes such distinct transformations. Herein we 

report a structural and functional investigation of CPH4 synthase from 

Escherichia coli (QueD, so named for its role in the biosynthesis of queuosine). 

Comparison of the structure of QueD to its mammalian homolog revealed amino 

acid substitutions in the active site that may account for the distinct catalytic 

outcome of the bacterial enzyme. Steady state and rapid kinetic analysis of wild-

type CPH4 synthase and its site-directed variants have led to insights regarding the 

role of these residues in catalysis. This study highlights how minor changes in this 

highly conserved active site have led to the emergence of catalytic promiscuity 

and the evolution of catalytic function to support novel biosynthetic pathways.  
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Figure 2.1 QueD homologs catalyze distinct reactions in mammals and 
bacteria. Bacterial QueD catalyzes the second step in the biosynthesis of 7-
deazapurine containing compounds, including toyocamycin and the modified 
tRNA nucleoside queuosine. Mammalian 6-pyruvoyltetrahydropterin synthase 
(mPTPS) catalyzes the second reaction in the biosynthesis of tetrahydrobiopterin.  
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2.3 RESULTS 

2.3.1 Overall structure of QueD  

 A ribbon representation of wild-type QueD is shown in Fig. 2.2, and 

refinement statistics are summarized in Table 2.1. QueD is a homohexamer with 

each monomer containing 121 amino acids (41). QueD crystallizes with the 

biological assembly, a homohexamer in the asymmetric unit. As with the mPTPS 

homolog (197, 264), QueD adopts a tunnel fold common to proteins that bind 

purine and pterin substrates. The structure consists of four sequential antiparallel 

β-strands with two antiparallel α-helices on the concave face of the β-sheet 

between the 2nd and 3rd strands (ββααββ). The subunits assemble into a hollow 

barrel with an approximate 3-fold axis down the center of the cavity and 

approximate 2-fold axes in the equatorial plane (Fig. 2.2). In the structures we are 

reporting, the packing of hexamers in the unit cell differs between crystal forms. 

The C27A variant crystallized such that the 3-fold axis of the barrel is parallel to 

the crystallographic a axis for all hexamers. For selenomethionine-substituted 

protein, which crystallized under different conditions, the hexamer 3-fold axis is 

not parallel to a crystallographic axis and adjacent hexamers are oriented with the 

3-fold axes rotated by 90 degrees. 

2.3.2 The active site architecture of QueD  

The six active sites of QueD are located at the interface of the monomers 

that comprise the homohexamer (Fig. 2.2). As expected from the sequence 

similarity to the mPTPS homolog, and from biochemical studies showing the 

presence of ~1.1 eq of zinc divalent cation per monomer (184), we observe  
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Figure 2.2 The ribbon representation of QueD. The six active sites in the 
homohexamer lie at trimer interfaces and house a catalytic zinc divalent cation 
(green sphere). A close-up of the active site is shown to illustrate the contributions 
from adjacent subunits. 
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Table 2.1 Data collection and refinement statistics for QueD and variants. 
Data collection statistics    

PDB ID 4NTN 4NTM 4NTK 
Modification, ligand SeMet, no ligand SeMet, CPH4 C27A, sepiapterin 
Beamline SSRL 9-2 SSRL 9-2 SSRL 11-1 
Wavelength (Å) 0.97915 1.0000 0.9795 
Crystal class,  
Space group 

orthorhombic,  
I222 

tetragonal,  
P41212 

orthorhombic, 
P212121 

Z  6 6 6 
Unit-cell parameters    

a (Å) 107.08 111.30 58.07 
b (Å) 111.76 111.30 112.60 
c (Å) 161.44 126.05 115.09 

Resolution limits (Å) 
56.0-2.00 (2.10-
2.00)a 

39.0-2.05 (2.10-
2.05) 

38.4-1.60 (1.69-
1.60) 

No. independent 
reflections 66155 (9592) 50332 (3709) 98203 (13940) 
Completeness (%) 99.9 (100.0) 99.6 (95.6) 98.4 (97.0) 
Redundancy 4.9 (4.7) 7.2 (6.9) 3.3 (3.4) 
Avg I/Avg σ(I) 9.2 (2.0) 33.2 (4.2) 18.1 (2.1) 
Rsym b 0.087 (0.635) 0.031 (0.577) 0.033 (0.546) 
Rpim

c  0.015 (0.349) 0.022 (0.511) 
Refinement statistics    

Resolution limits (Å) 55.90-1.99 33.92-2.05 36.34-1.60 
R-factor d (overall) /no. 
reflections 0.204/66142 0.226/50256 0.187/98125 
R-factor (working) /no. 
reflections 0.203/62782 0.225/47712 0.185/93200 
R-factor (free) /no. 
reflections 0.222/3360 0.255/2544 0.217/4925 
r.m.s.d.    

Bond lengths (Å) 0.006 0.006 0.014 
Bond angles (°) 1.145 1.13 1.725 
General planes (Å) 0.004 0.010 0.011 

Ramachandran plot e    
Favored region (%) 98.9 97.8 98.3 
Allowed region (%) 1.1 2.1 1.7 
Outliers (no. of 
residues) 0 1 0 

Average B values    
Protein atoms (Å2) 50.5 61.1 27.9 
Ligand (Å2) 52.7 47.5 27 
Solvent (Å2) 50.75 48.3 37.8 
Wilson B factor (Å2) 27.3 49.2 24 

a Numbers in parentheses refer to the respective highest resolution data shell in 
the data set. b Rsym = (Σ|I – Ī|/ΣI). c Rpim = ((1/(n-1))1/2 Σ|I – Ī|/ΣI). d R-factor = (Σ|Fo 
– Fc|/Σ|Fo|), where Fo is the observed structure-factor amplitude and Fc is the 
calculated structure-factor amplitude. e As calculated using Molprobity. 
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electron density consistent with the cation in each active site. The catalytic zinc 

ions (shown as green spheres) are positioned near the equator and toward the 

outside of the assembly, near the confluence of three protein chains. As with 

mPTPS, the zinc divalent cation is coordinated by the imidazole side chains of 

three histidine residues (His16, His31, and His33) from a single subunit (265). A 

water molecule occupies the fourth coordination position of the zinc cation. As in 

mPTPS, the essential Cys27 residue (Cys42 in mPTPS) in the active site of QueD 

is in a position to interact with an H71-D70 dyad (H89-D88 in mPTPS) activating 

it to catalyze proton abstraction from the substrate to initiate catalysis (265, 266). 

Interestingly, a second unique dyad, H25-D54, is also present in QueD, which we 

hypothesize is responsible for promoting the novel retroaldol cleavage to form 

CPH4 by additional interactions with Cys27. 

In addition to the structure of the wild-type enzyme, we also determined 

the structure of QueD with the product CPH4 in the active site (4NTM), and the 

QueD variant C27A with the substrate sepiapterin in the active site (4NTK) 

(Table 2.1). Illustrations of the active site residues and corresponding ligand 

electron density are shown in Fig. 2.3A and 2.3B. The electron density that is 

observed when sepiapterin is soaked into selenomethionine-substituted QueD is 

consistent with formation of the product CPH4 that clearly has a shorter side chain 

than sepiapterin (Fig. 2.3A), demonstrating that the crystals are catalytically 

active and convert sepiapterin to product. 

By contrast, electron density after soaking sepiapterin into crystals of the 

catalytically inactive C27A variant shows the side chain to be long enough to be  
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Figure 2.3 Structures of QueD with bound ligands. The electron density maps 
used to prepare the figures are those obtained after molecular replacement and 
refinement but before any ligand was built into the active sites. A. The active site 
of selenomethionine-substituted QueD with the product CPH4 bound. B. The 
active site of the C27A inactive variant of QueD. In B, sepiapterin soaked into the 
crystal has undergone deprotonation and tautomerization to the enolate form. For 
both figures, the Fo-Fc electron density maps are contoured at 3.0 σ. 
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uncleaved (Fig. 2.3B). Therefore, we initially built sepiapterin into the electron 

density in each of the active sites. However, after refinement, the terminal methyl 

group of the side chain was out of the electron density in all six active sites. 

Moreover, a negative difference density peak appeared centered on the methyl 

carbon in several, but not all of the active sites. The lack of electron density for 

the methyl group and presence of difference peaks persisted through several 

refinement cycles. Although kinetic results (discussed below) led us to believe 

that no reaction should occur in crystals of the C27A variant, we replaced 

sepiapterin with CPH4 in the model. Two positive difference peaks appeared, one 

2.3 Å from the zinc atom, corresponding to the 2ʹ- oxygen of the sepiapterin side 

chain, and the second in the plane of the O-C-C-O of the side chain corresponding 

to the methyl group. This placement of the methyl carbon requires the second 

carbon to be sp2 hybridized. Subsequent refinement modeling the ligand as the 

enol form of sepiapterin resulted in the loss of the difference density peaks and 

led to electron density that covered the methyl group, which is planar with the 

OCCO of the side chain. The electron density for the methyl carbon is slightly 

weaker than that of the surrounding atoms, which may imply some structural 

heterogeneity in the bound ligand. Therefore, it appears that while the C27A 

variant is catalytically inactive, the predominant form of bound sepiapterin is the 

deprotonated enolate form with both oxygen atoms coordinated, asymmetrically, 

to the zinc cation. Stopped-flow evidence supporting this tautomerization of 

sepiapterin will be presented below. 
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The bound ligands have an extensive array of hydrogen bonds that satisfy 

each of the allowed hydrogen bond donor/acceptor sites of the pyrimidine ring 

(see Fig. 2.4). All six active sites appear to be fully occupied with ligand in both 

soaked structures. No large protein conformational changes occur upon 

sepiapterin binding the protein. The core r.m.s.d. is 0.42 Å when unliganded and 

liganded selenomethionine structures are overlaid using the SSM algorithm as 

implemented in COOT (267).  

Although ligand binding induces no overall changes, there are active site 

adjustments when ligands bind. The largest movements are of the side chains of 

Glu54 and Phe55 which move ~2 Å into the active site. The side chain of Glu54 

forms a hydrogen bond with N1 of the pterin ring and Phe55 stacks with the 

pterin ring of the ligand. Crystal contacts for the selenomethionine protein•CPH4 

complex are different from those of the C27A protein•sepiapterin complex, so 

these small conformational changes that are the same in both structures are 

presumably not an artifact of crystal contacts. Structures of unliganded and 

sepiapterin-soaked native QueD have been deposited in the Protein Data Bank 

(PDB IDs 3QN9, 3QN0, 3QNA). These structures show the same small 

adjustments in active site conformation upon ligand binding. It is important to 

note that sepiapterin is not the natural substrate of the enzyme and is used as a 

model for the second step in the reaction catalyzed by QueD, as will be described 

in this manuscript. Therefore, we cannot exclude the possibility that there may be 

more significant conformational changes that occur on native substrate binding 

during the first half reaction.  
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Figure 2.4 Schematic representations of ligand interactions in QueD. A. The 
active site of QueD with bound CPH4.  B. The active site of the C27A variant of 
QueD with bound sepiapterin analog.  For both figures, the E. coli QueD residues 
are in black numbering, while the corresponding residues in mPTPS are in gray. 
The ’, ”, and unlabeled residue numbers show that the active site residues are 
contributed by three adjacent monomers. 
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The other significant difference in the active site is rotation of the Cys27 sulfur 

toward the position of His25 causing its rotation away from the active site. Both 

Cys27 and His25 occupy alternate conformations in the CPH4-containing crystal 

(Fig. 2.3A); in conformation A, the sulfur of Cys27 and the nitrogen of His25 are 

separated by 3.4 Å. In contrast, the distance between these atoms is 4.1 Å in the 

unliganded structure. 

The structural data highlight the substantial similarities of mPTPS and 

QueD, as well as the conspicuous H25-D54 dyad in the vicinity of the substrate, 

which may be driving the functional differences. In the remainder of this 

manuscript we focused on biochemical studies of residues C27, H25, D54, D70, 

and H71 to better understand their role in catalysis.  

2.3.3 Steady state kinetic characterization of QueD and site-directed variants 

 To understand how the difference in reactivity between QueD and mPTPS 

may relate to the structural differences, we examined the effect of mutations to 

either the conserved or unique dyad on the activity of QueD. In initial end point 

assays to assess activity, QueD was incubated with sepiapterin or H2NTP and the 

reaction mixtures were examined by HPLC for CPH4 production. The data (Fig. 

2.5) show that, as expected, the C27A variant of QueD cannot convert either 

substrate to CPH4 confirming the essential role of this residue in catalysis and the 

lack of turnover in the crystal (see above). Mutation of the conserved dyad 

(D70N/H71A) greatly diminished CPH4 production from H2NTP, while mutation 

of the unique dyad (H25A/D54N) completely abolished this activity. 

Interestingly, both dyad mutants were able to produce CPH4 from sepiapterin. The  
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Figure 2.5 QueD and variants have differential activity toward sepiapterin 
and H2NTP. Under the HPLC conditions employed, CPH4, sepiapterin, and 
H2NTP elute at 3.8, 8.0, and 15.5 min, respectively. Note that in the 
chromatograms H2NTP is detected at 330 nm, whereas CPH4 is detected at 298 
nm. Traces of the reaction, except for the H2NTP control, are shown at the λmax of 
CPH4 for clarity. The trace for H2NTP as a control was generated without the 
quench due to the instability of H2NTP in acidic conditions. 
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quadruple variant (H25A/D54N/D70N/H71A), where both dyads are deleted, is 

completely inactive under all conditions tested. 

Steady state kinetic analyses of QueD and variants were carried out with 

H2NTP and sepiapterin to quantify the roles of the conserved residues. 

Unfortunately, we were not able to obtain reliable rates at very low concentrations 

of substrate, hampering determination of accurate Km values. Therefore, for the 

foregoing discussion of the stopped-flow data, we only use the data in Fig. 2.6 to 

estimate the lower limit of the turnover number of wild-type enzyme with H2NTP, 

and of wild-type, H25A/D54N and D70N/H71A variants with sepiapterin. The 

C27A variant is catalytically inactive under all conditions examined.  

2.3.4 Pre-steady state kinetic characterization of wild-type QueD and site-

directed variants 

To gain additional insights into the role(s) of the conserved residues, 

single turnover stopped-flow experiments were undertaken with H2NTP and 

sepiapterin as substrates. In experiments where QueD is mixed with H2NTP, an 

intermediate with a λmax at ~440 nm builds in an interval of 4.5 s after mixing and 

disappears in the next ~50 s (Fig. 2.7A). The data are consistent with a model that 

included steps for formation and disappearance of an intermediate. The data are 

best fit with three exponentials, the first two corresponding to the formation (1.5 

and 0.6 s-1) and the third to the disappearance (0.1 s-1) of the 440 nm transient 

(Fig. 2.7B). Since the turnover number of the enzyme with H2NTP is 0.013 s-1 the 

two phases are fast enough to correspond to formation and disappearance of a 

kinetically competent intermediate.  
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Figure 2.6 Steady state kinetic analysis of A. QueD with H2NTP as substrate;  
B. QueD with sepiapterin as a substrate; C. D70N/H71A variant of QueD with 
sepiapterin as a substrate; D. H25A/D54N variant of QueD with sepiapterin as 
substrate. 
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Figure 2.7 Pre-steady state analysis of the reaction catalyzed by QueD and 
variants with H2NTP as substrate. A. UV/visible spectra from a single turnover 
stopped-flow reaction of QueD with H2NTP. There is a clear buildup and 
disappearance of an intermediate at ~440 nm that reaches a maximum absorbance 
at ~4.25 s. The initial trace is in black while the final trace is in red within the 
corresponding timeframe. B. The UV/visible spectra from a single turnover 
stopped-flow experiment of wild-type and variants of QueD reacted with H2NTP 
and monitored at 440 nm over time. The trace for the wild-type enzyme is in blue 
while the traces for the H25A/D54N variant and D70N/H71A variants are in 
orange and green, respectively. There is formation and disappearance of the 440 
nm intermediate described in A for wild-type QueD.  Fits to the data obtained 
from kinetic analysis are overlaid in black. 
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Quenched-flow experiments were carried out to further probe the nature of the 

440 nm intermediate. In these experiments, QueD was mixed with H2NTP and 

samples were quenched at various times (0.5 to 60 s) after mixing and analyzed 

by HPLC. The samples reveal clear accumulation and disappearance of a peak at 

~8.0 min whose UV-visible spectrum and retention time are identical to those of 

commercially available sepiapterin. The intermediate reaches maximal 

concentration in nearly the same timeframe (14 s) as the stopped-flow detected 

440 nm intermediate (4.3 s), strongly supporting the notion that this intermediate 

is sepiapterin or a close structural analog. 

The C27A variant is clearly inactive in overall turnover (Fig. 2.5). 

Nevertheless, we carried out a stopped-flow analysis of this variant with H2NTP 

and sepiapterin. We observe no detectable change in the UV-visible spectrum 

with H2NTP. However, the UV-visible spectrum of sepiapterin undergoes a 

redshift upon mixing with the enzyme leading to a 440 nm species which is 

indistinguishable from that formed during turnover with H2NTP (Fig. 2.8A). The 

spectral change at 440 nm is fit to a single exponential yielding a rate constant of 

~0.4 s-1 (Fig. 2.8B). Therefore, while the variant is inactive with respect to overall 

turnover, it is capable of binding sepiapterin and catalyzing formation of the 

transient that we observed with H2NTP and the catalytically active QueD variants. 

