
   

ABSTRACT 
 
 
NANDA, KAVITA. Structure and mechanism of 16S rRNA in the ribosome studied by 

photocrosslinking. (Under the direction of Paul L. Wollenzien). 

 

The ribosome is a complex RNA-protein machine that translates the genetic 

information contained in the mRNA molecule to a sequence of amino acids. This involves 

mediating the decoding of the mRNA sequence, peptide bond formation and translocation. 

Throughout the process of translation, the ribosome undergoes significant conformational 

changes. The crystal structures of ribosome and the ribosomal subunits have been resolved at 

moderate resolution, but the details of conformational changes at various steps of translation 

have just started to be understood. Both structural and biochemical techniques have been 

applied towards the understanding of the ribosome dynamics. UVB (far UV, 210-300 nm) 

radiation has been used to study the structural changes in 16S rRNA within the 30S 

ribosomal subunit by monitoring the changes in the crosslinking frequencies of RNA-RNA 

crosslinks. In the first part of this study additional RNA crosslinks in 16S rRNA are 

determined after in vivo incorporation of 4-thiouridine (s4U) into RNA in a strain of 

Escherichia coli deficient in pyrimidine synthesis followed by irradiation with UVA (near 

UV, 300-380 nm) light. Similar crosslinks are observed when synthetic 16S rRNA 

transcribed with s4U is reconstituted into 30S subunits except that there are a few 

conformational differences between in vivo and in vitro synthesized subunits. Crosslinks 

obtained from UVB and s4U-UVA irradiation show a striking similarity between their 

identity and location. All the crosslinks are found to be restricted in the 30S subunit making a 

reversed “C” shape through the center of the subunit. These results predict local RNA 



   

conformational flexibility that is most likely the factor in determining the formation of the 

crosslinks. In the second part, the effects of initiation factors on the structural status of the 

30S initiation complex are studied. The results indicate IF3 is the main player in determining 

the 30S structure during initiation and that its C-domain (IF3C) causes similar structural 

changes in the 16S rRNA.  
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INTRODUCTION 
 
 The ribosome, a large ribonucleoprotein particle, is responsible for the central process 

of transfer of genetic information from nucleic acids to proteins. It consists of two subunits in 

all species. In prokaryotes, the smaller subunit is designated as 30S and the larger subunit as 

50S. Both the subunits are approximately two-thirds RNA by weight. In Escherichia coli, the 

entire ribosome sediments at 70S, with a molecular weight of 2.5 X 106 Daltons. The small 

subunit contains 16S rRNA and single copies of each of 21 proteins and the larger subunit 

contains 23S rRNA, 5S rRNA and 34 proteins. The movement of tRNA and mRNA through 

the ribosome is a complicated process that occurs with high speed and accuracy (1). The 

process of translation is carried out by specific interaction of ribosome with mRNA, tRNA 

and a number of protein cofactors such as GTPases. The 30S subunit binds mRNA and the 

anticodon stem-loop of tRNA and monitors the codon-anticodon interaction. The 50S subunit 

binds the acceptor arms of the tRNA and catalyzes the peptide bond formation between the 

amino acid on the incoming aminoacyl tRNA and the peptide chain attached to the P-site 

tRNA.  

 Although the overall scheme of translation was determined almost four decades ago 

(2), a detailed understanding of translocation at the molecular level has remained elusive. 

The knowledge of ribosome structure at the atomic level may provide insights into the 

mechanism of translation. Structural biology and biochemical techniques have been the main 

approaches used to gain more information on the structure and function of ribosome. The 

secondary structure of ribosomal RNAs was mostly determined by comparative sequence 

analysis (3) and the tertiary structure was inferred by cross-linking, footprinting and directed 

hydroxyl radical probing studies (4-6). Structural techniques like electron-microscopy (EM), 
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neutron diffraction and molecular modeling have helped in deciphering the structure-function 

relationships of ribosomes with its ligands. Crystallography and NMR have been used to 

study the structure of small domains of ribosomes which can then be incorporated in the low-

resolution models obtained by EM and modeling studies. The first 3D reconstructions 

obtained by cryo electron microscopy have been used to overcome the initial phasing 

problems in X-ray crystallographic studies of the ribosome and the atomic structure of the 

ribosomal subunits and the 70S ribosome in turn have led to the detailed interpretations of 

cryo-EM maps. Therefore, electron microscopy, X-ray crystallography, and modeling should 

be used together in the endeavor to understand the functioning of the translational machinery. 

 A review of structural and functional information for 16S rRNA and 30S ribosomal 

subunit will be provided in the next section. It includes the details of the UV induced 

crosslinking and its photochemistry, since this is the method of choice used for the work 

presented here. Also the translation pathway as it is understood today and the models that 

have been put forward to support findings by different groups will be discussed. Lastly, the 

known conformational changes the ribosome undergoes during translation and the issues that 

have not yet been addressed, will be summarized. 
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RIBOSOME STRUCTURE DETERMINATION 

Comparative sequence analysis 

Comparative sequence analysis was one of the first techniques used to predict the 

secondary and early stages of tertiary structure of various RNA sequences. It is based on the 

principle that homologous RNA molecules adopt the same secondary and tertiary structures 

with different primary sequences. It identifies base pairings by finding compensatory base 

changes i.e. the base pairs that covary with one another in an alignment of the sequences. 

Comparative sequence analysis can be facilitated by predictions of secondary structures 

based on free energy minimizations (7). Comparative analysis not only identifies the base 

pairs that are similar in variation but is also used to predict those base pairs lacking similar 

patterns of variation that occur in several different types of structural element. Some of the 

examples of these structural motifs are non-canonical base-pairings, pseudoknots, base 

triples, tetraloop receptors, U-turns and lonepair triloop (8).  

With the continuous improvements in the covariation algorithms and increase in the 

number and diversity of rRNA sequences, the original Noller-Woese-Gutell comparative 

structure models for the 16S and 23S rRNAs have been redrawn. In 1980-81, the 16S and 

23S rRNA structure models were based on just two complete rRNA sequences per structure 

(9) while the new models were derived from approximately 7000 16S and 1050 23S rRNA 

sequences (8). The authenticity of all of the base-pairs predicted with covariation analysis has 

been confirmed by comparison with high-resolution crystal structures of the Thermus 

thermophilus 30S (10) Haloarcula marismortui 50S (11) and Deinococcus radiodurans 50S 

ribosomal subunits (12) and it has been determined that approximately 97-98% of the base-
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pairs predicted with covariation analysis are indeed present in the 16S and 23S rRNA crystal 

structures (8). 

 

Cryo-Electron Microscopy 

Ribosomes were first seen by EM by Palade (13) almost 40 years ago and since than 

this technique has generated large amount of information on the structure of ribosome. This 

approach involves sorting of randomly oriented images, grouping them together according to 

their rotational orientations and finally merging the data using Fourier reconstruction 

technique, to produce a three-dimensional model. Cryo-EM as opposed to the classical EM 

methods uses quick-frozen samples and does not use heavy-atom stain (1). Before the 

success of crystallography, cryo-EM and three-dimensional reconstruction from single 

particles was the most successful method to study the structure of ribosome at a lower 

resolution range of 20-25 Å (14,15). Other than the classical details seen by earlier EM 

studies, both Frank’s and van Heel’s groups observed some new features – a channel that 

represents the path for mRNA as it passes through the small subunit and a cavity between the 

subunits called the “interface canyon”.  

More recently, cryo-EM images of 70S ribosome (16) and 30S subunit in various 

conformations at a resolution of as high as 15 Å (17,18) have been obtained. Conformational 

changes in the smaller subunit were found to be mainly associated with the neck and the 

platform as seen by comparison of heat activated, non-activated and 50S-bound states. 

Electron microscopy reconstructions of ribosomes in complex with tRNA have also been 

observed by two groups (19,20) and both agree with the overall positioning of tRNA at A, P 

and E sites (Figure 1). To localize tRNA, difference maps were calculated by subtracting 3D- 

reconstructions of empty 70S ribosomes from those of functional complexes. The known X-
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ray structure of tRNA was then fitted on the difference masses. The change in the electron 

density gives the position of tRNAs, however, the conformational changes accompanying the 

binding of tRNAs to ribosomes can interfere in the interpretation of the positions of tRNAs 

(21). Another tRNA site called E2 existed only in conventional buffer and was not assigned 

as an authentic E-site but a position that tRNA occupies just before leaving ribosomes (16). 

Cryo-EM has resulted in visualizing great details of elongating ribosomes in complex 

with various factors. For example, the ternary complex of EF-Tu-tRNA-GTP that delivers the 

tRNA to the ribosome has been directly visualized in a ribosomal complex blocked by the 

antibiotic kirromycin. The cryo-EM studies led by Stark et al. (22) and Agrawal et al. (23) 

could not explain the orientation of the tRNA as it did not facilitate codon-anticodon 

interaction. But in another cryo-EM map the anticodon arm of the tRNA was found to have a 

“kinked”conformation that facilitates the initial codon–anticodon interaction (24). This study 

also suggested an active role of the tRNA in the transmission of the signal prompting the 

GTP hydrolysis upon codon recognition.  

Several EF-G complexes trapped in pretranslocation and posttranslocation states have 

also been studied by various groups (25,26). Most of them agree that EF-G undergoes large 

conformational changes during translocation but there is lot of disagreement on how EF-G is 

oriented on the ribosomes in different states. In the pretranslocation state, the body of EF-G 

makes extensive contacts with L7/L12 stalk of the 50S subunit and its domain 4 binds across 

the intersubunit cleft near the A-site. On translocation, the domain 4 occupies the A-site and 

the body interacts with the 30S subunit at the head-neck junction thus making no contacts 

with the 50S subunit (26). According to another study, domain 1 and 5 of EF-G interact with 

50S subunit through SRL and L11 binding (25).  
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Figure 1. Cryo-EM images of 30S and 50S subunits with A-, P- and E-site tRNAs at 11.5 
Å resolution. All the prominent features of 30S and 50S subunits can be seen clearly at this 
resolution. Picture adapted from Frank, J., Genome Biology, 2003, 4, 237. 
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Neutron diffraction 

Neutron diffraction or small-angle neutron scattering has been used as a tool for the 

investigation of the structure of proteins and RNA since the 1970’s. The method is derived 

from X-ray small-angle scattering. The components to be studied are deuterated and mixed 

with unlabeled components and the very large difference between the scattering amplitude of 

neutrons by hydrogen and deuterium determines the location of the protonated component 

within the deuterated mix. The relative positions of the centers of mass of the 21 proteins of 

the 30S ribosomal subunit from Escherichia coli were determined by neutron scattering data 

and proteins S2, S13, S16, S17, S19 and S21 were positioned in the subunit (27,28). In 

addition to 50 individual protein-protein distance measurements (29), the protein L2 was 

localized within both the isolated 50S subunit and the 70S ribosome of the Escherichia coli 

bacteria. It was found to change its conformation slightly when the 50S subunit reassociates 

with the 30S subunit to form a 70S ribosome (30). The location of tRNAs within the 

elongating ribosome (21) and the movement of tRNA2ּmRNA complex on the ribosome 

during translocation (31) led to the proposal of a new model, the alpha-epsilon model, 

according to which both tRNAs are tightly bound to a movable ribosomal domain. Neutron 

scattering can be applied to ribosomes from virtually all species, in contrast, to the 

crystallographic studies which are limited to those organisms that provide good crystals. 

 

Nuclear Magnetic Resonance 

NMR has given insights into the structure of ribosome by looking at it “in pieces”. 

Ribosomal proteins and rRNA fragments are being studied by number of groups. Structure of 

S17 was one the earliest solved by NMR and was classified as a member of one of the new 
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RNA-binding protein class having compact five-stranded beta-barrel structure (32). The 

solution structure of the RNA oligonucleotide that contains the 30S subunit A site with 

paromomycin (33), the RNA component of the peptidyl transferase center of the 50S (34) 

and ribosome complex with IF3 (35) have been few of the important structural details 

obtained by NMR. 

 

X-ray crystallography 

X-ray crystallography is an experimental technique that exploits the fact that X-rays 

are diffracted by crystals. Based on the diffraction pattern obtained from X-ray scattering off 

the molecules or atoms in the crystal, the electron density can be reconstructed. A model is 

then built into the experimental electron density, refined against the data that results in an 

accurate molecular structure. In crystallography, no size limitation exists for the molecule or 

complex to be studied, however, a good crystal must be found, and only limited information 

about the molecule's dynamic behavior is available from one single diffraction experiment. 

Getting high quality crystals of ribosomes was a major problem that gave a very low 

resolution picture. This problem has been solved and the crystal structures of ribosomes and 

ribosomal subunits have been obtained.  

Initial crystal structures of 50S from Bacillus stearothermophilus (36,37) and 30S and 

70S from Thermus thermophilus (38) diffracted to very low resolutions. Since then, a lot of 

progress has been made in determining the structure of complete ribosomes, ribosomal 

subunits and the functional complexes of ribosomes. X-ray crystal structures of ribosomal 

subunits (10-12,39) and ribosomes in complex with A-, P-, and E- site tRNA (Figure 2, 

40,41) have been obtained at very high resolutions. The first of these high resolution 
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structures was a 2.4 Å structure of the 50S subunit from archaean Haloarcula marismortuii 

(11) which comprises of all the major features of the subunit except that features like L1 

stalk, the L11 region and L7/L12 stalk appear to be disordered. Another structure of the 50S 

subunit at a resolution of 3.1 Å from the mesophilic bacterium Deinococcus radioduarans 

has a similar conformation and also includes regions that were disordered in an earlier 

structure (12). Two independent 30S subunit structures from Thermus thermophilus at 3.3 Å 

(39) as well as at 3.05 Å (10) with a few differences were obtained.  The crystal structure of 

the 70S ribosome from Thermus thermophilus, containing mRNA and tRNAs at 5.5 Å 

resolution has also been described (40,41). The structure indicated all the contacts of 

ribosome with tRNA’s and proved that the core of the interface between the 30S small 

subunit and the 50S large subunit, where the tRNA substrates are bound, is dominated by 

RNA, with proteins located mainly at the periphery. 

 All these structures have not only revealed the details of the structure of ribosomal 

subunits but have also led to a tremendous understanding of interactions of ribosomes with 

various ligands such as initiation factors (42,43) and antibiotics (42,44,45). But still a lot 

needs to be understood in the translation pathway as the ribosome moves from one step to the 

next during protein synthesis. Crystal structures provide details only for the specific steps of 

translation and need to be combined with various biochemical and genetic approaches to 

understand the conformational changes occurring during translation. 

 

Molecular modeling 

With dramatic advances in crystallogarphy and EM images, 3D reconstruction of 

ribosome has become possible but an all atomic model/structure of ribosome is still pending.  
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Figure 2. Crystal structure of the 30S and 50S subunits. Interface view of the 30S and 
50S subunit showing the positions of the A-, P-, and E-site tRNAs in the70S ribosome. 
Picture adapted from Ramakrishnan V. (2002) Cell, 108, 557-572. 
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New computer software and programming techniques have led to tremendous progress in the 

construction of molecular models of the ribosome. Molecular modeling has been carried out 

by several groups using both manual and computational approaches. Manually building 

models of RNA folding either used physical media or interactive computer graphics but are 

seriously limited by the biases introduced by the builder (46-48). These models cannot 

account for the data uncertainty and represent usually one or at the maximum a few 

conformations. Computational approaches are not subjected to biases and all the 

conformational space can be searched systematically, but the major disadvantage being that 

all the approaches vary and none of them complement each other. 

Several models have been proposed based on computational approaches (49-52). 

Hubbard and Hearst (49) used distance geometry approach based on secondary structure and 

tertiary RNA-RNA contacts but did not include any protein or protein-RNA contacts, 

electron microscopy and shape information. Also it differs significantly from other models 

and some of the features are inconsistent with the experimental constraints.  

Malhotra and Harvey (50) in another approach made use of an automated computer 

protocol based on experimental constraints derived from neutron map of the protein 

positions, RNA-protein and RNA-RNA contacts based on crosslinking and footprinting data, 

and phylogenetically predicted secondary and tertiary structural features. They proposed one 

consensus model that had the similarity to the average of all the seven models predicted, had 

the lowest potential energy and maximally satisfied the constraints imposed. The model 

agreed well with the manually built models but differed significantly from the Hubbart and 

Hearst model. A major advantage of this model is that new information can easily be 
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incorporated in the structure refinement protocol and the model can evolve as more 

information becomes available.  

Another approach used by Fink et al., (51) involved the use of data from hydroxyl 

radical footprints of the small subunit ribosomal proteins on the 16S rRNA, in addition to the 

RNA secondary structure and neutron diffraction data on the protein positions. The use of 

hydroxyl radical data provided more reliable structural information by addressing the issue of 

protein induced conformational changes. This method explores all the available 

conformational space and results in a range of conformations that can be adopted. The 

uncertainty of any helix is represented by the volume of its cloud. The mean helix cloud size 

was estimated to a 22 Å radius of uncertainty. This method resulted in placing 93% of the 

16S rRNA double helical elements within the defined volumes of uncertainty but the 

uncertainties were higher than those reported by Malhotra and Harvey. Although this 

approach was successful, manual intervention was required periodically.  

Another computer based model has been produced by Brimacombe group (52), which 

includes all atoms in the structure and was fitted in a 20 Å cryo-EM reconstruction of the 70S 

ribosome containing A- and P-site bound tRNAs (19). Their previous model for the 16S 

rRNA (48) was refined on the basis of new site-directed crosslinking data in the decoding 

region, RNA-protein crosslinking and footprinting data. They have provided a completed 

16S model that shows how the secondary structure of the 16S molecule fits to the cryo-EM 

reconstruction of ribosomes, how the known ribosomal protein distribution can be fitted to 

the same EM contour and how the model provides a framework for examining the large body 

of data that is available concerning sites of functional interest within the 16S rRNA 

molecule. This model, even though agreed with other models in some respects, it did not 
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provide a complete all atom picture which agreed well with experimental constraints, 

especially the data related with helix 23.  

 

Biochemical approaches 

Traditional approaches like chemical footprinting, photo-crosslinking by UV 

irradiation and several photoreactive groups, Fe-EDTA or phenanthroline probing have 

helped in the localization of ligands such as tRNA, mRNA, translation factors, antibiotics etc 

on the ribosomal RNA. Hydroxyl radicals generated by Fe-EDTA and chemical footprinting 

involving the use of different chemicals like kethoxal for N1 and N2 of guanosine, CMCT 

(1-cyclohexyl-3-(2-morpholinoethyl)-carbodiimide metho-p-toluenesulfate) for N3 of uridine 

and N1 of guanosine and DMS (dimethyl sulpfate) for N1 of adenosine, N3 of cytosine and 

N7 of guanosine helped in the identification of bases in 16S rRNA that are protected by 

tRNAs bound in A- and P-site of 30S ribosomal subunits and mRNA (53-55). Chemical 

modification has a limitation that it is not able to distinguish between the direct contacts and 

indirect effects caused by the ligands binding. The use of chemically activated chelating 

reagents like EDTA or phenenthroline tethered to ribosomal RNA, proteins (6) and ligands 

like tRNA and IF3 (56), results in the cleavage of phosphodiester backbone by the reactive 

species like hydroxyl radicals. This method has the advantage of being less restrictive, is 

easier to use and predicts direct contacts of the ligands instead of contacts due to 

conformational changes.   

Several mutational studies have investigated the role of specific nucleotides in the 

structure of 16S rRNA and revealed their importance in the process of translation. These 

studies have been done by both in vivo and in vitro analysis. For in vivo analysis, usually a 
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plasmid with a mutation of interest is incorporated with antibiotic resistance mutations and is 

expressed along with the rDNA genes. For in vitro analysis, the in vitro synthesized mutant 

16S rRNA is reconstituted to 30S subunit and the resultant phenotype studied with a variety 

of techniques (1).  For example, interactions in the decoding center of the 30S ribosomal 

subunit have been investigated by constructing all 15 possible mutations at nucleotides 

C1402 and A1500 in helix 44 of 16S rRNA (57). The results from these studies suggest that a 

higher-order interaction between helices 44 and 45 in 16S rRNA is important for the proper 

functioning of the ribosome. Several other studies have looked at the 530, 1050, and 1400 

regions that are thought to be critical for decoding. Thus, according to these mutational 

studies, peptidyl transferase, subunit association and decoding functions seem to be affected 

by minor structural perturbations.    

 

UV INDUCED CROSSLINKING 

UV irradiation (UVB, 210- 300 nm, UVA, 300- 380 nm and UV pulse laser) has been 

extensively used in crosslinking studies of nucleic acids and nucleic acid-protein interactions 

(58-63). It has several advantages as compared to other biochemical techniques like chemical 

modification, footprinting and the techniques involving use of extrinsic bifunctional reagents. 

It is a zero crosslinking method that can be applied to cells for in vivo studies and does not 

perturb the system under study. It predicts regions which are near or in direct contact to each 

other. The main disadvantage of the method is that at higher doses it induces local damage 

which either results in "wrong" crosslinks or degaradation of the material under study. This 

problem has been addressed by the use of laser pulse irradiation where strand breakage has 

been shown to be dependent on the intensity of the laser (59).  
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The absorption of electromagnetic radiation results in the excitation of an electron 

from a lower bonding orbital to a higher nonbonding or antibonding orbital. The 

electronically excited molecule is de-excited either by returning to the ground state and 

emitting radiation along with it or by rearranging from one molecular state to another without 

any emission of radiation.  All the possible transitions that occur between different energy 

levels are shown by Jablonski diagram (Figure 3, 64). Absorption of a photon results in the 

excitation of a molecule from its ground state (S0) to the excited state (S1). The excited 

molecule returns to the ground state by radiating the absorbed energy as fluorescence or 

phosphorescence or converts from one state to another by nonradiative transitions called 

internal conversion (IC, S1 to S0) or intersystem crossing (ISC, S1 to T1). The lifetimes of 

singlet states lie in the picosecond (10-12 s) to microsecond (10-6 s) range and that of triplet 

states lie in the range of microsecond to second range.  

UV irradiation of nucleic acids leads to the formation of excited states of nucleic 

bases, the only chromophores of nucleic acids. The excited states could be either singlet or 

triplet states and the photochemical reaction can proceed through either of the states 

depending upon the molecular environment and the photoproduct. When bases are joined 

together in a polymer, their excited state properties are affected. Electronic interactions 

between neighboring bases leads to excitation energy transfer from one base to another base, 

leading to the formation of non-covalent interactions between nucleosides as a result of van 

der Waals contacts and the overlapping of the molecular orbitals.  

The major photoproducts after UVB irradiation characterized so far are photohydrates 

of pyrimidines and photodimers of pyrimidines. Formation of the hydrates requires the 

singlet state of the excited pyrimidine that gives ample time for its reaction with water  
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Figure 3. A Jablonski diagram. Electromagnetic radiations (both absorption and emission) 
are indicated as straight arrows while non-radiative transitions are indicated as wiggly 
arrows. IC is internal conversion (conversion between states of same spin multiplicity) and 
ISC is intersystem crossing (conversion between states of different spin multiplicity). VR is 
vibrational relaxation. Adapted from Molecular photochemistry, in Essentials of Molecular 
Photochemistry, Gilbert, A. and Baggott, J. (1991), Blackwell Scientific Publications, 1-10. 
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molecule. Formation of photohydrates predominates for uracil followed by cytosine and 

thymine. The formation of a pyrimidine dimer requires the proximity of an excited  

pyrimidine to another pyrimidine with the correct orientation, and since in dilute solutions 

such a collision requires time, longer lived triplet states are the ones involved in dimer 

formation. Pyrimidine dimers are usually the cyclobutane type involving the C5-C6 double 

bond of each pyrimidine, which can be photoreversed when exposed to 254 nm UV light. 

Irradiation of free pyrimidine nucleobases results in the formation of four isomers, cis-syn, 

cis-anti, trans-syn and trans-anti. In oligonucleotides, the formation of trans-anti and cis-anti 

pyrimidine dimers is prevented because of steric constraints and the cis-syn isomer is the 

most common photoproduct in oligonucleotides (65). Purines are far less reactive than 

pyrimidines, therefore the purine and purine-pyrimidine photoproducts are less well 

characterized. These are also photoreversible consistent with a dimer structure consisting of a 

four-membered ring containing pyrimidine C5, C6 and purine C8, N7. Besides 

cyclobutadipyrimidines, other photoproducts also form on irradiation of nucleic acids (65). 

These include pyrimidine (6-4) pyrimidone, pyrimidine (5-4) pyrimidone, thymine trimer and 

a spore photoproduct called 5,6 dihydro-5-(α-thyminyl)thymine. 

