
 

ABSTRACT 

 
HUGGINS JR, BRUCE WAYNE. RNA Dynamics and Interactions Investigated by  
Photocrosslinking. (Under the direction of Paul Wollenzien.) 
 

A complete understanding of protein synthesis requires description of the cyclical 

motions and interactions that occur in ribosomal RNA and transfer RNA during translation.  

The purpose of the following research was to gain understanding of the nature of these 

motions and interactions, and to develop new tools to measure how ligands alter the 

conformational flexibility of RNA during the steps of initiation, elongation and termination. 

Different tRNA substrates were bound to the E. coli 70S to simulate the arrangement of the 

tRNA-ribosomal complex before and after peptide bond formation, and different UV-induced 

16S rRNA-tRNA photocrosslinks were produced in these complexes, illustrating that the 16S 

rRNA P-site undergoes local deformations during elongation.  A statistical study was 

undertaken to understand the nature of conformational states in the 30S ribosomal subunit.  

Using the lists of observed UVB/C- and UVA-s4U-induced crosslinks and the T. thermophilus 

30S X-ray crystal structure, frequencies were compared to a number of geometrical 

parameters demonstrating that crosslink formation requires substantial RNA motions.  In 

addition, the results show that the restricted pattern of crosslink formation in E. coli 16S 

rRNA is due to the overall rigidity of the 30S subunit outside of the active site.  One 

consequence of these conclusions is that photocrosslinking rates depend on the ease of 

inter-nucleotide conformational movements.  This was exploited in a study that used the 

temperature response of the rate constant for the UVA-induced photo-crosslink between 

s4U8 X C13 in E. coli tRNA to determine tRNA geometry and internal energy.   The rate 

constants followed Arrhenius behavior in their dependence on temperature, and this allowed 

calculation of the activation energy associated with the conformational rearrangement 



necessary to bring the photoreactive bonds together.  The experiments show that changes 

in the tRNA on ribosomes can be uncovered by photocrosslinking, that RNA mobility occurs 

by transient conformational changes, and describe a new technique than can quantitatively 

measure the internal energy associated with these conformational movements.   
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INTRODUCTION 

 In the central dogma of molecular biology, the genetic blueprint in DNA is first 

transcribed into messenger RNA which is then translated into protein (1).  Thus, translation is 

the last step in the conversion of a gene into its effective protein form.  In bacteria, protein 

translation is carried out on the 70S ribosome, an RNA-protein complex containing two 

separable and functionally different subunits, the 50S and 30S.  The 70S ribosome is a large 

structure, with a combined mass of 2.5 million Daltons, and accounts for about 20% of the 

mass of a bacterial cell.  The larger 50S ribosomal subunit contains two RNAs (~2400 

nucleotides in 23S rRNA and ~100 nucleotides in 5S rRNA) and 30 proteins and has a mass 

of 1.6 million Daltons.  The smaller 30S ribosomal subunit contains one rRNA (~1500 

nucleotides in 16S rRNA) and 21 proteins and has a mass of 900 thousand Daltons.  

Although proteins outnumber the RNA chains, they only account for one-third of the mass of 

the 70S and function mainly to fold and maintain the overall structure of the rRNA in the 

ribosome and perhaps to increase translation rate and accuracy.  Thus, two-thirds of the 

mass of the ribosome is in its 4500 nucleotides, and the major functions of both subunits are 

associated with their RNA portions. 

         The 30S subunit binds mRNA and the anticodon ends of tRNA.  In the A-site, this 

interaction ensures the fidelity of the genetic code, and in the P-site this interaction maintains 

the proper reading frame throughout the steps of translation.  Alternatively, the 50S subunit 

binds the 3' ends of the tRNAs and catalyzes the transfer of the peptide chain from the 3' end 

of the tRNA in the P-site to the NH2 terminus of the amino-acylated tRNA in the A-site.   

 Translation also requires three initiation factors (IF1, IF2, and IF3), two elongation 

factors (EFTu and EFG), and four termination factors (RF1, RF2, RF3, RRF).  Four of these 

proteins are G-proteins (IF2, EFTu, EFG, and RF3), three of which have overlapping binding 

sites on the 50S ribosome indicating a single domain on the ribosome responsible for 
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stimulating GTPase activity (2).  Alternatively, IF1, IF2, IF3, RF1 and RF2 bind to the 30S 

subunit, and it is likely that some of these also have overlapping binding sites.   