The slower rate constant for formation of sepiapterin observed in the rapid quench 

assays with H2NTP as substrate may reflect the rate of conversion of this transient 

enolate species to sepiapterin in solution upon being released from the active site 

after the quench.  
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Figure 2.8 Pre-steady state analysis of sepiapterin binding to the C27A 
variant of QueD. A. UV/visible spectra from a single turnover stopped-flow 
reaction show binding of sepiapterin to the C27A variant of QueD.  Upon binding 
to the C27A variant, the spectrum of sepiapterin undergoes a red shift as well as a 
change in extinction coefficient. The initial trace is in black, while the final trace 
is in red within the corresponding time frame. B. The UV/visible spectra from the 
same single turnover stopped-flow experiment monitored at 440 nm over time. 
The spectral change is best fit by a single exponential with a rate constant of 0.4 s-

1. Fits to the data obtained from the kinetic analysis are overlaid in black. 
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The two dyad variants are differentially affected in turnover with H2NTP. 

The unique dyad H25A/D54N variant clearly forms the same 440 nm 

intermediate, but this intermediate is not turned over further (Fig. 2.7B). Analysis 

of the data at 440 nm reveals two phases with rate constants of 0.23 and 0.05 s-1. 

Therefore, the absence of production of CPH4 with the unique dyad (Fig. 2.5) 

indicates loss of ability to convert the 440 nm transient to product and not a loss 

of catalytic activity. We were unable to identify distinct intermediates by HPLC 

with this variant, presumably because of enzymatic or non-enzymatic conversion 

of the unstable sepiapterin-like intermediate to other compounds. By contrast, we 

did not observe any transient species accumulate when the conserved dyad 

D70N/H71A variant was assayed with H2NTP as substrate in our stopped-flow 

analysis (Fig. 2.7B).  

The stopped-flow data with H2NTP as substrate support the hypothesis 

that a sepiapterin-like molecule is an intermediate of the reaction catalyzed by 

QueD. When the wild-type enzyme is mixed with sepiapterin, the 420 nm peak 

corresponding to the substrate is lost with concomitant build-up of a species with 

a λmax at ~340 nm (Fig. 2.9A). This 340 nm intermediate then disappears along 

with the spectral features near 420 nm over ~60 s. The fits of the data at 420 and 

340 nm yield rate constants of 0.6 and 0.004 s-1 corresponding to conversion of 

sepiapterin to the 340 nm intermediate and its subsequent conversion to product 

(Fig. 2.9B). As with turnover of the wild-type enzyme with H2NTP, these rates 

are of the same order of magnitude as the turnover number of the enzyme with 

sepiapterin as substrate (0.01 s-1). Interestingly, the conserved dyad D70N/H71A  
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Figure 2.9 Pre-steady state analysis of the reaction catalyzed by QueD and 
variants with sepiapterin as substrate. A. UV/visible spectra from a single 
turnover stopped-flow reaction of QueD with sepiapterin. There is a loss of 
absorbance at 420 nm corresponding to the loss of sepiapterin substrate with a 
concomitant buildup of an intermediate at ~340 nm during the first 6 seconds. 
Then, both disappear over the remainder of the experiment. The initial trace is in 
black, while the final trace is in red within the corresponding timeframe. B. The 
UV/visible absorbance from a single turnover stopped-flow experiment of QueD 
and site-directed variants reacted with sepiapterin and monitored at either 420 or 
340 nm over time. The trace for wild-type QueD is in blue, while the data for the 
H25A/D54N variant and D70N/H71A variant are shown in orange and green, 
respectively. Both QueD and the D70N/H71A variant turnover sepiapterin and 
build and resolve the 340 nm intermediate in a similar fashion. Conversely, the 
H25A/D54N variant slowly depletes the initial sepiapterin substrate and does not 
build an appreciable 340 nm intermediate. Fits to the data obtained from the 
global kinetic analysis are overlaid in black. 
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variant exhibits nearly overlapping kinetic profiles that are also fit by similar rate 

constants (0.4 and 0.1 s-1 respectively) (Fig. 2.9B). However, while a 

disappearance of the substrate (at 420 nm) is observed with the H25A/D54N 

variant, consistent with the fact that this variant turns over with sepiapterin, no 

intermediates build up at 340 nm during the process (Fig. 2.9B).  

2.3.5 Biochemical characterization of the promiscuity of mPTPS 

Additional experiments were undertaken to confirm that the only product 

of the mPTPS reaction with H2NTP was PPH4. Within 1 min of mixing 0.1 mM 

mPTPS with 0.1 mM H2NTP, we observe a peak by HPLC for PPH4 at ~5.8 min. 

PPH4 is also a substrate for QueD and we do not observe evidence for a similar 

peak in any of our studies with QueD. Surprisingly, however, in reactions with 

mPTPS we observe that in addition to PPH4, CPH4 also forms within the first 5 

min and continues to build until all the PPH4 is exhausted (Fig. 2.10A). To 

confirm that PPH4 is the source of the resulting CPH4, the reaction was coupled to 

sepiapterin reductase (SR). SR catalyzes the conversion of PPH4 to 

tetrahydrobiopterin. Under these conditions, CPH4 formation is inhibited and only 

tetrahydrobiopterin forms. Moreover, to confirm that the CPH4-forming activity is 

enzymatic and does not result from degradative breakdown of PPH4, we carried 

out the same reaction in the presence of 10-fold less mPTPS. While PPH4 

formation was complete within the same timeframe in this experiment, CPH4 

formed at a 10-fold reduced rate (data not shown). Finally, mPTPS assayed with 

sepiapterin also exhibited capacity to form CPH4 (Fig. 2.10B). The mPTPS used 

here is His6-tagged and was purified by affinity chromatography, whereas QueD  
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Figure 2.10 mPTPS can utilize multiple substrates. A. In addition to catalyzing 
the reaction of H2NTP to PPH4, mPTPS can also convert PPH4 to CPH4. H2NTP 
combined with mPTPS is completely converted to PPH4 (5.8 min on 
chromatogram) within 1 min after initiation of the reaction. After approximately 5 
min, CPH4 (3.8 min on chromatogram) begins to appear and builds over the 
course of the next 2 h. H2NTP and mPTPS were assayed at equimolar 
concentrations (0.1 mM). B. mPTPS can also convert sepiapterin to CPH4 in the 
same HPLC assay regime as detailed in Fig. 2.5.  The top trace is the control 
assay without enzyme, and the bottom trace is the complete activity assay. 
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used in all the experiments in this manuscript was not and was purified by anion 

exchange and hydrophobic interaction chromatography steps. One can envision 

that mPTPS expressed in E. coli may be contaminated by a small amount of 

endogenous QueD. However, the unique subunit arrangement that produces the 

active site, which is contributed by residues from 3 adjacent subunits, require that 

the well-expressed recombinant protein incorporate at minimum two subunits of 

endogenous QueD in the proper orientation. Finally, mPTPS has been shown to 

complement E. coli QueD (268). This observation could not be explained 

previously but it is compatible with the biochemical data shown here. Our 

observations support the notion that the capacity for synthesis of CPH4 is a 

promiscuous activity that is present in mPTPS and that the unique dyad simply 

accelerates the production of this transformation in QueD. 

 

2.4 DISCUSSION  

 mPTPS and QueD both utilize H2NTP as substrate, but despite a strikingly 

similar overall fold and active site architecture they produce distinctly different 

major products. The active sites of both proteins are composed of a constellation 

of residues that are contributed by adjacent subunits in the biological assembly 

(264). The substrate in each active site is bound to a conserved zinc divalent 

cation via the C1ʹ and C2ʹ hydroxyl groups and the proteins retain similar binding 

interactions with the substrate (265). Each active site houses an essential cysteine 

residue whose activation with a conserved Asp/His dyad is proposed to initiate 

catalysis (266). The most conspicuous structural difference between the two 
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active sites is the presence of an additional His/Asp dyad in the bacterial enzyme 

on the opposite face of the Cys27 residue relative to the conserved dyad. 

Therefore, we investigated site-directed variants of QueD to determine the 

contribution(s) of each dyad to the functional differences between QueD and 

mPTPS. 

While the biological role of QueD is to convert H2NTP to CPH4, we have 

shown previously that the enzyme also utilizes sepiapterin as substrate converting 

it to CPH4 (184). Our working hypothesis was that the reaction likely involves 

intermediates that resemble this alternate substrate. Indeed time-resolved studies 

of QueD reveal the build up and disappearance of a kinetically competent 

intermediate with a λmax of 440 nm. The identity of the intermediate is difficult to 

establish unambiguously; however, rapid quench studies reveal transient 

formation of sepiapterin in the same timeframe as that of the 440 nm transient. 

The differences between the 440 nm transient observed by stopped-flow and the 

solution spectrum of sepiapterin may represent tautomerization to the enolate 

form, which is also observed in the crystal structure of the C27A variant, despite 

the inability of this variant to catalyze the overall reaction. 

We hypothesize that the role of the conserved dyad is to initiate catalysis 

with H2NTP as substrate, as mutation of these residues leads to ~80-fold decrease 

in overall turnover with H2NTP without effecting turnover parameters regarding 

catalysis with sepiapterin. By contrast, mutation of the unique dyad leads to a 

~160-fold drop in activity of the enzyme with sepiapterin and buildup of the 440 

nm intermediate when assayed with H2NTP, which is not carried through further 
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to CPH4. As described above, the time-resolved data clearly show that a 

sepiapterin analog is an intermediate in the reaction. This observation, in the 

context of the fact that sepiapterin is a substrate, suggests that the conversion of 

H2NTP to CPH4 is a multistep process. While we cannot assign specific roles to 

these residues, the dyads clearly have differential contributions at distinct stages 

in the catalytic cycle.  

A mechanistic paradigm for QueD is shown in Fig. 2.11. The proposed 

mechanism has many features in common with those proposed for mPTPS. 

Specifically, both enzymes have an essential active site cysteine residue, a 

divalent zinc ion, and a conserved dyad within hydrogen bonding distance to the 

conserved Cys. The first step in the reaction is the binding of the substrate to the 

active site via hydrogen bonding and coordination of the 1ʹ and 2ʹ-hydroxyls to 

the active site zinc divalent cation. In the structure of the C27A variant of QueD 

complexed with sepiapterin, the hydroxyl oxygen atoms are bound 

asymmetrically and at distances of ~2 Å and ~ 2.3 Å from the zinc ion. In the 

catalytic cycle the required Cys residue, which is activated by interaction with the 

conserved D70-H71 dyad, abstracts a proton from C2ʹ eliminating the 

triphosphate and is subsequently tautomerized to a sepiapterin-like intermediate. 

The unique dyad, either directly or in concert with the catalytically essential 

Cys27, activates a water molecule for the next half reaction, which entails the 

elimination of the C2ʹ-C3ʹ as acetaldehyde to form the CPH4 product. We favor a 

role for Cys27 in this half reaction as well because the C27A variant is completely 

inactive in conversion of sepiapterin to CPH4. Again, the C27A variant appears to  
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Figure 2.11 A working model for the mechanism of conversion of H2NTP to 
CPH4 by QueD. 
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catalyze a change in the conjugation of sepiapterin upon binding leading to a 440 

nm species, corroborating the planar geometry for sepiapterin observed in the X-

ray crystal structure of the C27A variant. This mechanism accounts for all our 

observations on QueD as well as the literature on the mechanism of the mPTPS 

enzyme (177, 269-272).  

Recent studies have shown that the mPTPS enzyme can complement 

production of queuosine in a ΔqueD strain of E. coli (268). This has been 

somewhat puzzling, as mPTPS had never been shown to catalyze the conversion 

of H2NTP to CPH4. Our biochemical data with purified mPTPS provide an 

experimental basis of the complementation. As shown in Fig. 2.10, in addition to 

converting H2NTP to PPH4, mPTPS also catalyzes conversion of PPH4 to CPH4, 

albeit at vastly slower rates. The extent of modification of tRNA to queuosine 

under normal growth conditions is not known, but the overexpression of the 

mammalian protein is likely to produce the necessary pool of CPH4 to support the 

tRNA modification. As is clear in the proposed mechanism, the active site zinc 

cation should be able to promote a number of tautomerizations and one can 

readily propose mechanisms by which zinc-bound PPH4 would be converted to 

CPH4. We note that while the unique dyad of QueD appears to be necessary for 

conversion of sepiapterin to CPH4, it is not essential. The active site of mPTPS 

appears to have been set up to permit zinc-mediated tautomerizations and small 

variations in active site environment, such as the introduction of the unique dyad, 

are sufficient to amplify rates of the reactions that produce CPH4.  
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 The differences in reactivity between the highly similar mPTPS and 

bacterial QueD homologs provide an interesting case of evolution of new catalytic 

activities in existing enzyme folds. The conversion of H2NTP to CPH4, albeit at 

very low levels, is clearly a promiscuous activity as the biosynthesis of queuosine 

is only carried out in prokaryotes. The concept of enzyme promiscuity leading to 

novel metabolic pathways was first proposed by Jensen (273) (for a review see 

(274)). Following a gene duplication event, enzymes that possess some low-level 

secondary activity will have a selective advantage towards evolution of a new 

activity as it will theoretically require fewer advantageous mutations to elevate 

this ability to a prominent component of a metabolic pathway. An enzyme 

possessing this low-level catalytic promiscuity will therefore have an evolutionary 

“head start.” Recently, a model regarding the evolution of new metabolic 

pathways, the innovation-amplification-divergence model, describes quite 

exquisitely how these new activities could be borne out of previous weak 

activities in ancestral enzymes (275). QueD and mPTPS may represent naturally 

occurring examples of the evolutionary models that posit promiscuous activity is 

required for emergence of new biological function(s). 

 

2.5 MATERIALS AND METHODS 

Materials- All materials were purchased commercially (unless otherwise noted) 

and were of the highest purity. All assays were carried out in a Coy anaerobic 

chamber in an atmosphere of 95-97% N2, 3-5% H2. All buffers and materials were 

deoxygenated in the chamber several days prior to use.  
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Expression and purification of E. coli QueD and variants, mPTPS, and 

sepiapterin reductase- All proteins were expressed and purified as described 

previously (184). Selenomethionine-substituted QueD was obtained by growth in 

minimal media using a method to suppress methionine biosynthesis (276). Protein 

concentration was determined by the Bradford method using bovine serum 

albumin as a standard.  

 

Site-directed mutagenesis of QueD- Variants of E. coli QueD were prepared using 

the Stratagene QuikChange Site-Directed Mutagenesis Kit using the following 

primers and their complementary primer (mutated bases underlined): C27A 

variant, 5ʹ-GAAGGGCATAAAGCTGGTCGCCTGCACGGG-3ʹ; D70N variant, 

5ʹ-CCTACGAGCGCCTCAATCACCATTATCTC-3ʹ; D70N/H71A variant (from 

the D70N variant sequence), 5ʹ-GAGCGCCTCAATGCCCATTATCTCAATG-

3ʹ; D54N variant, 5ʹ-

CGGGCTGGATTATCAATTTCGCTGAACTAAAAGCGGCG-3ʹ; H25A/D54N 

variant (from the D54N variant sequence), 5ʹ-

GTCCCGGAAGGGGCTAAATGTGGTCGC-3ʹ. The D70N/H71A mutations 

were introduced into the H25A/D54N background by successive rounds of 

mutagenesis with the primers above. Presence of the expected mutations was 

confirmed by sequencing at the University of Michigan DNA Sequencing Core 

Facility.  

 



 

 87 

Crystallization and Structure Solution- QueD was crystallized by the hanging 

drop method. For each drop, 2 µL of protein was mixed with an equal volume of 

the precipitant and suspended over 0.5 mL of the precipitant solution. Crystals 

grew under these conditions overnight. Crystals of the selenomethionine-

substituted protein (20 mg/mL in 20 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (pH 7.5), 10 mM dithiothreitol)(PDB ID: 4NTN 

and 4NTM) were obtained with 5% (v/v) 2-methyl-1,3-propanediol (MPD), 0.04 

M CaCl2, 0.1 M sodium acetate (pH 4.5) as precipitant. For the C27A variant (16 

mg/mL, 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (pH 7.5), 10 

mM dithiothreitol), the precipitant solution contained 4% (v/v) polyethylene 

glycol (PEG) 4000 and 0.1 M sodium acetate (pH 4.5). Sepiapterin or CPH4 

bound structures were obtained by soaking crystals for 1 h in a solution 

containing 7 mM sepiapterin and 17% (v/v) of appropriate precipitant (either 

PEG4000 or MPD). Crystals were transferred into a solution containing 35% of 

PEG 4000 or MPD and frozen in liquid nitrogen. 

Diffraction data were collected at SSRL on beam lines 9-2 and 11-1, and 

the data were reduced and scaled using Crystal Clear (unliganded 

selenomethionine-substituted protein) or XDS (277, 278). The structure of the 

unliganded, selenomethionine-substituted protein was solved by molecular 

replacement with PHASER (279) using PDB structure 2OBA as the search model. 