 

4-Thiouridine photochemistry 

4-thiouridine is a uridine analog with the oxygen at position 4 of the pyrimidine ring 

replaced by a sulfur atom. This results in drastic changes in the spectral properties i.e. the 

main absorption band shifting form 260 nm to 330 nm and hence can be selectively 

photoactivated (66). It is highly photoreactive towards both the nucleic acid bases and the 

amino acid residues and can be incorporated both in cells and in a T7 RNA polymerase 
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system. It can be incorporated in nucleic acids with minimal structural perturbations (67). 

The photoreactions of s4U are distinct from U since their chemical reactivities and 

thermodynamic properties are significantly different. Irradiation at a wavelength in near-UV 

range i.e. at > 320 nm, populates the singlet state which rapidly decays (lifetime 5 ps) and 

converts to the lowest triplet state T1 (lifetime 5 µs, 68). The short singlet lifetime points to  

the triplet state T1 as the photoreactive state.  The mechanism of s4U crosslink formation has 

been determined in a number of systems and involves an initial reaction of the C4-S4 double 

bond of the s4U with the C5-C6 double bond of a pyrimidine or between the C4-S4 double 

bond of the s4U with the N7-C8 double bond of a purine (69). The initial thietane structure 

that is formed is subsequently hydrated and sulfur is lost to yield either the (5-4) or (6-4) type 

of photoadducts (Figure 4). Photohydration that is a major photoreaction of U, is not seen 

with s4U.  

 

UV crosslinking in 16S rRNA from Escherichia Coli 

Several crosslinking experiments have identified crosslinks to 16S rRNA from each 

of the three tRNA binding sites (70,71). 4-thiouridine incorporated in nucleic acid chains has 

also been used to probe RNA-RNA contacts within the ribosome, especially the contacts 

made by s4U substituted mRNA to 16S rRNA and 23S rRNA (72). Also several crosslinks 

were seen from different positions of mRNA to nucleotides in 16S rRNA using 4-thiouridine 

containing mRNA analogues (73-77). Long-range RNA-RNA crosslinks have been identified 

in fragments of thiolated 16S rRNA prepared by in vitro transcription (78) or in complete 

16S rRNA with s4U at specific positions, reconstituted to 30S subunits (79). RNA containing 

s4U residues has long been known to form crosslinks with proteins in ribosomes (62,63).  
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Figure 4. Mechanism of photo cross-linking reaction in 8-13 crosslink of tRNA. The 
photoreaction of s4U8 and C13 in tRNA. The reaction first yields a thietane, which after H2S 
elimination, gives the Cyd(5-4)Pdo adduct. The picture is adapted from Bioorganic 
Photochemistry: Photochemistry and the nucleic acids, (Morrison, H., Ed.), Wiley, New 
York, 379-425. 
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Based on crosslinking results, a number of specific 16S rRNA elements can be placed in the 

interface region of the subunit where decoding takes place. 

                                

TRANSLATION PATHWAY 

The translation pathway can be divided into three major steps: initiation, elongation 

and termination. Elongation is the central part of gene expression, consisting of three 

reactions, the A-site occupation, peptide-bond formation and the translocation reaction (21). 

A summary of different steps involved in the translation pathway is given below. 

 

Translation Initiation 

Initiation in bacteria involves the interaction of the 30S subunit with the Shine-

Dalgarno sequence on mRNA that is complementary to the 3’ end of 16S rRNA. Three 

initiation factors IF1, IF2 and IF3 and one GTP molecule are required for initiation. IF3 

binds to the 30S ribosomal subunit and helps in the selection of initiator tRNA (80). IF2 

promotes the positioning of fMet-tRNAfMet in the ribosomal P-site (81) while IF1 enhances 

the activities of other two factors (82). In the presence of fMet-tRNAfMet and mRNA, 30S 

ribosomal subunit binds these ligands in random order to form a preinitiation complex which 

undergoes a rearrangement to promote codon-anticodon interaction between initiator tRNA 

at the ribosomal P-site and mRNA resulting in 30S initiation complex formation. Association 

of the complex with the 50S subunit results in the release of IF1 and IF3, giving rise to the 

70S initiation complex. Release of IF2 from the initiation complex is accompanied by the 

hydrolysis of GTP (83). The end of the initiation process leaves an aminoacylated initiator 

tRNA in the P-site of the ribosome and an empty A-site. 
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Translation elongation 

Elongation begins with the entry of a ternary complex, consisting of EF-Tu-

aminoacyl-tRNA-GTP, into the A-site. Interaction of the anticodon of A-site tRNA with the 

codon on mRNA results in conformational changes in the ribosome that trigger GTP 

hydrolysis. The release of EF-Tu-GDP results in the accommodation of the aminoacyl end of 

tRNA in the peptidyl transferase center of the 50S subunit. Peptide bond formation occurs 

between the P-site tRNA and the α-amino group of the aminoacyl-tRNA in the A-site 

resulting in deacylated tRNA in the P-site and peptidyl tRNA in the A-site. Translocation of 

the tRNAs and mRNA is driven by EF-G in a GTP dependent step (84). 

Various models of translation have been proposed over the last five decades (21). The 

classical model is a “two-site model” which was predicted in early 1960s (2,85). It suggested 

the ribosome contained two binding sites for tRNA, namely, the P site for the peptidyl-tRNA 

and the A site for the aminoacyl-tRNA. After the peptide transfer, the peptidyl-tRNA 

(extended by one amino acid) is located at the A site and the deacylated tRNA is at the 

adjacent P site. After translocation, the deacylated tRNA leaves the ribosome and the 

peptidyl-tRNA moves from the A to the P site. Thus according to the two-site model, the 

posttranslocational ribosome always contains one tRNA, whereas the pretranslocational 

ribosome contains two tRNAs.  

Discovery of a third tRNA binding site called E-site, led to the proposal of the 

“allosteric three-site model” (86). According to this model, deacyl tRNA is not released from 

the ribosome during translocation but transfers to the E-site. A- and E-sites are coupled 

allosterically and therefore, occupation of the A-site lowers the affinity of the E-site bound 

tRNA and vice versa. E-site tRNA was also thought to undergo codon-anticodon 
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interaction. The recent 70S crystal structure supports the fact that E-site tRNA is stably 

bound to the ribosome, but the issue of codon-anticodon interaction is still not solved.  

Another model called “hybrid-site model” was based on chemical probing studies of 

tRNA bound to 16S rRNA and 23S rRNA (53,87,88, Figure 5). According to this model, 

there are at least six tRNA binding sites on the ribosomes: A/T, A/A, A/P, P/P, P/E and E, 

and the tRNA adopts hybrid sites (A/P and P/E) upon peptidyl transfer. This model proposes 

the relative movements of the tRNAs with respect to each subunit. The major drawbacks of 

this model are that the experiments were not performed under physiological buffer conditions 

and the base protection data for A/P hybrid state comes from the CCA end of tRNA which is 

not indicative of the whole tRNA molecule which might stay unaltered in A- or P-site.  

An additional model of translation called “α-ε model” is based on the fact that I2 can 

cleave phosphorothioated RNA, i.e. RNA with a sulphur at the phosphate groups (89, Figure 

6). When ribosomes were bound with tRNAs, the cleavage pattern of A-site bound tRNA and 

PPRE site bound tRNA were very different. Upon translocation of A-site bound and PPRE  

tRNA to PPOST and E-site respectively, the cleavage pattern did not change at all implying 

that a movable ribosomal domain with two interaction sites exists. The region that interacts 

with peptidyl-tRNA is called α and the region which interacts with deacylated tRNA is called 

ε. Thus the ribosome can be viewed as a molecular machine that actively transports tRNAs. 

A third domain called δ is the decoding center, which is separated from the α-ε domain in the 

POST state but overlaps with the α site in the PRE state. This is an immovable domain which 

fixes the new incoming aminoacyl tRNA and results in a conformational change allowing the 

α-ε domain to release the tRNAs bound to P- and E- sites (21,90). 
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Figure 5. Hybrid state model showing binding states of tRNA on the ribosome during 
translation elongation. The upper and lower rectangles represent 50S and 30S subunits with 
the 50S having A-, P- and E-sites and the 30S having A- and P-sites. (a) Peptidyl tRNA in 
the classical P-site. (b) aa-tRNA-EF-Tu-GTP ternary complex contacts the T-site in 50S 
subunit and the A-site in the 30S subunit. (c) hydrolysis of GTP results in release of EF-Tu-
GDP and and the interaction of aa-tRNA with the 50S. (d) peptidyl transfer leads to the 
movement of tRNA from to the P/E and A/P hybrid states. (e) EF-G translocates tRNA on 
the 30S subunit from P/E to E-site and A/P to P/P site. A-site the Picture adapted from 
Moazed and Noller, Nature, 1989, 342, 142-146. 

 

 

 

 

 

 



24

 

 

 

 

 

Figure 6. Alpha-epsilon model of elongation. Step 1a represents the decoding process 
where aminoacyl-tRNA-EF-Tu-GTP complex interacts with the A-site (δ). Step 1b represents 
conformational change from the posttranslocational to the pretranslocational conformation. 
Step 2 represents peptide bond formation and Step 3 is translocation where the ribosome 
moves from α-ε domains move. Picture adapted from Nierhaus et al., 2002, Biochem. Soc. 
Trans., 2002, 30 (2), 133-140. 
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Translation termination 

When a stop codon on mRNA is encountered by the release factors on the A-site, 

hydrolysis of peptide chain from tRNA in the P-site occurs. Release factors RF1 and RF2 

recognize the stop codons while RF3 binds to the complex of RF1/2 with the ribosome and 

promotes dissociation of RF1 and RF2 (91). After the release of the peptide chain, the 

ribosome is left with mRNA and a deacylated tRNA in the P-site. The ribosome is prepared 

for a new round of protein synthesis by ribosome release factor (RRF) and EF-G that leads to 

the dissociation of ribosomes in subunits upon GTP hydrolysis (92). Finally, IF-3 is then 

required to remove deacylated tRNA from the 30S subunits. 

 

CONFORMATIONAL CHANGES DURING TRANSLATION 

The ribosome undergoes various conformational changes during every step of 

translation as indicated by biochemical as well as structural evidence. As mentioned before, 

cryo EM has been very useful in looking at different states of ribosomes but the resolution is 

not very high. Some detailed structural changes have been addressed in the crystal structures 

because they provide atomic information. All the steps during translation have been 

characterized biochemically, the majority of which has lately come from kinetic experiments. 

The structural basis for these events is still not completely understood. 

 

Initiation and subunit association 

During the first step of translation, most of the conformational changes in the 

ribosome seen are due to initiation factor 3 (IF3) as seen by crosslinking data, cryo-EM and 

X-ray crystal structures (43,93,94). Although there is still a controversy in the location of IF3 
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on the 30S subunit, most of the studies are consistent with IF3 binding near the P-site of 

tRNA in the decoding region of 30S and inducing conformational changes in the decoding 

region of the 30S subunit to favor stabilization of initiator tRNA in the initiation complex. 

During subunit association, a number of domain movements have been observed in the 30S 

subunit by cryo-EM (17). These movements involve the 30S platform curling upwards, head 

moving downwards and shoulder moving upwards. The movement of the head in a 

“nodding” motion results in creation of an entrance channel for mRNA (14,95, Figure 7). 

Following subunit association, the ribosome is ready for the elongation phase where selection 

of the correct aminoacyl tRNA-EF-Tu-GTP complex is the first step. Due to the resolution 

obtained in cryo-EM, these structural changes can only be described in general rather than 

detailed terms.   

 

Decoding 

As reviewed in the earlier section, biochemical approaches have implicated several 

regions of 16S rRNA in decoding such as H44, H18 and H34. The dynamics of the decoding 

region in the 30S ribosomal subunit is required for correct binding of cognate aminoacyl 

tRNA ternary complex (aa-tRNA) and rejection of non-cognate complex or near-cognate 

complex. It has been shown by the kinetic experiments (96-98) and the crystal structure of 

30S with mRNA and tRNA (99) that the ribosome monitors the correct geometry of codon-

anticodon complex and causes conformational changes in the decoding center of the 30S by 

an induced-fit mechanism. In brief, kinetic studies have proved that selection of aa-tRNA 

occurs in two steps (100, Figure 8). The first step is the binding of ternary complex where  
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Figure 7. Conformation changes in 30S subunit. (a) 30S subunit from E. coli. (b) 30S 
subunit from 70S. h, head; p, platform; ch, channel; SD, Shine Dalgarno. mRNA path is in 
red. Picture adapted from Frank, J., 2003, Biopolymers, 68, 223-233. 
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Figure 8. Kinetic model of decoding. Various steps of decoding with different rate 
constants are shown. EF-Tu (green) is seen in different conformations bound with aminoacyl 
tRNA and GTP or activated GTP or GDP. Adapted from Wintermeyer et al., 2002, 
Biochimie, 84, 745-754. 
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both cognate and near cognate tRNAs are bound to the ribosome while the non-cognate 

tRNA ternary complex is rejected. The ribosome is considered to be in the “binding 

conformation”. The second step is a proofreading step where cognate and near-cognate tRNA 

ternary complexes are discriminated after GTP hydyolysis. The cognate aa-tRNA ternary 

complex brings the ribosome into a “productive conformation” which leads to GTP 

hydrolysis and accommodation. 

The structural basis of codon-anticodon recognition and the accompanied 

conformational changes are just beginning to emerge. The crystal structure of the 30S subunit 

with mRNA and tRNA showed that binding of mRNA and cognate tRNA in the A-site 

results in nucleotides A1492 and A1493 of H44 and G530 to span the minor groove of 

codon-anticodon interaction and hence result in the “closed” form of the 30S (99). When 

non-cognate tRNA is present, the three bases of 16S rRNA no longer contact the codon-

anticodon base pairs in a similar way and hence the 30S is in an “open” form.  

The questions of what conformational changes occur during codon-anticodon 

interaction which activates EF-Tu for GTP hydrolysis and how the accommodation and 

rejection of aa-tRNA occurs, have been continued to be addressed mostly by cryo-EM 

studies (24, 101). A recent report based on the cryo-EM studies of ribosome bound with 

fMet-tRNAfMet in the P-site and ternary complex Phe-tRNAPhe-EF-Tu-GTP with or without 

kirromycin at a resolution of 9 Å has addressed this issue by proposing a model which 

implicates the GTPase Associated Center (GAC) of the 50S subunit in the decoding 

mechanism on the 30S subunit (101). EF-Tu has been shown to contact the sarcin-ricin loop 

(SRL) (102) of 23S rRNA and helix 5 (SH5) from the small subunit, and tRNA in the ternary 

complex contacts protein S12 and helix 43 (LH43) in the GAC from the large subunit. It has 
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been proposed that the binding of the ternary complex promotes a large conformational 

change in the base of the L7/L12 stalk that is composed of two lobes, SRL and GAC. The 

SRL lobe remains fixed while GAC moves towards the body of the 50S subunit resulting in a 

transition from the “open” to the “closed” conformation which brings the aa-tRNA into 

contact with helix 69 (LH69) of the large ribosomal subunit. As a result of this interaction, 

the aa-tRNA gets distorted and reorients its anticodon arm resulting in codon-anticodon 

interaction. A cognate tRNA stabilizes the closed form of GAC and triggers GTP hydrolysis 

on EF-Tu, while a non-cognate tRNA would fail to do so and hence slow down GTP 

hydrolysis (98).  

After dissociation of EF-Tu, the acceptor arm of aa-tRNA is free to move from the T-

site to the A-site of the 50S subunit since it is energetically more favorable. A near cognate 

tRNA where the codon-anticodon movement is not stable enough will dissociate from the 

ribosome. Thus, this model explains all the kinetic data but the issue of EF-Tu structure that 

leads to GTP hydrolysis is still not solved. The effector loop in the SRL has a disordered 

structure and might be implicated in the GTPase-activity of EF-Tu (101) 

 

Peptidyl transfer 

 Peptide bond formation occurs rapidly when the aminoacyl end of A-site tRNA enters 

the peptidyl transferase (PT) center (96). The PT center is located on the 50S as shown by the 

crystal structure of the subunit (103). This structure predicted that peptidyl transfer is 

catalyzed by the ribosomal RNA and proteins are nowhere near the PT site. Catalysis of 

peptide bond formation was thought to occur by one of the following mechanisms: proper 

positioning of the substrates in the active site or by transition state stabilization or by general 
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acid-base catalysis between two residues A2451 and G2447 (104). It has been proposed that 

residue A2451 is the catalytic residue which gets protonated by a charge-relay network 

involving residue G2447 (103). This mechanism has been supported as well as opposed by 

several groups because of conflicting evidence. Also, pH-dependent conformational changes 

have been suggested in the peptidyl transferase center of the 50S subunit indicating this 

region to be flexible (105). 

 

Translocation 

After peptide bond formation, tRNAs and mRNA are translocated by one codon and 

this reaction is catalyzed by elongation factor G (EF-G) and GTP hydrolysis. Kinetic 

experiments have already indicated that on binding of EF-G.GTP to the ribosomes, GTP 

hydrolysis occurs which drives a conformational rearrangement on the ribosomes via 

conformational changes in EF-G (106). However, it is not known when, after GTP 

hydrolysis, Pi release occurs. Recent kinetic experiments have indicated that tRNA and 

mRNA movement and Pi release occur before EF-G reorients from the pretranslocational 

state to the posttranslocational state (107).  

The transition of mRNA.tRNAs complex from pre- to posttranslocational state occurs 

through the inter-subunit space of the ribosome where A- and P-site tRNAs are translocated 

to P- and E-sites, respectively. Rearrangement of EF-G is thought to bring the 

conformational changes in 30S and 50 S subunits that drives the translocation reaction 

(25,26). EF-G has been known to form extensive contacts with the 30S subunit where the 

head moves relative to the body. Different studies have proposed different mechanisms of 

EF-G induced structural changes in the subunits. According to one study, (26) domain 4 of 



32

EF-G binds S4 of the 30S subunit and induces structural changes in the shoulder region 

which, in turn, leads to changes in the neck and at the site of head and body interaction. Since 

S4 has been mapped near the 530 loop (108), which is linked to H34 in the head region (54), 

it can lead to changes in the decoding region which in turn can cause the movement of the 

head relative to the body. Thus, the changes have been thought to be propagated through 16S 

rRNA. In another cryo-EM study (109), a ratchet like rotation of 30S with respect to 50S is 

seen which leads to changes such as widening of the mRNA channel resulting in “open” and 

“close” configurations depending on whether or not mRNA is free to move. Also several 

intersubunit bridges like B1a, B1b and B1c, which link the 30S subunit head to the central 

protuberance of the 50S subunit, are affected (41). Both these studies have implicated the 

L7/L12 stalk of the 50S subunit as the element undergoing significant conformational 

changes.  

These two studies have different views on the mechanism of EF-G controlled 

structural changes in the subunit, therefore better resolution structures are required to solve 

this problem. Also, tRNA contacts as it moves during translocation are not clear from either 

of the studies. Movement of mRNA along with tRNA is another issue that is not well 

understood. It is not known whether mRNA is dragged by tRNA by virtue of codon-

anticodon pairing or is affected independently by the translocation mechanism. These are 

questions that are at the heart of the translation mechanism, and it is likely that a variety of 

approaches will be needed to answer them. 
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ABSTRACT 

The sites of crosslinking in most of the RNA-RNA crosslinks in 16S rRNA made by UVB 

irradiation and UVA irradiation of 4-thiouridine-containing ribosomes have been determined 

by primer extension and RNA sequencing methods. Gel electrophoresis of crosslinked RNA 

based on their loop size through porous denaturing polyacrylamide gels and the isolation of 

the RNA from the polyacrylamide gels by ultracentrifugation has allowed the purification of 

the crosslinked molecules and hence their analysis. In some cases the crosslinking sites were 

difficult to identify by reverse transcription either because of their poor resolution on the 

separating porous polyacrylamide gel, the crosslinking partner being near the 3’end of 16S 

rRNA or because some crosslinks might have structures that are not inhibitory to reverse 

transcription. Therefore a new method has been developed which involves cleaving the total 

crosslinked RNA site-specifically by RNase H, followed by their improved resolution on 

polyacrylamide gel and predicting the nucleotide involved in a crosslink by partial alkaline 

hydrolysis. 
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INTRODUCTION  

In order to understand the molecular mechanisms involved during translation, the 

structure of ribosomal RNA has been studied in great detail. Crystallography and cryo-EM 

studies have provided structures of ribosomes and ribosomal subunits at very high resolutions 

(1-4). Biochemical techniques like UV crosslinking, chemical footprinting, probing with 

cDNA and RNases, site directed mutagenesis and kinetic experiments have not only provided 

extensive information on the tertiary structure of ribosomal RNA but have also helped in 

pinpointing the role of specific nucleotides in the RNA (5-9). Conformational changes 

occurring in ribosomes during decoding (10) and translocation are being interpreted by these 

techniques but details at molecular level are still pending.  

Crosslinking by UV irradiation has been used to study the structure of RNA during 

the last few decades. Both UVB light (210-300 nm) and UVA light (300-380 nm) have been 

used to produce RNA crosslinks either by activating four nucleic bases or modified 

nucleosides occurring either naturally or inserted at a desired position. The crosslinks 

produced in large RNA molecules like rRNA are often numerous and their identification has 

been a major issue. Earlier studies that used RNA fragmentation and fingerprinting methods 

were able to localize crosslinks in several regions or neighborhoods in the RNA structure 

(11). Later studies that used reverse transcription methods resulted in the exact determination 

of the nucleotides involved in a specific crosslink (12). These studies involved the separation 

of 16S rRNA containing different crosslinks on porous denaturing polyacrylamide followed 

by the enrichment of crosslinked products by ultracentrifugation (13) and their identification 

by primer extension and RNA sequencing. Separation of crosslinked molecules is based on 

the mobilities of different loop sizes on a 3.6% acrylamide: bisacrylamide (70:1), 8.3 M urea 
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in BTBE (30 mM bis-Tris, 30mM boric acid, 2.5 mM EDTA, pH 6.8) buffer at 45 °C. Loops 

smaller than 50 nucleotides are not separated from the linear RNA and loops larger than 

about 700 nucleotides are not separated from one another (12), as a result the topmost and the 

bottommost bands might contain more than one crosslinks. The crosslinked molecules in the 

lower part of the gel can be resolved better by using a 40:1 ratio of acrylamide to 

bisacrylamide with the same buffer conditions.  

The exact location of the nucleotides involved in a crosslink depended on the purity 

of the crosslinked sample obtained after gel electrophoresis and ultracentrifugation. If the 

RNA from a band contains contaminants from a neighboring band, more than two reverse 

transcription stops may be seen and correct pairs of crosslinking sites need to be matched. 

This was done by correlating the large loop size with slower mobility on gel electrophoresis.  

In order to improve the resolution of the crosslinks on the denaturing gel a method 

has been developed to site-specifically digest the total crosslinked 16S rRNA with RNase H 

and chimeric oligonucleotides (14). The resultant cleaved, shorter fragments of crosslinked 

16S rRNA resolve better relative to each other on a denaturing gel as compared to full-length 

16S rRNA molecules and there is less chance of contamination from the neighboring bands. 

In cases where only one crosslinking partner is identified by primer extension analysis, each 

fragment is recovered by ultracentrifugation and analyzed for the known reverse transcription 

stops. The required band is then sequenced by partial alkaline hydrolysis to identify the other 

end of the crosslink. This method is also useful in confirming the identity of the nucleotides 

involved in known crosslinks because of the fact that RNaseH site-specifically cleaves the 

RNA-DNA hybrid and hence the sequencing ladder has a precise stop at the nucleotide 

involved in the crosslink. 
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MATERIALS AND METHODS 

Preparation of ribosomes and UV cross-linking procedures. Native and thiolated 

Escherichia coli 70S ribosomes and ribosomal subunits were prepared as described before 

(15, Nanda, K. and Wollenzien, P., in press, 2004). Irradiation of empty 70S ribosomes was 

done with a 312 nm trans-illuminator (Fotodyne, Inc., Hartland, WI) for 20 min as previously 

described (12). Irradiation of thiolated subunits was done with two 400 W low-pressure Hg 

lamps for 10 min, which has been determined previously to be saturating in light under these 

conditions (16). After irradiation, rRNA was recovered from the samples by proteinase K 

digestion, followed by phenol extraction, ether extraction, and ethanol precipitation. 