 During initiation, elongation and termination, the ribosome coordinates all of these 

RNA and protein factors to correctly choose the right start codon on the messenger RNA, 

efficiently and correctly decode the messenger RNA, efficiently and correctly move along the 

message in increments of three nucleotides, efficiently end translation when the termination 

codon is encountered, and successfully recycle all components so the process can be 

repeated. Thus, there is a sophisticated mechanism to insure that the ribosomal subunits 

bind each RNA and protein factor at the appropriate time.  Owing to this functional 

complexity, the number of protein and RNA components, and its large size, the ribosome 

presents a unique challenge.   

 

INITIATION 

 The role of initiation is to correctly orient the open reading frame of the mRNA in the 

ribomsome, and this is accomplished by base pairing the “start” AUG codon of the message 

with an initiator fMet tRNAfMet in the P-site of 70S subunits.  This positioning follows an 

ordered progression on the 30S subunit involving IF1, IF2-GTP and IF3 as well as the mRNA 

and initiator tRNA.  In addition to being the rate limiting step of translation, the initiation stage 

is more likely to be regulated than the elongation or termination stages of protein synthesis 

(3, 4).   

  The first step of initiation is the preferential binding of IF3 to 30S subunits.  This 

interaction ensures dissociation of 70S ribosomes into subunits, and ejects any mRNA or 

tRNA left after the previous round of translation (5, 6).  Once free, the 30S subunit interacts 

with IF1 and IF2 resulting in all three initiation factors being bound to the subunit.   
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Figure 1. Overview of Translocation on E. coli 70S ribosomes reconstructed from cryo-
EM studies.  The 70S ribosome is visualized from above, with the 30S on the bottom and the 
50S on the top.  Ternary Complex is in red and EFG is in Blue. Adapted from Stark, 2000 
(47).       
 



 4 

 IF1 binds to the empty A-site of the 30S where it enhances both the subunit 

dissociation properties of IF3 and the association of IF2 with the 30S subunit (5).  

Additionally, experimental evidence suggests that the binding of IF1 mimics A-site bound 

tRNA, perhaps preventing premature binding of amino-acylated tRNA to the next mRNA 

codon (5, 7).   

 IF2 is a GTP protein which requires the 50S for GTPase activity.  Thus, IF2 binds to 

the 30S in its GTP bound form, and with the help of IF3, accelerates the rate of codon-

anticodon interaction of the N-blocked fMet tRNAfMet with the start "AUG" codon at the 30S P-

site (8, 2, 9).   Additionally, the strength of the mRNA interaction with the 30S subunit is 

influenced by the "Shine-Dalgarno" sequence, which is present on most prokaryotic mRNAs.  

This purine-rich, poly-nucleotide tract is found upstream from the start codon and can base 

pair to the 3' end of 16S rRNA.  The binding of all three initiation factors together with correct 

base pairing of the mRNA start codon to the anticodon of fMet tRNAfMet in the 30S P-site 

finishes the assembly of the "30S initiation complex", which can now overcome the IF3-

induced block against subunit association (5).   

 The addition of the 50S subunit to yield the "70S initiation complex" leads to several 

late events in the initiation process.  IF3 and IF1 are now ejected from the 30S, and the 50S 

activates the GTPase activity of IF-2, resulting in its rapid dissociation (5).  The assembled, 

initiation factor-free 70S now contains fMet tRNAfMet in the P-site (the formyl group mimics a 

growing peptide chain on the 50S subunit) and an empty A-site ready to accept the incoming 

aminoacyl-tRNA, and form the first peptide bond (5, 10).      

 Several 30S conformational changes have been demonstrated during initiation.  By 

soaking IF1 into crystals of the Thermus thermophilus 30S subunit, Carter et al., 2001  (11) 

observed “flipping” of nucleotides 1492 and 1493 out of helix 44 into a splayed conformation 

(the same nucleotides involved in decoding, but displayed in an alternate conformation), an 

overall alteration of the conformation of helix 44 involving movement of the RNA backbone 
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and disruption of base pairing, and rigid body rotations of the head, platform and shoulder of 

the subunit toward the A-site.     

 Additionally, 30S conformational changes associated with the action of IF3 have been 

observed.  Although crystal structures are lacking to explain the exact nature of these 

conformational changes, crosslinking studies in the 30S subunit showed altered patterns of 

reactivity induced by binding of IF3, envisioned as a “nodding” of the head and associated 

with a proposed repositioning of the 30S bound mRNA (12, 13,14, 5).    

 

ELONGATION 

 The process of elongation adds amino acids to the nascent peptide chain, and 

involves the steps of decoding, peptide transfer, and translocation.  In decoding, the 

ribosome correctly pairs the message codon displayed in the 30S A-site with the anticodon of 

a cognate amino-acylated tRNA.  Next, peptide transfer by the 50S subunit moves the entire 

protein chain from the 3' end of the P-site tRNA to the NH2-terminus of the amino acid bound 

to the 3' end of the A-site tRNA.  Finally, translocation by the ribosome shifts the deacylated 

tRNA from the P-site to the E-site, moves the peptidyl-tRNA at the A-site to the P-site, and 

displays the next codon in the now empty A-site.   