Liganded structures were solved in the same manner using the unliganded protein 

structure (4NTN) as the search model. The structures were refined using 

REFMAC5 (280) and rebuilt using COOT (281). TLS parameters were refined 
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(one TLS group per protein chain) for the liganded and unliganded 

selenomethionine protein structures. Only protein residues were included in the 

TLS groups (282). No sigma cutoff was used in the refinement. All other 

calculations were performed using programs from the CCP4 package (283). 

Coordinates for unliganded selenomethionine-substituted QueD (4NTN), 

selenomethionine-substituted protein soaked with sepiapterin (4NTM), and the 

C27A variant of QueD soaked with sepiapterin (4NTK) were deposited in the 

Protein Data Bank. Structure figures were prepared using PYMOL (284). 

 

Enzymatic preparation and purification of H2NTP- H2NTP was produced as 

reported previously (266). The lyophilized material was dissolved in 

deoxygenated water in the anaerobic chamber and aliquots were frozen at -80 °C. 

 

HPLC assays to detect turnover of QueD and mPTPS with H2NTP and 

sepiapterin- The assays (0.1 mL) contained 20 mM piperazine-N,N′-bis(2-

ethanesulfonic acid)•NaOH (pH 7.4), 10 mM dithiothreitol, 10 mM MgCl2 and 50 

µM substrate and were initiated by the addition of 10 µM enzyme. The reactions 

were quenched after 1 h by addition of 30% (w/v) trichloroacetic acid to a final 

concentration of 10% (v/v). Precipitated protein was removed by centrifugation at 

13,000 × g. The supernatant (75 µL) was placed into a glass vial which was sealed 

inside the anaerobic chamber and analyzed by an ion-pairing HPLC method 

described previously (184). The eluents were monitored using a diode array 
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detector and the chromatograms were analyzed for appearance of CPH4 (298 nm) 

or disappearance of sepiapterin (420 nm) and H2NTP (330 nm), as appropriate. 

  

Steady state kinetics experiments with QueD- HPLC-based assays to determine 

steady state kinetic parameters for the conversion of H2NTP to CPH4 were carried 

out as described above. Velocities were obtained from the linear portion of the 

reaction at each concentration of H2NTP. The enzyme concentration for the 

assays was in the 0.1-1 µM range. Steady state analysis with sepiapterin as 

substrate was carried out in the same manner as the steady state H2NTP assays 

except that conversion of sepiapterin to CPH4 was monitored (in a total assay 

volume of 1 mL) by the change in absorbance at 420 nm (ε420 = 10.4 mM-1 cm-

1)(285).  

 

Single turnover stopped-flow UV/visible spectroscopy- All single turnover 

experiments were carried out using a BioLogic SFM 400 fitted with a stopped-

flow head; a stream of nitrogen gas maintained anaerobicity in the syringe 

compartment. All solutions were prepared in the anaerobic chamber and loaded 

into syringes before being transferred to the instrument. The solutions were of the 

same composition as described for the above HPLC assays except one syringe 

contained substrate whereas the other contained enzyme, and the two were mixed 

in a 1:1 ratio. To maintain a single turnover regime, the substrate concentration 

(50 µM after mixing) was kept below the enzyme concentration (250 µM after 

mixing) in all experiments. Data obtained with the diode array detector in the 259-
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701 nm range were analyzed using KinTek Explorer software (version 3.0)(286, 

287). In each case, the data were fit to one or more exponentials (as described in 

Results) to analyze the spectral changes corresponding to turnover. 

 

Single turnover quenched-flow experiments- These experiments were carried out 

essentially as described above for the stopped-flow experiments with the 

exception that the reactions were quenched with 30% (w/v) trichloroacetic acid to 

a final concentration of 10% (v/v). Samples recovered after the quenches were 

analyzed by HPLC as described above.  

 

Assays with mPTPS - Reactions were conducted in the same manner as the 

HPLC-monitored experiments described for turnover of E. coli QueD with 

H2NTP or sepiapterin at concentrations of mPTPS and substrate indicated in the 

figure legends. 



 

 91 

CHAPTER 3: 

DISCOVERY OF EPOXYQUEUOSINE (oQ) REDUCTASE REVEALS 

PARALLELS BETWEEN HALORESPIRATION AND tRNA 

MODIFICATION  

 

 

 

 

 

 

 

 

 

This work has been previously published as: Miles, Z. D., McCarty, R. M., 

Molnar, G., and Bandarian, V. (2011) Discovery of epoxyqueuosine (oQ) 

reductase reveals parallels between halorespiration and tRNA modification, 

Proceedings of the National Academy of Sciences of the United States of America 

108, 7368-7372.  

The manuscript was written by Z. D. Miles, R. M. McCarty, and V. Bandarian. 

Digestion and analysis of RNA from the Keio Collection was performed by G. 

Molnar and Z. D. Miles. Preliminary modification of the synthetic stem loop and 

subsequent mass spectrometry was performed by R. M. McCarty. All other 

experiments were performed by Z. D. Miles.  
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3.1 ABSTRACT 

 Transfer RNA is one of the most richly modified biological molecules. 

Biosynthetic pathways that introduce these modifications are underexplored, 

largely because their absence does not lead to obvious phenotypes under normal 

growth conditions. Queuosine (Q) is a hypermodified base found in the wobble 

positions of tRNA Asp, Asn, His, and Tyr from bacteria to mankind. Using liquid 

chromatography MS methods, we have screened 1,755 single gene knockouts of 

Escherichia coli and have identified the key final step in the biosynthesis of Q. 

The protein is homologous to B12–dependent iron-sulfur proteins involved in 

halorespiration. The recombinant Bacillus subtilis epoxyqueuosine (oQ) reductase 

catalyzes the conversion of oQ to Q in a synthetic substrate, as well as 

undermodified RNA isolated from an oQ reductase knockout strain. The activity 

requires inclusion of a reductant and a redox mediator. Finally, exogenously 

supplied cobalamin stimulates the activity. This work provides the framework for 

studies of the biosynthesis of other modified RNA components, where lack of 

accessible phenotype or obvious gene clustering has impeded discovery. 

Moreover, discovery of the elusive oQ reductase protein completes the 

biosynthetic pathway of Q. 

 

3.2 INTRODUCTION 

 Nearly 100 modifications have been identified in RNA, many of which are 

found in tRNA and are common to eukaryotes, bacteria, and archaea (288). Most 

of these modifications are likely not essential under normal laboratory conditions, 



 

 93 

making discovery of biosynthetic pathways by phenotypic methods impossible. 

Queuosine (Q), a hypermodified RNA base containing a 7-deazapurine core, is 

among the more complex RNA modifications described to date. Q replaces the 

guanine in the wobble positions of the subset of tRNA molecules with a 5′-GUN-

3′ sequence in their anticodon loops (His, Asp, Asn, and Tyr). Conservation of Q 

in RNA of organisms in nearly all kingdoms of life (6) suggests that the 

modification may be of cardinal importance. A physiological role for Q has 

eluded discovery partly because of gaps in understanding of the biosynthetic 

pathway. De novo biosynthesis of Q occurs in bacteria whereas eukaryotes 

acquire the free base, queuine, from dietary sources (94, 150, 162). The bacterial 

pathway for biosynthesis of Q has been elucidated up to the penultimate 

intermediate, epoxyqueuosine (oQ) (214, 242). However, the enzyme that 

catalyzes the final step in the pathway, conversion of oQ to Q, had yet to be 

identified. Because no selectable phenotypes have been demonstrated for the 

modification, discovery of the final step in the pathway required a different 

approach that melded modern analytical methods and emerging tools in bacterial 

genetics. This methodology has led to successful identification of the final step 

and can be generalized to other RNA modifications where lack of phenotype has 

hindered discovery of the biosynthetic pathway. 

 Structural parallels between the 7-deazapurine core of queuosine and 7-

deazapurine-containing antibiotic toyocamycin were noted long before the various 

elements of the biosynthetic pathway leading to either compound was 

reconstructed in vitro (13, 21, 242). This in vitro reconstitution of the 7-
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deazapurine core was aided by the discovery of the toyocamycin biosynthetic 

gene cluster in Streptomyces rimosus, which contains three genes that had been 

previously shown to be required for the biosynthesis of queuosine in Bacillus 

subtilis (41, 174, 184, 194). The cluster also contained a GTP cyclohydrolase I 

(GCH I) homolog, which hinted at GTP as being the primary metabolic precursor. 

GCH I catalyzes the conversion of GTP to 7,8-dihydroneopterin triphosphate 

(H2NTP) in the first step in the biosynthesis of both folic acid and biopterin. GCH 

I was subsequently shown to be required for the biosynthesis of Q in Escherichia 

coli (175). In vitro reconstitution was accomplished by the successive actions of 

GCH I, 6-carboxy-5,6,7,8-tetrahydropterin (CPH4) synthase, 7-carboxy-7-

deazaguanine (CDG) synthase, and preQ0 synthetase, demonstrating that four 

enzymatic transformations are required to convert GTP to preQ0, a previously 

identified intermediate in the biosynthesis of queuosine (Fig. 3.1). At this point, 

the biosynthetic pathway toward toyocamycin diverges from that of queuosine 

with preQ0 being elaborated to toyocamycin in a series of steps that are analogous 

to those in purine biosynthesis/salvage. By contrast, the biosynthetic pathway to 

queuosine entails the NADPH-dependent conversion of preQ0 to 7-amino-7-

deazaguanine (preQ1) by preQ0 reductase (196, 200). PreQ1 base is then 

exchanged for guanine in the anticodon loop of tRNA by tRNA:guanine 

transglycosylase (Tgt)(22, 213, 214) and elaborated to oQ by addition of a 

cyclopentanediol epoxide derived from S-adenosyl-L-methionine by oQ synthase 

(QueA)(242). The penultimate intermediate to queuosine, oQ, was isolated and 

characterized 23 y ago (23) and B12 was subsequently implicated in its conversion  
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Figure 3.1 Biosynthetic pathway for production of queuosine with the oQ 
reductase step elucidated in this manuscript boxed. The block arrow denotes a 
series of steps analogous to purine salvage/repair, which convert the 7-cyano-7-
deazaguanine base to toyocamycin. 
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to Q (249). The identity of the enzyme that catalyzes the transformation and in 

vitro reconstitution of oQ reductase activity are reported in this manuscript. 

 

3.3 RESULTS 

3.3.1 Screening of the Keio collection  

 The availability of a series of isogenic variants of E. coli K-12, the Keio 

collection (289), in which each of the approximate 4,000 nonessential genes are 

individually disrupted by a kanamycin resistance cassette, provided a valuable 

opportunity to mount a search for the elusive oQ reductase. We identified 1,755 

knockout strains carrying deletions in genes of unknown function, annotated as 

“y” genes in the National Center for Biotechnology Information genome database, 

as potential candidates for genes that encode oQ reductase. Each deletion strain 

was grown in Lennox broth, RNA was isolated from each culture, digested, and 

dephosphorylated (290-292). Nucleosides were resolved by reverse phase HPLC 

and detected by tandem UV-visible spectrophotometry and mass spectrometry. 

Under these conditions, oQ and Q, which are present in miniscule amounts, are 

readily detected and identified. 

 Representative UV-visible and extracted ion chromatograms obtained from 

wild-type E. coli as processed and described above are shown in Fig. 3.2A. 

Queuosine and epoxyqueuosine typically elute at approximately 30–32 min in 

chromatograms. Extracted ion chromatograms monitoring oQ (m/z = 426) and Q 

(m/z = 410) show that under normal growth conditions both forms are present in 

RNA (Fig. 3.2B). However, the intensity of the peak for oQ is typically 0–30% of  
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Figure 3.2 Analysis of RNA from Keio collection deletion strains for presence 
and absence of Q and oQ. A shows a representative UV-visible trace of the 
RNA samples, highlighting the region where oQ and Q elute. Wild-type E. coli 
contain very little oQ when grown in LB. B shows extracted ion chromatograms 
of wild-type and deletion strains corresponding to each step in the pathway. 
Deletion of any gene up to and including tgt leads to complete absence of oQ (m/z 
= 426) or Q (m/z = 410). Deletion of queA leads to accumulation of preQ1 
nucleoside (m/z = 312), as would be expected (see Fig. 3.1). Deletion of queG 
leads to complete absence of Q and accumulation of oQ. A seven-point data 
smoothing algorithm was applied to all of the extracted ion chromatograms. 
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that of Q. RNA isolated from any strain carrying deletions up to and including Tgt 

would be predicted to be completely devoid of Q and oQ (214). Indeed, deletion 

of CPH4 synthase (b2765), CDG synthase (b2777), preQ0 synthetase (b0444), 

preQ0 reductase (b2794), and Tgt (b0406) lead to disappearance of both Q and oQ 

from RNA. GCH I is an essential gene for E. coli because it also catalyzes the 

first step in biosynthesis of folic acid (172, 173), and is therefore not included in 

the Keio collection. Interestingly, although oQ or Q are absent in extracted ion 

chromatograms of RNA from the QueA (b0405) deletion strain, the precursor to 

oQ, preQ1 nucleoside (m/z = 312), is clearly present (see Fig. 3.1 for structure). 

 Liquid chromatography (LC) MS analysis of y genes in the Keio collection 

revealed a single gene, yjeS (b4166), which is required for conversion of oQ to Q. 

RNA from the ΔyjeS strain clearly lacks Q and accumulates oQ, as would be 

expected if YjeS catalyzes conversion of oQ to Q in vivo. We observed the 

identical phenotype with the deletion of tonB (Fig. 3.3), which is a periplasmic 

protein that is required for import of cobalamin and iron (293)-both of which are 

cofactors for oQ reductase (see below). The YjeS protein will hereafter be 

referred to as QueG or oQ reductase.  

3.3.2 Bioinformatic analysis of oQ reductase  

 QueG is annotated to be a Fe-S containing protein involved in electron 

transport. A BLAST (294, 295) search with the QueG sequence, however, reveals 

similarity to a class of corrinoid Fe-S containing proteins from anaerobic 

halorespiring bacteria. These proteins are found in organisms that grow in 

biological niches that are heavily contaminated by halogenated organics in which  
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Figure 3.3 Analysis of total RNA isolated from an E. coli ΔtonB strain. 
Extracted ion chromatograms of RNA from the tonB deletion strain, showing that 
the strain contains oQ (m/z = 426) and not Q (m/z = 410). 
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Figure 3.4 A
lignm

ent of oQ
 reductase sequences w

ith a representative reductive dehalogenase from
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ehalobacter 
restrictus. The accession num

bers for the sequences are as follow
s: E. coli (N

P_418587), Vibrio cholerae (N
P_229996), 

Burkholderia glum
ae (Y

P_002912692), M
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 loti (N
P_105459), Bacillus subtilis (N
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hlorobium
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 (N
P_661226) and D

ehalobacter restrictus (C
A

D
28790). The E. coli and B. subtilis orthologs have been show

n 
in this study to function as oQ

 reductases and the D
. restrictus protein has been verified to catalyze the conversion of 

tetrachloroethene and trichloroethene to cis-1,2-dichloroethene. 
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halogenated compounds serve as terminal electron acceptors (296). Recent 

genome sequencing of a perchloroethene dechlorinating bacterium, 

Dehalococcoides ethenogenes, has revealed 17 homologs in this organism alone, 

which are presumably specialized for breakdown of different halogenated 

compounds (297). Fig. 3.4 shows an alignment of several bacterial QueG 

homologs and the biochemically studied tetrachloroethene reductase (298) from 

Dehalobacter restrictus highlighting conservation in QueG of the eight Cys 

residues that comprise the two 4Fe-4S clusters in this and other reductive 

dehalogenase proteins studied to date. Sequence similarities between QueG and 

reductive dehalogenases are localized to the C-terminal half of the dehalogenases. 

The N termini of dehalogenase proteins often contain a region involved in 

membrane association, which is presumably to proximate the protein with the 

electron transport chain. A cobalamin cofactor is found in all reductive 

dehalogenase proteins studied to date (296, 298-302), which is intriguing given 

the long-standing observation from Kersten and coworkers suggesting the 

involvement of cobalamin in the conversion of oQ to Q (249) and the requirement 

for presence of TonB demonstrated in this manuscript. Intriguingly, we also find 

conserved D109xH111 (E. coli numbering) motif in the reductase, which we 

hypothesize, by analogy to cobalamin-dependent methionine synthase (303), may 

be involved in the base-off binding of the cobalamin cofactor. Such a motif is also 

found in a subset of reductive dehalogenase proteins (304). Although the motif is 

not universally conserved in all reductive dehalogenase proteins, spectroscopic 

evidence suggests base-off binding of the cofactor to several dehalogenases (298, 
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302). 

3.3.3 In vitro reconstitution of oQ reductase activity 

 Because of solubility issues relating to the expression of the E. coli YjeS 

protein, we chose to isolate the B. subtilis protein, which is annotated as YhbA 

(BSU08910) and shares 30% sequence identity with the E. coli protein; all of the 

key sequence features of the E. coli homolog are conserved in the B. subtilis 

protein. Heterologous expression of His6-YhbA in E. coli in the presence of Fe 

and cobalamin at 18 °C led to accumulation of significant quantities of soluble 

protein. As with the anaerobic reductive dehalogenases, we expect oQ reductase 

to be oxygen sensitive. Hence the protein was purified and characterized under 

strictly anaerobic conditions (95-97% N2/3-5% H2). Fractions from the Ni-affinity 

column were orange/brown. Attempts at desalting the protein to remove 

imidazole and NaCl led to loss of the chromophore. Inclusion of glycerol (20% 

vol/vol), however, did improve retention. Because the protein was judged to be 

>85% pure (based on SDS-PAGE) as it eluted from the column, we opted to 

utilize it without any additional purification steps. 