Determination of the C967 Cross-Linking Site by RNA Sequencing. The 

oligonucleotide was 5’ -mCmGmCmUdTdGdTdGmCmGmGmGmCmCmC -3’ used with 

RNase H to direct a specific cut between nucleotide 936 and 937. Specifically, 320 µg of 

total rRNA from irradiated 70S ribosomes and 50 pmol of oligonucleotide were mixed in 20 

mM Tris HCl, pH 7.8, 63.5 mM NH4Cl in 200 µL total volume, heated for 5 min at 55 oC, 

and cooled to 20 oC over a period of 15 min. Then, 30 µL of 10 mM MgCl2 and 20 units of 

RNase H (USB, Cleveland, OH) were added in that order, and after incubation for 10 min at 

55 oC, the sample was phenol and ether extracted and ethanol precipitated. The RNA was 

treated with 45 units of shrimp alkaline phosphatase in 200 µL total volume in 20 mM Tris 

HCl, pH 8.0, 10 mM MgCl2 for 15 min at 37 oC and then was phenol extracted, ether 

extracted, and ethanol precipitated. The 605-nucleotide fragment was isolated by separation 

on 1% agarose gel. Purified fragments (usually 15-20 µg) were 5’ labeled with 60 units of T4 

polynucleotide kinase using 0.66 mCi γ-[32P] ATP in 200 µL total volume containing 50 mM 

Tris HCl, pH 7.5, 1 mM MgCl2, 10 mM β-ME for 30 min at 37 oC. Samples were phenol 
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extracted, ether extracted, and ethanol precipitated twice to remove unincorporated [32P] 

ATP. Cross-linked RNA was separated by electrophoresis on 5% polyacrylamide gels (40:1 

acrylamide/bisacrylamide), 8.3 M urea, and BTBE buffer. Bands containing linear RNA and 

cross-linked RNA were identified using a phosphorImager and were cut out and collected by 

ultracentrifugation (40,000 rpm for 28 h) through a 4 mL cushion of 2 M CsCl, 0.2 M EDTA, 

pH 7.0 in a Ti 50.2 angle rotor (Beckman Coulter, Fullerton, CA). Twenty micrograms of 

herring sperm DNA (Sigma, St. Louis, MO) was added to the CsCl solution to make a visible 

pellet. Pellets were redissolved in 200 µL of 10 mM Tris HCl, pH 8.0, 1 mM EDTA, 1% 

SDS and were phenol and ether extracted, ethanol precipitated, and redissolved in H2O to 

give 2000 cpm/µL.  

Alkaline hydrolysis was performed as described previously (17). 3’ or 5’ end-labeled 

RNA (~1000 cpm) was incubated in hydrolysis buffer (25 mM Na2CO3, pH 9.0, 0.5 mM 

EDTA) at 90 °C for 8 min and RNase T1 sequencing was performed on control and 

crosslinked RNA samples (17). All samples were immediately cooled to 0 °C and analyzed 

on 10% polyacrylamide gel at 19:1 ratio of acrylamide: bisacrylamide.  

Determination of the A1519 and U793 Cross-Linking Sites by RNA Sequencing. RNA 

was prepared from thiolated and crosslinked 30S subunits as described before. For the 

determination of A1519, the oligonucleotide 5’-CACCGCTACACCTGG-3’ was used in 

RNase H reactions while for the determination of U793 as the 5’ end of the crosslink, an 

additional oligonucleotide 5’-mCmAmCmCdTdGdAdGmCmGmUmCmAmGmU- 3’ was 

also used. Two batches of 50 µg of the crosslinked RNA were annealed with 250 pm of 

oligonucleotide/s in 20 mM Tris-HCl, pH 7.8, 0.0635 mM NH4Cl in a total volume of 100 

µL at 55 °C for 5 min (14). Ten units of RNase H at a concentration of 2 units/µL in dilution 
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buffer (20 mM Tris-HCl, pH 7.8, 50 mM KCl, 100 mM NaCl, 1 mM EDTA, 1 mM DTT and 

50% glycerol) and 15 µL of 10 mM Mg(OAc)2 were added to the annealed mix and kept at 

55 °C for 10 min. 25 µL of 10% SDS was added to stop the reaction. The samples were 

phenol and ether extracted and ethanol precipitated.  

The 679-1542 nucleotide fragment was isolated by separation on 1% agarose gel. and 

purified fragments (usually 15-20 µg) were 3’ [32P] labeled. The 759-1542 nucleotide 

fragment was isolated by separation on 2% agarose gel. Purified fragments were treated with 

10 units of shrimp alkaline phosphatase as described before and 5’ labeled with T4 

polynucleotide kinase. Samples were phenol and ether extracted, and ethanol precipitated 

twice to remove unincorporated [32P] ATP. Cross-linked RNA were separated by 

electrophoresis on 5% polyacrylamide gels (40:1 acrylamide/bisacrylamide), 8.3 M urea, and 

BTBE buffer. Bands containing linear RNA and cross-linked RNA were identified using a 

phosphorimager and were cut out and collected by ultracentrifugation (40,000 rpm for 28 h) 

through a 4 mL cushion of 2 M CsCl, 0.2 M EDTA, pH 7.0 in a Ti 50.2 angle rotor 

(Beckman Coulter, Fullerton, CA). Pellets were redissolved in 200 µL of H2O and were 

phenol and ether extracted, ethanol precipitated, and redissolved in H2O to give 2000 

cpm/µL. Partial alkaline hydrolysis and RNase T1 digestion were done as described above. 
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RESULTS 

Determination of the C967 Cross-Linking Site by RNA Sequencing Analysis. C967 

and C1400 have been identified as the crosslinking partners in native E. coli ribosomes by 

UV irradiation (12, Figure 1) and hence were considered to be close enough in the tertiary 

structure of the 30S subunit to allow covalent photoreaction. Because the involvement of 

C967 with C1400 was considered unlikely given the arrangement of this region in the crystal 

structure (see Discussion), an additional determination of the C967 cross-linking site was 

done by RNA sequencing. RNA from irradiated empty 70S ribosomes was digested with 

RNase H with a mixed DNA-RNA oligonucleotide to induce strand breakage between 

nucleotides 936 and 937. After purification of the 605-nucleotide RNA by agarose gel 

electrophoresis, the 5’ end at 937 was labeled with [32P]. The RNA was then separated on a 

denaturing polyacrylamide gel (Figure 2A), and RNAs were isolated from three prominent 

bands that might contain the C967 x C1400 cross-link. The RNA from band 3 was 

determined by reverse transcription to contain the C967 x C1400 crosslink (Figure 2B,C). 

The exact location of the cross-link around C967 was determined by partial alkaline 

hydrolysis and partial RNase T1 digestion (Figure 2D). The crosslinking site was identified 

by the disappearance of the regular pattern of linear RNA fragments because of the branched 

structure at the cross-linked nucleotide. The patterns show corresponding bands in the cross-

link and control sample up to and including G966, but after that position, the partial alkaline 

hydrolysis pattern abruptly disappeared in the RNA containing the cross-link. Densitometry 

of the band intensity as compared to the control sample indicated that all crosslinking in 

fraction 3 RNA involves C967. 

 



55

 

 

 

Figure 1. Gel electrophoresis separation of crosslinked RNA. UVB (210-300 nm)  
crosslinked 16S rRNA was electrophoresed on denaturing 3.6% polyacrylamide gel at 70:1 
ratio of acrylamide: bisacrylamide. Bands are numbered as 1-16 on the left of the panel and 
the crosslink identities, summarized from reverse transcription analysis, are written on the 
right of the panel. Linear 16S rRNA represents the un-crosslinked RNA.  
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Figure 2. Confirmation of C967 as cross-linking site by RNA analysis. (A) Denaturing 
polyacrylamide gel electrophoresis of cross-linked molecules in 16S rRNA fragment 937-
1542. RNA from empty irradiated 70S ribosomes was subjected to RNase H breakage 
between 16S rRNA nucleotides 936 and 937, and the 937-1542 fragment was isolated and 5’-
labeled with [32P] before electrophoresis on a denaturing 5% polyacrylamide gel. RNA from 
bands marked 1-4 was isolated for subsequent analysis. RNA from bands 1-3 contains 
internal crosslinks, and RNA from band 4 contains linear RNA. (B and C) Identification of 
the band containing the C967 x C1400 cross-link. Reverse transcription of fractions 1-4 
through intervals 955-974 and 1391-1411 are shown in panels B and C. RNA from band 3 
produces reverse transcription stops for C967 and C1400 as indicated by the arrows. (D) 
Partial alkaline hydrolysis of cross-linked RNA fragments. Bands 1-3 were subjected to 
partial alkaline hydrolysis H to determine the location of any cross-links that interfere with 
the pattern of linear fragments originating from the 5’ end of the 937 nucleotide-sized RNA. 
Partial alkaline hydrolysis (H) and partial RNase T1 digestion (T1) of the band 4 linear RNA 
were used to determine the identity of the steps indicated by the identity of G residues in the 
ladder. The arrow points to position C967 that is the first nucleotide absent in the partial 
alkaline hydrolysis ladder in band 3 RNA. 
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Determination of A1519 and U793 as the Cross-Linking Site by RNA Sequencing. For 

crosslink 4 (Figure 3), in thiolated 30S subunits three reverse transcription stops at G791, 

A792 and U793 were seen whose partner was not identified by reverse transcription or by 

RNase H cleavage. U793 was already known to form the crosslink with A1518 by UV 

irradiation (18, T. Shapkina, personal communication), so the 3’ end of 16S rRNA was 

analyzed by the strategy where the crosslinked RNA is 3’ end-labeled and subjected to partial 

alkaline hydrolysis (17). The full-length 16S rRNA from fraction 4 did not give clear results 

in this experiment (results not shown), so a preliminary oligonucleotide directed RNase H 

cleavage in the interval 679-693 was done to allow a better isolation of the RNA containing 

crosslinks in the 791-793 region. The truncated RNA (containing 679-1542) was purified by 

agarose gel electrophoresis and was 3’ [32P]-end labeled. The RNA was separated on 5% 

denaturing polyacrylamide gel electrophoresis at 40:1 ratio of acrylamide: bisacrylamide 

(Figure 4A). All of the RNA fractions separated by gel electrophoresis were analyzed by 

reverse transcription (Figure 4B) and RNA from band 3 was found to produce the G791-

U793 stops. Partial alkaline hydrolysis was carried out on the RNA from band 3, band 2 and 

the linear RNA (all from the gel shown in Figure 4A) and the intensity of the resulting 

ladders were compared. An abrupt decrease in the intensity of the bands in the ladder was 

found to be at A1519 and therefore it was assigned as the crosslinking site (Figure 4C,D). 

A similar strategy was used to determine which nucleotide of G791, A792, U793 was 

involved in the crosslink with A1519. In this case, total crosslinked 16S rRNA was cleaved 

by RNase H at A759 using a mixed DNA/2’OMe RNA oligonucleotide and another DNA 

oligonucleotide in the interval 679-693, in order to resolve the cut fragments on the agarose 

gel. The truncated RNA containing the fragment 759-1542 was agarose gel purified and 5’  
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Figure 3. Preparative gel electrophoresis separation of crosslinked RNA. UVA (320-380 
nm) crosslinked 16S rRNA was electrophoresed on denaturing 3.6% polyacrylamide gel at 
40:1 ratio of acrylamide:bisacrylamide. Bands are numbered as 1-10 on the left of the panel 
and the crosslink identities, summarized from subsequent reverse transcription analysis and 
RNA sequencing, are written on the right of the panel. All the crosslinks were identified 
except 1, 9 and 10. Linear 16S rRNA represents the un-crosslinked RNA.  
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Figure 4. Identification of crosslinking partner for U793. (A) Denaturing polyacrylamide 
gel electrophoresis of crosslinked molecules in 16S rRNA fragment 679-1542. (B) 
Identification of the band containing the G791-U793 stops. Bands numbered 1-10 were 
subjected to reverse transcription through the interval 860-876 and RNA from band 3 
produced reverse transcription stops at G791-U793. (C) Partial alkaline hydrolysis. RNA 
from bands 2 and 3 were subjected to alkaline hydrolysis. RNA from band 10 (linear RNA) 
was used as control to determine the identity of the nucleotides in the ladder and G’s in the 
T1 sequencing lane. The right side of the panel indicates the identities of all G’s and the 
arrow points to the position A1519 that is the first nucleotide of greatly reduced intensity in 
the partial hydrolysis ladder in band 3. (D) Plot of ratio of intensities after partial alkaline 
hydrolysis. Ratios of the intensity of each nucleotide in the ladder obtained from band 2 and 
band 3 to that obtained from the control lane 10 was plotted against all the nucleotides 
starting form the top of the gel towards the bottom of the gel. A drop in the ratio was 
observed at the nucleotide A1519.  
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[32P] labeled, separated again on a 5% polyacrylamide gel (Figure 5A). All of the RNA 

fractions separated by gel electrophoresis were analyzed by reverse transcription (Figure 5B) 

and RNA from band 3 was found to produce the G791-U793 stops. Partial alkaline 

hydrolysis was carried out on the RNA from band 3, band 1 and the linear RNA (Figure 5A) 

and the intensity of the resulting ladders were compared. An abrupt decrease in the intensity 

of the bands in the ladder was found to be at U793 and therefore it was assigned as the 

crosslinking partner for A1519 (Figure 5C,D). 
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Figure 5. Identification of crosslinking partner for A1519. (A) Denaturing polyacrylamide 
gel electrophoresis of crosslinked molecules in 16S rRNA fragment 759-1542. (B) 
Identification of the band containing the G791-U793 stops. Bands numbered 1-10 were 
subjected to reverse transcription through the interval 860-876 and RNA from band 3 
produced reverse transcription stops at G791-U793. (C) Partial alkaline hydrolysis. RNA 
from bands 1 and 3 were subjected to alkaline hydrolysis. RNA from band 10 (linear RNA) 
was used as control to determine the identity of the nucleotides in the ladder and G’s in the 
T1 sequencing lane. The right side of the panel indicates the identities of all G’s and the 
arrow points to the position U793 that is the first nucleotide of greatly reduced intensity in 
the partial hydrolysis ladder in band 3. (F) Plot of ratio of intensities after partial alkaline 
hydrolysis. Ratios of the intensity of each nucleotide in the ladder obtained from band 1 and 
band 3 to that obtained from the control lane 10 was plotted against all the nucleotides 
starting form the bottom of the gel towards the top of the gel. A drop in the ratio was 
observed at the nucleotide U793.   
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DISCUSSION 

The method described above has given precise information about the involvement of 

a specific nucleotide in a crosslink for both C967 and U793 in C967 x C1400 and U793 x 

A1519 crosslinks. It has also helped in the improved resolution of crosslinked molecules on 

polyacrylamide gel and hence their analysis. For crosslink U793 x A1519, it was difficult to 

predict A1519 by alkaline hydrolysis of 3’ end of the crosslink because of cross-

contamination from the neighboring bands. Therefore RNase H cleavage before alkaline 

hydrolysis was done to have a better resolution of the crosslink on the gel and hence a clear 

hydrolysis pattern.  

The arrangement of C967, C1400, and the tRNA anticodon stem in the T. 

thermophilus 16S rRNA (1) is shown in Figure 6. In this structure, G966, C967, and A968 

(yellow, red, and yellow) are stacked together and are separated from C1400 (blue) by the 

cleft between the top of helix 44 (green) and the loop of helix 31 (yellow-green). The 

measured distances from C1400 (midpoint between C5 and C6) to G966 (midpoint between 

N7 and C8) and C967 (midpoint between C5 and C6) and A968 (midpoint between N7 and 

C8) are 9.4, 12.1, and 15.1 Å, respectively. The cross-link C967 x C1400 made in the empty 

ribosome would require a C967 to C1400 distance smaller than seen in the crystal structure 

and disruption of the G966/C967/A968 stack. Twelve of 18 long-range UV-induced 

crosslinks detected in E. coli 16S rRNA occur at C5/C6-C5/C6 or C5/C6-N7/C8 distances of 

3.7-7.9 Å (average 5.5 + 1.4 Å) in the T. thermophilus atomic structure; this indicates an 

average distance between the bonds that participate in UV-induced cross-linking 

(unpublished results). If this distance were the case for C967 and C1400, their separation 

would be about 7 Å closer in the empty 70S ribosome than they are in the crystal structure.  
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Figure 6. Arrangement of G966-A968 and C1400 in the 30S subunit. The 16S rRNA 
structure, determined by Wimberly et al. (1) that represents the 30S subunit with a filled P-
site. The orientation is a view with the 30S interface side facing the viewer in panels A and 
B. The 16S rRNA backbone is shown in a gray ribbon except for helix 31 (yellow) and helix 
44 (green). The positions of G966 (yellow), C967 (red), A968 (yellow), and C1400 (blue) are 
shown in a close view in panel A and in the long view in panel B, in which G966-A968 and 
C1400 are approximately in the same plane. 
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The exclusive participation of C967 with C1400 rather than G966 with C1400 would require 

a disruption of the 966-968 stack in the empty ribosome to allow access to C967. A 

reorientation of the base of C967 would also be needed to allow for the alignment of its base 

and the C1400 base needed for photoaddition. There are several possibilities for the 

functional significance of the alternate 30S arrangement. The C967 x C1400 cross-link does 

not arise merely from conformational heterogeneity in the 70S ribosome. The frequency of 

the crosslink is higher in the 70S ribosome than in the 30S subunit (19), but there is less 

conformational flexibility in the 70S ribosome than in the isolated 30S subunit (20,21). The 

C967 x C1400 cross-link also is dependent on the Mg2+ concentration, increasing as the Mg2+ 

concentration increases up to 20 mM (19). Therefore, the 30S arrangement associated with 

the cross-link is part of the default structure in the empty 70S ribosome rather than arising 

from a general increased flexibility. If the subunit adopts this arrangement or even undergoes 

part of the conformational change to decrease the C967 to C1400 distance of 12.1 Å present 

in the structure with P-site bound tRNA, or undergoes a structural change to alter the 967-

969 base stacking arrangement, it would likely affect critical contacts between the 16S rRNA 

and the tRNA. 

U793 was thought to be the most probable crosslinking partner for A1519 out of 

G791, A792 and U793 because of the favorable internucleotide distance measurements 

obtained from the crystal structure of 30S and also due to the fact that for 4-thiouridine 

induced crosslinks at 360 nm, a uridine residue has to be substituted by 4-thiouridine in the 

30S subunit. 
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ABSTRACT 

The locations of RNA-RNA crosslinks in 16S rRNA were determined after in vivo 

incorporation of 4-thiouridine (s4U) into RNA in a strain of Escherichia coli deficient in 

pyrimidine synthesis and irradiation at > 320 nm. This was done as an effort to find RNA 

crosslinks different than UVB-induced crosslinks that would be valuable for monitoring the 

30S subunit in functional complexes. Crosslinked 16S rRNA was separated based on loop 

size and crosslinking sites were identified by reverse transcription, RNase H cleavage and 

RNA sequencing. A limited number of RNA-RNA crosslinks in nine regions were observed. 

In five regions - s4U562 x (C879-U884), s4U793 x A1519, s4U1189 x (U1060-G1064), 

s4U1183 x A1092 and s4U991 x (C1210-U1212) - the s4U-induced crosslinks are similar to 

UVB-crosslinks observed previously.  In four other regions - s4U960 x A1225, s4U820 x 

G570, s4U367 x (A55-U56), and s4U239 x A120 - the s4U-induced crosslinks are different 

from UVB-induced crosslinks. The pattern of crosslinking is not limited by the distribution 

of s4U, because there are at least 112 s4U substitution sites in the 16S rRNA. The relatively 

small number of s4U-mediated crosslinks is probably determined by the organization of the 

RNA in the 30S subunit, which allows RNA conformational flexibility needed for crosslink 

formation in just a limited region.  
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INTRODUCTION 

The high-resolution ribosome structures determined by crystallography and cryo EM 

(1-7) have allowed a leap in the understanding of its mechanistic role in protein synthesis.  

However, it is still difficult to analyze complexes that represent the range of conformational 

states that probably occur in the ribosome during many of its reactions and in addition, it is 

valuable to be able to obtain information about the ribosome conformations under 

physiological conditions. Intramolecular RNA-RNA interactions have been studied by 

number of biochemical techniques and UVB-induced photo-crosslinking is attractive because 

it can be carried out on native, highly active ribosomes without addition of chemical probes 

and, in principle can be performed very rapidly. UVB irradiation with a transilluminator 

produces about fourteen long-range intramolecular crosslinks in E. coli 16S rRNA depending 

on the buffer conditions, temperature and wavelength of irradiation (8,9). Under standard 

irradiation conditions, changes in crosslinking frequency are an indication of structural 

changes in the ribosomal RNA (10,11). Nanosecond UV pulse laser irradiation, used at 

intensities of 4.5 to 18 x 109 Wm-2, results in the formation of four additional long-range 

RNA-RNA crosslinks (as well as the crosslinks seen with the low intensity transilluminator) 

and increases the RNA crosslinking frequency (12). However, the use of laser intensities 

above 18 x 109 Wm-2, for instance obtained in a picosecond pulse laser, is not a viable 

approach to seek additional RNA-RNA crosslinks, because RNA strand breakage is 

proportional to the intensity.  

An alternative RNA crosslinking method that could have greater efficiency and a 

different pattern than UVB crosslinking under both in vitro and in vivo conditions, with 

minimal side reactions, is UVA irradiation of 4-thiouridine (s4U)-containing RNA (13-16). 
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The presence of s4U results in minimal perturbations of the polynucleotide chains into which 

it is incorporated (17). The main π, π* absorption band of uracil is shifted from 260 nm to 

330 nm allowing irradiation at 330 - 350 nm to efficiently convert it to highly reactive 

species that forms stable, covalent bonds within a limited distance (13). In several instances 

where UVB and UVA/ s4U crosslinking of RNA to proteins were compared, a larger number 

of RNA-protein crosslinks were found with the UVA/ s4U samples (14-16). s4U has also 

been used to induce RNA-RNA crosslinking. Long-range RNA-RNA crosslinks (crosslink 

between nucleotides distant in the primary sequence) have been identified in fragments of 

thiolated 16S rRNA prepared by in vitro transcription (18), or in complete 16S rRNA with 

s4U at specific positions, reconstituted to 30S subunits (19). s4U forms Pyo(4-5)Pyr and 

Pyo(4-6)Pyr type (20-21) adducts with pyrimidines and photoadducts between 4-

thiothymidine and adenosine also form by a (2 + 2) cycloaddition to the N7/C8 double bond 

of adenosine (22). In fact, in the s4U RNA crosslinking experiments, crosslinks involving s4U 

and both pyrimidines and purines have been found (18,19). 

A strategy for in vivo incorporation of s4U into ribosomes has been described by the 

Favre group (24,25), using a PyrD mutant strain of E. coli. The pyr D ¯ strain is unable to 

synthesize pyrimidine bases and is dependent on an external uridine source. The strain is 

viable on a mixture of uridine and s4U and the amount of s4U incorporated into high 

molecular weight RNA in the cell depends on the uridine to s4U ratio and the growth 

conditions of the cell culture. The present work optimized the incorporation of s4U to obtain 

a reproducible pattern of RNA-RNA crosslinks in the 16S rRNA, which should be less than 

one per 16S rRNA and to obtain a good yield of active ribosomes. Methods that 
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systematically identify long-range crosslinks in the 16S rRNA were used to isolate and 

determine RNA crosslinking sites. 
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MATERIALS AND  METHODS 

Strain and growth media. Strain AB1157 is an E. coli K12 F- Leu, Pro, His, Arg. Thr, 

Gal, Xyl, Man, Lac. The strain used is a derivative of AB1157 carrying SfiA and PyrD 

mutations. It is a gift from Dr. Richard D’Ari, Institute Jacques Monod, University of Paris. 

The preculture growth medium was 63 B1: 0.1 M KH2PO4, 15 mM (NH4)2SO4, FeSO4 (0.005 

mg per liter) with pH adjusted to 7.0 using KOH (25), complemented with a final 

concentration of 0.2% glucose, 0.4% casamino acids, 40 µg/mL uridine, 1mM MgSO4, 

1µg/mL of Vitamin B1 and containing 50 µg/mL of kanamycin. This will be referenced 

below as “63B1 complemented and with kanamycin”.  

It has been seen earlier that at s4U/ U ratio of 2.5 and temperature of 30 °C, the 

growth of the mutant strain is linear with efficient s4U incorporation in 70S (23). 4-

thiouridine uptake into RNA was also dependent upon the age of the preculture, i.e. the 

number of generations the cells have undergone immediately before dilution in the thiolation 

medium (24). At 2.5<N<4, the cells grew exponentially with significant incorporation of s4U 

and at N=3, the yield of stable 70S ribosomes (defined operationally as the fraction of 

associated 70S which were separated from unassociated 30S and 50S in T20A200M20 β10) was 

55% with ~70-75 s4U residues per 70S.   