 We utilized a synthetic substrate to establish QueG activity in vitro. Both 

Tgt and QueA have been shown to catalyze their respective transformations on a 

synthetic 17-mer oligoribonucleotide stem loop substrate corresponding to 

nucleotides 28-44 of the E. coli tyrT tRNA (245). To prepare the substrate for the 

analysis, preQ1 was generated enzymatically from synthetic preQ0 (205), 

exchanged into the wobble position of the stem loop with Tgt, and modified to oQ 

with QueA. Control experiments in which the substrate was digested to the 
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corresponding nucleosides and analyzed by LC-MS show that >85% of the 

substrate is modified to oQ nucleoside (m/z = 426), as judged by comparison of 

the oQ peak to that of guanosine. The initial assays with the protein were carried 

out with all of the components that we reasoned might be required for activity. 

The purified protein catalyzes the conversion of oQ in the synthetic substrate to Q 

under anaerobic conditions in a time-dependent manner (Fig. 3.5A), as monitored 

by disappearance of oQ and appearance of Q. The reaction is complete in 

approximately 5 min. As shown in Fig. 3B, no turnover is observed when either 

the enzyme, dithionite, or methyl viologen are removed. Intriguingly, the 

reactions are stimulated in the presence of cobalamin (Fig. 3.5A). The stimulation 

is not large (approximately 1.3-fold) but it is reproducibly observed, suggesting 

that approximately 30% of the active protein contains Fe-S but no cobalamin. The 

requirement for dithionite and methyl viologen, however, was established by 

showing complete absence of Q in the synthetic stem loop substrate even after a 

longer incubation period (15 h) and in the presence of large amounts of enzyme 

(20-fold higher); the extracted ion chromatograms from these studies are identical 

to controls shown in Fig. 3.5B. We note that the requirement for a reductant and a 

mediator, such as dithionite and methyl viologen, have also been demonstrated for 

all reductive dehalogenase proteins studied to date (296). The cellular reductant 

has never been identified. 

 To further confirm the oQ reductase activity in the context of a 

representative biological sample, the RNA purified from a ΔqueG knockout of E. 

coli, which contains only oQ (Fig. 3.2B), was treated with purified oQ reductase  
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Figure 3.5 Activity assays with oQ reductase. A. Incubation of oQ reductase in 
the presence of methyl viologen, dithionite, and B12 leads to time-dependent 
disappearance of the oQ and appearance of Q. In the time course, the areas of the 
extracted ion chromatograms at m/z = 426 or 410, corresponding to oQ or Q, 
respectively, were measured and plotted. The intensity of the peaks at each time 
point were referenced to the intensities of the unreacted substrate (100% oQ) or 
full conversion (100% Q). B. B12 stimulates activity by approximately 30%. 
Control experiments show that methyl viologen and dithionite are absolutely 
required as shown in extracted ion chromatograms in B. A seven-point data 
smoothing algorithm was applied to all of the extracted ion chromatograms. 
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protein. The nucleosides obtained after digestion and dephosphorylation of the 

RNA were analyzed by LC-MS. As with the synthetic substrate, QueG catalyzes 

the conversion of oQ (presumably associated with Asp, Asn, His, and Tyr tRNA) 

to Q (Fig. 3.6). These results confirm the role of oQ reductase and bacterial 

homologs in conversion of oQ to Q in vivo. 

 The role of B12 in the reaction catalyzed by oQ reductase remains to be 

established. However, one may envision two potential roles for the cofactor, as 

for example proposed for reductive dehalogenation of perchloroethylene and 

trichloroethylene (305). First, cobalamin may be intimately involved in the 

chemical transformation either as a covalent or direct electron transfer catalyst 

(305). For example, cobalamin in the +1 oxidation state may attack the C-O bond 

of the epoxide leading to ring opening. Heterolytic cleavage of the bond followed 

by elimination of water would lead to formation of Q and oxidation (by two 

electrons) of the cobalamin to the cob(III)alamin state. In this scenario, the Fe-S 

clusters serve to deliver reducing electrons to the cobalamin cofactor to regenerate 

the nucleophilic +1 state (Fig. 3.7). A second mechanistic paradigm would utilize 

the cobalamin cofactor as a conduit through which electrons are transferred to the 

Fe-S cluster(s), where conversion of oQ to Q takes place by an unknown 

mechanism. Studies to differentiate between these and other mechanistic 

possibilities could be undertaken with recombinant oQ reductase using site-

directed mutagenesis experiments in which the Fe-S cluster(s) or the cobalamin 

binding determinants are removed. Moreover, given the protocols that permit 

isolation and analysis of cellular RNA for oQ and Q, it should be possible to  
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Figure 3.6 QueG can utilize total RNA from the E. coli ΔqueG strain as a 
substrate. Extracted ion chromatograms showing that incubation of oQ reductase 
with tRNA isolated from a ΔqueG strain (which accumulates only oQ) leads to 
conversion of all oQ (m/z = 426) to Q (m/z = 410). 
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Figure 3.7 Putative mechanism for oQ reductase. The nucleophilic 
cob(I)alamin can attack the substrate to open the epoxide. The attack can take 
place at either carbon atom. Subsequent heterolytic cleavage of the Co-C bond 
and elimination of water from the intermediate would lead to Q and 
cob(III)alamin. In this scenario, cob(I)alamin is regenerated by the iron-sulfur 
cluster(s). 
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obtain RNA from cells grown under various conditions, to probe the role of the 

cofactors in vivo with chromosomal copies of the oQ reductase gene where Fe-S 

or cobalamin binding determinants have been deleted. Moreover, examination of 

deletion strains may also provide insights into the in vivo reductant for the oQ 

reductase reaction. 

 The TonB requirement for the modification may be important 

physiologically. In addition to B12 and iron, TonB has been implicated in the 

import of colicins into E. coli (306). Colicins are bacterial toxins, which upon 

uptake into a susceptible host, exert their lethal effects. ColE5, for example, is a 

ribonuclease that specifically cleaves on the 3′ side of Q-containing tRNAs in E. 

coli (307). Many colicins share the same BtuB–TonB system that is used for 

import of iron and B12. Although a role for TonB in mediating ColE5 uptake has 

not been established, at present one cannot rule out a link between TonB and 

import of ColE5, B12, and iron.  

 

3.4 DISCUSSION 

 These studies complete the biosynthetic pathway for queuosine and pave the 

way for probing the physiological role of queuosine, which, based on its ubiquity, 

we suspect serves a central role in biology. Moreover, the methodology used in 

this study to identify a B12-dependent protein involved in the biosynthesis of 

queuosine is relatively simple and generally applicable to studies aimed at 

identification of proteins involved in other RNA modification pathways where 

physiological function of the modification has remained unknown. 
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3.5 MATERIALS AND METHODS 

Growth of E. coli Strains and Isolation of Total RNA- Wild-type and E. coli 

deletion strains from the Keio collection were inoculated into 50 mL Lenox Broth 

(LB) containing 34 µg⁄mL kanamycin sulfate, grown for 16 h at 37 °C, and 

harvested by centrifugation. Total cellular RNA was extracted using a protocol 

based on Kingston et al. (291). Each E. coli cell pellet was resuspended in 0.6 mL 

of a denaturation solution containing 4 M guanidine thiocyanate, 25 mM sodium 

citrate (pH 7.0), 0.5% N-laurylsarcosine, and 0.1 M β-mercaptoethanol. The 

following were added to the resuspended cells in the order listed: 0.1 mL of 2 M 

sodium acetate (pH 4.0), 1 mL phenol, and 200 µL of bromochloropropane. Each 

was mixed in by vortexing upon addition. The mixture was placed on ice for 15 

min and centrifuged at 15,000 × g for 15 min to separate aqueous and organic 

phases. The aqueous layer was removed, combined with 1 vol of isopropanol, 

chilled at -20 °C for 30 min, and centrifuged for 10 min at 21,000 × g to pellet the 

precipitated RNA. The RNA pellet was dissolved in 50 µL of RNase free water 

and further purified as follows using RNeasy RNA purification kit (Qiagen) 

according to manufacturer’s protocol. 

 

Digestion and Dephosphorylation of Isolated RNA- Total cellular RNA purified 

as described above was hydrolyzed to its constitutive nucleotides and 

dephosphorylated using a procedure that yields samples that are suitable for LC-

MS analysis in positive ion mode (290). Each RNA sample (50 µL in water) 
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obtained as described above was combined with 5 µL of 0.1 M ammonium acetate 

(pH 5.3) and 1 µL of nuclease P1 (1.4 U/µL) (Sigma) and incubated for 6 h at 45 

°C. Next, 5 µL of 1 M ammonium bicarbonate and 3 µL of phosphodiesterase I (2 

U/µL) (Sigma) were added and the mixture was incubated at 37 °C for 2 h. The 

reaction was subsequently combined with 0.1 mL of a solution containing 10 mM 

Tris•HCl (pH 7.5) and 10 mM MgCl2 and 3 µL of bacterial alkaline phosphatase 

(150 U/µL) (Invitrogen) and incubated at 37 °C for 2 h. The total reaction was 

filtered through a YM-10 centrifugal filter (Pall Life Sciences) at 12,000 × g for 

10 min to remove protein and the flow-through containing the nucleosides was 

analyzed as described below. 

 

LC-MS Analysis of RNA Hydrolysates- The presence or absence of oQ and 

queuosine from cellular RNA was determined by LC-MS of the dephosphorylated 

RNA nucleotides. The procedure described here is based on analytical methods 

reported by Pomerantz and McCloskey (292) for detection and identification of 

modified bases in RNA. An aliquot (30 µL) of RNA nucleosides prepared as 

described above was injected onto a 4.6 × 250-mm Eclipse XDB-C18 column 

(Agilent) which had been preequilibrated in 19.3% (wt/vol) ammonium acetate 

adjusted to pH 6.0 with glacial acetic acid (solution A) and run at 0.3 mL⁄ min. 

Nucleosides were eluted from the column with a complex gradient from solution 

A and a solution composed of 40% acetonitrile and 60% H2O (solution B). The 

separation program was as follows: 0–3 min, 0% solution B; 3.0–4.4 min 0–0.2% 

solution B; 4.4–5.8 min, 0.2–0.8% solution B; 5.8–7.2 min, 0.8–1.8% solution B; 
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7.2–8.6 min, 1.8–3.2% solution B; 8.6–10 min, 3.2–5% solution B; 10–25 min, 5–

25% solution B; 25–40 min, 25–50% solution B; 40–49 min, 50–75% solution B; 

49–52 min, 75% solution B; 52–60 min, 75–100% solution B. The elution was 

monitored by UV-visible and MS detection. UV-visible spectra (220–500 nm) 

were recorded on a ThermoFinnigan Surveyor photodiode array detector. MS was 

carried out with an in-line electrospray (ES) ionization-equipped LCQ 

ThermoFinnigan Deca XP mass spectrometer, which was operated in the positive 

ion mode. The m/z range of 90-500 atomic mass unit was scanned and the ES was 

set at a 7 V ionization energy and a 200 °C ion source temperature. 

 

Cloning of B. subtilis QueG- The open reading frame encoding B. subtilis QueG 

(yhbA) was amplified from B. subtilis chromosomal DNA by PCR using the 

following primers: 5′-

CATATGAACGTTTATCAGCTCAAAGAAGAATTAATTGAATACGCG-3′ 

(forward) and 5′-

CTCGAGTCATCAGGACAGGCCTTGTTTAGTCATGCCTGAAG-3′ (reverse) 

at an annealing temperature of 53 °C. The resulting PCR product was subcloned 

into pGEM-T Easy vector (Promega) prior to being excised by NdeI and XhoI and 

being cloned into similarly digested pET28a (Novagen) to yield pZM002 for 

expression of His6- tagged QueG. 

 

Expression of B. subtilis oQ Reductase- E. coli HMS-174 (DE3) containing 

pZM002 (for expression of QueG) and pBD1282 (from Dennis Dean, Virginia 
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Tech, Blacksburg, VA, through Squire Booker, Pennsylvania State University, 

University Park, PA), which contains the isc operon of Azotobacter vinelandii, 

were grown in 6 L of LB containing 34 µg⁄mL kanamycin and 100 µg⁄mL 

ampicillin at 37 °C to an OD600 of approximately 0.3, at which point solid 

arabinose was added to a final concentration of 0.05% (wt/vol) to induce 

transcription of the genes in pBD1282. The cells were grown further to an OD600 

of approximately 0.5, at which point ferric chloride (final concentration of 50 µM) 

was added and expression of QueG was induced by addition of IPTG (0.1 mM). 

Hydroxocobalamin (acetate salt, 10 µM final concentration) was added as well. 

Cells were grown for 8 h at 18 °C, harvested by centrifugation (5,000 × g), frozen 

in N2, and stored at -80 °C. 

 

Purification of E. coli QueG- Purification of QueG was carried out in a Coy 

anaerobic chamber (approximately 95–97% N2, 3–5% H2). Cells (approximately 3 

g) were suspended in buffer containing 20 mM potassium phosphate (pH 7.2), 0.5 

M NaCl, 5 mM imidazole, 20% glycerol, and 1 mM PMSF and sonified using a 

Branson digital sonifier (45% amplitude). The lysate was centrifuged for 20 min 

at 14,500 × g and 4 °C to remove cellular debris. The cleared lysate was loaded 

onto a 1 mL HisTrapHP column (GE Healthcare), which had been charged with 

NiSO4 and equilibrated with a solution containing 20 mM potassium phosphate 

(pH 7.2), 0.5 M NaCl, 5 mM imidazole, and 20% glycerol (buffer A). The column 

was rinsed with 15 mL of buffer A. The column was washed with 2 mL of buffer 

A containing 0.1 M imidazole to remove nonspecifically bound proteins. 
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Epoxyqueuosine reductase was eluted with 6 mL of buffer A containing 300 mM 

imidazole. Fractions containing the desired protein were identified using SDS-

PAGE, and stored at -80 °C in small aliquots. Protein concentration was 

determined by the bicinchoninic acid method using bovine serum albumin 

(Thermo Scientific) as a standard.  

 

Cloning and Expression of Escherichia coli Transglycosylase (Tgt) and 

Epoxyqueuosine (oQ) synthase (QueA)- The template DNA used for amplification 

was from Sigma. The gene corresponding to E. coli tgt was cloned using the 

following primers: 5′-GGCAGCCATAT- 

GAAATTTGAACTGGACACCACCGACGG-3′ (forward) and 5′- 

GCGGCCGCAAGCTTTTATTAATCAACGTTCAAAGGTGGTACTTCTCG-3′ 

(reverse) at an annealing temperature of 55 °C. The gene corresponding to E. coli 

QueA was cloned using the following primers: 5′-

CGCGGCAGCCATATGCGCGTTACCGATTTCTCCTTTGAATTGCCC-3′ 

(forward) and 5′-CTCG- 

AGTCGGCCGCAAGCTTTTATTACTCCCCGACGCGCTCATTAATTGCC-3′ 

(reverse) at an annealing temperature of 55 °C. The resulting PCR products were 

subcloned into pGEM-T Easy vector (Promega) and were subsequently excised 

with HindIII and NdeI and cloned into similarly digested pET28a (Novagen) for 

His6-tagged expression. 

 

Overexpression and Purification of E. coli Tgt and QueA- BL21(DE3) cells 
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containing plasmids for overexpression of E. coli Tgt or QueA were grown in 1 L 

of Lenox Broth containing 34 µg⁄mL kanamycin at 37 °C to an OD600 ∼ 0.5 , at 

which point protein expression was induced by addition of IPTG (100 µM). Cells 

were harvested by centrifugation (4,000 × g) 6 h after induction, frozen in liquid 

N2, and stored at -80 °C until further use. Protein was purified from frozen cell 

paste (approximately 2.5 g) containing overexpressed Tgt or QueA. Cells were 

lysed by sonication in 20 mM potassium phosphate (pH 7.2) containing 0.5 M 

KCl, 40 mM imidazole, and 1 mM PMSF using a Branson digital sonifier (50% 

amplitude). The cleared lysates were obtained by centrifugation at 26,000 × g and 

loaded on a 1-mL HiTrap Chelating HP column (GE Healthcare), which had been 

charged with NiSO4 and equilibrated with 20 mM potassium phosphate (pH 7.2) 

containing 0.5 M KCl. Proteins were eluted with a linear gradient to 0.5 M 

imidazole (pH 7.2) in 20 mM potassium phosphate containing 0.5 M KCl over 20 

mL at a flow rate of 1 mL/min. Fractions containing the desired proteins were 

identified by SDS-PAGE, pooled, and dialyzed overnight against 2 L of 20 mM 

potassium phosphate pH 7.2 with one buffer change. Tgt and QueA were each 

concentrated to approximately 1 mL in centrifugal filtration devices containing 

YM-10 membranes (Amicon), aliquoted, frozen in N2, and stored at -80 °C until 

further use. 

 

Preparation of 7-Cyano-7-Aminomethylguanine (preQ1)- Synthetic preQ0 (7-

cyano-7-deazaguanine) was converted enzymatically to preQ1 using E. coli QueF, 

an NADPH-dependent nitrile reductase in the queuosine biosynthetic pathway. 
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The synthesis of preQ0 and cloning, expression, and purification of QueF have 

been described previously (196, 205). The reaction for the enzymatic conversion 

of preQ0 to preQ1 contained 50 mM potassium phosphate (pH 7.4), 100 mM KCl, 

0.5 mM NADPH, 0.5 mM preQ0, and 10 µM QueF in a final volume 0.4 L. The 

mixture was stirred gently for 8 h at 37 °C and filtered through a YM-10 

(Amicon) membrane under pressure of nitrogen to remove QueF. The filtrate was 

lyophilized, resuspended in 0.2 L of methanol, and stirred for 1 h to dissolve 

preQ1. Undissolved material was removed by filtration and methanol was 

removed by rotary evaporation until only a yellow solid remained. The solid 

material was dissolved in 10 mL H2O (pH 3.8) and loaded on a 60-mL CM-

Sepharose Fast Flow column (2.6 × 11.3 cm, GE Health- care) preequilibrated in 

the same. The column was rinsed with 0.1 L H2O (pH 3.8) and preQ1 was eluted 

from the column with a gradient to 0.5 M HCl in 0.5 L. Fractions (5 mL) were 

collected and analyzed for the presence of preQ1 by liquid chromatography MS as 

described above for the analysis of cellular tRNA hydrolysates. Fractions 

containing preQ1 were pooled, lyophilized, and dissolved in 1 mL H2O. 

 

Preparation of the tRNA Stem Loop Substrate Containing oQ- All manipulations 

involving RNA were carried out using buffers and stock solutions in 

diethylpyrocarbonate (DEPC) treated water. A 17-mer RNA oligoribonucleotide 

with the sequence 5′-rGrCrArGrArCrUrGrUrArArArUrCrUrGrC-3′, 

corresponding to the anticodon (underlined) stem loop of tyrosyl tRNA, was 

prepared by Integrated DNA Technologies. Guanosine in the anticodon loop was 
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converted to preQ1 nucleoside by E. coli Tgt and subsequently converted to oQ by 

E. coli QueA as described previously (196). The Tgt reaction mixtures contained 

1 mM preQ1, 20 mM Hepes•NaOH (pH 7.5), 0.1 mM RNA stem loop, 10 mM 

MgCl2, 50 mM KCl, 2 mM DTT, and 3.4 µM His6-Tgt in a final volume 0.5 mL. 

The reactions were allowed to proceed for 3 h at 37 °C. Modified RNA was 

purified from the reaction mixture by phenol-CHCl3 extraction to precipitate 

proteins, followed by ethanol precipitation of RNA as follows. The reaction was 

combined with Tris-buffered phenol (375 µL) and CHCl3 (375 µL), mixed 

vigorously, and then centrifuged to separate the aqueous and organic phases. The 

aqueous phase, which contained the RNA, was combined with 750 µL of CHCl3, 

mixed vigorously, and centrifuged. The aqueous layer was saved, combined with 

50 µL of 2 M sodium acetate (pH 4.0) and 1 mL ethanol, chilled at -20 °C for 20 

min, and centrifuged to pellet the precipitated, preQ1-containing RNA. The RNA 

pellet was dried and resuspended in 50 µL DEPC-treated water for the QueA 

reaction. The QueA reaction contained 100 mM glycylglycine•KOH (pH 8.7), 10 

mM EDTA (pH 8.0), 50 mM KCl, 1 mM S-adenosyl-L-methionine, 0.5 mM DTT, 

and 3.86 µM His6 –QueA in a final volume 0.5 mL. The reaction proceeded for 3 

h at 37 °C. RNA containing oQ was isolated by phenol-CHCl3 extraction 

followed by ethanol precipitation (as described above) and resuspended in 50 µL 

DEPC-treated water.  

 

Assay for Conversion of oQ to Q by E. coli QueG- The conversion of oQ to 

queuosine by QueG was carried out using either a 17-mer oQ-containing RNA 
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stem loop, prepared as described, or total RNA from the ΔqueG strain of E. coli. 

The assays contained 12 mM Hepes•NaOH (pH 7.2), 1.5 mM hydoxocobalamin 

(acetate salt), 1.5 mM methyl viologen, 20 mM sodium dithionite, 4 µL of either 

the synthetically modified 17-mer stem loop (35 µM) containing epoxyqueuosine 

or purified total RNA (3.2 mg⁄mL) from the ΔqueG strain of E. coli, and 6 µM 

QueG protein. The final solutions also contained 1.3 mM potassium phosphate 

(pH 7.2), 33.3 mM sodium chloride, 20 mM imidazole (Sigma), and 1% (vol/vol) 

glycerol carried over from the QueG stock solution. The reactions were initiated 

by addition of QueG and quenched by addition of 0.25 mL QIAzol reagent (which 

contains phenol). RNA was purified from the reaction mixtures using the protocol 

described above for the cleanup of cellular RNA with the RNAeasy kit, digested, 

dephosphorylated, and analyzed by LC-MS as described. 
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CHAPTER 4: 

BIOCHEMICAL AND SPECTROSCOPIC CHARACTERIZATION OF 

THE COFACTOR REQUIREMENTS AND CONSERVED RESIDUES OF 

EPOXYQUEUOSINE REDUCTASE 
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4.1 ABSTRACT  

 Queuosine is a hypermodified nucleoside present in the wobble position of 

tRNAs with a 5′-GUN-3′ sequence in their anticodon (His, Asp, Asn, and Tyr). 

Queuosine contains a 7-deazapurine core structure and is synthesized de novo in 

prokaryotes from guanosine-5ʹ-triphosphate in a series of eight sequential 

enzymatic transformations, the final 3 of which occur on tRNA. Recently 

epoxyqueuosine reductase, the enzyme required for the final step in the pathway 

entailing epoxide reduction of the cyclopentanediol ring, was identified and 

shown to be stimulated by addition of exogenous hydroxocobalamin in vitro. 

Further biochemical and spectroscopic analyses have revealed that this enzyme 

requires cobalamin and two [4Fe-4S] clusters for catalysis. In addition, we have 

identified the conserved residues critical for catalysis, and how these residues may 

play a role in modulation of the primary coordination sphere of cobalamin. These 

studies provide insight into the identity and unique arrangement of cofactors, and 

the mechanism by which epoxide reduction is accomplished. 

  

4.2 INTRODUCTION  

 RNA is one of the most chemically diverse biological components with 

over 110 modifications reported to date (2). Modifications can be as complex as 

the tricyclic ring structure observed in wybutosine and its many intermediates 

(308, 309), or as simple as acetylation or thiolation of various positions on the 

purine or pyrimidine core. These modifications contribute to a myriad of 

functions including, but not limited to, translational efficiency and accuracy, 
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structural stabilization of the tRNA, enhanced recognition between the tRNA and 

its cognate aminoacyl-tRNA synthetase, and decoding of degenerate codons (310, 

311). However, even simple modifications, such as methylation, are garnering 

attention as regulators of RNA processes. Only recently has the importance of 

such modifications come to light through identification of enzymes that reverse 

this methylation process, in an analogous fashion to DNA, adding a layer of 

regulation described as RNA epigenetics (312, 313).  

Queuosine is one of the most highly decorated RNA modifications 

identified to date and has been observed in RNA across almost all domains of life 

(6). The unique 7-deazapurine core structure, which is also found in a variety of 

secondary metabolites (4), is further adorned with a cyclopentenediol moiety 

derived from S-adenosyl-L-methionine (SAM)(Fig. 1.1)(242). Queuosine is 

present in the wobble position of tRNAs containing a 5ʹ′-GUN-3ʹ′ anticodon 

sequence that encodes for Asp, Asn, His, and Tyr amino acids (Fig. 1.1)(3). In 

bacteria, it is synthesized from the precursor GTP through an eight step 

biosynthetic pathway (Fig. 1.2)(175, 194, 196, 214, 242); by contrast higher order 

organisms obtain the free base queuine from dietary sources and exchange into 

mature tRNA in place of guanine en masse (150). While no discrete biological 

function has been determined for this modification, queuosine has been 

implicated in numerous biological phenomena such as cancer pathology (109, 

117-120), pathogenicity (74, 75), symbiosis (83), and neurological disorders 

(151).  
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Our understanding of the complete de novo biosynthetic pathway has 

recently been completed with the discovery of epoxyqueuosine reductase (QueG) 

catalyzing the ultimate epoxide reduction, conversion of epoxyqueuosine to the 

final modification queuosine (Fig 4.1)(250). QueG is homologous to the reductive 

dehalogenase class of enzymes that are essential to a group of bacteria that 

metabolize halogenated compounds as their terminal electron acceptors in 

coupled energy metabolism (314, 315). Reductive dehalogenases are known to 

contain multiple iron sulfur clusters and corrinoids as cofactors, and require 

strong reductants for activity (298, 301, 302, 316, 317). However, little is known 

of how these cofactors work in concert to catalyze this reductive dehalogenation 

due to the inability to express these proteins through recombinant methods. As 

with reductive dehalogenases, the epoxide reduction reaction catalyzed by QueG 

is a two-electron reduction requiring a strong reductant and is stimulated by 

addition of exogenous cobalamin during catalysis (250).  

Herein we report a detailed biochemical and spectroscopic analysis of the 

cofactor requirements of QueG. We have established a method to obtain cofactor 

replete, active recombinant protein in an anaerobic environment leading to the 

unambiguous cofactor stoichiometry. The results show that both FeS clusters and 

cobalamin are cofactors and are absolutely required for activity. In addition, an in 

vivo alanine scanning experiment has identified residues that are critical for 

catalysis and reveal an interesting role for these residues in modulating the 

coordination state of cobalamin. Finally, we have identified a possible biological 

reducing system for the in vivo reduction of QueG.  
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Figure 4.1 The reaction catalyzed by QueG. The two-electron reduction of the 
penultimate intermediate epoxyqueuosine to the ultimate modification queuosine 
is catalyzed by epoxyqueuosine reductase (QueG). 
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Taken together, these analyses highlight the unique cofactor requirements 

necessary to facilitate this novel epoxide reduction of an RNA modification.  

 

4.3 RESULTS 

4.3.1 Initial purification and cofactor requirements 

Previous studies on purified QueG confirmed that the enzyme was 

sufficient for conversion of oQ to Q and demonstrated that addition of exogenous 

cobalamin stimulated activity (250). However, the protein used in those studies 

was recalcitrant to expression and purification to a more homogenous state and 

the observation that cobalamin stimulated activity was presumably due to the lack 

of cofactor replete protein. Therefore, we obtained the codon-optimized gene and 

developed a method of expression and purification to obtain >95% pure protein to 

explore cofactor stoichiometry (Fig. 4.2A). A UV/visible spectrum of the purified 

protein is shown in Fig. 4.2B. Based on homology to reductive dehalogenases, we 

hypothesized that the enzyme would contain two iron-sulfur clusters and 

cobalamin as cofactors. Indeed, the spectrum includes features common to both 

[4Fe-4S] clusters at ~420 nm (318) and cob(II)alamin at 475 nm (319). Size-

exclusion chromatography studies reveal QueG to be a monomer in solution (Fig. 

4.3).  

After establishment of a protein purification and cofactor incorporation 

scheme, we next turned our attention to determining whether both FeS clusters 

and cobalamin are required for activity. The purification scheme consists of two 

affinity chromatography steps, during which the protein becomes successively  
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Fig 4.2 Purification and UV/visible spectrum of QueG. A. An SDS-PAGE gel 
of purified QueG. Based on the gel, QueG is >95% pure with a molecular weight 
consistent with the predicted weight of 48.7 kDa. B. A UV/visible spectrum of the 
purified enzyme contains features consistent with inclusion of both FeS clusters 
(~420 nm) and cob(II)alamin (~475 nm) as cofactors. 
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Figure 4.3 Quaternary state determination of QueG in solution. A size 
exclusion chromatogram of protein standards (shown in dotted black line) 
superimposed with a chromatogram of protein standards including purified QueG 
enzyme (shown in solid black line). Based on the elution profiles, only the peak 
pertaining to the ~44 kDa standard changes with inclusion of QueG in the 
solution mixture. QueG is ~48.7 kDa leading to the increase in only the 
absorbance of the concurrent standard peak. The standard peaks (from left to 
right) are: thyroglobulin (670 kDa), γ-globulin (150 kDa), ovalbumin (44 kDa), 
myoglobin (17 kDa) and vitamin B12 (1350 Da). 
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less brown, presumably due to the loss of cofactors. The strategy for obtaining 

replete protein involves reconstitution of the purified protein with iron, sulfide, 

and cobalamin just before the size-exclusion chromatography step. To establish 

the cofactor requirements, protein was assayed for activity following both the 

initial affinity steps and reconstitution in the presence and absence of exogenous 

cobalamin. As shown in Fig. 4.4, reconstitution of the FeS clusters is not 

sufficient for activity and also requires addition of cobalamin. If either is omitted, 

no conversion of oQ to Q is observed.  

To determine the stoichiometry of the clusters and cobalamin present, 

amino acid analysis was conducted on reconstituted QueG after the size-exclusion 

step to obtain an accurate protein concentration. Based on the results of the amino 

acid analysis, the protein concentration obtained using the Bradford method 

overestimates the amount of protein present by approximately 1.7-fold. QueG was 

also subjected to ICP-OES to determine the amount of iron and the Beinert 

method was used to determine the amount of labile sulfide. Finally, a cyanolysis 

was carried out to quantify cobalamin content. The stoichiometries derived from 

the above analyses are summarized in Table 4.1. Purified and reconstituted QueG 

contains approximately 6.5 moles of iron and 8 moles of labile sulfide per 

monomer. Cyanolysis revealed approximately one mole of cobalamin per 

monomer. These are consistent with the presence of two [4Fe-4S] clusters and 

one cobalamin.  

The cofactor stoichiometries detailed above strongly suggested the 

presence of two [4Fe-4S] clusters; however, these analyses do not contain  
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Figure 4.4 Both FeS clusters and cobalamin are required for QueG activity 
in vitro. Extracted ion chromatograms of digested nucleosides of oQ (m/z = 426) 
and Q (m/z = 410) from oQ stem loop used as the substrate in an in vitro activity 
assay of QueG. Protein was assayed for activity before and after reconstitution in 
the presence or absence of exogenous hydroxocobalamin. The appearance of 
turnover in only enzyme with reconstituted FeS clusters and added 
hydroxocobalamin demonstrates the necessity of both for activity. 
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Cofactor Analyzed Stoichiometry (mol/monomer QueG) 

Iron 6.54 ± 1.61 

Labile Sulfide 8.01 ± 1.08 

Cobalamin 1.01 ± 0.11 

 

Table 4.1 Analysis of the cofactor content of QueG. The values are consistent 
with the presence of two [4Fe-4S] clusters and one cobalamin cofactor per 
monomer of QueG. The concentration of QueG protein used to obtain the 
stoichiometric values was corrected using the empirically determined Bradford 
correction factor of 0.58 calculated from amino acid analysis. See Materials and 
Methods for complete experimental methods. 
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information regarding the nature of the clusters. Therefore, to unambiguously 

determine the type(s) of clusters present, 57Fe-containing QueG was analyzed by 

Mössbauer spectroscopy. The spectrum shown in Fig. 4.5 is primarily a 

quadrupole doublet (~83%) with an isomer shift (δ) of ~ 0.44 mm/s and a 

quadrupole splitting parameter (ΔEQ) of ~ 1.21 mm/s, consistent with a protein 

containing [4Fe-4S]2+ clusters, with a small portion of the spectrum (~15%) 

pertaining to [2Fe-2S]2+ cluster evidenced from an isomer shift (δ) of ~ 0.6 mm/s 

signal. This feature can be modeled by a quadrupole doublet with an isomer shift 

(δ) of ~ 0.30 mm/s, and a splitting parameter (ΔEQ) of ~ 0.50 mm/s. The presence 

of a small amount of [2Fe-2S]2+ cluster is common with such highly oxygen 

sensitive proteins presumably due to limited cluster degradation. These results, 

coupled with the above iron and sulfur stoichiometries, confirm that QueG does 

indeed contain [4Fe-4S] clusters.  