In the present study, an overnight preculture of AB1157 grown at 30 °C in 63 B1, 

complemented and with kanamycin, was added to the same media at a concentration of A650 

= 0.00625. This was grown for three generations to A650 = 0.05. 4-thiouridine was then added 

to the medium and the cells were grown until A650 was 0.5. The final concentration of s4U 

used in the thiolation medium was 75 µg/mL to give an s4U/ U ratio of about 2. Cells were 

then pelleted and processed immediately for ribosome purification. These conditions resulted 
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in an incorporation of s4U that gave a reproducible and well-defined pattern of crosslinking 

as judged by denaturing polyacrylamide gel electrophoresis.  

Ribosome preparation and crosslinking. Ribosomes were extracted from the cells as 

described before (26). All operations were performed at 4 °C. 70S ribosomes were separated 

from non-associated 50S and 30S subunits in 10-40 % linear sucrose gradients prepared in 

T20A200M20 β10 buffer by centrifugation in a SW 28 rotor at 18,000 rpm for 18 h. 30S 

ribosomal subunits were prepared from 70S ribosomes by incubating them for 3 min at 37 °C 

in T20A200M3 β10, followed by centrifugation on 10-40 % linear sucrose gradients, prepared in 

the same buffer, at 27,000 rpm for 18 h in the SW 28 rotor. 30S subunits were collected, 

adjusted to 20 mM Mg+2 and concentrated by pelleting at 40,000 rpm overnight in a Ti 50.2 

rotor. The 30S subunits were dissolved in T20A200M20 β10 buffer, aliquoted and stored in -80 

°C. 

Activation of 30S subunits was done in T20A200M20 β10 buffer for 15 min at 37 °C.  

Samples (usually 100 pm of 30S subunits in 0.15 mL of T20A200M20 β10 for a preparative 

scale experiment or 10 pm of 30S subunits in 0.05 mL of T20A200M20 β10 for an analytical 

experiment) in 1.5 mL polyethylene microfuge tubes were placed in a sample well, 

surrounded by a circulating 4 °C solution of Co(NO3)2 to remove light < 320 nm and to keep 

the sample cool. Irradiation was with two 400 W low-pressure Hg lamps for 10 min, which 

has been determined previously to be saturating in light under these conditions (27). Samples 

were treated with proteinase K, phenol and ether extracted and ethanol precipitated.  The 

RNA was de-phosphorylated with shrimp alkaline phosphatase (USB, Cleveland OH), 

phenol and ether extracted and ethanol precipitated. 16S rRNA was purified on 1% agarose 

gel and 5’ end-labeled with [γ-32P] ATP by T4 polynucleotide kinase (MBI Fermentas, 
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Hanover, MD) or 3’ end-labeled with [5’-32P] pCp by T4 RNA ligase (28) as required by the 

experiment. For analytical evaluation of crosslinking, RNA was electrophoresed on 8.3 M 

urea, 3.6% (w/v) polyacrylamide gel (acrylamide to bisacrylamide, 40:1, w/w) in BTBE 

buffer as described (8). 

For preparative separation of crosslinked RNA, approximately 30 µg of the 

crosslinked RNA was separated on a 10 cm wide well using the 3.6% (w/v) polyacrylamide 

gel. The location of the bands containing un-crosslinked and crosslinked 16S rRNA was 

determined with a PhosphorImager (Amersham, Piscataway, NJ). The bands were cut out of 

the gel and eluted by ultracentrifugation through cushions containing 2 M CsCl and 0.2 M 

EDTA, pH 7.4, for 12 h at 40,000 rpm (29). RNA samples were redissolved in 250 µL of 

water, phenol and ether extracted and precipitated at –20 °C. Samples were then dissolved in 

10 µL of water except the linear RNA which was dissolved in 50 µL water.  

Determination of crosslinked sites. Reverse transcription analysis of 16S rRNA was 

performed as described before (8). Fifteen DNA primers complementary to different regions 

of 16S rRNA were used to read the whole molecule of 16S rRNA. Reverse transcription 

reactions were electrophoresed on 8% acrylamide: bisacrylamide (19:1), 8.3 M Urea in TBE 

buffer. Crosslinks were identified as the nucleotide one nucleotide 5’ to the reverse 

transcription stop.  

RNase H reactions contained 20 pm or less of [γ-32P]-labeled RNA molecule and 50 

pm of oligonucleotide. The RNA was annealed with 50 pm of DNA oligonucleotides or 

mixed oligonucleotides containing 2’methylribo- and 2’deoxyribo-nucleotides in annealing 

buffer (20 mM Tris-HCl, pH 7.8, 0.0635 mM NH4Cl) in a total volume of 20 µL at 55 °C for 

5 min (30). Two units of RNase H at a concentration of 2 units/µL in dilution buffer (20 mM 
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Tris-HCl, pH 7.8, 50 mM KCl, 100 mM NaCl, 1 mM EDTA, 1 mM DTT and 50% glycerol) 

and 3 µL of 10 mM Mg(OAc)2 were added to the annealed mix and kept at 55 °C for 10 min. 

5 µL of 10% SDS was added to stop the reaction. The samples were then analyzed by 3.6% 

polyacrylamide gel at 19:1 ratio of acrylamide: bisacrylamide.  

For isolation of RNA fragments after RNase H digestion crosslinked, 100 pmol of 

crosslinked 16S rRNA was annealed with 250 pm of oligonucleotide(s) in a 100 µL volume 

of annealing buffer and incubated 55 ºC for 5 min followed by addition of 15 µL of 10 mM 

Mg(OAc)2 and 10 units of RNase H and an additional incubation at 55 ºC for 10 min. For 

determination of the 1519 site, a DNA oligonucleotide complementary to the 16S rRNA 

interval 679-693 was used and for the determination of the U793 site an additional mixed 

oligonucleotide complementary to the 16S rRNA interval 749-763, 

mCmAmCmCmdTdGdAdGmCmGmUmCmAmGmU, was used. 25 µL of 10% SDS were added to 

stop the reaction and RNA was phenol and ether extracted before ethanol precipitation. The 

RNA fragments (679-1542 or 759-1542) were isolated on 1% agarose gels in TBE buffer. 

Purified fragments were 3’ or 5’ labeled as described above. Crosslinked RNA was separated 

by electrophoresis on denaturing 5% polyacrylamide gels (40:1 acrylamide/bisacrylamide) 

and bands containing linear RNA and crosslinked RNA were isolated as described above.  

Alkaline hydrolysis was performed as described previously (27). 3’ or 5’ end-labeled 

RNA (~1000 cpm) was incubated in hydrolysis buffer (25 mM Na2CO3, pH 9.0, 0.5 mM 

EDTA) at 90 °C for 8 min and RNase T1 sequencing was performed on control and 

crosslinked RNA samples (28). All samples were immediately cooled to 0 °C and analyzed 

on 10% polyacrylamide gel at 19:1 ratio of acrylamide: bisacrylamide.  
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Determination of crosslinking frequencies. 16S rRNA was obtained from the 

crosslinked 30S subunits as described before and resolved by electrophoresis on denaturing 

3.6% polyacrylamide at 40:1 acrylamide: bisacrylamide gel containing 0.003% APM (31). A 

series of bands of reduced mobility were seen in addition to the band that has the mobility of 

native non-thiolated 16S rRNA. RNA from the top-most band, which has the maximum 

number of s4U, and RNA from intermediate bands which has an apparent number of 4-6 s4U 

were purified from the gel slices by centrifugation through cushions containing 2 M CsCl, 

0.2 M EDTA, pH 7.4, 15 mM DTT for 12 h at 40,000 rpm (29). The RNA samples were re-

electrophoresed on denaturing 3.6% polyacrylamide at 40:1 acrylamide: bisacrylamide gel to 

determine the crosslinking frequency. The frequency of crosslinking was determined from 

PhosphoImager data (ImageQuant; Amersham, Piscataway, NJ). To normalize for RNA 

loading, crosslink band intensity was referenced to the 16S rRNA parent band in the same 

lane. 

Analysis of locations of s4U in 16S rRNA by APAB reaction and reverse transcription. 

Non-irradiated s4U-containing 16S rRNA was prepared from thiolated 30S subunits and 

resolved by electrophoresis on denaturing 3.6% polyacrylamide at 40:1 acrylamide: 

bisacrylamide gel containing 0.003% APM as described previously. RNA from eight bands 

and the non-thiolated band was purified from the gel slices by ultracentrifugation through 

CsCl solution as described (28) in the presence of 15 mM DTT to the solutions. The RNA 

fractions were resuspended in 5 mM DTT and ethanol precipitated. 2 µg of RNA from each 

band was reacted with APAB as described before (32). RNA was dissolved in 98 µL of a 

buffer containing 50 µM DTT, 50 mM Tris-HCl, pH 8.0 and to this was added 2 µL of 

APAB (100 mM APAB dissolved in 100% methanol). The reaction mixture was incubated at 
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room temperature for 1 h in the dark and ethanol precipitated. RNA samples were finally 

redissolved in 10 µL of H2O and analyzed by reverse transcription assay in reduced lighting 

as described above.  

Re-irradiation of crosslinked RNA. 10 pm of 30S subunits were activated and 

irradiated with wavelength > 320 nm for 10 min at 5 °C, treated with proteinase K, phenol 

and ether extracted and ethanol precipitated. 16S rRNA was purified on 1% agarose gel and 

5’ end labeled with [γ-32P] ATP and polynucleotide kinase after phosphatase treatment. The 

RNA was redissolved in 50 µL of 1 mM Tris-HCl, pH 8.0 and re-irradiated at 5 °C for 

different length of time at wavelengths of 254 nm and 330 nm to determine if any crosslinks 

were photoreversible. Samples were ethanol precipitated and redissolved in H2O and 

formamide for gel electrophoresis on the denaturing 3.6% polyacrylamide gel system. 
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RESULTS 

Preparation and characterization of 70S ribosomes with s4U. In vivo incorporation of 

s4U in E. coli ribosomes was done as described before (24,25) using a derivative of E. coli 

strain AB1157, carrying a mutation in pyrD to allow s4U incorporation. The strain is 

deficient in pyrimidine synthesis but is capable of growing when uridine is included in the 

media. Conditions for growth of the cells and suitable incorporation of s4U have been 

described earlier (24,25).  

For the present study, cells were grown at 30 °C in media containing uridine at 40 µg/ 

mL for three generations (about 2 h) followed by the addition of s4U to a final concentration 

of 75 µg/ mL and grown for an additional three generations (3-4 h) determined by A650 

measurements. The fraction of ribosomes that were isolated as 70S particles after sucrose 

gradient centrifugation was found to be ~ 60 % of the total soluble ribosomes. The s4U-

containing 30S subunits used for subsequent experiments were obtained from those 70S 

ribosomes to insure their functional competence. 16S rRNA obtained from these 30S 

subunits was found to have an average of eight s4U per 16S rRNA as determined by 

spectrometric analysis (23). This 16S rRNA was also analyzed for the level of substitution of 

s4U by electrophoresis on denaturing 3.6% polyacrylamide at 40:1 acrylamide: bisacrylamide 

gel containing APM, which retards the RNA through mercuric-sulfur interactions (18,31). 

Eight bands corresponding to different levels of s4U substitution were seen, the top band 

should be the most highly substituted 16S rRNA molecules (Figure 1). About 60% of the 16S 

rRNA ran at the non-thiolated 16S rRNA position implying either that some RNA escaped 

interaction with APM due to the location of the s4U in the molecule (24) or that there was 

still a large pool of non- substituted ribosomes under the conditions the cells were grown. Of  
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Figure 1. The separation of in vivo thiolated 16S rRNA on an APM-polyacrylamide gel. 
The approximate number of s4Us in the RNA predicted by direct counting from the bottom of 
the gel to the top is written on the right side of the gel. 
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the 40% of the 16S rRNA that has reduced electrophoretic mobility on the APM- 

polyacrylamide gel, the largest amount was in the top-most band indicating substitution with 

eight s4Us or more, if there is a direct counting of the bands and the s4U incorporation. 

The 30S subunits isolated from 70S ribosomes were tested for their activity in re-

association with 50S subunits and tRNA binding. Association of thiolated 30S with native 

50S subunits, assayed by velocity sedimentation analysis on sucrose gradients in T20A200M20 

buffer, was identical to the behavior of non-substituted 30S subunits. tRNAPhe binding to 

poly (U)-programmed 70S ribosomes was determined by footprinting using the kethoxal 

reactivity at G926 as an index of tRNA binding (33-35) and similar levels of tRNAPhe binding 

were found in the s4U-substituted and non-substituted samples (results not shown). 

Dependence of RNA crosslinking on s4U and irradiation. Irradiation of non-thiolated 

and thiolated 30S subunits was done to determine the specificity of the crosslinking. The 

extent and pattern of crosslinking in the RNA, after 16S rRNA purification and 5’-[32P] 

labeling as described in the Methods, was determined by electrophoresis on denaturing 3.6% 

polyacrylamide gels at 40:1 acrylamide: bisacrylamide (8). Crosslinked RNA molecules 

separate on the basis of loop size - the distance in the sequence between the nucleotides 

participating in the covalent crosslink (8,18,19,36). The occurrence of the RNA-RNA 

crosslinks depended on both s4U substitution as well as on irradiation (Figure 2A). In 

addition, the pattern of crosslinking when 16S rRNA de-proteinated before irradiation was 

very different from the pattern observed in the 30S subunit. In the de-proteinated RNA a 

diffuse pattern of radioactive RNA was seen in the gel electrophoresis indicating that a large 

number of crosslink products were produced, but none of them at a high frequency. In the 

30S subunit, at least nine distinct bands were seen (Figure 2A). 
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Figure 2. Gel electrophoresis analysis of s4U-mediated RNA crosslinking. For all 
samples, 16S rRNA was first isolated on agarose gels and then 5’ [32P]-labeled. 
Electrophoresis was done on 8.3 M urea, 3.6 % polyacrylamide gels. Panel A. Lanes 1, 
native (non-thiolated) 30S subunits irradiated with λ > 320 nm; lane 2, thiolated 30S subunits 
not irradiated; lane 3, thiolated de-proteinated 16S rRNA irradiated with λ > 320 nm; lane 4, 
thiolated 30S subunits irradiated with λ > 320 nm. Panel B. Gel electrophoresis of 
crosslinked 16S rRNA after enrichment for s4U content on APM gels. Lane1, thiolated 30S 
irradiated with λ > 320 nm and enriched for high substitution of s4U per 16S rRNA; lane 2, 
thiolated 30S irradiated with λ > 320 nm and enriched for moderate substitution of s4U per 
16S rRNA. 
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Levels of s4U substitution in the isolated 30S subunits are not random after three 

generations of growth with s4U in the media, so the pattern of crosslinking was determined 

after separation on APM-polyacrylamide gels to find out whether s4U-substitution levels 

affect the crosslinking pattern. After 10 min irradiation in the 30S subunit, RNA was 

isolated, [32P]-labeled and purified on APM-containing polyacrylamide gels. The separation 

of the RNA in this case is likely due to residual s4U remaining in the molecules even after the 

irradiation. 16S rRNA was isolated from regions of the gel that corresponded to > 8 s4U per 

16S rRNA or 4-6 s4U per 16S rRNA in unirradiated 16S rRNA, but because the original 

incorporation levels were not known, these will be referred as highly- and moderately- s4U-

substituted 16S rRNA. The RNA was analyzed by gel electrophoresis on the 3.6 % 

polyacrylamide gel. The frequency of the crosslinking is two to three times higher in the 

highly substituted 16S rRNA, but the pattern of crosslinking is not changed (Figure 2B). 

Determination of crosslinking sites. Ten bands as well as a strong band in the position 

of the un-irradiated 16S rRNA were seen after gel electrophoresis of a RNA sample that 

came from crosslinking in 30S subunits (Figure 3). RNA from those regions of the gel was 

purified by centrifugation through CsCl solution (29). Each of the RNA fractions obtained 

from the gel was re-electrophoresed to check the separation of the crosslinked molecules 

(results not shown). All fractions were analyzed by reverse transcription and crosslinking 

sites were verified by analysis with oligonucleotide directed RNase H cleavage.  

Reverse transcription reactions using AMV reverse transcriptase and a set of fifteen 

oligonucleotide primers were done to locate crosslinking sites. At cyclobutane-type 

crosslinks such as those at the UV-induced crosslink between tRNAVal and 16S rRNA 

(37,38), at psoralen induced crosslinks (39) and at UV-induced crosslinks in 16S rRNA made  
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Figure 3. Preparative gel electrophoresis separation of crosslinked RNA. UV crosslinked 
16S rRNA not enriched for s4U content) was electrophoresed on denaturing 3.6% 
polyacrylamide gel at 40:1 ratio of acrylamide: bisacrylamide. Bands are numbered as 1-10 
on the left of the panel and the crosslink identities, summarized from subsequent reverse 
transcription analysis and RNA sequencing, are written on the right of the panel. All the 
crosslinks were identified except 1, 9 and 10. Linear 16S rRNA represents the un-crosslinked 
RNA.  
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in the 30S subunit (8) AMV reverse transcriptase is stopped one nucleotide before the site of 

a crosslink giving rise to a strong band in the primer extension pattern. s4U-induced 

crosslinks are also detected by reverse transcription, (18,19) although a low efficiency read-

through at some crosslinking sites has been reported (18).  

RNA from five bands (3a, 3b, 4, 7, and 8, see Figure 3) was found to have specific 

pairs of nucleotides as participants in the crosslinks. This is similar to the situation seen in 

UVB-induced crosslinking. These five nucleotide pairs also have the property of small 

distances separating the reactive bonds in the 30S subunit structure as determined by 

measurements in the 16S rRNA tertiary structure in the 30S subunit (2) (see Table 1). 

In four regions, series of reverse transcription stops were seen. In these cases, it was 

necessary to measure band intensities for all the stops to quantitatively evaluate the pattern. 

The positions having intensity at least 50% more than the corresponding band in the control 

lane were taken as crosslinking sites. U562 was determined as the site of crosslinking in 

fraction 2 (Figure 4A) and the crosslinking partners were determined as C879, C880, G881, 

C882, C883 and U884 (Figure 4B). Similarly U1189 was identified as the site of crosslinking 

in fraction 6 (Figure 4K) and the crosslinking partners were U1060, G1061, U1062, C1063 

and G1064 (Figure 4L) and U367 in fraction 5 (Figure 4G) was crosslinked to A55 and U56 

(Figure 4H). Finally, a low frequency band above band 4 which was resolved better on a 70:1 

acrylamide:bis acrylamide ratio, was also found to have multiple crosslinking partners to a 

single nucleotide. It had U991 (Figure 4N) crosslinked to C1210, U1211 and U1212 (Figure 

4O). In all four of these cases, a specific s4U at one site form crosslink with a series of 

partners from a limited interval of another part of the 16S rRNA.  
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Table 1: Identity and properties of s4U crosslinks in 30S ribosomal subunits 
 
Crosslink 
Number 

Identity Freq1 Freq1 Internuc
l. Dist.2 

Similarity to UVB 
crosslink?3 

 U562xC879 0.26 0.10 21.0  
 U562xC880 0.51 0.20 17.9 Yes, 
2 U562xG881 0.53 0.21 15.1 (559-566) x (850-890)a 
 U562xC882 0.59 0.23 11.4 U562 x U884b 
 U562xC883 0.62 0.24 7.3  
 U562xU884 0.60 0.23 3.3  

3a U960xA1225 3.35 1.53 4.0 No 
3b U820xG570 3.49 1.73 5.2 No 
4a U991xC1210 0.12 n.d. 15.2 Yes, 
 U991xU1211 0.26 n.d. 12.7 U991 x U1212b 
 U991xU1212 0.34 n.d. 5.0  

4b U793xA1519 3.45 1.30 6.2 Yes, U793 x A1518c 
5 U367xA55 0.71 0.56 18.1 No 
 U367xU56 0.58 0.46 18.0  
 U1189xU1060 0.77 0.36 17.1  
 U1189xG1061 0.82 0.38 15.8 Yes, 
6 U1189xU1062 0.72 0.34 14.2 (1065-1068) x (1188-1190)a 
 U1189xC1063 1.11 0.51 14.0 G1064 x G1190d 
 U1189xG1064 0.73 0.34 13.9  
7 U239 x A120 0.76 0.40 5.3 No 
8 U1183xA1092 0.95 0.31 4.0 Yes, A1093 x G1182b 

 

1Values for crosslink frequencies were taken from gel electrophoresis analysis. Frequencies 
are percent of total RNA analyzed in each case. The first and second columns contains 
frequencies obtained with highly substituted 16S rRNA or moderately substituted 16S rRNA. 
Uncertainties are about 10% of the indicated values. n.d. is not determined. 
 
2 Internucleotide distances were measured in the atomic structure of the 30S subunit obtained 
by X-ray diffraction (2). Distances were measured between C4/S4 atoms of the uridine 
identified as the s4U and the C5/C6 atoms of pyrimidines partners or N7/C8 atoms of purines 
partners. 
 
3 UVB-induced crosslinks were reported in: (a) Steige et al. (47); (b) Wilms et al. (8); (c) 
Shapkina et al. (10); (d) Shapkina et al. (12). Crosslinking sites in parentheses were 
determined by RNA fragmentation, which did not identify the precise nucleotide involved. 
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Figure 4. Reverse transcription analysis of crosslinked 16S rRNA substituted with 4-
thiouridine. RNA from the bands 1-10 and linear 16S from the preparative gel shown in the 
Figure 3 were subjected to primer extension analysis using DNA primer complementary to 
16S rRNA intervals at (A) 546-580, (B) 874-888, (C) 814-823, (D) 958-965, (E) 1224-1229, 
(F) 786-797, (G) 365-373, (H) 51-63, (I) 233-244, (J) 117-123, (K) 1180-1193, (L) 1057-
1067, (M) 1080-1107, (N) 1209-1222, and (O) 979-1007. The right side of the panels 
indicate the crosslinked nucleotide number, one nucleotide on the 5’ side of the reverse 
transcription stop. Lanes U, G, C and A are dideoxy sequencing lanes and indicate the 
nucleotide sequence of 16S rRNA. 
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For crosslink 3, which was not resolved very well on the gel system used here, four 

reverse transcription stops were seen (Figure 4). RNase H cleavage data (data not shown) and 

the mobility of the crosslinks based on the loop size were used as a criterion to assign the 

crosslinks to each band. The band at the top (band 3a) was assigned to have U960 x A1225 

crosslink and the band below (band 3b) was assigned the crosslink G570 x U820.  

All of the crosslinks were verified by oligonucleotide-directed RNase H cleavage. For 

verification of the crosslinked RNAs, DNA oligonucleotides complementary to the 16S 

rRNA on the 5’ side of the 5’ crosslinking site, between the nucleotides involved in the 

crosslinking site and on the 3’ side of the 3’crosslinking site were used. In the example 

shown for crosslink U1189 x G1064-U1060 (Figure 5B), the RNase H digestion was done 

with DNA oligonucleotides designated 1024, 1125 and 1264 corresponding to the intervals 

(1016-1032), (1117-1133) and (1256-1273) respectively. The oligonucleotides were annealed 

to the 3’ [32P] labeled 16S rRNA molecule containing the crosslink and digested with RNase 

H. The RNA was then analyzed on a denaturing 3.6% polyacrylamide gel at 19:1 ratio of 

acrylamide: bisacrylamide. Based on the number and the size of the fragments, the 

approximate region of the crosslink was determined (Figure 5A). The fragment after RNase 

H cleavage with the 1264 oligonucleotide had mobility identical to that obtained from linear 

16S rRNA (Figure 5A), implying that the region containing the crosslink was on the 5’ side 

of 1264 (Figure 5B). For fragment produced by cutting with DNA oligonucleotide 1024, the 

RNA fragment had mobility slower than RNA fragment obtained from linear 16S rRNA 

implying that the crosslink was within the interval between 1024 and1542.  

For the RNase H digestion with the oligonucleotide 1125, no fragmentation was seen. 