4.3.2 Examination of possible in vivo reductants of QueG 

 It was previously shown that the strong reductant dithionite, in 

conjunction with the electron mediator methyl viologen, were sufficient for 

turnover of QueG. We further probed the reductant requirements by examining if 

flavin or flavoproteins that are typically involved in cellular redox processes 

could substitute. To this end, we utilized flavodoxin from E. coli (FldA and Fld2) 

and B. subtilis (YkuN and YkuP) and flavodoxin reductase (FPR) from E. coli to 

see if these could replace the chemical reduction system required for conversion 

of oQ to Q. Indeed, when using FPR and any of the four flavodoxins with 

NADPH as the source of the electrons, QueG catalyzes complete conversion of  
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Figure 4.5 Mössbauer spectroscopy of QueG. The overlay of the Mössbauer 
spectrum of 57Fe-reconstituted QueG (black), a simulated [4Fe-4S]2+ cluster 
spectrum (blue), a simulated [2Fe-2S]2+ spectrum (green), and a composite 
simulated spectrum of cluster containing 85% [4Fe-4S]2+ and 15% [2Fe-2S]2+ 
(red). From the simulation, QueG harbors approximately 83% [4Fe-4S]2+ clusters, 
with a small amount of [2Fe-2S]2+ due to oxidative degradation. 
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oQ to Q under our assay conditions (Fig. 4.6). NADPH and flavodoxin reductase 

were absolutely required for reduction, and surprisingly these two components 

alone could consistently achieve approximately 16% turnover to Q in the same 

timeframe, indicating that flavodoxin is not absolutely required, but does increase 

the rate of reduction. Because of this observation, additional activity assays were 

conducted to determine the extent of turnover with flavin mononucleotide and 

flavin adenine dinucleotide, as mediators of reducing equivalents from donor 

molecules. Surprisingly, in the presence of NADPH, both FMN and FAD with 

QueG could achieve ~50% and ~28% conversion of oQ to Q is accomplished in 

the same timeframe, respectively (Fig. 4.6). However, no turnover was observed 

in assays containing dithionite or NADPH alone, a combination of dithionite and 

either FMN or FAD, or the combination of NADPH and methyl viologen. Also, 

QueG was required in all cases for turnover. The reductants tested and resulting 

activity of the QueG in vitro activity assays are summarized in Table 4.2. These 

assays do not report on relative rates in each of these conditions because, given 

the technical complexity of the experiment and limited substrate concentration, 

absolute rates are not measured. However, we can interpret the data to suggest 

that QueG can be activated in vivo by reduced free or bound flavins. 

4.3.3 Identification of conserved residues and their effect on in vivo 

conversion of oQ to Q 

The complexity of expressing and purifying QueG made it necessary to 

use an alternative method to rapidly assess the importance of residues in catalysis. 

In these experiments we utilized the ΔqueG strain of E. coli and examined the  
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Figure 4.6 In vitro assays utilizing various reductants to support catalysis by Q
ueG
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Reductant Electron Mediator Conversion to Q (%) 
Dithionite None N/D 
Dithionite Methyl Viologen 100 ± 0.0 
Dithionite FMN N/D 
Dithionite FAD N/D 
NADPH None N/D 
NADPH Methyl Viologen N/D 
NADPH FMN 48.7 ± 3.1 
NADPH FAD 28.5 ± 3.5 
NADPH FPR/None 20.2 ± 8.7 
NADPH FPR/FldA 100 ± 0.0 
NADPH FPR/Fld2 100 ± 0.0 
NADPH FPR/YkuN 100 ± 0.0 
NADPH FPR/YkuP 100 ± 0.0 

 

Table 4.2 Summary of experiments regarding reduction of QueG. The 
combinations of reductants and electron mediators assayed for their ability to 
reduce QueG and catalyze turnover of oQ stem loop in vitro are listed above. 
Conversion is defined as the average amount of Q present in the extracted ion 
chromatogram in relation to the sum of oQ and Q. N/D (not detected) is defined 
as no turnover of oQ to Q in the specified timeframe of the assay. For complete 
assay conditions and analysis see Materials and Methods. 
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Figure 4.7 A
 representative m

ultiple sequence alignm
ent of Q

ueG
 hom

ologs. C
onserved cysteine residues required for FeS 

cluster form
ation are in red, the conserved D

Y
H

 m
otif is show

n in orange, and other conserved residues m
utated in the in vivo 

alanine scanning experim
ent are highlighted in blue. The accession num

bers for the sequences are as follow
s: E. coli 

(EG
I43095), Vibrio cholerae (W

P_000386321), Pseudom
onas putida (W

P_014754621), M
esorhizobium

 loti (W
P_010912587), 

M
aricaulis m

aris (W
P_011642061), and Bacillus subtilis (N

P_388772). 
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oQ/Q content of the cells upon expression of wild-type and site-directed variants 

of QueG in trans. Potential catalytic residues were identified from a multiple 

sequence alignment that was constructed with ~1100 sequences obtained through 

a protein BLAST search (294, 295) of the non-redundant database with YjeS from 

E. coli as the initial search sequence. The sequences obtained from the BLAST 

search had 30-80% sequence identity and had an e-value cutoff of no greater than 

10-3. Analysis of the extensive alignment identified multiple absolutely conserved 

motifs (Fig. 4.7). Two of the conserved motifs, CX2CX2CX3C and CX2CX3C 

with another distally conserved Cys, were proposed to be necessary for FeS 

cluster formation. Both of these motifs are also the sequence signatures associated 

with enzymes involved in reductive dehalogenation where these residues are 

thought to coordinate the 2[4Fe-4S] clusters necessary for electron transfer and 

reduction of the cobalamin cofactor (298, 304, 320, 321).  

Another absolutely conserved sequence motif was a DYH sequence. This 

DYH motif was of great interest as it was reminiscent of the DxHxxG motif 

commonly found in cobalamin-dependent enzymes, specifically, enzymes that 

bind cobalamin in its base-off/His-on conformation, such as methionine synthase 

(303) and glutamate mutase (322, 323). In this conformation, the 

dimethylbenzimidazole moiety of cobalamin, usually coordinating the cobalt 

atom through the N3 atom in the lower axial position, is displaced in favor of a 

histidine side chain of the protein. In addition, we observed multiple other 

residues that were conserved that could possibly participate in catalysis due to 

their potential to act as general acids and/or bases.  
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Based on the conserved residues observed in the multiple sequence 

alignment, mutations were made in a pET28a plasmid harboring the B. subtilis 

QueG enzyme. In all, 18 single mutation variants were generated where the 

residue of interest was mutated to an alanine. The plasmid was then transformed 

into a ΔyjeS E. coli Keio Collection strain that had been λDE3 lysogenized and 

made electrocompetent to allow for expression of genes using T7 polymerase. 

Cells were induced in the log phase of growth and allowed to grow overnight. The 

next day, total RNA was isolated, digested to nucleosides, and analyzed for the 

presence of oQ vs Q via LC/MS. The effects of the mutations on the production of 

both oQ and Q in vivo are shown in Fig. 4.8. Mutations of almost all of the 

cysteine residues thought to be involved in cluster formation completely negated 

the ability to convert oQ to Q. Curiously, the point mutation C240A did not seem 

to have any effect on activity in comparison to the wild-type protein. However, 

there have been examples of FeS cluster containing enzymes where single 

mutations in cysteine residues comprising the FeS cluster is not sufficient to 

abolish cluster formation and activity (324). Mutations in residues comprising the 

DYH motif showed differing results. While the Y105A and H106A variants 

exhibited reduced extent of cellular Q relative to oQ, the D104A mutation had no 

effect in comparison to wild-type enzyme. Finally, the D134A and R141A 

variants also significantly decreased overall activity in comparison to the wild-

type enzyme.  
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4.3.4 EPR of wild-type QueG and variants 

 The coordination environment of the cobalamin cofactor was investigated 

by electron paramagnetic resonance (EPR) spectroscopy. Cobalamin can exist in 

three oxidation states with distinct UV/visible spectral signatures. However, in the 

+2 oxidation state, the cofactor is paramagnetic and may be studied by EPR 

methods. EPR has the advantage of reporting on the direct coordination 

environment of the cofactor. Therefore, we used EPR spectroscopy to examine 

wild-type QueG and site-directed variants.  

 The EPR spectrum of wild-type QueG is shown in Fig. 4.9. The spectrum 

shows a rhombic signal with a feature at gx ~2.5 and gy ~2.2 resulting from the 

magnetic field in the plane of the corrin ring, and a group of features centered at 

gz ~2.0 for the magnetic field perpendicular to the plane of the ring. Cobalamin is 

an I = 7/2 nucleus and the coupling along the perpendicular direction (z-axis) is 

large enough to split the signal into an octet of lines 128 G apart. The splitting due 

to the nitrogens in the corrin ring remains unresolved due to the localization of the 

unpaired electron spin primarily in the dz
2 orbital. The small g ~2.0 signal 

(denoted by *) is likely from a small amount of degraded FeS cluster, which is 

also observed in the Mössbauer spectrum (Fig. 4.5). The striking feature of the 

spectrum is that apart from the coupling to the cobalt nucleus, we observe no 

additional interactions presumably because there are no nuclear spins along the z-

axis of the cobalamin, or that any ligands that are present, such as the oxygen 

atom from an H2O/-OH molecule have no nuclear spin. EPR spectra of cobalamin 

bound to enzymes typically show a triplet splitting pattern (110 G) along the  
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Figure 4.9 EPR of wild-type QueG and variants. The EPR spectra of wild-type 
and variants D104A, Y105A, H106A, and D134A of QueG in the cob(II)alamin 
form. The * denotes signal that results from degradation of the FeS clusters during 
purification and reconstitution. 
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z-axis from coupling to either an imidazole side chain contributed from the 

protein, or the dimethylbenzimidazole ligand of the cofactor (325).  

 We next examined the effect of site-directed variants where the conserved 

DYH motif was removed. The D104A and H106A variants both exhibit EPR 

spectra that are identical to wild-type. These further reinforce the observation 

above that the cobalamin is not interacting with a nitrogen-containing ligand. 

Interestingly, the Y105A variant exhibits a largely axial spectrum with gx,y ~2.2 

and a gz ~2.0. As in the wild-type spectrum, the Y105A spectrum variant displays 

the expected hyperfine coupling to the cobalt I = 7/2 nucleus, but no 

superhyperfine couplings. Based on literature precedents for cobalamin, we 

suggest that the cobalamin in the wild-type protein interacts with a 5th ligand, 

presumably an oxygen-containing species, which the mutation of Y105 to A 

abolishes. 

 The EPR spectrum of the D134A variant shows a mixture of spectra 

observed with the wild-type and Y105A variant. Interestingly, the D134A variant 

is almost completely inactive in the in vivo activity assay (Fig. 4.8). The role of 

D134 at this point is not known, but we propose that it may be involved in 

modulating access to the coordination sphere of cobalamin. 

 In summary, QueG appears to belong to a small group of enzymes that 

bind cobalamin in a dimethylbenzimidazole-off mode, but do not appear to 

provide a nitrogen ligand to coordinate the cofactor. We have an on-going 

collaboration with the Drennan lab at MIT to determine the X-ray crystal structure 

of QueG to help understand structure-function relationships in this protein.  
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4.4 DISCUSSION 

 Initial studies on QueG had confirmed the in vitro activity of oQ to Q and 

revealed that there were presumably FeS clusters and cobalamin present based on 

homology to reductive dehalogenase enzymes (250). The experiments detailed in 

this chapter have further biochemically and spectroscopically characterized the 

cofactor requirements and probe the role of residues involved in the novel 

reduction of an epoxide on an RNA substrate. Iron and labile sulfide analysis, 

coupled with Mössbauer spectroscopy, revealed QueG contains 2[4Fe-4S] 

clusters. In addition, mutation of 7 of the 8 absolutely conserved cysteine residues 

to alanine resulted in abolished or greatly reduced activity of QueG in vivo. This 

is consistent with reductive dehalogenase proteins, which have been shown by 

metals analysis and EPR to contain in one instance 2[4Fe-4S] clusters, and in 

another a [4Fe-4S] and a [3Fe-4S] cluster (298, 301, 302). However, a [3Fe-4S] 

cluster can result from decomposition of the cluster by oxidation, therefore, the 

presence of a [3Fe-4S] cluster may be an artifact of purification and analysis, and 

it may truly contain 2[4Fe-4S] clusters. The presence of FeS clusters is also 

consistent with the common cysteine cluster motifs and the required input of two 

electrons during catalysis, as electron transfer is one of the most common 

functions of FeS clusters (326). QueG requires these [4Fe-4S] clusters and 

cobalamin for catalysis. The previous observation that enzyme activity was 

stimulated by exogenous cobalamin was presumably the result of the inability to 

obtain cofactor replete protein.  
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The experiments regarding the biological reductant clearly demonstrate 

that the combination of flavodoxin/flavodoxin reductase is sufficient for reduction 

of QueG and conversion of oQ to Q. Both biological redox activating systems of 

B. subtilis (YkuN and YkuP) and E. coli (FldA and Fld2) catalyze complete 

turnover in the specified timeframe of our assays. FldA has redox midpoint 

potentials of -254 mV for the oxidized/semiquinone couple and -433 mV for the 

semiquinone/hydroquinone couple (327). The midpoint reduction potentials of 

YkuN and YkuP are -105 mV for the oxidized/semiquinone couple, while the 

midpoint potentials for the semiquinone/hydroquinone couple are -382 mV and -

377 mV, respectively (328). To date, the midpoint reduction potentials for Fld2 

have not been empirically obtained. Previous studies determined the combination 

of dithionite and methyl viologen, with midpoint redox potentials of -660 mV 

(329) and -447 mV (330), respectively, were sufficient for reduction of QueG and 

subsequent catalysis. However, this process presumably takes place via two 

sequential single electron reductions. Strikingly, NADPH and FPR could also 

catalyze turnover, albeit at lower levels in comparison to assays that also included 

a flavodoxin homolog. The experimentally determined midpoint reduction 

potentials of E. coli FPR from the oxidized/semiquinone and 

semiquinone/hydroquinone couples are -308 mV and -268 mV, respectively 

(327). Because this combination could reduce QueG, and based on the reduction 

potentials of the various flavodoxins, it can be concluded that reductants below 

approximately -310 mV are sufficient to support activity. This is consistent with 

the reported midpoint potentials of reductive dehalogenases where the 
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Co(I)/Co(II) couple has been determined to be -350 mV for the D. restrictus 

homolog (301) and -370 mV for a homolog from D. halogenans (302), both of 

which have been concluded to bind cob(II)alamin in the base-off conformation. 

The Co(I)/Co(II) couple of free cobalamin in solution is -610 mV for base-on and 

-500 mV for base-off (331), while the Co(I)/Co(II) couple for methionine 

synthase, which binds cobalamin in the base-off/His-on mode, is -484 mV (332). 

The putative increase in the redox potential in QueG in comparison to these 

enzymes, evidenced by the empirically determined reduction potentials of redox 

mediators that supported catalysis, could be a result of the base-off cobalamin 

coordination as this is thought to facilitate the necessary reduction (331).  

One of the more curious results was reduction and turnover catalyzed by 

QueG in the presence of solely NADPH and FMN or FAD as reductants. 

Additionally, the combination of dithionite and either FMN or FAD was not 

suitable for reduction and turnover. FMN is the cofactor of flavodoxins, whereas 

FAD is present as the cofactor of FPR. The midpoint redox potential for the two-

electron reduction of FMN (and similarly FAD) is -207 mV, while the 

oxidized/semiquinone and semiquinone/hydroquinone couples are -313 mV and -

101 mV, respectively (333). The NADP+/NADPH couple is -324 mV, however, it 

is only able to facilitate a two-electron reduction through the transfer of a hydride. 

It may be that due to the low reduction potential of dithionite (-660 mV), the free 

flavin is always fully reduced and the associated one electron transfer necessary is 

not possible due to the high midpoint potential of -101 mV for the 

semiquinone/hydroquinone couple. While the flavin is presumably also fully 
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reduced when coupled with NADPH, it is possible that the fully reduced flavin is 

losing a single electron due to the presence of oxygen in solution, resulting in the 

lowering of the midpoint potential (-313 mV for the oxidized/semiquinone 

couple) and allowing for the single electron reduction and the reduced activity 

observed. In addition, dithionite is known to be a good oxygen scavenger for 

anaerobic systems, which would negate the oxidation of fully reduced flavin. 

Taken together, these observations place a lower limit estimate of ~ -310 mV and 

an upper limit estimate of ~ -100 mV of the reduction potential necessary to 

reduce QueG and permit turnover of oQ to Q, however, further electrochemical 

experiments will be necessary to establish the exact reduction potentials of 

cobalamin and each FeS cluster. 

What remains to be unambiguously determined, however, is the location 

of catalysis. It is hypothesized that chemistry takes place on the upper face of the 

cobalamin cofactor, which is reduced through electron transfer between the FeS 

clusters and cobalamin. Mutation of either the conserved Y105 or H106 to an 

alanine in the putative B12-binding motif dramatically decreases activity in 

comparison to the wild-type enzyme in vivo. Somewhat surprisingly, mutation of 

the conserved D104 residue seemingly has little effect on activity. A mutation of 

another conserved aspartate, D134, also drastically reduces activity indicating this 

may also be an active site residue. While it is possible that activity could occur 

near the FeS clusters and not cobalamin, the conserved DYH motif similar to 

other B12-dependent enzymes and the effects exhibited from mutation of these 

residues strongly suggests that cobalamin is the site of catalysis. 
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Because a similar variation of this motif is found in enzymes such as 

glutamate mutase and methionine synthase, both of which utilize the upper axial 

position for catalysis and the Asp/His interaction in the lower axial position to 

control cobalamin reactivity, it is thought that the same paradigm may be invoked 

for QueG. However, EPR clearly demonstrates that a nitrogen atom is not 

coordinating the cobalt atom, as there is no evidence of addition hyperfine 

splitting from a nitrogen atom in the spectrum. This eliminates the histidine side 

chain as a direct coordinating ligand, although it cannot be ruled out as an active 

site residue given its complete conservation and direct impact on activity. In fact, 

the EPR spectrum of wild-type enzyme has characteristics of base-off 

cob(II)alamin coordination indicating a complete lack of axial ligands. Curiously, 

the Y105A variant completely shifts this spectrum to a base-on binding mode and 

the D134A mutation results in a combination of base-off/on binding. While this 

gives direct evidence that these two residues are indeed near the cobalamin 

cofactor, and presumably the active site, it still does not illuminate the identity of 

the ligand. The ligand could possibly be a separate side chain oxygen atom, which 

would display the same octet of singlets in the EPR spectrum. A more rational 

explanation is that the ligand could actually be a water molecule, as mutation of 

these residues to alanine shifts the spectrum to base-on, presumably allowing 

additional space for a coordinating water molecule that would otherwise be 

occupied by the residues. However, this may not be catalytically relevant and only 

a consequence of the additional space afforded by the mutation. Whatever the 

coordination configuration may be, what is certain is that it deviates from the 
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common base-on or base-off/His-on binding mode seen in the majority of 

cobalamin-dependent enzymes and may be more similar to the base-off binding 

mode seen in the reductive dehalogenase enzymes spectroscopically characterized 

by EPR (301, 302). However, more experiments are necessary to elucidate this 

novel arrangement.  

Although still not unambiguously determined, the lack of lower or upper 

axial ligands aids in identification of the plausible mechanistic pathway of 

epoxide reduction. In addition to the two reductive dehalogenase homologs 

characterized, absence of a lower axial ligand is also seen in enzymes involved in 

B12 trafficking, wherein they bind cyanocob(III)alamin or alkylcobalamin and 

catalyze decyanation or dealkylation, which results in four-coordinate base-off 

cob(II)alamin (334, 335). This cofactor is then transported to methionine synthase 

or adenosyltransferase by the same enzyme for additional tailoring and catalysis 

(336). If indeed cobalamin is the site of catalysis, it is thought that the lack of a 

lower axial ligand increases the cobalamin nucleophilicity and facilitates 

reduction (331). We favor a mechanism of covalent catalysis as shown in Fig. 

4.10. This rationale is also supported by theoretical and solution studies on the 

reactivity of B12 to chloroalkene substrates, analogous to the activity observed 

from reductive dehalogenase enzymes, and the putative intermediates generated. 

Studies regarding the abiotic reductive dechlorination of per-, tri-, and 

dichloroethylene to ethane and ethene by cobalamin in the presence of the strong 

reductant Ti(III) citrate have been reported (337, 338). In addition, 

chloroalkylcobalamin species have been identified in the reaction mixture by  
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Figure 4.10 Plausible mechanistic pathway for epoxide reduction catalyzed 
by QueG. The mechanism involves direct nucleophilic attack of cob(I)alamin on 
the substrate. The arrow pointing downwards from the corrin ring denotes 
cobalamin in its base-off form. The base-off binding mode facilitates reduction to 
cob(II)alamin, and in turn promotes heterolytic cleavage of the Co-C bond.  
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mass spectrometry and were hypothesized to be intermediates in the reaction 

(338). Theoretical, structural, and solution studies undertaken on synthesized 

chlorovinylcobalamins favor the formation of organocobalamin intermediates 

(339, 340). There studies concluded that reduction of the 

chlorovinylcob(III)alamin complex is quite facile and heterolytic cleavage of the 

Co-C bond is much more favorable than homolytic cleavage upon reduction; even 

more so when coupled to chloride elimination (341). Furthermore, theoretical 

studies conclude heterolysis of the Co-C bond of perchloroethylcob(III)alamin, 

which results from nucleophilic addition of cob(I)alamin to perchloroethylene, is 

much more thermodynamically favored than the heterolysis of 

trichlorovinylcob(III)alamin and favor a nucleophilic attack pathway (305). In 

addition, studies regarding the rate constants and stereochemical partitioning of 

the products of the reaction utilizing free cobalamin and trichloroethylene have 

eliminated the possibility of an outer-sphere electron transfer mechanism (342, 

343). Finally, epoxide ring opening through nucleophilic addition by 

cob(I)aloxime model complexes in solution has been well precedented (344). 

While we can theorize on the plausible mechanistic pathway, additional studies 

are necessary to unravel the exact coordination sphere, the relevant catalytic 

residue(s), and possible intermediates formed by this enigmatic enzyme.  

 

4.5 MATERIALS AND METHODS 

Materials- All materials were purchased commercially (unless otherwise noted) 

and were of the highest purity. All assays and purification steps were carried out 
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in a Coy anaerobic chamber in an atmosphere of 95% N2, 5% H2. All buffers and 

materials were deoxygenated in the chamber several days prior to use and were 

made RNAse-free when possible.  

 

Cloning of B. subtilis queG- The E. coli codon-optimized gene encoding B. 

subtilis QueG was obtained from Genscript (Piscataway, NJ). The gene was 

excised from a supplied pUC57 vector by digestion with NdeI and HindIII and 

ligated into a similarly cut pET28a vector to obtain pZM419. The gene was then 

amplified from this vector using the primers: 5ʹ-

AAAGGATCCATGAATGTTTACCAACTGAAAGAAGAAC-3ʹ (forward) and 

5ʹ-AAAGGATCCGGACAGACCTTGTTTCGTCATACC-3ʹ (reverse) at an 

annealing temperature of 43 °C and included flanking BamHI restriction sites. 

The amplified fragment was digested using BamHI and cloned into a pASK-

IBA43plus vector (IBA) that was similarly digested to yield pZM471 for 

expression of N-terminal His6-tagged and C-terminal Strep-tag II QueG. Mutants 

of pZM419 and pZM471 were created using Stratagene Mutagenesis Kit 

according to the manufacturer’s recommended protocol and using the primers 

listed in Table 4.3.  
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Expression of B. subtilis QueG- E. coli BL21(DE3) cells containing pZM471 

were grown in 12 L of LB containing 100 µg/mL ampicillin at 37 °C to an OD600 

of approximately 0.3 at which time ferric chloride was added to a final 

concentration of 50 µM and the flasks were cooled to 18 °C. The cells were 

grown further to an OD600 of approximately 0.6 and protein expression was 

induced with 20 µL of 10 mg/mL anhydrotetracycline hydrochloride in 

dimethylformamide (Acros Organics) per 1 L of LB. Cells were grown overnight 

and harvested the next day by centrifugation (5,000 × g), frozen in liquid N2, and 

stored at -80 °C.  

 

Purification of QueG- All subsequent steps were carried out in an anaerobic 

chamber as described in the materials. Cells (~20 g) were suspended in buffer 

containing 50 mM TrisHCl (pH 7.6), 0.5 M NaCl, 20 mM imidazole, 0.5 mM 

dithiothreitol (DTT), and 1 mM PMSF, and sonified using a Branson digital 

sonifier (45% amplitude). The lysate was centrifuged for 20 min at 18,000 × g (4 

°C) to pellet insoluble lysate. The cleared lysate was loaded onto a 5 mL HisTrap 

HP column (GE Healthcare), which had been charged with NiSO4 and 

equilibrated with a buffer containing 50 mM TrisHCl (pH 7.6), 0.5 M NaCl, 20 

mM imidazole (buffer A). The column was then washed with 25 mL of buffer A 

and QueG was eluted with 25 mL of buffer A containing 0.75 M imidazole. 

Fractions containing QueG were pooled based on SDS-PAGE analysis and then 

buffer exchanged using a BioRad DG-10 column into 100 mM TrisHCl (pH 8.0) 

and 150 mM NaCl (buffer B). The protein was subsequently loaded onto a 5 mL 
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StrepTrap HP column (GE Healthcare) that had been equilibrated with buffer B. 

The column was then washed with 25 mL of buffer B and QueG was eluted with 

25 mL of buffer B containing 2.5 mM d-desthiobiotin (Sigma-Aldrich). Fractions 

containing QueG were again identified using SDS-PAGE and pooled. The 

concentration of the pooled protein was determined using the Bradford method 

and was reconstituted at a temperature as close to 0 °C as possible with constant 

stirring. First, solid DTT was added to a final concentration of 10 mM and the 

solution was allowed to mix for 15 min. Then, 10 molar equivalents of ferric 

chloride was added slowly over the course of 5 min and the solution was allowed 

to mix for an additional 10 min. Finally, 10 molar equivalents of sodium sulfide 

was added slowly over 5 min. and the solution was allowed to mix for another 3 

hr. The protein solution was buffer exchanged using a BioRad DG-10 column into 

20 mM TrisHCl (pH 8.0), 100 mM KCl, and 2 mM DTT (buffer C). The protein 

was concentrated by centrifugation at 6,000 × g (4 °C) using an Amicon Ultra-4 

10 kDa cutoff concentrator to a final volume of less than 1 mL. To the resulting 

concentrated protein, 100 µL of 20 mM hydroxocobalamin acetate salt (Sigma-

Aldrich) was added and the solution was allowed to incubate at room temperature 

for 5 min. The protein was then loaded onto a column packed with Sephacryl 

S300 HR resin (GE Healthcare) equilibrated in buffer C, and eluted at a constant 

flow rate of 1 mL/min. Fractions containing QueG were identified using SDS-

PAGE, pooled, and concentrated by centrifugation at 4,000 × g (4 °C) using an 

Amicon Ultra-15 10 kDa cutoff concentrator to an appropriate final volume. The 

protein was then aliquoted into small volumes, frozen in liquid N2, and stored at -
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80 °C. Final protein concentration was determined using the Bradford method 

with bovine serum albumin (ThermoScientific) as a standard. 

 

Amino acid, iron, labile sulfide, and cobalamin content analyses- All subsequent 

analyses were completed on at least three independent protein preparations and 

values are given as averages.  

Amino acid analysis was performed at the Molecular Structure Facility 

University of California-Davis (Davis, CA). The protein was exchanged by gel 

filtration using a Nick Sephadex G-50 column (GE Healthcare) into 10 mM 

NaOH. A Bradford assay was performed on the eluate and 300 µL of the 

remaining protein solution was utilized for the analysis. The amino acid 

correction factor was used to calculate the resulting stoichiometries during the 

cofactor content analyses.  

Iron analysis was performed at the University of Arizona Department of 

Hydrology and Water Resources using a Perkin-Elmer Optima 5300 DV ICP-

OES. QueG was diluted into 1% (v/v) nitric acid to a concentration of 1 µM for 

analysis. The concentration of labile sulfide was determined using the Beinert 

method (345).  

The cobalamin content of QueG was determined by thermal denaturation 

of the protein and derivitization of cobalamin to dicyanocob(III)alamin by 

addition of potassium cyanide as follows. To a solution containing QueG at a 

known concentration, potassium cyanide was added to a final concentration of 10 

mM in a total reaction volume of 100 µL. The reaction was allowed to incubate at 
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room temperature in the dark for 30 min and was subsequently incubated at 99 °C 

for 15 min. The mixture was placed directly on ice for 5 min. and then centrifuged 

at 21,000 × g for 5 min to pellet the precipitated protein. The concentration of 

dicyanocob(III)alamin in the supernant was determined by measuring the 

absorbance at 580 nm using an extinction coefficient of 10.13 mM-1 cm-1 (299, 

346). 

 

Size-exclusion chromatography to determine oligomerization state- Purified 

QueG (4 mg/mL) was loaded onto a Sephacryl S200 HR column (GE Healthcare) 

equilibrated in 20 mM TrisHCl (pH 8.0), 100 mM KCl, and 2 mM DTT. The 

column was run at a constant flow rate of 1 mL/min and the fractions were 

analyzed by SDS-PAGE to observe the presence of the standards and QueG. The 

standards used to determine the molecular weight of QueG were: thyroglobulin 

(670 kDa), γ-globulin (150 kDa), ovalbumin (44 kDa), myoglobin (17 kDa) and 

vitamin B12 (1350 Da). 

 

Expression, purification, and preparation of 57Fe-labeled QueG for Mössbauer 

spectroscopy- QueG was expressed as described above, with the exceptions of 

using minimal media (based on a recipe from Fraenkel and Neinhardt (347)) 

instead of LB and 57FeSO4 in place of FeCl3 at the same concentration when 

supplementing into the media. In addition, 57FeSO4 was used in place of FeCl3 

during the reconstitution. 57FeSO4 used as a supplement to the minimal media and 
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for reconstitution was prepared as previously described (191). The final, 

reconstituted protein was frozen at 77 K in Mössbauer cups. 

 

Mössbauer spectroscopy- Mössbauer spectra were recorded on a spectrometer 

from WEB research (Edina, MN) operating in the constant acceleration mode in 

transmission geometry. Spectra were recorded with the temperature maintained at 

4.2 K. The sample was kept inside an SVT-400 dewar from Janis (Wilmington, 

MA), and a magnetic field of 53 mT was applied parallel to the α-beam. The 

reported isomer shift is relative to the centroid of the spectrum of a metallic foil of 

β-Fe at room temperature. Data analysis was performed using WMOSS from 

WEB research. 

 

In vitro activity assays to determine requirements of FeS clusters and cobalamin- 

The conversion of oQ to Q by QueG was assayed using a synthetic 17-mer oQ-

containing stem loop substrate corresponding to the anticodon loop of Tyr-tRNA 

and prepared as previously described (250). The assays contained 20 mM 

PIPESNaOH (pH 7.4), 10 mM sodium dithionite, 0.75 mM methyl viologen, 

0.75 mM hydroxocobalamin (if present in assay), 5 µL of ~0.5 mM oQ stem loop, 

and initiated by addition of 5 µM QueG enzyme in a total volume of 100 µL. The 

reaction was allowed to proceed in the dark at room temperature for 5 hr and 

quenched using QIAzol reagent (Qiagen), which contains phenol. RNA from the 

assay was purified, digested to nucleosides, and analyzed by LC/MS as previously 

described (250). 
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Cloning, expression, and purification of E. coli fldA and fld2 and B. subtilis ykuN 

and ykuP- E. coli flavodoxin reductase (FPR) and FldA used in this study were 

cloned, expressed, and purified as previously described (191). The two flavodoxin 

genes ykuN and ykuP from B. subtilis subsp. subtilis str. 168 (328) were amplified 

from genomic DNA via PCR using primers that incorporated the restriction sites 

NdeI and XhoI for ykuN or NheI and XhoI for ykuP. The fldA gene was amplified 

from the fldA-pTYB1 plasmid (Gift from Prof. S. Booker, Pennsylvania State 

University) via PCR using primers that incorporated NdeI and EcoRI restriction 

sites. The purified PCR products were A-tailed and ligated into pGEM Easy-T 

vector for blue-white screening. A ykuN-pGEM-T vector was then digested with 

NdeI/XhoI and a fldA-pGEM-T vector was digested with NdeI/EcoRI and both 

were ligated into pET29a. A ykuP-pGEM-T vector was digested with NheI/XhoI 

and ligated into pET21b. Constructs were confirmed to contain the correct 

sequences by analysis at the University of Michigan DNA Sequencing Core 

Facility. The fld2 gene was amplified from E. coli W3110 genomic DNA via PCR 

using primers that incorporated NheI and XhoI, and cloned into pET21b following 

the same protocol as described for ykuP. 

BL-21 (DE3) cells containing the ykuN-pET29a construct were grown in 

LB supplemented with 34 µg/mL of kanamycin at 37 °C. HMS-174 (DE3) cells 

containing the ykuP-pET21b construct were grown in LB supplemented with 100 

µg/mL ampicillin at 37 °C. Protein expression was induced with the addition of 

0.1 mM IPTG (final concentration) to the media when the OD600 reached an 
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absorbance of ~0.5. The media was also supplemented with 0.1 mM riboflavin 

(final concentration) at the time of induction. After ~18 h, cells were harvested, 

flash frozen in liquid nitrogen, and stored at -80 °C until purification. FldA and 

Fld2 were expressed in the same manner as YkuN, except cells expressing Fld2 

were harvested 5h after induction. 

All chromatography was carried out at 4 °C. The four flavodoxins were 

initially purified using a DEAE-sepharose column (2.6 cm x 12.5 cm) following 

the same protocol. Frozen cells were suspended in approximately 3 mL lysis 

buffer (50 mM Tris•HCl pH 7.2, 10 mM DTT, 1mM EDTA) per 1 g of cell paste 

with addition of PMSF to a final concentration of 1 mM. Cells were lysed via a 

Branson digital sonifier at 50% amplitude. After sonification, the lysate was 

centrifuged at 18,000 x g for 35 min at 4 °C to remove the insoluble debris. The 

soluble portion was loaded onto the DEAE-sepharose column equilibrated in lysis 

buffer and subsequently washed with lysis buffer prior to eluting the protein using 

a linear gradient from 0 to 1M KCl in lysis buffer. Fractions containing 

flavodoxin were pooled based on SDS-PAGE analysis. FldA was dialyzed 

overnight at 4 °C in 50 mM HEPES pH 7.4, 100 mM KCl, 10 mM DTT and 

subsequently concentrated to an appropriate volume, aliquoted, and flash frozen 

in liquid nitrogen. Fld2, YkuN, and YkuP were further purified using hydrophobic 

interaction chromatography. 