Since the same oligonucleotide was used as primer for the reverse transcription assay and 
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Figure 5. RNase H analysis of the crosslink U1189 x U1060-G1064. (A) Denaturing 
polyacrylamide gel electrophoresis of crosslink 6. RNA from band 6 from the preparative gel 
shown in the figure 2 was cleaved by RNase H. Lanes 1024, 1125 and 1264 represent the 3’ 
[32P]-labeled linear 16S rRNA molecule and the 16S rRNA molecule containing the crosslink 
annealed to DNA oligonucleotides corresponding to the intervals (1016-1032), (1117-1133) 
and (1256-1273) respectively and cleaved by RNase H. Lanes designated with “-“ represent 
the uncut RNA from the linear 16S r RNA and the crosslinked B6 rRNA. The RNA was 
analyzed on a denaturing 3.6% polyacrylamide gel at 19:1 ratio of acrylamide: 
bisacrylamide. The RNA fragment in lane 1024 from B6 rRNA had mobility slower than the 
RNA fragment in lane 1024 obtained from Linear16S rRNA. The RNA fragment in lane 
1125 moved at the position similar to the uncut band in lane “-“ in B6 rRNA. The fragments 
in lanes 1264 from both Linear 16S rRNA and B6 rRNA had similar mobility. (B) Cartoon of 
the B6 rRNA. The cleavage sites of the primers used are shown on the top of the crosslink 
and the crosslinking sites are shown on the bottom of the panel. 
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since the RNA from fraction 6 did not inhibit RNase H, we conclude this oligonucleotide 

directed cutting in the middle of the crosslink loop, but the X-shaped product and the original 

looped molecule were not separated on the gel system used here. For other crosslinked 

molecules with larger sized loops, separation of X-shaped molecules and looped molecules 

was observed.  

For crosslink 4 (Figure 3), three reverse transcription stops at G791, A792 and U793 

were seen (Figure 4F) whose partner was not identified by reverse transcription or by RNase 

H cleavage. U793 was already known to form the crosslink with A1518 by UV irradiation (9, 

T. Shapkina, personal communication), so the 3’ end of 16S rRNA was analyzed by the 

strategy where the crosslinked RNA was 3’ end-labeled and subjected to partial alkaline 

hydrolysis (28). The full-length 16S rRNA from fraction 4 did not give clear results in this 

experiment (results not shown), so a preliminary oligonucleotide directed RNase H cleavage 

in the interval 679-693 was done to allow a better isolation of the RNA containing crosslinks 

in the 791-793 region. The truncated RNA (containing 679-1542) was purified by agarose gel 

electrophoresis and was 3’ [32P]-end labeled. The RNA was separated on 5% denaturing 

polyacrylamide gel electrophoresis at 40:1 ratio of acrylamide: bisacrylamide (Figure 6A). 

All of the RNA fractions separated by gel electrophoresis were analyzed by reverse 

transcription (Figure 6B) and RNA from band 3 was found to produce the G791-U793 stops. 

Partial alkaline hydrolysis was carried out on the RNA from band 3, band 2 and the linear 

RNA (all from the gel shown in Figure 6A) and the intensity of the resulting ladders were 

compared. An abrupt decrease in the intensity of the bands in the ladder was found to be at 

A1519 and therefore it was assigned as the crosslinking site (Figure 6C,D). A similar strategy 

was used to determine which nucleotide of G791, A792, U793 was involved in the crosslink  
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Figure 6. Identification of crosslinking partners for crosslink 4. Panels A, B, C, and D 
shows the identification of the A1519 crosslinked nucleotide. Panels E and F shows the 
identification of the U793 crosslinked nucleotide. (A) Denaturing polyacrylamide gel 
electrophoresis of crosslinked molecules in 16S rRNA fragment 679-1542. RNA from 
irradiated 30S subunits was cleaved using a DNA oligonucleotide spanning the interval 679-
693 and RNase H, and the 679-1542 fragment was agarose gel purified and 3’ end-labeled. 
RNA was separated on 5% denaturing polyacrylamide gel electrophoresis; fractions were 
numbered from 1-10. (B) Identification of the band containing the G791-U793 stops. Bands 
numbered 1-10 were subjected to reverse transcription through the interval 860-876 and 
RNA from band 3 produced reverse transcription stops at G791-U793. (C) Partial alkaline 
hydrolysis. RNA from bands 2 and 3 were subjected to alkaline hydrolysis. RNA from band 
10 (linear RNA) was used as control to determine the identity of the nucleotides in the ladder 
and G’s in the T1 sequencing lane. The right side of the panel indicates the locations of G’s 
and the arrow points to the position A1519 that is the first nucleotide of reduced intensity in 
the partial hydrolysis ladder in band 3. (D) Plot of ratio of intensities after partial alkaline 
hydrolysis. Ratios of the intensity of each nucleotide in the ladder obtained from band 2 and 
band 3 to that obtained from the control lane 10 was plotted against all the nucleotides 
starting form the top of the gel towards the bottom of the gel. A drop in the ratio was 
observed at the nucleotide A1519. (E) Partial alkaline hydrolysis. Crosslinked 16S rRNA was 
treated with RNase H in the presence of the mixed oligonucleotide that directs RNA cleavage 
at 759 and was 5’ end labeled before separation on a 5% polyacrylamide gel. RNA from 
bands 1 and 3 were subjected to partial alkaline hydrolysis. RNA from band 9 (linear RNA in 
this experiment) was used as control to determine the locations of G’s in the ladder. The right 
side of the panel indicates the locations of G’s and the arrow points to the position U793 that 
is the first nucleotide of reduced intensity in the partial hydrolysis ladder in band 3. (F) Plot 
of ratio of intensities after partial alkaline hydrolysis. Ratios of the intensity of each 
nucleotide in the ladder obtained from band 1 and band 3 to that obtained from the control 
lane 9 was plotted against all the nucleotides starting form the bottom of the gel towards the 
top of the gel. A drop in the ratio was observed at the nucleotide U793.   
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with A1519. In this case, total crosslinked 16S rRNA was cleaved by RNase H at A759 using 

a mixed DNA/2’OMe RNA oligonucleotide together with another DNA oligonucleotide in 

the interval 679-693 to break a contaminating crosslinked RNA molecule. The truncated 

RNA containing the fragment 759-1542 was agarose gel purified, 5’ [32P] labeled and 

separated on a 5% polyacrylamide gel. Partial alkaline hydrolysis was used to determine 

U793 as the crosslinking partner for A1519 as described above (Figure 6E, F).  

Re-irradiation experiments were done for isolated crosslinked 16S rRNA in TE buffer 

to determine if any of the crosslinks were subject to photoreversal. None of the crosslinks 

were found to reverse after irradiation at 330 nm or 254 nm for 5 min or 10 min (data not 

shown). This is consistent with the structure that has been determined for s4U-pyrimidine and 

s4U-purine crosslinks (20-22). 

Determination of crosslinking frequency. Crosslinking frequencies were obtained 

from the highly- or moderately-s4U-substituted 16S rRNA (Figure 2B). The total crosslinking 

frequency was estimated to be ~20 % in the most highly substituted 16S rRNA and about 

10% in the moderately substituted 16S rRNA. Crosslinking frequencies of the identified 

bands were calculated from the gel electrophoresis pattern and are listed in Table 1. The ratio 

of the frequencies of highly and moderately substituted RNA is approximately constant 

indicating that there does not seem to be a detectable difference in the structure of the 30S 

subunits at different extents of s4U substitution. 

Identification of s4U substitutions in the 16S rRNA.  s4U substitution sites were found 

by reverse transcription after reaction of the s4U containing 16S rRNA with APAB. To 

improve detection of s4U substitution sites, 16S rRNA with s4U substitution was separated 

from non-thiolated RNA by electrophoresis on denaturing 3.6% APM- polyacrylamide at 
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40:1 acrylamide: bisacrylamide gel. The substituted RNA was purified from the gel slices by 

centrifugation in the presence of DTT (31) and was reacted with APAB. The APAB reaction 

was confirmed by re-electrophoresis of the 16S rRNA on an APM-PAGE gel (results not 

shown). The APAB-reacted s4U-containing 16S rRNA was then analyzed by reverse 

transcription. It was expected that APAB reaction would interfere with reverse transcription, 

resulting in stops at positions one nucleotide before s4U sites (Figure 7A, B). Eleven DNA 

primers were used to scan the 16S rRNA for s4U substitution; all the reverse transcription 

stops are listed on the secondary structure of 16S rRNA (Figure 8). 
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Figure 7. Reverse transcription analysis of APAB-modified s4U-containing 16S rRNA. 
RNA from the bands 0-8 from the preparative gel shown in the Figure 1 were subjected to 
primer extension analysis using DNA primer complementary to 16S rRNA intervals at (A) 
1236-1030, (B) 670-848. The right side of the panels indicate the s4U-substituted sites, one 
nucleotide on the 5’ side of the reverse transcription stop. Lanes U, G, C and A are dideoxy 
sequencing lanes and indicate the nucleotide sequence of 16S rRNA. Lane with 16S is the 
16S rRNA from unsubstituted 30S subunits. 
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Figure 8. Identity of crosslinks and locations of the s4U substitutions in 16S rRNA. 
Crosslinks are connected by the arrows and numbered according to Table I. Circled 
nucleotides indicate uridines substituted by s4U as determined by reverse transcription of the 
s4U-containing 16S rRNA reacted with APAB. The 16S rRNA secondary structure is from 
Cannone et al. (46).
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DISCUSSION 
 

The small number of crosslinks observed here in the s4U-substituted and irradiated 

16S rRNA indicates a restricted pattern of crosslinking in the 30S subunit. When the same 

s4U-containing 16S rRNA was irradiated after removal of proteins, a diffuse distribution of 

crosslinked molecules was seen in the gel electrophoresis assay indicative of a large number 

of low frequency crosslinks. In the 218-nucleotide RNA studied by the Favre group about 40 

long-range crosslinks were found (18), and if a proportional number of crosslinks were 

formed in the whole 16S rRNA, several hundred different crosslinks might be expected. 

There was already evidence that the organization of the 16S rRNA in the subunit reduces the 

number of different crosslinks seen and raises the frequency of a few selected ones. The 

pattern of UVB-induced crosslinks in the 30S subunit is significantly different in a buffer 

containing 0.5 mM Mg+2 compared to that found at 2 mM Mg+2 or greater (9) and it is known 

that changes in the [Mg+2] in this range affect the overall compactness of the 30S subunit 

(40). In addition, crosslinking frequencies of site-specifically placed s4U are quite high in 

reconstituted 30S subunits, but decrease by about eight fold when those same 30S subunits 

are irradiated as re-associated 70S ribosomes (19). This indicates a further tightening of the 

reconstituted subunit structure when it is associated as a 70S ribosome.  

The s4U substitution sites and crosslink locations are shown in the 16S rRNA 

secondary structure diagram (Figure 8). The s4U substitution sites are not random. This is 

likely not due to discrimination by RNA polymerase, but rather due to exclusion of 16S 

rRNA during the 30S assembly process because s4U at some positions alter RNA-protein or 

RNA-RNA interactions or prevents inclusion of the 30S subunit in 70S ribosomes. s4U  
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Figure 9. View of the s4U crosslinked nucleotide pairs in the 16S rRNA structure, 
determined by Wimberly et al. (2). The orientation is a view with the 30S interface side 
facing the viewer. The 16S rRNA backbone is shown in orange ribbon with all the 
crosslinked nucleotides in blue. 

 



99

crosslinking sites are shown in the 30S subunit atomic structure (Figure 9). The identities of 

the crosslinked nucleotides in nine regions separated by gel electrophoresis have been 

determined. These separated bands probably contain all of the most frequent long-range 

crosslinks that are made within the 16S rRNA because the isolation of these molecules is 

based on the decreased electrophoretic mobility of the covalently looped RNA. Therefore 

any frequent long-range crosslink have should be included in this analysis. The gel 

conditions do not resolve loops smaller than 40 nucleotides in length, so short-range features 

were not determined. However, “linear” 16S rRNA after removal of the long-range 

crosslinked molecules was reverse transcribed nearly as completely as un-irradiated control 

16S rRNA, so it is unlikely that crosslinks separated by less than 40 nucleotides are present 

at frequencies higher than the long-range crosslinks.  Three RNA fractions have been 

difficult to analyze. RNA from band 1 (Figure 3) had a number of reverse transcription stops 

indicating that it contains a mixture of crosslinked RNA species not resolved by the gel 

conditions used here. The total frequency of these is about one half of the frequency of the 

adjacent band 2. RNA from band 9 was not reverse transcribed by any of the 16S rRNA 

primers suggesting that it contains 23S rRNA or a fragment of 23S rRNA that was not 

removed completely during agarose gel electrophoresis. Band 10 is probably due to a stable 

secondary structure in the 16S rRNA that is not completely melted under the electrophoresis 

conditions. Three other crosslinks that appear at lower frequencies have not been identified 

because of the small amount of material obtained from the gels.  

The majority of the crosslinks are classified as the secondary structure type because 

they are in vicinity of each other in the secondary structure (41). However, none occur within 

base-paired regions consistent with the suppression of s4U crosslinking within secondary 
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structures previously reported by Lemaigre-Dubreuil et al. (18). Five of the crosslinks, U562 

x C879-U884, U1183 x A1092, U793 x A1519, U991 x C1210-U1212 and U1189 x U1060-

G1064 are similar to crosslinks seen by UVB irradiation (see Table I). In three of these 

examples (crosslink numbers 2, 4a and 6), series of crosslinking sites include the crosslinking 

partners produced by UVB irradiation. In the other two examples (at crosslink numbers 4b 

and 8), the precise sites of crosslinking are shifted by one nucleotide, when the s4U-induced 

and UVB-induced crosslinked pairs are compared. The remaining four crosslinks: U960 x 

A1225, U820 x G570, U367 x U56-A55 and U239 x A120 do not have direct similarities to 

UVB-induced crosslinks (8), however even for these, all but U239 x A120 occur in the 

neighborhoods of UVB-induced crosslinks. Thus, given the large number of possible 

crosslinking sites within the tertiary structure, there is a striking similarity between the places 

where s4U-UVA-induced and UVB-induced crosslinking sites occur. 

At least 112 U positions were found as s4U-substituted. However, this number must 

be an underestimate because several positions involved in crosslinking were not identified in 

the search for the s4U-substituted sites. This could be due to incomplete APAB reaction at 

some positions or unequal s4U substitution levels at different locations in the 16S rRNA. All 

of the crosslinks identified involve a U residue as expected if s4U is the agent responsible for 

their formation. However factors other than the location of s4U substitution must determine 

the crosslinking pattern. For instance no s4U substitution was detected at U367 or at U960, 

but these positions are involved in significant crosslinking. There are many other positions, 

on the other hand, which are relatively highly substituted but are not reactive in forming 

crosslinks. Under the conditions used to obtain s4U incorporation, about 60% of the 16S 

rRNA is without any incorporated s4U judged by behavior in gel electrophoresis on gels 
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containing APM. Since the cells were grown for three generations after the switch to the 

s4U/U mix in the media, there must be a significant amount of uridine in the cells that results 

in delay in the incorporation of s4U into the RNA. The amount of s4U substitution into the 

30S subunit affects the frequency but not the pattern of crosslinking since the pattern is the 

same in RNA that is highly versus moderately s4U-substituted. 

The photochemistry for s4U-induced and UVB-induced crosslinking is different as 

different parts of the nucleobases are involved in the crosslinking. s4U forms stable covalent 

bonds with either pyrimidines or purines and it is certain that s4U-UVA photoreaction 

proceeds from an efficiently formed triplet state. The main photochemical pathway was 

identified as a (2+2) photoaddition of the excited C-S bond onto the 5,6 double bond of 

pyrimidines yielding thietane intermediates and their subsequent rearrangement in dark to 

yield either 5-4 or 6-4 bipyrimidine photoadducts. A similar mechanism seems to be involved 

in the formation of photoadducts between 4-thiothymidine and adenosine, involving the 

C8/N7 double bond of adenosine. Importantly, the lifetime of the excited triplet state for s4U 

is about 5 µs in different tRNA molecules where it occurs naturally (42,43). This is to be 

compared to picosecond lifetime for the S1 excited state and 0.35 - 1 µs for the T1 excited 

state after UVB excitation (44,45). The many similarities between the positions of s4U-UVA- 

and UVB-induced crosslinking seen here suggests that, in spite of the photochemistry 

differences, some other aspect of the ribosome structure allows nucleotide-nucleotide 

crosslink formation in certain regions. The very limited pattern of crosslink formation in the 

30S ribosome subunit is in keeping with constraints placed in their formation probably 

through restrictions in conformational movements. On the other hand, in several instances 

s4U crosslinks occur at a series of contiguous nucleotides and this does not occur with UVB-
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induced crosslinking. The most likely explanation is that in those particular sites the longer 

lifetime for s4U excitation provides a longer time frame to obtain a suitable geometry for 

crosslinking and this can occur at any of the possible partner nucleotides. s4U-UVA-induced 

crosslinks were not photoreversed at either 254 nm or 330 nm wavelengths which is not the 

case for UVB induced crosslinks. By virtue of not being photoreversed at the wavelength of 

irradiation, s4U-UVA-induced crosslinks should be better for monitoring changes in the 

structure of 30S ribosomal subunits as compared to UVB crosslinks since the s4U-UVA 

crosslinking frequencies are more indicative of their rate of formation. 

 Internucleotide distances between crosslinked partners have been measured in the 

30S subunit crystal structure (2), (Table I). Overall, there is a correlation in which the 

crosslinked nucleotide pairs that are closer in the X-ray structure tend to have higher 

crosslinking frequencies, indicating the relatedness of the X-ray structure and the 30S 

solution structure. Six of the internucleotide distances for the s4U-UVA crosslinked pairs are 

relatively short - between 3.3 and 6.2 Å. These distances are typical of the majority of UVB-

induced crosslinked partners (12) and require relatively modest movements of the bases from 

their positions observed in the crystal structure to attain van der Waals contact distance 

needed for covalent photoreaction. For the remaining 15 s4U-UVA crosslinked pairs, the 

distances are between 11.4 and 21 Å, indicating that significantly larger distance 

displacements are needed for reaction. An important feature of these measurements is that the 

internucleotide distance distribution for s4U-UVA and UVB crosslinked pairs are different, 

with a larger fraction of the s4U-UVA nucleotide pairs at the larger distances. If crosslinking 

arose in those 30S subunits that have stable conformations that are slightly different than the 

equilibrium structure, there should not be this difference in the distance distributions in the 
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two crosslinking methods. Therefore it is more likely that the crosslinks occur during RNA 

conformational fluctuations in the 30S subunit. The longer distance distribution for the s4U-

UVA crosslinks again indicates that the longer excited state lifetime for s4U compared to 

UVB irradiation allows a larger number of opportunities for covalent reactions and even at 

larger departures from their equilibrium positions.     

The base movements that are inferred by comparison of the crosslinking results and 

the X-ray structure must be specific ones and occur in only a limited region of the 30S 

subunit. Since s4U is an intrinsic crosslinking agent, these displacements from the positions 

observed in the crystal structure reflect the movement of the nucleobases during the lifetime 

of the excited state. Whether there is a functional relevance for this is not clear yet. However, 

there is a clustering of crosslinking sites in the 30S subunit particularly in 16S rRNA 

domains III and II around the tRNA decoding region (Figure 9). The structural dynamics 

reflected in the crosslinking pattern may be involved in some way in tRNA binding or 

movement. 
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ABSTRACT 

Conditions for the total reconstitution of E. coli 30S ribosomal subunits from isolated 

proteins and 16S rRNA were described over 30 years ago. These experiments can be 

extended to the use of synthetic ribosomal RNA. 30S subunits obtained this way are active in 

protein synthesis but usually not to the same extent as purified native ribosomes. 

Experiments have been done to investigate structural differences between reconstituted 30S 

subunits containing s4U incorporated into the 16S rRNA and 30S subunits containing s4U 

substitutions obtained from in vivo synthesis. Crosslinked 16S rRNA was separated based on 

loop size and crosslinking sites were identified by reverse transcription. Overall, the pattern 

of UVA-s4U crosslinking is surprisingly similar. One crosslink - s4U793 x A1519 and the 

crosslinking partners for two other crosslinks in bands 5 (s4U367) and band 7 (s4U239) were 

not detected in reconstituted subunits. Crosslinking frequencies of all but three crosslinks - 

s4U562 x (C879-U884), s4U960 x A1225 and s4U367 x (A55-U56) were found to be 

different. This indicates the likelihood for subtle conformational differences or 

conformational heterogeneity in the reconstituted 30S subunits. 
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INTRODUCTION 
 

The bacterial ribosome is a very complex biological assembly consisting of two large 

rRNAs, one small rRNA and over 54 proteins. Conditions for reconstitution of both 30S and 

50S E. coli subunits have been described earlier (1-4). The 30S ribosomal subunit can be in 

vitro reconstituted from individually purified ribosomal proteins and 16S ribosomal RNA, 

isolated from natural 30S subunits (3,4) or using recombinant ribosomal protein components 

(5) or using a mix of proteins (TP30) from natural 30S subunits (6,7). This ability to 

reconstitute the E. coli 30S subunit in vitro from purified components has allowed detailed 

investigation of the structure and function of the 30S subunit.  

Reconstituted subunits of E. coli have particularly been very useful in investigating 

the role of a specific nucleotide by site-directed mutagenesis (8). It has helped in 

identification of nucleotides in 3’ minor domain of 16S rRNA that are important for peptide 

synthesis and proper binding of tRNA to ribosomal P and A sites (9,10). The reconstituted 

30S subunits have been shown to have the same sedimentation behavior and protein 

composition as natural 30S subunits (5). They have also been shown to function in tRNA 

binding and polyphenylalanine synthesis although to a lower extent (11). Synthetic subunits 

have a similar folding of 16S rRNA as natural 30S as judged by chemical probing 

experiments (5) and have also been described as structurally similar to subunits reconstituted 

with native 16S rRNA (12). 

UV induced crosslinking has been used to study the structure of 30S subunit (13,14) 

and the conformational changes it undergoes upon binding of translation factors and 

antibiotics (15,16). The crosslinks seen by this method indicates the structural status and the 

major conformation of the ribosomes in solution and agrees very well with the crystal 
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structure (17). The crosslinking frequency of these crosslinks can be used as an indicator of 

the correct folding of the 16S rRNA in the subunit and this has been demonstrated by the 

experiments done to compare the overall structure of the reconstituted subunits with 16S 

rRNA transcripts truncated at the 5’ end, to native 30S subunits and to 30S subunits 

reconstituted with authentic 16S rRNA by UVB crosslinking (18). Reconstituted subunits 

with authentic 16S rRNA were found to have a crosslink at C979 x C1359 (18), which is not 

seen in native subunits, indicating some structural difference in reconstituted subunits in this 

region. 

This study has investigated the structural differences in reconstituted subunits 

containing in vitro synthesized 16S rRNA containing 4-thiouridine and in vivo synthesized 

30S subunits incorporated with 4-thiouridine (14). This was done in order to see any 

additional change in the reconstituted subunits as compared to native, thiolated subunits by 

UVA irradiation. 
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MATERIALS AND METHODS 
 

Preparation of 16S rRNA fragment with 4-thiouridine. In vitro run-off transcription 

reactions using Ribomax protocol with DNA template obtained from plasmid pTZ19U, cut 

with Bsu36I was used to synthesize 16S rRNA containing 4-thouridine (7). The linearized 

DNA was transcribed in a mixture containing 15 mM each of ATP, GTP, CTP and UTP and 

s4UTP at a ratio of 0.058 mM : 0.002 mM. After 2 h incubation at 37 oC, additional T7 RNA 

polymerase was added and reaction mix was incubated for two more hours. Template DNA 

was digested with DNase I (RNase free, Promega) and the reaction mix was phenol and ether 

extracted, passed through centricon-100 columns (Amicon) and ethanol precipitated. The 

usual yield from a 500 µL reaction was 400 µg of RNA.  

Reconstitution of thiolated 30S ribosomes. Reconstitution of 30S ribosomes was done 

according Krzyzosiak et al. (1987) with some changes. Two hundred micrograms of in vitro 

transcribed 16S rRNA with 4-thiouridine in 200 µL of 10 mM HEPES, pH 7.5, 2 mM NH4Cl 

and 3 mM β-mercaptoethanol (β-ME) were incubated for 5 min at 45 oC. This was brought to 

a volume of 250 µl by the addition of the mix containing 0.5 M NH4Cl, 20 mM HEPES, pH 

7.5, 20 mM MgCl2 and 3 mM β-ME. After additional incubation for 5 min at 40 oC, TP30 

ribosomal protein fraction (20 excess in equivalents) in 400 µl of 0.5 M NH4Cl, 20 mM 

HEPES, pH 7.5, 20 mM MgCl2 and 3 mM β-ME was added and incubations were continued 

for 12 min at 40 oC, 15 min at 43 oC, 15 min at 46 oC, 15 min at 48 oC with final incubation 

for 3 min at 50 oC. After short cooling on ice, samples were applied on the 10-30% linear 

sucrose gradients in 1X RB buffer (20 mM HEPES, pH 7.5, 0.1 M NH4Cl, 10mM 

Mg(OAc)2, 3 mM β-ME) and centrifuged for 18 h at 27K rpm. Fractions containing 30S 

(detected by A260 measurements) were pooled, sedimentated by ultracentrifugation, 
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dissolved in the activation buffer (20 mM Tris-HCl, pH 7.5, 200 mM NH4Cl, 20 mM MgCl2, 

3 mM β-ME), and used for crosslinking.  