Fractions containing YkuN were pooled and prepared for hydrophobic 

interaction chromatography by addition of ammonium sulfate to a final 

concentration of 1.5 M slowly over 1 h. YkuP and Fld2 were treated in the same 



 

 159 

manner except ammonium sulfate was added to a final concentration of 2 M or 1 

M, respectivley. YkuN was loaded onto a butyl-sepharose column (2.6 cm x 12.5 

cm) equilibrated in 50 mM Tris•HCl pH 7.2, 2 mM DTT, 1 mM EDTA, and 1.5 

M ammonium sulfate. YkuP was loaded onto a phenyl-sepharose column (hi-sub) 

(2.6 cm x 12.5 cm) equilibrated in 50 mM Tris•HCl pH 7.2, 10 mM DTT, 1 mM 

EDTA, and 2 M ammonium sulfate. Fld2 was loaded onto a phenyl-sepharose 

column (hi-sub) (2.6 cm x 12.5 cm) equilibrated in 50 mM Tris•HCl pH 7.2, 10 

mM DTT, 1 mM EDTA, and 1 M ammonium sulfate. After loading, each column 

was washed with loading buffer and protein was eluted with a linear gradient 

from 1.5 to 0 M (YkuN), 2 to 0 M (YkuP), or 1 to 0 M (Fld2) ammonium sulftate.  

Fractions containing flavodoxin were pooled and dialyzed overnight at 4 °C in 

either 20 mM HEPES pH 7.5 150 mM KCl, 2 mM DTT (YkuN) or 20 mM 

HEPES pH 7.5 100 mM KCl, 10 mM DTT (YkuP and Fld2). After dialysis, each 

B. subtilis flavodoxin was concentrated to a minimal volume for further 

purification on a HiPrep 16/60 Sephacryl S200 high-resolution size exclusion 

column. The S200 buffer for the two B. subtilis Flds were the same as their 

respective dialysis buffers. YkuN and YkuP were injected onto the S200 column 

and eluted isocractically running at 0.5 mL/min. Appropriate fractions were 

pooled based on color and SDS-PAGE. Each flavodoxin was concentrated to an 

appropriate volume (~200-800 µM) and flash frozen in liquid nitrogen.  

The concentrations of the four flavodoxins were determined via their UV-

visible spectrum after dilution in dialysis buffer. The concentrations of FldA, 

YkuN, and YkuP were determined by measuring absorbance at 467 nm using the 
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experimentally determined extinction coefficient of 8250 M-1cm-1 (332). The 

concentration of Fld2 was determined by measuring the absorbance at 456 nm 

using the experimentally determined extinction coefficient of 9230 M-1cm-1 (348). 

 

In vitro activity assays with biological reductants- The conversion of oQ to Q by 

QueG was assayed using a synthetic 17-mer oQ-containing stem loop substrate as 

described above. The assays for activity with flavodoxin/flavodoxin reductase 

contained 20 mM HEPES (pH 7.5), 5 mM NADPH, 20 µM E. coli flavodoxin 

reductase, 20 µM flavodoxin, 5 µL of ~0.5 mM oQ stem loop, and initiated by 

addition of 10 µM QueG enzyme in a total volume of 0.1 mL. The assays 

examining possible chemical reductants contained 20 mM HEPES (pH 7.5), 5 

mM NADPH or dithionite, 20 µM flavin adenine dinucleotide or flavin 

mononucleotide, 5 µL of ~0.5 mM oQ stem loop, and initiated by addition of 10 

µM QueG enzyme in a total volume of 0.1 mL. The reactions were allowed to 

react at room temperature for 1 hr in the dark and quenched using QIAzol reagent 

(Qiagen), which contains phenol, and purified and analyzed as described in the 

above assays. 

 

In vivo alanine scanning complementation experiment- The ΔyjeS E. coli strain 

from the Keio Collection (289) was lysogenized using the λDE3 Lysogenization 

Kit (Novagen) and following the manufacturer’s recommended protocol. The 

kanamycin resistance cassette, which was inserted in place of the yjeS gene in the 

Keio Collection, was removed by transformation with the pCP20 plasmid (349) 
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following a published method (350). Briefly, 30 µL of stationary phase overnight 

culture of the lysogenized knockout strain was used to inoculate a 3 mL LB 

containing 34 µg/mL kanamycin. The culture was then left to grow at 37 °C, 200 

rpm, to an OD600 of ~0.6-0.7. The cells were then made electrocompetent by 

placing 1 mL of the culture in a pre-chilled, sterile 1.5 mL tube and spun at 

13,000 × g (4 °C) for 1 min. to pellet the cells. The pellet was resuspended in 1 

mL pre-chilled sterile water and was again spun at 13,000 × g (4 °C) for 1 min to 

pellet the cells. This process was repeated. The pellet from the final spin was 

resuspended in 50 µL of the residual supernant and transformed with the pCP20 

plasmid, resuspended in 1 mL room temperature SOC media, and left to shake at 

30 °C, 200 rpm for 1 hr. The culture was then added to 100 mL of LB containing 

100 µg/mL ampicillin and 34 µg/mL chloramphenicol, and allowed to shake at 30 

°C, 200 rpm overnight. An aliquot (30 µL) of the overnight growth was used to 

inoculate a 3 mL LB culture and it was allowed to shake at 200 rpm at 30 °C until 

the OD600 reached ~0.1, at which time the temperature was shifted to 42 °C and 

the culture was allowed to grow to an OD600 of ~0.8-1.0. The culture was then 

streaked onto an LB/agar plate and left overnight at 37 °C. Colonies were selected 

that could no longer grow on either kanamycin or ampicillin and verified to be the 

correct ΔyjeS E. coli strain by colony PCR. Strains verified to be Kan-r and ΔyjeS 

were made competent and transformed with a pET28a plasmid containing wild-

type QueG or QueG variants. A single colony was used to inoculate 50 mL of LB 

containing 34 µg/mL kanamycin and was grown at 37 °C, 200 rpm to an OD600 of 

~0.5-0.7. Then, the culture was induced by addition of 5 µL of 1 M IPTG and left 
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to continue growing for 16 hr total. The cells were harvested the next day and 

total RNA was extracted and analyzed on the LC/MS as previously described 

(250). Each variant was analyzed in this manner at least in triplicate.  

 

Electron paramagnetic resonance spectroscopy of wild-type QueG and variants- 

EPR samples were prepared in anaerobic conditions by mixing concentrated, as 

purified protein with a final concentration of 15% glycerol (v/v) to a total volume 

of ~0.15 mL and frozen in liquid nitrogen in an EPR tube. Continuous wave (CW) 

X-band EPR experiments were preformed on a Bruker Biospin EleXsys E500 

spectrometer equipped with a cylindrical TE001-mode resonator (SHQE-W), an 

ESR-900 liquid helium cryostat, and an ITC-5 temperature controller (Oxford 

Instruments). Spectra were recorded at 40 K at a microwave frequency of 9.323 

GHz (WT), 9.333 GHz (D104A), 9.321 GHz (Y105A), 9.373 GHz (H106A), and 

9.376 GHz (D134A). The power and modulation amplitude were 0.2 mW and 2 

G, respectively. 
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CHAPTER 5: 

CONCLUSIONS AND FUTURE WORK 
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The discovery of QueG, as part of the studies outlined in this dissertation, 

completed the biosynthetic pathway to queuosine nearly 45 years after it was first 

discovered as an unusual peak in thin layer chromatography experiments. There 

are two logical extensions of this work. First, we have shown that QueG catalyzes 

a highly unusual transformation and studies of the protein are necessary to 

understand the mechanism of the reaction. Second, the ability to generate the 

modified tRNA base on synthetic RNA paves the way for development of 

chemical biology tools to be used for teasing apart the role of queuosine in 

physiology. In this chapter I will present the next logical steps in both of these 

areas.  

 

5.1 MECHANISTIC STUDIES ON EPOXYQUEUOSINE REDUCTASE 

 The cofactor complement, activity, probable biological reductants, and 

significant catalytic residues have now been identified for QueG. However, the 

location of the active site, the role of the active site residues during catalysis, and 

the mechanism of epoxide reduction remains to be determined. From studies 

discussed in Chapter 4, one can tentatively eliminate the possibility of an outer-

sphere electron transfer mechanism based on solution studies with free cobalamin. 

Yet, one cannot eliminate this possibility entirely as the enzyme active site could 

bind the cofactor and substrate in a manner that facilitates an outer-sphere 

electron transfer. Therefore, the key to elucidating the mechanism will be 

predicated upon the ability to obtain and detect a covalently linked cobalamin-

queuosine intermediate. If such a molecule exists, and is stable enough to be 
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detected by LC/MS or solely MS methods, this could be considered the “smoking 

gun” in regards to the mechanism.  

In theory, under proper conditions and time restraints, one could utilize the 

quenched-flow apparatus under single turnover conditions to obtain a linked 

cobalamin nucleoside. The experiments will need to be conducted under red-light 

or low-light conditions as the Co-C bond will be readily homolytically cleaved in 

the presence of light, as the bond dissociation energy is approximately 30 kcal 

mol-1 for the Co-C bond as measured for the cofactor adenosylcobalamin (351). If 

reduction to cob(I)alamin is necessary for the covalent attachment, the mechanism 

should be inhibited by compounds such as propyl iodide. This experiment has 

commonly been employed during investigations of B12-dependent enzymes (352, 

353).  

Another possible way to probe the mechanism of QueG is to observe 

changes in the UV/visible spectrum of QueG upon reductant and/or substrate 

addition by stopped-flow. Under single-turnover conditions, loss of absorbance 

due to cob(II)alamin at 475 nm and an increase in absorbance at either 533 nm for 

cob(III)alamin or 550 nm for cob(I)alamin would provide information on the 

accessible reduction states of cobalamin during catalysis. Single-turnover 

reduction has been attempted in this manner without substrate, using a 

combination of dithionite as the reductant and a low concentration of methyl 

viologen as electron mediator as to not obscure the spectrum in the 400-600 nm 

region. However, no changes were observed in the spectrum during the extended 

timeframe of the experiment. In addition, reduction of QueG in the same manner 
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using a standard UV/visible spectrophotometer resulted in no change in the 

cobalamin spectrum. Based on this data, it seems QueG may not reach the 

cob(I)alamin state without substrate present. For these experiments to be fruitful, 

more substrate must be obtained in the high concentrations necessary for single 

turnover experiments. 

Finally, rapid freeze-quench experiments coupled to EPR and Mössbauer 

analysis may be a useful tool to probe possible intermediates along the reaction 

pathway. Using labeled and non-labeled oQ substrate, one could try to capture a 

possible organic substrate-based radical. While naturally abundant 12C and 16O are 

EPR inactive, 13C and 17O have half integer spins and could be utilized in various 

EPR experiments. However, these experiments are technically demanding, require 

high concentrations of labeled substrate, and require sensitive EPR methodology 

to extract useful conclusions. 

Although no easy task, elucidation of this novel mechanism will 

undoubtedly have a lasting impact on the study of reductive dehalogenases, in 

regards to efficient bioremediation, as well as, mechanistic enzymology of B12-

dependent enzymes.  

 

5.2 PROBING THE LOCATION AND TEMPORAL REGULATION OF 

QUEUOSINE MODIFICATION BY SELECTIVE LABELING  

The presence of queuosine in tRNA has been well documented and 

unequivocally established. However, there has never been a systematic method to 

address the potential of the modification to exist in other forms of RNA. Previous 
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studies have observed Tgt insertion of preQ1 into viral mRNA (76). A more recent 

study suggests that the modification could be present in larger forms than tRNA. 

Tritiated-preQ1 was synthesized and introduced into the growth media of a ΔqueC 

E. coli strain (unable to biosynthesize preQ1). The resulting gel analysis of 

radioactivity localized tritium in species of rRNA (37). While this is not direct 

evidence, it does hint at the possibility that this modification is present in forms 

other than tRNA. Only recently have we realized the importance of RNA 

modifications as a significant component of epigenetic regulation (312, 313, 354-

361). Therefore, it would be useful to develop a method to selectively enrich 

forms of RNA containing the modification for both bulk analysis of modified 

nucleotides, as well as, to obtain sequence specific information on modification 

sites.  

 The cyclopentenediol moiety of queuosine provides a unique handle for 

bioconjugation. To this end, the cis-diol of queuosine can be oxidized by sodium 

periodate to obtain dialdehydes. This modification is precedented, not only for 

cis-diol groups present at the 3ʹ′-end of RNA, but also for oxidation of queuosine. 

One can envision an enrichment method that would take advantage of the 

periodate oxidation of queuosine to generate a reactive moiety that can be 

modified further to provide a handle allowing Q-containing nucleosides to be 

selectively enriched in a complex sample. The only technical issue that must be 

overcome is that the 3ʹ′-end of the RNA must be capped or modified. To 

accomplish this one could envision two strategies (Fig. 5.1). The first is to block 

the 3ʹ′-end with a dinucleoside such as p-A-p, which would leave the 3ʹ′-end of the  
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Figure 5.1 Possible procedures for selective dialdehyde formation in the 
queuosine modification. (Top) In the first method, T4 ligase catalyzes 
bisnucleoside addition to the 3´-end of RNA followed by NaIO4 oxidation. 
(Bottom) This method begins with NaIO4 oxidation followed by β-elimination. 
Both methods result in an RNA strand with a phosphate capped 3´-end and the 
cyclopentenediol moiety of queuosine converted to dialdehydes. 
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RNA with a phosphate analogous to the 5ʹ′-end. Methods for this reaction have 

been well documented and can be achieved enzymatically through the action of 

T4 RNA ligase (362, 363). After capping with p-A-p, phenol/chloroform 

extraction coupled with ethanol precipitation will remove the enzyme and 

remaining p-A-p, while concentrating the remaining RNA. Next, the sodium 

periodate oxidation can be performed, resulting in oxidation of the cis-diol to 

dialdehydes. This reaction has been well documented for labeling the 3ʹ′-end of 

RNA (363-366).  

A more convenient method may entail sodium periodate oxidation under 

basic conditions which upon β-elimination, would result in a phosphate group 

blocking the 2ʹ′-hydroxyl on the terminal nucleoside (Fig. 5.1). This method 

would afford the convenience of conducting the reaction in a single reaction 

vessel without the need to purify the RNA between the two steps. The queuosine 

modification will be modified by the oxidation reaction and should persist 

through the β-elimination reaction. However, one must first quench the oxidation 

reaction and raise the pH to achieve basic conditions to promote β-elimination. 

While seemingly complex, the method has been employed for detection of 

queuosine containing tRNA by boronate affinity electrophoresis and is therefore 

precedented (367). 

Either of the reaction schemes above would modify the vicinal diol moiety 

of queuosine to dialdehydes. The next step would then be to utilize these 

functional groups for addition of an affinity tag sufficient for downstream 

detection. Hydrazides have proven to be useful in this coupling and can create a 
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stable linkage after stabilization by reduction with sodium cyanoborohydride (Fig. 

5.2)(365, 368). The hydrazide can be attached to molecules such as biotin 

resulting in bioconjugated tRNA that can be selectively “pulled out” of a total 

RNA mixture. The enrichment linker need not be limited to biotin as a variety of 

different molecules suitable for various detection methods could be modified with 

a hydrazide and utilized in this methodology. 

The enrichment protocols (or variants thereof) would provide powerful 

chemical biology tools to explore the physiological role of queuosine. For 

example, one could subject the samples to RNA-Seq analysis and directly identify 

sites of modification. Of course, these experiments become possible because 

controls with queuosine in tRNA, for example, can be prepared and the behavior 

of the sequencing reagents upon encountering the modified queuosine can be 

optimized. Related methods have recently been developed to determine the 

location of pseudouridylation sites across both the yeast and human 

transcriptome. The so-called “Pseudo-seq” relies on modification of 

pseudouridine by N-cyclohexyl-Nʹ′-(2-morpholinoethyl)-carbodiimide metho-p-

toluenesulphonate (CMC), which blocks the reverse transcription step of 

preparing samples for RNA-Seq analysis, providing a readout of modification 

sites (369).  

Once the enrichment methods have been optimized, many other detection 

methods are possible. For example, one can imagine using hybridization to 

microchip-displayed DNA or RNA to identify which sequences are modified. 

Moreover, the methods would allow one the opportunity to globally examine  
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Figure 5.2 Resulting linker conjugation of dialdehyde modified queuosine 
with a hydrazide. The reaction of dialdehyde-modified queuosine with a 
hydrazide will result in modification of either one (top) or both (bottom) of the 
aldehyde functional groups. Subsequent NaBH3CN reduction results in the two 
separate products shown for the differing pathways. 
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modification states as a function of variables such as oxidative stress, changes in 

nutrients, transformation from normal to neoplastic cells, etc. Methods of this 

nature have been utilized for detection of RNA modifications across the 

transcriptome of yeast (370). One can envision numerous studies in which this 

methodology would be applicable and may pave the way to a greater 

understanding of the unappreciated necessity of RNA modifications. 

In summary, the studies in this dissertation, particularly those dealing with 

QueG, have set the stage for future studies aimed at addressing the biological role 

of the queuosine modification.  
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