Crosslinking and reverse transcription analysis. One hundred picomoles of 

reconstituted 30S in 500 µL activation buffer were activated for 20 min at 37 oC, cooled on 

ice, and irradiated at 10 oC with a mercury light irradiator that has the intensity of light (after 

filtration with CoNO3 filter) of about 100 mW/cm2 (19). RNA was phenol and ether 

extracted from 30S ribosomes after 2% SDS, 20 mM EDTA, and 1 mg/mL proteinase K 

treatment for 30 min at 37 oC, and ethanol precipitated. Part of the RNA was 3’-end labeled 

with [32P]-pCp and T4 RNA ligase (20). Crosslinked RNA species were separated on a 

denaturing gel (3.6% acrylamide:bisacrylamide (70:1), 8.3M urea in BTBE buffer), that was 

run for 18 h at 10 W and 45 oC using a thermostated gel apparatus. Crosslinked and 

uncrosslinked RNA was detected on a phosphorimager and extracted from the gel by 

ultracentrifugation through CsCl cushions (21) dissolved in H2O, phenol and ether extracted, 

ethanol precipitated, and used for reverse transcription analysis. Primer extension using 

AMV reverse transcriptase was used to determine 16S rRNA crosslinked nucleotides as 

described previously (13,14). Ten DNA primers were used to read all 16S rRNA except for 

the 3’ terminal 20 nucleotide. cDNA was electrophoresed on 8% acrylamide:bisacrylamide 

(19:1), 8.3 M urea in TBE buffer gels. 

Determination of crosslinking frequency. The frequency of crosslinking in the 

analytical gels was determined from PhosphoImager data (ImageQuant; Amersham, 

Piscataway, NJ) of at least four independent experiments. To normalize for RNA loading, 

crosslink band intensity was referenced to the 16S rRNA parent band in the same lane. 
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RESULTS 

Characterization of reconstituted 30S subunit with s4U. In vitro incorporation of s4U 

in 16S rRNA was done as described in Methods. The ratio of UTP to s4UTP in the 

transcription reaction was optimized to 29 : 1 such that 16S rRNA was found to have an 

average of eight s4U per 16S rRNA as determined by spectrometric analysis. Synthetic 16S 

rRNA incorporated with s4U and TP 30 mix were used to reconstitute 30S subunits. 30S 

subunits were isolated on sucrose gradients and showed sedimentation profiles typical of 30S 

subunits reconstituted with synthetic 16S rRNA. Fractions 9-13 were collected and 

centrifuged overnight to sedimentate reconstituted 30S subunits. 16S rRNA with s4U 

reconstituted to an equal extent as synthetic 16S rRNA without s4U (Figure 1) showing that 

s4U substitution did not affect the reconstitution of the 30S subunits. Typical yields for the 

recovery of 30S particles from reconstitution reactions were about 20-30% of the input RNA. 

The s4U-containing reconstituted 30S subunits were tested for their activity in re-association 

with 50S subunits and tRNA binding. Association of reconstituted, thiolated 30S with native 

50S subunits was identical to the behavior of 30S subunits reconstituted with synthetic 16S 

rRNA (data not shown). tRNAPhe binding to poly (U)-programmed 70S ribosomes was 

determined by footprinting using the kethoxal reactivity at G926 as an index of tRNA 

binding (22) and similar levels of tRNAPhe  binding were found in the s4U-substituted and 

non-substituted reconstituted samples (results not shown). 

Determination of crosslinking sites. Experiments to compare the overall structure of 

the reconstituted subunits to native 30S subunits were done by UVA crosslinking. UVA 

crosslinking induces a number of long-distance crosslinks in native 30S subunits and these 

have been separated and identified by reverse transcription analysis (14). Irradiation of  
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Figure 1. Sucrose gradient analysis of reconstituted 30S subunits with 4-thiouridine. 
Synthetic RNA with and without 4-thiouridine were used in reconstitution experiments with 
TP30. The reconstitution mixes were centrifuged through linear 10-30% sucrose gradients in 
1X RB buffer. Sedimentation was from right to left and the arrow indicates the position of 
native 30S particles run on a parallel gradient. Fractions 9-13 were collected as 30S. A260 
measurement of one twentieth of each fraction in the gradient are shown here. Profiles of 
particles reconstituted with s4U (magenta) and without s4U (blue) determined from 
absorbance measurement of each fraction are shown. A background measurement of the 
absorbance in the gradient have been subtracted from the A260 values.  
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reconstituted 30S subunits was done as described in Methods. Crosslinked 16S rRNA was 

resolved on denaturing polyacrylamide gel and eleven bands as well as a strong band in the 

position of the un-irradiated 16S rRNA were seen (Figure 2). The pattern of crosslinking was 

similar to that seen for in in vivo substituted subunits. RNA from all the bands of the gel was 

purified by centrifugation through CsCl solution (21). All fractions were analyzed by reverse 

transcription using AMV reverse transcriptase and a set of ten oligonucleotide primers to 

locate crosslinking sites as done before (14). AMV reverse transcriptase is stopped one 

nucleotide before the site of a crosslink giving rise to a strong band in the primer extension 

pattern (23).  

All the reverse transcription stops seen in different crosslinks are summarized in 

Figure 3. Eleven distinct bands corresponding to different crosslinks were seen. The identity 

of five crosslinks (1, 2, 3, 6 and 8) were found to be exactly similar to the crosslinks seen in 

RNA from in vivo synthesized thiolated subunits (14). Band 2 is a doublet and has four 

reverse transcription stops. U960 and A1225 were identified as crosslinking partners in the 

top band while U820 x G570 were identified as crosslinking partners in lower band based on 

the intensity of the reverse transcription stops. Only one reverse transcription stop each was 

seen in RNA from bands 5, 7, 10 and 11 of which band 5 and 7 had stops similar to that seen 

in vivo subunits. The crosslinking partners for band 5 was found to be in the interval between 

nucleotide 270 and 5’ end of 16S rRNA by RNase H cleavage experiments (data not shown). 

Since the corresponding crosslinks in in vivo subunits also had crosslinking partners at 5’ end 

(at U367) therefore it is assumed that the crosslinking partner would be similar to the in vivo 

crosslink. Bands 10 and 11 had some orphan stops at A495/A496 and U871 not seen before 

for in vivo subunits. No reverse transcription stop was seen in band 4 but since the  
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Figure 2. Preparative gel electrophoresis separation of crosslinked RNA. UVA 
crosslinked 16S rRNA was electrophoresed on denaturing 3.6% polyacrylamide gel at 40:1 
ratio of acrylamide: bisacrylamide. Bands are numbered as 1-12 on the left of the panel and 
the crosslink identities, summarized from subsequent reverse transcription analysis, are 
written on the right of the panel. All the crosslinks were identified except 4 and 9. Linear 16S 
rRNA represents the un-crosslinked RNA.  
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Figure 3. Reverse transcription analysis of crosslinked 16S rRNA substituted with 4-
thiouridine obtained from reconstituted subunits: RNA from the bands 1-11 and linear 
16S rRNA (12) from the preparative gel shown in the Figure 2 were subjected to primer 
extension analysis using DNA primer complementary to 16S rRNA intervals at (A) 560-573, 
(B) 873-895, (C) 819-827, (D) 956-971, (E) 1223-1230, (F) 365-373, (G) 989- 995, (H) 
1209-1217, (I) 235-262, (J) 1181-1193, (K) 1067-1058, and (L) 1095-1087. The right side of 
the panels indicate the crosslinked nucleotide number, one nucleotide on the 5’ side of the 
reverse transcription stop. Lanes U, G, C and A are dideoxy sequencing lanes and indicate 
the nucleotide sequence of 16S rRNA. 
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corresponding band in in vivo subunits is U793 x A1519, band 4 was assigned the same. By a 

similar argument, the crosslinking partner for band 7 was also assumed to be A120. 

Comparison of crosslinking frequencies between reconstituted and in vivo synthesized 

30S subunits.  The crosslinking frequency of the crosslinks is considered to be an indicator of 

the correct folding of the 16S rRNA in the subunit. Thiolated 30S subunits obtained either 

from cells or in vitro synthesized 16S rRNA transcripts have similar crosslinking patterns but 

different distributions of crosslinking frequencies. Figure 4 shows the line graphs of 

crosslinks seen in reconstituted and in vivo subunits. The line graphs are representative of 

one experiment only, therefore, the final values shown in Table 1 are somewhat different.  

Crosslinking frequencies of all but three crosslinks were different. Table 1 shows the 

crosslinking frequencies obtained from moderately substituted samples in in vivo subunits 

(14) and from reconstituted subunits. Crosslinks U793 x A1519 and U1189 x U1060-G1064 

have a frequency two times higher in in vivo synthesized subunits as compared to 

reconstituted subunits. U820 x G570 is increased very marginally in in vivo subunits. 

Crosslinks U991 x C1210-U1212, U239 x A120 and U1183 x A1092 have higher 

frequencies in reconstituted subunits. Crosslinking frequency of U991 x C1210-U1212 is 

almost four times increased while crosslinking frequency for U239 x A120 and U1183 x 

A1092 increase by a factor of two. Crosslinking frequencies of three crosslinks - s4U562 x 

(C879-U884), s4U960 x A1225 and s4U367 x (A55-U56) did not change. 
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Figure 4. Comparison between crosslinking frequencies for each crosslink in in vivo and 
reconstituted subunits: Line graph analysis was done on crosslinks obtained from (A) in 
vivo synthesized subunits and (B) reconstituted subunits. The numbers depicted on top of 
each peak represents the crosslinks as listed on the preparative gel in Figure 2.  
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Table 1. Relative crosslinking frequencies of crosslinks in in vivo and reconstituted 
subunits. 

 
crosslink identity relative crosslinking frequency1 (%) 

 in vivo 
30S (2) 

Rec 30S (3) in vivo vs 
in vitro 

relative s4U2 
subst. in in vivo 

16S rRNA 
U562 x C879-U884 13.7 11.2    1.2X ↑ very low 

U960 x A1225 15.8 20.3    1.3X ↓ very low 
U820 x G570 19.6 12.9 1.5X ↑ low 

U991 x C1210-U1212 3.1 11.6    3.7X ↓ low 
U793 x A15193 15 6.9 2.2X ↑ low 

U367 x A55-U564 8.4 9.1    1.1X ↓ very low 
U1189 x U1060-G1064 19.9 10.3 1.9X ↑ low 

U239 x A1204 3.9 7.3    1.9X ↓ high 
U1183 x A1092 3.9 10.3    2.6X ↓ high 

 
1Values for relative crosslink frequencies were taken from gel electrophoresis analysis. 
Relative frequencies are percent of total crosslinked RNA analyzed in each case. The first 
and second columns contain relative frequencies obtained from moderately substituted 16S 
rRNA from in vivo synthesized subunits and 16S rRNA from reconstituted subunits. 
Numbers in parentheses indicate the number of independent experiments.  
2Values for relative substitution levels were taken from reverse transcription stops from 
sequencing gels. Relative substitution levels are judged by the intensity of stops. 
3 Crosslink identity not confirmed for reconstituted subunits. 
4 Exact crosslinking partner on the 5’ end was not determined in reconstituted subunits. 
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DISCUSSION 

Reconstituted subunits have been found to be structurally and functionally similar to 

the native subunits. The functional state of the recombinant reconstituted 30S particles was 

assessed by their ability to associate with 50S subunits, to bind tRNA and to participate in 

poly(U)-directed polyphenylalanine synthesis (5). The structural state of the reconstituted 

subunits has been addressed by chemical probing experiments. One study indicated no 

changes in the folding of 16S rRNA in natural and reconstituted subunits (5), while another 

study also indicated the same except changes in two regions of synthetic 16S rRNA, which 

may be due to lack of methylations and incorrectly folded RNA during synthesis (12). Proper 

assembly of the proteins in the reconstituted subunits has also been checked and both 

reconstituted and native subunits have been found to have similar levels of all the proteins. 

The conformational status of the reconstituted subunits as compared to natural 

subunits can also be investigated by determining the crosslinking frequencies of crosslinks 

induced by UV irradiation (13,14). UVB irradiation has already been used to evaluate 

crosslinking frequencies in reconstituted subunits (18). 30S subunits reconstituted with 16S 

rRNA from native subunits or reconstituted with synthetic 16S rRNA containing GMPS 

(5’guanosine monophosphorothioate) at the 5’ end of 16S rRNA and native 30S subunits 

were UVB irradiated to try to detect conformational differences. The reconstituted subunits 

were found to have a similar crosslinking pattern as native subunits except that the 

crosslinking frequencies of crosslinks U793 x A1518, C967 x C1400 and A1093 x G1182 

were decreased by 20-30%. A new crosslink C979 x C1359 was also seen in reconstituted 

subunits (18) which indicated structural changes in H31 and H43 in the head region of the 

30S subunit. 
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Here, UVA irradiation was used to see any structural differences caused in the 

reconstituted subunits prepared with synthetic, thiolated 16S rRNA transcripts as compared 

to in vivo synthesized thiolated subunits. Crosslinking frequencies of moderately substituted 

16S rRNA (> 6 s4U residues per 16S rRNA) from in vivo substituted 30S were compared 

with the crosslinking frequencies of 30S subunits reconstituted with in vitro synthesized 16S 

rRNAs having an average of 8 s4UTPs. Thiolated and reconstituted 30S subunits were found 

to have a similar pattern of crosslinking as in vivo synthesized thiolated 30S subunits but 

very different crosslinking frequencies. This could be due the posttranscriptional 

modifications in the 16S rRNA (12), flexibility of 16S rRNA in the regions of crosslinking 

(Huggins, W., Ghosh, S. K., Nanda, K., and Wollenzien, P., in prep) or differences in the s4U 

substitution pattern (14).  

The post-transcriptionally modified bases in the 16 S rRNA are located in helices 18, 

31, 34, 44 and 45, and form a distinct cluster in three dimensional structure of 16S rRNA 

which can be seen as a compact “cage” surrounding the anticodon stem-loops of the tRNA 

molecules in the tRNA-mRNA complex (17,24). The lack of these ten methylated 

nucleotides and/or one pseudouridylate residues present in natural 16S RNA was thought to 

be responsible for the reduced activity of the synthetic RNAs in ribosome assembly and 

function (11). Any crosslink in native 30S subunit, if present at the sites of modifications, 

might be affected by the lack of modifications in reconstituted subunits because of subtle 

conformational differences. Two adjacent A residues at positions 1518 and 1519 in the E. 

coli 16S rRNA are methylated (25,26) and the absence of the methylation at A1519 in the 

crosslink U793 x A1519 in the reconstituted subunit might result in a change in its ability to 

form a crosslink. None of the other crosslinks are seen at the places of modifications. 
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However, all of the crosslinking sites are clustered around the middle of the subunit, which is 

also the locations of the modifications. Therefore it is possible that there is a pleiotropic 

effect from the absence of modifications that subtly changes the whole middle portion of the 

16S rRNA tertiary structure. 

In vitro synthesized 16S rRNA with, or without, s4U substitution formed reconstituted 

30S particles to a similar extent, showing that s4U substitution does not affect the 

reconstitution ability of the 16S rRNA. In vitro transcription of 16S rRNA with s4U has been 

shown to be random since the activity of T7 polymerase is not impaired by the presence of 

successive U’s, in contrast to E. coli polymerase (27). On the other hand, the pattern of s4U 

substitution in the in vivo synthesized 30S subunits is not random because of the properties of 

RNA polymerase and probably because s4U at some locations inhibits the subunit assembly 

process. Thus, the distribution pattern of s4U could be different in both in vivo and 

reconstituted subunits.  

Levels of substitution of s4U at specific U's is different within in vivo synthesized 30S 

subunits as shown before (14). s4U substitution levels in in vivo subunits were estimated from 

16S rRNA reacted with APAB, followed by reverse transcription of the RNA and 

identification of reverse transcription stop sites on sequencing gels which indicated s4U 

substituted sites. The intensity of reverse transcription stops can be used as a measure of 

different levels of substitution and was not same for all substituted U’s. The differences in 

the distribution pattern and hence the substitution levels in in vivo subunits as compared to 

that in reconstituted subunits could be a factor in controlling the crosslinking frequencies of 

the crosslinks. The difference in crosslinking frequencies of crosslink U991 x A1210-U1212 

in in vivo and reconstituted subunits is an example of differences in the level of s4U 
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substitution as no substitution was seen for U at position 991 in in vivo subunits and hence 

very little crosslinking as compared to reconstituted subunits.  

Levels of substitution is not the only factor in controlling the relative crosslinking 

frequencies in in vivo subunits, since crosslinking frequencies of crosslinks U1189 x U1060-

G1064 and U820 x G570 are much higher than that of crosslinks U239 x A120 and U1183 x 

A1092 even though U’s at position 239 and 1183 are substituted by s4U to a higher level as 

compared to U’s at 1189 and 820, as judged by the intensity of reverse transcription stops 

(Table 1). By a similar argument, the levels of substitution of s4U is not the factor in 

controlling the increase or decrease of crosslinking frequencies of crosslinks in in vivo 

subunits as compared to reconstituted subunits.  

Since again there is no direct correlation between substitution levels and crosslinking 

frequency differences, flexibility in the regions of crosslinking in 16S rRNA (Huggins, W., 

Ghosh, S. K., Nanda, K., and Wollenzien, P., in prep) could be a factor affecting the 

efficiency of crosslink formation. Therefore 16S rRNA from in vivo subunits have higher 

flexibility in regions with crosslinks having higher crosslinking frequencies as compared to 

reconstituted subunits and vice versa. For example, the regions with crosslinks U239 x A120, 

U1183 x A1092 and U991 x C1210-U1212 have a lower flexibility in native subunits as 

compared to reconstituted subunits, while regions with crosslinks U1189 x U1060-G1064, 

U820 x G570 and U793 x A1519 have higher flexibility. Crosslinks U562 x (C879-U884), 

U960 x A1225 and U367 x (A55-U56) were found to have similar crosslinking frequencies 

in in vivo and reconstituted subunits, indicating that those regions of subunits are similar. 
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Thus if crosslinks in native subunits indicates the default structure of 30S subunit in 

solution, the reconstituted subunits can be considered to be in different conformation with 

some regions being more “loose” while others being more “rigid”. 
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ABSTRACT 

A limited number of UVB and UVA-s4U-induced crosslinks are formed at specific locations 

in the E. coli 16S ribosomal RNA in the ribosome. In spite of different photochemical 

mechanisms, the UVB-induced and UVA-s4U-induced crosslinks occur within the same parts 

of the 30S subunit and sometimes at the same nucleotide pairs forming a reverse “C” pattern. 

The pattern of distance distribution between the nucleotides involved in UVB and UVA-s4U- 

induced crosslinking was also found to be very similar in the range of 3 -19 Å. Based on the 

average distances of separation for UVB crosslinks, 658 nucleotide pairs located throughout 

the 30S subunit were predicted which should be as favorable for crosslinking as observed 

crosslinks. The same analysis has been done for UVA-s4U-induced RNA-RNA crosslinks 

with 1578 nucleotide pairs predicted with the potential to from a crosslink. The local RNA 

conformational flexibility is the most likely reason in determining the formation of the 

crosslinks since sequence, photochemical, and photoreversal effects and other properties of 

the subunit that might control crosslinking efficiency can be ruled out.   
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INTRODUCTION 

The efficiency of crosslink formation within nucleoprotein complexes depends on a 

number of factors including the distance and geometry of the participating nucleotides, the 

intrinsic reactivity of the excited state and the local mobility of the region that might be 

needed to allow positioning of the potentially reactive bonds (1). It is usually assumed that 

distance is the most important factor of these, so the presence of a crosslink has been taken as 

evidence for close proximity.  

The availability of atomic structures for a variety of large molecules should now 

permit assessment of the connection between crosslinking and the separation distance. 

Several analyses have already been made that take advantage of the atomic structure of the 

ribosome to evaluate the distance information derived from sequence comparison, and 

biochemical analysis, including crosslinking experiments (2-6). The aim of these has been to 

determine which biochemical methods give data that is the most consistent with the X-ray 

structure (2-4), or to detect discrepancies between experimental distances and distances 

calculated from the 30S and 50S atomic structures that would be an indication of the 

conformational dynamics (5,6). Distance discrepancies were clustered in particular regions 

and these were interpreted as resulting from local as well as global conformational motions 

involving those regions (5).  

A comparison between UVB-induced and UVA-s4U-induced crosslinks in the 16S 

ribosomal RNA in the 30S atomic structure has been made here. Both of these are “zero-

length” crosslinking methods because they involve direct contact of the nucleobases without 

any intervening chemical moiety. “Long-range” crosslinks in which the participating 

nucleotides are separated by greater than 40 nucleotides in the primary RNA sequence are 
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considered. The locations and crosslinking frequencies of 18 UVB-induced crosslinks (7-9) 

and 21 UVA-s4U-induced crosslinks (10) have been determined in the E. coli 16S rRNA. 

These are comprehensive lists of the long-range crosslinks because the crosslinked 16S 

rRNA separation was based on loop structure prior to crosslink identification, so crosslinks 

would not be missed due to RNA sequencing difficulties. There is a paradox in the small 

number of crosslinks that are observed, since measurements from the X-ray structure indicate 

that a much larger number should occur indicating some other factors in restricting the 

number of crosslinks that are seen. 

The majority of the crosslinks detected in E. coli were also observed in B. subtilis, T. 

aquaticus (11) and a similar distribution has been observed in T. thermophilus 16S rRNA (P. 

Wollenzien, unpublished), but the crosslinking sites have not been determined yet. Short-

range crosslinks are not determined by this approach, but these must occur at a low frequency 

because reverse transcriptase is able to copy the full length of the majority of the 16S rRNA 

after removal of the long-range crosslinked molecules (9,10).  

The UVB crosslinks are formed by wavelengths between 240 and 300 nm and are 

photoreversed by UVB light (12), so their structures are of the bipyrimidine dimer type 

containing cyclobutane bridges involving the C5-C6 double bond of each pyrimidine (13). 

Several of the crosslinks involve purines; these are also photoreversible consistent with a 

dimer structure consisting a four-membered ring containing pyrimidine C5, C6 and purine 

C8, N7 (14,15). The mechanism of s4U crosslink formation has been determined in a number 

of systems and involves an initial reaction of the C4-S4 double bond of the s4U with the 

C5/C6 double bond of a pyrimidine (16,17) or between the C4-S4 double bond of the s4U 

with the N7-C8 double bond of a purine (17,18).  
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This analysis was made to compare identity and location of UVB-induced and UVA- 

s4U-induced crosslinked nucleotide pairs and to predict the potential nucleotide pairs based 

on the internucleotide distances using the X-ray structure.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



139

MATERIALS AND METHODS 

Crosslinking methods. Methods and analysis of crosslinking sites have been described 

previously for UVB- induced crosslinking (7-9) and for s4U-UVA-induced crosslinking (10). 

UVB-induced crosslinking frequencies are from Shapkina et al., 2004 and UVA-s4U-induced 

crosslinking frequencies are from Nanda and Wollenzien, 2004. 

Structure measurements. Distances between reactive bonds of crosslinked partners 

were calculated from the atomic coordinates of the 30S ribosome subunit structure (19) using 

the program Ribbons (20). The positions of the midpoints of photoreactive bonds were first 

calculated. These are C5/C6 for pyrimidines and N7/C8 for purines involved in UVB-

induced crosslinking; C4/O4 for the nucleotide identified as an s4U in the s4U substituted 30S 

subunits; C5/C6 for pyrimidines and N7/C8 for purines that are the partners for s4U. In 

several instances primary sequence differences were present in T. thermophilus compared to 

E. coli. In case of s4U-UVA-induced crosslinks, if the nucleotide was not found to be s4U in 

the T. thermophilus structure, the distance was measured as the midpoint of N7/N6 for A, 

N7/O6 for G and N4/C5 for C.    
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RESULTS 

Similarity between the identities of s4U- UVA and UVB crosslinks. Five UVA-s4U-

induced crosslinks were found to have specific pairs of nucleotides as participants in the 

crosslinks (10). This is similar to the situation seen in UVB-induced crosslinking in which all 

the 18 long-range crosslinks that have been identified so far involve a specific nucleotide pair 

(7). Four UVA-s4U-induced crosslinks had multiple crosslinking partners in which a single 

s4U nucleotide has anywhere between two to five partners (10). All the crosslinks seen by 

s4U-UVA and UVB crosslinking have been summarized in Figure 1. A striking feature of 

this comparison is that four of the s4U-UVA crosslinking sites involve nucleotides pairs that 

have previously been identified in the UVB crosslinking sites. Thus, there is a striking 

similarity between the places where UVA-s4U-induced and UVB-induced crosslinking sites 

occur and there is a significant overlap between both types of crosslinks. The locations of 

these crosslinks are restricted in the 30S subunit making a reversed “C” shape through the 

center of the subunit in the standard interface side view. 

Distance distribution and frequency correlation for s4U- UVA and UVB crosslinks. The 

Thermus thermophilus atomic structure (19) was used to calculate distance values for 

nucleotide pairs that are observed as crosslinks after UVB and UVA irradiation (7,10). 

Distances were measured between the reactive bonds of crosslinked nucleotides using the 

midpoints of C5 and C6 of pyrimidines for crosslinked pyrimidines or the midpoint of C8 

and N7 of the purine in crosslinked purines (Figure 2). The midpoint of the C4 and O4 atoms 

of the uridine identified as the thio-substituted uridine responsible for the crosslinking and 

the midpoints between the C5 and C6 atoms of pyrimidines or the midpoints between the C8 

and N7 atoms of purines were used for calculating distances between the reactive bonds for  
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Figure 1.  Locations of UVB- and UVA-s4U induced crosslinks. The view of the 16S 
rRNA is from Wimberly et al., 2000 with UVB crosslinks indicated by green nucleotides, 
UVA-s4U crosslinks indicated in blue and the overlapping nucleotides in both type of 
crosslinks as white. 
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Figure 2. Distance and geometry measurements for nucleotide pairs. Distance and angle 
measurements are illustrated on the nucleotide pair U244 and G894. The distances between 
reactive bonds (double bonds at C5/C6 and N7/C8 in this instance) are indicated.  
 



143

nucleotides pairs involved in s4U-mediated crosslinks. The internucleotide distances as 

measured for both UVB and UVA crosslinks are shown in Table 1. 

For the UVB-induced crosslinks, three nucleotides pairs are at separations less than 4 

Å, however the majority of the crosslinked pairs have reactive bonds separated by 4 to 9 Å 

and three are separated by 9 to 19 Å (Figure 3, panel A and Table 1). G926 x U1390 and 

C1400 x C1501 are two crosslinks that have the longest distances between reactive bonds. It is 

likely that rotation of G926 and C1400 would bring them closer to their partners, and this will 

require significantly different local structures. The third exceptional crosslink is C967 x 

C1400 that is formed in empty 30S or 70S ribosomes in which there is a conformation different 

than in the 30S and 70S crystal structures that have tRNA or tRNA analogue bound to the 

tRNA P site (21). The distances between the reactive bonds for the s4U crosslinked pairs have a 

similar range of values as the UVB crosslinks. However, a large fraction of the s4U-induced 

crosslinks occurs at greater than 8 Å, which is opposite from the distribution seen in the UVB 

crosslinks (Figure 3, panel B and Table1) and, as a consequence, the average separation is 

larger. For example crosslinks U562 x (C879-U884), U367 x A55-U56, and U1189 x 

(U1060-G1064), where a single s4U has multiple crosslinking partners, the distances between 

reactive bonds tends to be longer than UVB crosslinks. 

Crosslinking frequencies under different irradiation conditions are summarized in 

Table 1. Scatter plots of internucleotide distances and crosslinking frequencies were 

examined and correlation coefficients based on linear relationships were tabulated in a 

correlation matrix (Table 2 and 3). This analysis was done to determine whether crosslinking 

frequencies were related to the measured internucleotide distances of the nucleotide pairs. If 

they are correlated, for instance that close pairs have higher crosslinking frequency, this would  
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Table 1.  Summary of UVA and UVB crosslinking frequencies and internucleotide 
distances 
 

s4U-UVA 
crosslink 

Internucl. 
Dist.2 (Å) 

Freq1 UVB crosslink Internucl. 
Dist.2 (Å) 

Freq1  

U562 x C879 21.0 0.26 C54 x C352 3.7 0.27 
U562 x C880 17.9 0.51 U244 x G894 6.3 0.64 
U562 x G881 15.1 0.53 U441 x G494 5.6 0.38 
U562 x C882 11.4 0.59 U562 x U884 4.4 0.20 
U562 x C883 7.3 0.62 C582 x G760 5.8 0.15 
U562 x U884 3.3 0.60 C934 x U1345 3.7 0.18 
U960 x A1225 4.0 3.35 C967 x C1400 12.1 0.16 
U820 x G570 5.2 3.49 U991 x U1212 5.0 1.36 
U991 x C1210 15.2 0.12 U1052 x C1200 3.9 0.31 
U991 x U1211 12.7 0.26 A1093 x U1183 7.0 0.08 
U991 x U1212 5.0 0.34 U1126 x C1281 10.5 0.45 
U793 x A1519 6.2 3.45 C1402 x C1501 7.9 0.21 
U367 x A55 18.1 0.71 U793 x A1518 6.0 0.20 
U367 x U56 18.0 0.58 C1400 x C1501 17.6 0.10 

U1189 x U1060 17.1 0.77 C1054 x A1196 6.6 0.12 
U1189 x G1061 15.8 0.82   G1064 x G1190   10.4 0.46 
U1189 x U1062 14.2 0.72    G976 x A1362 9.4 0.41 
U1189 x C1063 14.0 1.11    G926 x U1390 19.0 0.16 
U1189 x G1064 13.9 0.73    
U239 x A120 5.3 0.76    

U1183 x A1092 4.0  0.95    
 

1Frequencies of UVB crosslinks irradiated with one pulse laser are expressed as percent of 
total 16S rRNA. Frequencies for UVA-s4U-induced crosslinks are expressed as percent of 
total 16S rRNA in molecules that were highly substituted with s4U (> 8 s4U per molecule)  
  
2 All distances and angles are determined from atomic positions of Wimberly et al. (19). 
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A 

 

 

B 

 

Figure 3. Distances between nucleotides pairs that form UVB and UVA induced 
crosslinks. Panel A: Distribution of the distances between reactive bonds (C5/C6 to C5/C6 in 
pyrimidine/pyrimidine pairs or C5/C6 to N7/C8 in pyrimidine/purine pairs, or N7/C8 to 
N7/C8 in purine/purine pairs). The average and standard deviation for the distribution is 8.05 
+/- 4.3 Å. Panel B: Distribution of the distances between reactive bonds (C4/O4 to C5/C6 in 
pyrimidine/pyrimidine pairs or C4/O4 to N7/C8 in pyrimidine/purine pairs). The average and 
standard deviation for the distribution is 11.8 +/- 5.8 Å. 
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Table 2. Correlation matrix for UVB crosslinking frequencies and internucleotide 
distances 
 

 Frequency-UVB C5/C6 distance 
Frequency-UVB 1 -0.225 

 

 

 

 

 

Table 3. Correlation matrix for UVA-s4U crosslinking frequencies and internucleotide 
distances 

 

 Frequency-UVA C4/S4 distance 
Frequency-UVA 1 -0.427 
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indicate that the X-ray structure is a good description of the 30S subunit in solution and that 

base movements and rotations result in bringing them into suitable arrangements for 

photochemical reaction. Crosslinking frequencies with one UV laser pulse irradiation and 

UVA irradiation have negative correlation coefficients with reactive bond distance. The 

correlations indicate large crosslinking frequencies for pairs with small separation distances 

in general. However, the crosslinking frequencies for the s4U crosslinks where multiple 

crosslinking partners are involved, are low and are consistent with the long reactive bond 

distances calculated for them. 

Potential nucleotide pairs for UVA and UVB crosslinking. It was of interest to know 

whether the observed UV-induced crosslinking sites were the only pairs in the structure 

favorable for crosslinking. Potential nucleotide pairs were identified by distance measurements. 

Since the average internucleotide distance for UVB crosslinking was 8 Å, nucleotide pairs in 

the 16S rRNA with reactive bonds at distances less than 8 Å were identified as potential 

crosslinking sites. For UVA-s4U-induced crosslinking, 118 uridines in the 16S rRNA that were 

known to be thiolated after in vivo incorporation of s4U into the RNA were considered for 

crosslinking partners they might have. The initial screens were for partner nucleotides that had 

reactive bond distances within 18.5 Å of each s4U. In addition, the nucleotide pairs that would 

be separated by less than 40 nucleotides in the primary sequence, because we would not detect 

them by the gel electrophoresis method and the opposite adjacent nucleotide pairs in base-

paired regions, because crosslinking is not expected in base-paired regions (22) were excluded 

from the list of predicted potential nucleotide pairs. There are 658 and 1578 nucleotide pairs 

for UVB and UVA crosslinking that can possibly exist but are not seen in the 30S subunit 

structure (Figure 4 and 5).  
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Figure 4.  Locations of UVB-induced crosslinks. The 16S rRNA is in the standard view 
(Wimberly et al., 2000) with UV crosslinks indicated by blue nucleotides and potential 
crosslink partners with reactive bonds separated by 8 Angstroms or less indicated in green. 
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Figure 5.  Locations of s4U-UVA-induced crosslinks. The 16S rRNA is in the standard 
view (Wimberly et al., 2000) with UVA crosslinks indicated by blue nucleotides and 
potential crosslink partners with reactive bonds separated by 18.5 Angstroms or less 
indicated in green. 
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DISCUSSION 

Comparison between UVB and UVA-s4U induced crosslinking has revealed a striking 

similarity between the identities and location of both types of crosslinks. The locations of 

these crosslinks are restricted in the 30S subunit (Figure 1) making a reversed “C” shape 

through the center of the subunit in the standard interface side view. This involves a total of 

four crosslinks within domain I RNA, nine crosslinks within domain II, 18 crosslinks within 

domain III grouped around the RNA helical elements close to the tRNA P-site, two 

crosslinks within the decoding helix 44a and three additional interdomain crosslinks. This 

pattern of crosslinking sites indicates an unusual distribution of sites surrounding the 

decoding region of the 30S subunit particularly in the domain III RNA       

It has already been shown that a detailed E. coli 70S ribosome structure based on the 

cryo-EM structure and incorporating atomic details obtained from X-ray crystallography can 

be made, indicating a fundamental similarity between the E. coli solution structure and the 

structure seen in the ribosome crystal (23). The crosslinking results presented here are also an 

indication of this. The inverse correlations between crosslinking frequencies and nucleotide 

distances are consistent with the X-ray structure since larger distances between nucleotides 

measured in the X-ray structure are associated with lower crosslinking frequencies and 

conversely.  

The distribution of distances between reactive bonds in the observed s4U and UV 

crosslinking indicates a similar range of distances for both types of crosslinking. However, 

there are relatively more pairs for the s4U crosslinks that occur at the longer distances, and 

that results in a somewhat larger average separation. The shift to larger distances for s4U 

crosslinking may occur because of the longer excited electronic state for s4U after UVA 
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irradiation compared to UVB irradiation. Measurements of phosphorescence in the tRNA 

molecule gave estimates for the half life for the s4U excited state of 3-7 µs (16). This is 

compared to 0.3-1 µs for the half life of the 3π, π* state and several picoseconds for the 1n, π* 

state after UV irradiation (24). Therefore the s4U-UVA excited state is at least five fold longer 

than the relevant UVB excited state.  

For the UVB-induced crosslinking, the nucleotide pairs involve a movement that is a 

shorter distance from the equilibrium position (8.0 Å) than for the UVA-s4U-induced 

crosslinking (11.8 Å). If the two unusual UVB crosslinks (G926 x U1390 and C1400 x 

C1501) are removed from the average, the difference becomes larger (6.5 Å vs 11.8 Å). The 

smaller movement of the UVB-crosslinked nucleotide pairs from their equilibrium positions 

compared to the larger movements in the s4U-induced crosslinked pairs, is likely attributable 

to the shorter excited state lifetime of the nucleotides after UVB irradiation compared to the 

longer excited state lifetime in s4U after UVA irradiation. This indicates that rapid 

conformational excursions occur to bring the candidate nucleotide pairs into proximity 

implying that the structure of 30S subunit may be conformationally dynamic, mostly residing 

in an equilibrium configuration. 

Thus a small number of UVB-induced and UVA-s4U-induced crosslinking sites in the 

30S structure is a paradox in view of the number of potential sites that have favorable 

distance, but do not form crosslinks. The first possibility to explain this is that since the 

crystallographic resolution is 3.0 Å, there is sufficient uncertainty in atom positions and 

angles to result in mistaken overestimates for the distance between the nucleotide pairs that 

are crosslinked and mistaken underestimates for the distances between pairs that are not. 

Since there are 39 observed crosslinked pairs (for both types of crosslinking) and many 
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hundreds of potential but not observed nucleotide pairs, systematic over and underestimates 

of the distances is unlikely to be the case. A second possibility is that the crosslinking is due 

to favorable photochemistry of particular nucleotides at the right locations in the tertiary 

structure. This must not be the case since very similar patterns of UVB-induced crosslinking 

were observed in B. subtilis and T. aquaticus compared to E. coli even though these 

organisms have different sequences at some of the crosslinking sites (11). Also the fact that 

even though both UVA-s4U and UVB crosslinking involves different photochemical 

mechanisms but still occur at similar locations, rules out photochemistry as one of the factors 

responsible for the limited number of crosslink formation. Photoreversal of the crosslinks 

could be another factor resulting in the observed crosslinking pattern since UVB crosslinks 

have been found to be photoreversed (12). But UVA-s4U-induced crosslinks do not 

photoreverse (10) and hence ruling out photoreversal as one of the factors.  

Consideration of the nucleotide pair measurements suggests an explanation for the 

crosslinking restriction. None of the potential or observed pairs in the minimum free energy 

structure have the precise geometry suitable for 2π +2π photoaddition, so any of the pairs 

would have to undergo some movement for reaction and the ease to which this can occur 

(together with how far the movement would have to be) should restrict or allow crosslink 

formation. Thus even if the potential for crosslink formation is present in a nucleotide pair 

because of favorable distance and geometry, the opportunity may not exist for photoaddition 

because movement of the bases towards one another is inhibited in some way. This could be 

due to the reduction of the RNA conformation space due to association with proteins or due 

to the tight packing of RNA in the ribosome structure. In either case, the movement of the 
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bases, or absence of movement of the bases, must be connected somehow to the global RNA 

arrangement.  

Hence the flexibility of 16S rRNA in the region of crosslinking indicates the dynamic 

nature of the 30S subunit. Thus, 30S structure may be conformationally dynamic, mostly 

residing in an equilibrium configuration, but with conformational fluctuations that occur on a 

faster time scale because significant energy barriers are not involved. The regions where there 

is higher degree of motion are around helix 34, in the region at the top of helix 28, around the 

top of helix 44, in helix 19 and in a few outlying sites. In general, this defines a region on one 

side of the tRNA A-site and surrounding the tRNA P-site.  
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ABSTRACT 

The initiation factor IF3 contains N- and C- terminal domains separated by a flexible linker. 

IF3 has been shown to have a footprint in the 16S rRNA in the nucleotide intervals 700-703, 

791, 793 and 814 in domain II of the 16S rRNA. Our footprinting data has shown that the 

isolated domain of IF3, IF3C also protects residues 701 and 793 from CMCT attack, showing 

that IF3C interacts with the same region of ribosomes as IF3. Initiation factor IF3 has been 

shown to affect three intramolecular crosslinks in the 16S rRNA and the crosslinks of 16S 

rRNA with tRNAfMet and mRNA. IF3C, has been shown to perform all the functions assigned 

to the whole IF3 molecule. We have investigated the affect of IF3C on the structure of 16S 

rRNA by UV induced RNA crosslinking and have found that it causes changes in the 

intramolecular crosslinks in the 16S rRNA indistinguishable from the effects of the intact 

IF3. IF3C also reduces the crosslinking frequency of 16S rRNA with tRNAfMet and mRNA, 

similar to the effects of intact IF3. These results suggest the indirect mechanism of IF3 

function in which IF3 affects the conformational dynamics of the ribosomal subunit instead 

of establishing direct contact with P-site decoding region and the anticodon stem-loop of P-

site bound tRNA. The affects of IF1 and IF2 were also studied in order to understand the 

structural status of the 30S ribosomal subunit in the 30S initiation complex and it was found 

that even in the presence of IF1 and IF2, IF3 still induces the same conformational changes 

in the 30S subunit. 
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INTRODUCTION 

The initiation step of protein synthesis in bacteria involves a complex of 30S 

subunits, mRNA (interacting with the 30S subunit through the Shine Dalgarno sequence on 

the mRNA), initiator tRNA and three initiation factors IF1, IF2 and IF3 (1). IF1 is a small 

(71 amino acids), basic protein that binds to the 30S subunit in a cleft formed between H44, 

the 530 loop, and protein S12 (2). IF1 aids in the specificity of the initiation complex by 

occupying the A-site, hence preventing the binding of the elongator tRNA during initiation 

(3).  It has also been proposed that in addition to IF2, the binding of IF1 to the A-site is 

required to direct the initiator tRNA to the P-site (4). IF1 increases both the rate of ribosomal 

subunit association and dissociation (5). Binding of IF1 to the 30S ribosomal subunit causes 

localized changes around A1492 and A1493 and long-range changes in the conformation of 

H44 leading to movement of the domains of 30S with respect to each other (2).   

IF2 is a large (97.3 kDa in E. coli) acidic protein which belongs to the same GTPase 

subfamily as EF-Tu and EF-G (6).  It stimulates the binding of initiator tRNA to the P-site of 

the 30S subunit (7). IF2 does not protect any specific region in 16S rRNA but has been found 

to affect several regions of the 30S subunit by inducing allosteric transitions (8). Thus IF2 

was thought to cause global conformational changes in the 30S subunit (8) via protein-

protein interactions (3). Protein-protein crosslinking studies identified IF2 interaction with 

50S subunit (9), 30S subunit (10) and IF1 (11). Recent studies indicate that in solution IF2 

interacts with 30S through an interaction between its C-2 domain and fMet-tRNA and that 

the IF2 is near or in direct contact with ribosomal protein S12 and IF1 (12).  

Initiation factor IF3 is a two domain, 20 kDa protein whose N- and C-terminal 

domains are separated by a flexible linker. The two domain nature of IF3 has been confirmed 
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by X-ray crystallography (13) and NMR spectroscopy (14-16). The location of IF3 is still 

controversial because various models have placed them at different positions on the 

ribosomes. Cryo-electron microscopy reconstruction localized the C-terminal domain of IF3 

at the interface side of the small subunit and hence preventing the subunit association (17). 

Crystallographic analysis placed the C-domain of IF3 on the opposite face of the subunit 

platform away from the interface (18). This implies that its effect on subunit association is 

indirect, consistent with the recent biochemical data (19).  

Several functions have been assigned to IF3 during initiation. IF3 dissociates 

ribosomes by binding preferentially to the 30S subunits (20). IF3 acts to switch the decoding 

preference of the small ribosomal subunit from the elongator to initiator tRNA. It has been 

shown to proof read initiator tRNA in the initiation complex by increasing its rate of 

association (21) and it discriminates the tRNAfMet ּAUG interaction by stabilizing it on the 

ribosome while destabilizing elongator tRNA interactions (22). Earlier different functions of 

IF3 have been suggested to be carried out independently by either of its domains. Ribosomal 

binding and ribosome dissociation activity have been attributed to the C-domain and the 

proofreading activity has been attributed to the N-domain. However, more recently it has 

been found that the C-domain of IF3, IF3C, can perform all the functions assigned to the 

whole IF3 molecule (19). The function of N-domain may be to provide thermodynamic 

stability to the 30S-IF3 complex.  

 It is known that some structural changes occur in the 30S in the initiation complex 

(23) but exactly how these reflect conformational differences in the 30S subunit is less well 

understood. UV irradiation induced crosslinking has been employed to see the structural 

changes caused by binding of IF3 on 30S subunits (23) The intact IF3 molecule has been 
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shown to affect three intramolecular crosslinks in 16S rRNA and intermolecular crosslinks 

between 16S rRNA and tRNAfMet and between 16S rRNA and mRNA (23). This indicates 

that IF3 causes conformational changes in the 30S subunit and geometrical changes in the 

mRNAּtRNAfMet.16S rRNA complex. In order to have a deeper insight into the initiation 

complex and the structural changes that occur during initiation, this work investigated the 

affects of initiation factors IF1, IF2 and IF3 on the structure of 30S subunit. Since IF3C has 

been shown to perform all the functions of IF3, its affect on the structure of 16S rRNA by 

UV induced RNA crosslinking was also studied.  
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MATERIALS AND METHODS 

mRNA preparation. The template for the T7 RNA transcription reaction for the 54 

nucleotide-long mRNA analog was made by mixing 1000 pm of DNA primer 

complementary to the T7 promoter region to 1000 pm of a 71 nucleotide-long single stranded 

DNA template and heating for five minutes at 95 oC in 40 µl containing 16 mM Hepes (pH 

7.5), 2.4 mM MgCl2, 0.4 mM spermidine. The mRNA analogue (54 nucleotides long) was 

synthesized in 1000 µl T7 RNA polymerase reaction according to standard protocols (24). 

The transcript was either purified from 8% denaturing polyacrylamide gel followed by 

electroelution or Qiagen-100 columns.  

fMet-tRNA preparation. For charging and formylation of tRNAfMet, the following 

protocol was used (25). Briefly, 2500 pm of tRNAfMet (Sigma) was incubated with 3 mM 

ATP, 70 mM β-ME, 30 µM methionine and 120 µl of Leucovarin, pH 7.8 (folinic acid, 

Sigma) in charge buffer (25 mM Tris, pH 7.5, 7 mM MgCl2, 30 mM KCl, 70 mM NH4Cl and 

0.35 mM EDTA) in a total volume of 800 µl at 37 oC for 5 min followed by the addition of 

10 µl of methionyl tRNA synthetase and 8 µl of Met-tRNA transformylase (Dr. Takashi 

Yokogawa, GIFU Univ., Japan) and incubation for 20 min at 37 oC. Samples were phenol 

and ether extracted and purified for charged and formylated tRNAfMet on reverse phase PRP-

1 column. 

Chemical footprinting with CMCT. Modification with N-cyclohexyl-N’-[2-(N-

methyl-4-morpholinio)ethyl]carbodiimide p-toluenesulfonste (CMCT) was done as follows 

(26). 10 pm of native subunits were incubated with 100 pm of IF3/IF3C in a buffer 

containing 50 mM K3BO3, pH 8.1, 50 mM KCl, 20 mM Mg(Ac)2 and 0.5 mM DTT in a total 

volume of 10 µl at 37 oC for 5 min. Samples were placed on ice for 10 min followed by the 
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addition of 65 µl of buffer and 22 µl of CMCT (42 mg/ml) and incubation at room 

temperature for 30 min. Samples were precipitated, treated with proteinase K and 

resuspended in 20 µl of H2O. 1 µl of each sample was used for reverse transcription by 

primer in the interval corresponding to 854-873 region of 16S rRNA.         

   Complex formation and irradiation. Both native and thiolated 30S subunits isolated 

according to (27) were reactivated before use (28). Samples of 10 pm of 30S subunits were 

incubated with 50 pm of mRNA, 50 pm of aminoacylated/deacylated tRNAfMet and IF1 or 

IF2 or IF3 or IF3C (as indicated, IF1 and IF2 clones were gifts from Dr. Linda Spermulli, 

UNC, Chapel Hill and IF3 clone and IF3C protein was a gift from Dr. C. O. Gualerzi, 

University of Camerino, Italy), in 50 µl of binding buffer (20 mM Tris-HCl, pH 7.5, 100 mM 

NH4Cl, 10 mM MgCl2) for 30 minutes at 37 oC. Complexes were then cooled on ice and 

irradiated at 280-320 nm UVB light for 20 minutes in a thermostated cuvette or at 320-380 

nm UVA light for 10 min as described before (29,30). Crosslinked and control samples were 

treated with Proteinase K, phenol/ether extracted and ethanol precipitated. 16S-sized RNA 

was purified on 1% agarose gels after denaturation. After 5’ or 3’ end-labeling (as described 

in the text), crosslinked species were separated by gel electrophoresis on 3.6% (w/v) 

polyacrylamide gels (acrylamide to bisacrylamide, 70:1 or 40:1 w/w) in bis-Tris, borate, 

EDTA buffer (31). Crosslinking levels were determined by analysis of the radioactivity using 

a Molecular Dynamics phosphorImager. 
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RESULTS 

Footprinting of IF3 and IF3C on native subunits. CMCT modifies at residues G(N-1) 

and U(N-3). IF3C binding to 30S subunit reduced the chemical reactivity of CMCT at U701, 

U723, U789 and U793. This was similar to that found for IF3 (Figure 1) except at position 

U723 where IF3 does not reduce the chemical reactivity of CMCT. Both IF3 and IF3C bound 

to almost a similar region of 16S rRNA. These findings are in close agreement with studies 

that predicted strong protection of U701 and partial protection of U793 from CMCT (25) and 

complete protection of G700 and G703 and partial protection of G791 from kethoxal (3).  

IF3 and its C-domain, IF3C, cause similar structural changes in 16S rRNA. 

Irradiation of Escherichia coli native 30S ribosomal subunits with UVB light in the range 

280-320 nm produces 16S rRNA with a series of intramolecular crosslinks (31). In the case 

of complexes with mRNA analogs and tRNA, UVB irradiation induces intermolecular 

crosslinking with mRNA and tRNA (23). IF3 has already been shown to affect the frequency 

of three 16S rRNA intramolecular crosslinks and two intermolecular crosslinks (23). 

Irradiation of thiolated 30S ribosomal subunits obtained from AB1157, a strain of 

Escherichia coli deficient in pyrimidine synthesis with UVA light in the range 320-380 nm 

also resulted in series of intramolecular crosslinks in 16S rRNA (30).  

IF3 and IF3C were incubated with 30S subunits and with 30S subunits associated 

with mRNA and tRNAfMet to determine the effects IF3C would have on the 30S subunit 

structure. 30S subunits were 3’ end-labeled with [32P]-pCp at room temperature for 2-4 hrs 

before use. Labeled 30S subunits were incubated with IF3 or IF3C at 37 oC for 30 min. 

Complexes were irradiated with UVB light, purified for 16S rRNA-sized RNA on 1% 

agarose gel and electrophoresed on 3.6% denaturing polyacrylamide gel at a 70:1 ratio of  
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Figure 1. Chemical footprinting to show protection of bases in E. coli 16S rRNA caused 
by binding of IF3 and IF3C. 30S subunits were incubated with IF3 or IF3C at 37 oC for 5 
min and modified with CMCT at room temperature for 30 min. RNA was extracted and 
primer extension analysis was performed using DNA primer for the interval (873-854) of 
16S rRNA. Lanes U, G, C and A are dideoxy sequencing lanes and indicate the nucleotide 
sequence of 16S rRNA. The modified nucleotide is indicated on the right side of the panel. 
IF3C binding to 30S subunit was found to reduce the chemical reactivity of CMCT at U701, 
U723, U789 and U793 almost similar to IF3. 
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acrylamide to bisacrylamide. Bands 1, 2, 3 and 4 reproducibly show intensity differences 

upon the addition of IF3 or IF3C as shown in Figure 2. Band 1 was not identified. Crosslinks 

C967 x C1400, U793 x A1518 and C1402 x C1501 represented by bands 2, 3 and 4, 

respectively, were found to be affected by IF3C to a similar extent as IF3 (Table1). When 

RNA from the UVB-irradiated complex 30SּmRNAּtRNAfMet with IF3 or IF3C was 

examined (Figure 3), the crosslinking frequency of two intermolecular crosslinks with 

mRNA and tRNA were affected in addition to the crosslinks observed in empty subunits. 

These crosslinks C1400 x tRNAfMet (band 4) and C1395 x mRNA (band 5) decreased in 

frequency by one-third and one-half respectively for both IF3 and IF3C (Table 2).  

IF3 was incubated with thiolated 30S subunits associated with mRNA and tRNAfMet 

to determine any additional effects IF3 might have on the structure of 30S subunit. 3’ labeled 

thiolated 30S subunits were incubated with IF3 in association with mRNA and tRNAfMet . 

Complexes were irradiated with UVA light, purified for 16S rRNA-sized RNA and 

electrophoresed on 40:1 polyacrylamide gels. IF3 was found to affect two intermolecular 16S 

rRNA crosslinks as shown in Figure 4. Bands 1 and 2 represent crosslinks G570 x U820 and 

U793 x A1519 respectively and were found to show intensity differences upon the addition 

of IF3 and all IF’s as reported in Table 3. Both of the crosslinks decreased in frequency by 

almost one-half. Crosslink between s4U793 x A1519 is similar to crosslink seen by UVB 

irradiation and decreases by similar extent on addition of IF3 while crosslink between 

s4U820 x G570 is a crosslink that does not correspond to any UVB-induced crosslink.  

Effects of IF1 and IF2 in the initiation complex. Initiation of protein synthesis 

requires the formation of a pre-initiation complex containing the 30S ribosomal subunit, 

mRNA, initiator tRNA and the initiation factors IF1, IF2 with GTP and IF3 (1). The 30S pre- 
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Figure 2. Pattern of UVB induced crosslinking in the 30S subunit with IF3 and IF3C. 
16S rRNA was 3’ end-labeled in the 30S subunits before use. 10 pm of 30S subunits were 
incubated with 70 pm of IF3 or 70 pm/140 pm of IF3C at 37 oC for 30 min. Complexes were 
irradiated with UV light, purified for 16S rRNA-sized RNA and electrophoresed on PAGE. 
Bands 1, 2, 3 and 4 reproducibly show intensity differences upon the addition of IF3 or IF3C 
as reported in Table 1. “++” shows that IF3C was added in double amounts as compared to 
that of “+”. The panel on the right shows the enlargement of the region that contains three 
closely spaced crosslinked species. 
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Table 1. Crosslink frequency in different native 30S complexes 
 

Normalized crosslink frequency 
 

crosslink number 30S 30SּIF3 30SּIF3C (+)/IF3C (++) 
1 100 27 24/23 
2 100 51 61/51 (2) 
3 100 42 (2) 48/42 (2) 
4 100 25 (2) 26/21 (2) 

 
Crosslinking frequencies were determined by integration of band intensity on polyacrylamide 
gels. The number of independent measurements are indicated in the parentheses. Band 
intensities were normalized for the amount of radioactivity in the linear 16S rRNA band in 
each gel lane and the intensity of each crosslink was compared to the intensity that occurs in 
the empty 30S subunit. 
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Figure 3. Pattern of UVB induced crosslinking in the 30S subunit with tRNAfMet, 
mRNA and IF3 or IF3C. 10 pm of 30S subunits were incubated with 50 pm each of 
tRNAfMet and mRNA and 70 pm of IF3 or 70 pm / 140 pm of IF3C at 37 oC for 30 min. 
Complexes were irradiated with UV light, purified for 16S rRNA-sized RNA and were 3’-
end labeled. Samples were electrophoresed on polyacrylamide gels. Bands 1, 2, 3, 4 and 5 
reproducibly show intensity differences upon the addition of IF3 or IF3C as reported in Table 
2. “++” shows that IF3C was added in double amounts as compared to that of “+”. The panel 
on the right shows the enlargement of the region that contains two closely spaced crosslinked 
species. 
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Table 2. Crosslink frequency in different native 30S functional complexes 
 

Normalized crosslink frequency 
 

crosslink 
number 

30SּmRNAּtRNA 30SּmRNAּtRNAּIF3 30SּmRNAּtRNAּIF3C 
(+)/IF3C (++) 

1 100 43 (2) 31/28 
2 100 44 (2) 43/32 
3 100 29 (2) 21/26 
4 100 59 (2) 67/65 
5 100 34 (2) 36/20 

 
Crosslinking frequencies were determined by integration of band intensity on polyacrylamide 
gels. The number of independent measurements are indicated in the parentheses. Band 
intensities were normalized for the amount of radioactivity in the linear 16S rRNA band in 
each gel lane and the intensity of each crosslink was compared to the intensity that occurs in 
the 30SּmRNAּtRNA complex. 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 



171

 
 

 
 
 
 

 
 

Figure 4. Pattern of UVA induced crosslinking in the 30S subunit with tRNAfMet, 
mRNA and IF3. 16S rRNA was 3’ end-labeled in the 30S subunits before use. 10 pm of 30S 
subunits were incubated with 50 pm each of tRNAfMet and mRNA and 50 pm/100 pm of IF3 
or 400 pm of IF1, 20 pm of IF2 and 50 pm of IF3 at 37 oC for 30 min. Complexes were 
irradiated with UV light, purified for 16S rRNA-sized RNA and electrophoresed on 
polyacrylamide gels. Bands 1 and 2 reproducibly show intensity differences upon the 
addition of IF3 and all IF’s as reported in Table 3. The panel on the right shows the 
enlargement of the region that contains two affected crosslinked species. 
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Table 3. Crosslink frequency in different thiolated 30S complexes 
 

Normalized crosslink frequency 
 
crosslink 
number 

30SּmRNAּtRNA 30SּmRNAּ 
 tRNAּIF3 (+) 

30SּmRNAּ 
 tRNAּIF3 (++) 

30SּmRNAּ 
tRNAּIF’s 

1 100 58 68 69 
2 100 55 74 58 

 
Crosslinking frequencies were determined by integration of band intensity on polyacrylamide 
gels. Band intensities were normalized for the amount of radioactivity in the linear 16S 
rRNA band in each gel lane and the intensity of each crosslink was compared to the intensity 
that occurs in the 30SּmRNAּtRNA complex. 
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initiation complex undergoes a conformational change to form an initiation complex. In order 

to understand the effects of initiation factors on the structure of 30S ribosomal subunits, UV 

irradiation of native as well as thiolated subunits with initiation factors either individually or 

in combination with each other in the presence of mRNA and Met-tRNA fMet was done.  

Complexes of native 30S subunits associated with mRNA, tRNAfMet and initiation 

factors were UVB irradiated, purified for 16S rRNA-sized RNA and electrophoresed on 70:1 

polyacrylamide gels as shown in Figure 5. Initiation factor IF1 increased the crosslinking 

frequency of the intramolecular crosslink C967 x C1400 in 16S rRNA and an intermolecular 

crosslink between 16S rRNA and mRNA (lane 3). Initiation factor IF2 increased the 

crosslinking frequency of a crosslink between 16S rRNA and tRNA (lane 4). The presence of 

both the factors in a complex resulted in an increase in intensity only of the tRNA crosslink 

to 16S rRNA (lane 6) while each factor in combination with initiation factor IF3 did not 

cause any additional change in crosslinking frequencies of 16S rRNA crosslink to mRNA 

and tRNA (lane 7,8,9). IF1 in combination with IF3 did not result in the decrease in the 

intensity of C967 x C1400 crosslink that is otherwise characteristic of the effects of IF3 (lane 

7). All the crosslink frequency changes are listed in Table 4. 

 Complexes with thiolated subunits did not show any change in crosslinking 

frequencies of any of the crosslinks in the presence of either IF1 or IF2 or both (Figure 6, 

Table 5). The only changes that were seen with either IF1, or IF2, or both, in the presence of 

IF3 were the changes in crosslink U793 x A1519 and G570 x U820 caused by IF3 alone. 
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Figure 5. Pattern of UVB induced crosslinking in the 30S subunit with Met-tRNAfMet, 
mRNA and IF's. 10 pm of 30S subunits were incubated with 20 pm of Met-tRNAfMet, 50 pm 
of mRNA and 400 pm of IF1 or 20 pm of IF2 or 50 pm of IF3 or IF’s in various 
combinations at 37 oC for 30 min. Complexes were irradiated with UV light, purified for 16S 
rRNA-sized RNA and 5’ end labeled. Samples were electrophoresed on 70:1 polyacrylamide 
gels. Bands on the right hand side reproducibly show intensity differences upon the addition 
of IF’s as reported in Table 4. The panel on the right shows lanes with different initiation 
factor/s. Linear 16S rRNA represents un-crosslinked 16S rRNA. 
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Table 4. Crosslink frequency in different native 30S complexes with initiation factors 
 

crosslink identity C967 x C1400 C1400 x tRNA 1395 x mRNA 
30SּmRNAּtRNA 1 1 1 

30SּmRNAּtRNAּIF1 1.66 + 0.087 0.74 + 0.165 2.01 + 0.53 
30SּmRNAּtRNAּIF2 0.67 + 0.19 1.74 + 0.17 0.88 + 0.14 
30SּmRNAּtRNAּIF3 0.68 + 0.19  0.44 + 0.17 0.1 + 0.03 

30SּmRNAּtRNAּIF1+IF2 0.33 + 0.10 1.87 + 0.12 0.78 + 0.62 
30SּmRNAּtRNAּIF1+IF3 1.86 + 0.32 0.40 + 0.11 0.10 + 0.05 
30SּmRNAּtRNAּIF2+IF3 0.20 + 0.04 0.55 + 0.1 0.11 + 0.02 

30SּmRNAּtRNAּIF1+IF2+ IF3 0.24 + 0.1 0.64 + 0.11 0.27 + 0.08 
 
Crosslinking frequencies were determined by integration of band intensity on polyacrylamide 
gels. The uncertainties are standard deviations; the values were derived from three 
independent experiments. Band intensities were normalized for the amount of radioactivity in 
the linear 16S rRNA band in each gel lane and the intensity of each crosslink was compared 
to the intensity that occurs in the 30SּmRNAּtRNA complex. 
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Figure 6. Pattern of UVA induced crosslinking in the 30S subunit with Met- tRNAfMet, 
mRNA and IF's. 10 pm of 30S subunits were incubated with 20 pm Met-tRNAfMet, 50 pm of 
mRNA and 400 pm of IF1 or 20 pm of IF2 or 50 pm of IF3 at 37 oC for 30 min. Complexes 
were irradiated with UV light, purified for 16S rRNA-sized RNA and 5’ end labeled. 
Samples were electrophoresed on 40:1 polyacrylamide gels. Bands on the right hand side 
reproducibly show intensity differences upon the addition of IF’s as reported in Table 5. The 
panel on the right shows lanes with different initiation factor/s. Linear 16S rRNA represents 
un-crosslinked 16S rRNA. 
 



177

 
 
 
 
 
 
 
 
 
 
 
 
Table 5. Crosslink frequency in different thiolated 30S complexes with initiation factors 
 

crosslink identity G570 x U820 U793 x A1519 
30SּmRNAּtRNA 1 1 

30SּmRNAּtRNAּIF1 0.89 + 0.15 (4) 0.92 + 0.08 (4) 
30SּmRNAּtRNAּIF2 0.93 + 0.07 (5) 0.91 + 0.06 (5) 
30SּmRNAּtRNAּIF3 0.67 + 0.26 (4) 0.47 + 0.17 (4) 

30SּmRNAּtRNAּIF1+IF2 0.96 + 0.17 (2) 0.64 + 0.03 (2) 
30SּmRNAּtRNAּIF1+IF3 0.76 + 0.06 (2) 0.44 + 0.09 (2) 
30SּmRNAּtRNAּIF2+IF3 0.82 + 0.00 (2)  0.5 + 0.06 (2) 

30SּmRNAּtRNAּIF1+IF2+IF3 0.87 + 0.1 (3) 0.49 + 0.11 (3) 
 
Crosslinking frequencies were determined by integration of band intensity on polyacrylamide 
gels. The uncertainties are standard deviations; the number of independent measurements are 
indicated in the parentheses. Band intensities were normalized for the amount of radioactivity 
in the linear 16S rRNA band in each gel lane and the intensity of each crosslink was 
compared to the intensity that occurs in the 30SּmRNAּtRNA complex 
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DISCUSSION 

Most of the footprinting studies (3,26) and the biochemical data place the binding site 

of IF3 somewhere on the platform side of the cleft of 30S ribosomal subunit. According to 

crystallography studies, IF3C has been placed on the solvent side of the upper tip of the 

platform (6) while IF3N has been docked in close proximity to the P-site. Therefore the 

function of proofreading was assigned to the IF3N domain while IF3C was thought to 

promote ribosome binding by changing the conformation dynamics of the subunit. Cryo-

electron microscopy studies have placed IF3 on the opposite surface of the 30S subunit, at 

the platform side at the 50S subunit interface (4) assigning both the proofreading and the 

ribosome dissociation activity to IF3C. In another study by Dallas and Noller, hydroxyl 

radical footprinting and directed probing from Fe(II)-derivatized IF3 was used to map the 

interaction of IF3 with 16S rRNA and it resulted in placing the C-domain at the platform 

interface and the N-domain at the E-site (32). This study agreed with the cryo- EM study for 

the placement of C-domain while the position of N-domain differed as it was placed in a 

region spanning from the platform to the neck. 

 Recently it has been found that the C-domain of IF3, IF3C, can perform all the 

functions assigned to the whole IF3 molecule, namely (i) dissociation of 70S, (ii) shift of 

30S-bound mRNA from ‘stand by’ to ‘P-decoding’ site, (iii) dissociation of 30S-poly(U)-

NAcPhe-tRNA pseudo-initiation complexes and (iv) dissociation of fMet-tRNA from 

initiation complexes containing mRNA with the non-canonical initiation triplet (19). It was 

suggested that the function of N-domain is to provide thermodynamic stability to the 30S-IF3 

complex. Our results have shown that IF3C induces the same structural changes as the whole 

IF3 molecule in the decoding of the subunit even without the presence of either mRNA or 
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initiator tRNA. In the recent crystal structure of 30S ribosomal subunit at a resolution of 3Å 

(33), the 790 loop of the central domain of 16S rRNA, which is the major binding site for IF3 

and IF3C, is placed in the front lower part of the platform not far away from the decoding 

region. The observed changes in the crosslinking frequency could be explained by the 

binding of IF3C domain to the 790 end loop, near the P-site of tRNA in the decoding region 

of 30S and hence causing conformational changes in the decoding region of the 30S subunit 

to favor stabilization of initiator tRNA in the initiation complex. Since the crosslinks 

involved are all located around the decoding region as shown in Figure 7, it is concluded that, 

similar to IF3, IF3C performs its functions by an indirect mechanism. This is in agreement 

with the conclusions of the Noller and Gualerzi groups (19,32) who also proposed that IF3C 

binds near the P-site tRNA and performs all its functions by imposing a conformational 

change in the 30S subunit.  

 Another crosslink between G570 and U820 formed after UVA irradiation of s4U 

containing 30S subunits was found to be affected by IF3 very marginally. This is supported 

by the fact that in another study, a strong RNA-protein crosslink was seen between the region 

from 819-859 of the 16S rRNA and IF3 (34). This is an additional parameter in recognizing 

the extent of the structural effects on the conformation of 30S subunit. 

Both IF2 and IF3 have been known to act on the 30S initiation complex to select for 

charged and formylated initiator tRNA correctly contacting the AUG start codon in the P-site 

(22,34). Initiation factor IF2 is known to stabilize the binding of initiator tRNA to the 30S 

subunit (7). This is consistent with an increase in the crosslinking frequency of the crosslink 

between 16S rRNA and tRNA in the presence of IF2. When initiation factor IF1 is added to 

this complex, the 16S rRNA x tRNA crosslink is not affected and the observed crosslinking 
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pattern is characteristic of IF2. On the other hand, when initiation factor IF3 is added the 

crosslinking frequency of 16S rRNA x tRNA goes down. In the presence of all the factors, 

the frequency of this crosslink is same as that for the IF3 alone. These observations can be 

explained by the fact that IF2 stabilizes the binding of tRNA to the 30S subunit but does not 

do anything to perturb or alter the C1400-tRNA crosslink formation that implies no alteration 

in the C1400-tRNA contact. IF3 still induces the conformational change in the tRNA-P-site 

interaction that results in the decrease in the crosslinking frequency of the 16S rRNA x tRNA 

crosslink (23), hence the structural effects of IF3 appear to override the presence of IF2. As a 

result, in the presence of all initiation factors, the structural status of the 30S initiation 

complex is reflected in the crosslinking frequencies observed in lane 9 of Figure 5. 

IF1 increases the crosslinking frequencies of the crosslink C967 x C1400 and the 

mRNA crosslink to 16S rRNA. This can be explained by the fact that binding of IF1 causes 

changes in the conformation of H44 and hence the decoding region (2). In the presence of 

IF2, these crosslinks are not affected while in the presence of IF3, the crosslinking pattern 

observed is characteristic of IF3, implying again that the final adjustment in the structure of 

30S subunit is brought by IF3. 

 The main conclusion is that, of all the factors, IF3 is the most important player in 

determining the 30S structure in the initiation process. There are several other effects when 

each initiation factor was used alone, but IF3, whenever present, dominates the other factors 

and all the conformational changes in the subunit structure during initiation could be 

obtained by IF3 alone. 

 
 
 
 



181

A 

 
B 

 

 
 
Figure 7. Location of the crosslinks affected by IF3/IF3C. (A)View of the crosslinked 
nucleotide pairs in the 16S rRNA structure, determined by Wimberly et al., 2000 (33). The 
orientation is a view with the 30S interface side facing the viewer. The 16S rRNA backbone 
is shown in gray ribbon with tRNA mimic (red) x C1400 (blue), mRNA analogue x C1395 
(green), crosslinked nucleotides C967 x C1400 (blue), C1402 X C1501 (purple), U793 x 
A1518/A1519 (pink) and G570 x U820 (orange). (B) Exploded view of the above structure. 
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SUMMARY 

The structural basis of translation by the ribosome has just started to be understood. 

The visualization of the ribosome and its subunits by cryo-EM at 11.5-20 Å and X-ray 

crystallography at 2.5-5.5 Å resolution has helped greatly in understanding the structure and 

function of the ribosome (1-3). These techniques have provided the images of ribosome in 

complex with tRNA, mRNA and translation factors as well as in different conformational 

states during protein synthesis (4-6). However these structures provide only the snapshots of 

various steps during protein synthesis. The dynamics of translation have been mostly 

addressed by footprinting, crosslinking, mutational studies and, lately, kinetic experiments. A 

recent study has demonstrated that information obtained by these techniques that is not 

compatible with the distance measurements obtained from the crystal structures represents 

alternative conformations not detected by the crystal structures (7). Thus, the importance of 

the biochemical techniques cannot be decreased by the highly sophisticated structural 

techniques. 

UV crosslinking has been a major technique towards the understanding of the 

structure of ribosome. Since the last few decades, it has not only provided structural 

information about the proximity and neighborhood of several helices and proteins in the 30S 

and 50S ribosomal subunits, but has also helped in monitoring conformational changes 

during different steps of protein synthesis. UV irradiation has been performed at low as well 

as high intensity radiations. Irradiation with UVB radiation in the range of 210-300 nm has 

been used extensively by various groups for the determination of the overall folding of 16S 

rRNA (8,9). Use of UVA irradiation in the range of 300-380 nm has also been possible by 

incorporating photoreactive groups like s4U (10), s4U modified by azidophenacylbromide 
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(APAB) (11), site-specific psoralen (SSP) containing a sulphydryl group or SSP derivatized 

with APAB at specific sites of rRNAs by in vitro methods (12). The use of UVB irradiation 

has advantage over UVA irradiation since it can examine the native subunits without the 

need to introduce photoreactive groups.  

UVA irradiation was used for the purpose of determining RNA conformations in 

ribosomes obtained by in vivo and in vitro incorporation of 4-thiouridine. A very limited 

number of crosslinks were seen by this method, similar to UVB irradiation, indicating a 

restricted pattern of crosslinking in 16S rRNA in the 30S subunit. Comparisons between 

UVA and UVB crosslinks have pointed to the fact that the regions of crosslinking are the 

regions where rapid conformational excursions occur to bring the candidate nucleotide pairs 

into proximity. Hence those regions reflect regions of flexibility and the dynamic nature of 

16S rRNA. Most of the crosslinks are around the decoding region of the subunit indicating 

that the region is very flexible and most of the conformational changes happening around that 

region during translation can be detected by UV crosslinking methods. This in fact has 

already been done for initiation of protein synthesis and is continued to be used for looking at 

different steps of elongation.  

The frequency of crosslink formation can be used to monitor conformational changes 

in the structure of 16S rRNA in the ribosome. Structural differences in the reconstituted 30S 

subunit as compared to native thiolated subunits by comparing the crosslinking frequencies 

of each of the crosslinks has been described. It has been shown that the more loose or rigid 

structure of the reconstituted subunits can be due to the flexibility of 16S rRNA in those 

region of the subunits. The use of crosslinking frequencies as a way to monitor 

conformational changes has also been used to determine changes occurring as a result of 
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binding of initiation factors during initiation. The results from these experiments have 

provided information in addition to the details of interaction of initiation factors with the 

ribosome as predicted by the crystal structures (13,14).  

As reviewed in the introduction, the conformational changes during different steps of 

translation are beginning to be understood in greater detail. With the development of UVA- 

based crosslinking of thiolated subunits, we have some additional crosslinks in hand to 

monitor conformational changes in those regions, especially crosslinks U820 x G570 in 

domain II and U960 x A1225 in domain III of 16S rRNA. Similar experiments with thiolated 

mRNA and tRNAs can be done to obtain more information regarding their contacts with 

different regions of 16S rRNA during translocation. The conformational changes during 

elongation as a result of binding of EF-G in the presence of various antibiotics can be further 

investigated by UV crosslinking.  

Importantly, the crosslinking approach provides new assays for following 

conformational changes, for instance, in kinetic experiments or in ribosomes containing site-

directed mutagenesis.  
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