 

Decoding and Peptide Transfer 

 In bacteria, translation errors rates have been measured in the range of 10-4 to 10-3 

(15, 16).  However, differences in the binding energies between cognate, or correct, codon-

anticodon interactions and near cognate interactions, or those with just one mismatch, can 

only account for error frequencies of 10-2(17).  To reconcile this unexpected fidelity of the 

decoding process, the ribosome must actively proofread and select for cognate tRNA-mRNA 

interactions at the 70S ribosomal A-site (17).    
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 Kinetic studies have demonstrated that the ribosome decodes mRNA in a multi-step 

process involving both the 30S and 50S subunit (figure 2) (17).  In the initial binding step, an 

elongator tRNA, in a ternary complex between amino-acylated tRNA, GTP and elongation 

factor EFTu, binds to the ribosome in a rapid, codon independent manner.  This initial 

association, which depends on the interaction of EFTu and ribosomal proteins L7/L12, 

presents the tRNA anticodon to the mRNA codon in the 30S A-site, where the dimensions of 

the "potential" codon-anticodon helix are monitored for correct Watson-Crick pairing.  Upon 

30S A-site codon recognition, a signal is transmitted to the GTPase center of the 50S, GTP is 

hydrolyzed to GDP, and EFTu's conformation is changed to the GDP bound form, which has 

low affinity for tRNA.  Subsequently, EFTu dissociates from the ribosome and the 3' amino-

acylated end of tRNA is accommodated into the 50S A-site to participate in peptide transfer 

(17, and references therein). 

 According to this kinetic scheme, the overall level of fidelity is achieved in two 

separate stages of the decoding process, initial selection and proofreading, which are 

separated by the hydrolysis of GTP on the ternary complex (figure 2) (17).  In the initial 

selection stage, cognate tRNA-mRNA interaction in the 30S A-site induces GTP hydrolysis 

10-fold faster than the near-cognate interaction (one codon-anticodon mismatch) and 105-fold 

faster than than non-cognate interactions (one or no codon-anticodon match) (17). In the 

proofreading stage, peptide transfer for cognate tRNA was found to be 100-fold faster than 

for near-cognate tRNA, which also had an increased ribosomal dissociation rate (17).  Thus 

the ribosome increases the decoding rate for the cognate tRNA, decreases the decoding rate 

for near- and noncognate tRNAs and increases the dissociation rates of near- and 

noncognate tRNAs (17).        

 Crystallographic studies of the 30S subunit have provided a structural basis for 

decoding.  Ramakrishnan and coworkers (18) found that when compared to noncognate  

tRNAs, cognate tRNAs bound to the 30S A-site induced conformational changes in three 16S 
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Figure 2.  Kinetic scheme of mRNA Decoding.  In this cartoon, the 50S subunit is shown 
(transparent gray oval) on the top and the 30S subunit is shown (transparent gray oval) on 
the bottom.  Peptidyl tRNA (blue triangle) is shown bound to the mRNA at the P-site whereas 
incoming amino-acylated tRNA (pink circle) is part of a ternary complex between EFTu 
(green oval) and GTP.   Adapted from Rodnina and Wintermeyer, 2001 (17).         
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rRNA bases, A1492, A1493 and G530, and allowed the A-site to monitor the minor groove of 

the first two base pairs of the codon-anticodon helix via an induced fit mechanism (18).  

These results rationalized both ribosomal recognition of the correct amino acid and the 

degeneracy of the genetic code.  Additionally, cognate tRNA, and its interaction with A1492, 

A1493 and G530, induced the 30S subunit to "close" around the A-site (19).  This closure 

was proposed to transmit a signal from the decoding center on the 30S subunit to the 

GTPase center on the 50S subunit, leading to GTP hydrolysis on EFTu, and ultimately 

accommodation and peptide transfer (19).       

 Recent studies have also pointed to the importance of tRNA during decoding.  Cryo-

EM studies of the decoding process observed that the incoming tRNA adopted a kinked 

position at the junction of the anticodon and D-stems during the codon recognition step (20).  

Additionally, kinetic studies demonstrated that the altered structure of a mutant tRNAtrp 

affected both the rate of GTP hydrolysis during initial selection and the rate of 

accommodation/peptide transfer during proofreading (21, 22).        

 

Translocation 

 In order to continue protein synthesis after decoding and peptide transfer, the 

ribosome must move the next mRNA codon into an empty A-site.  This task requires both the 

30S and 50S to coordinate the movement of the peptidyl tRNA from the A-site into the P-site, 

the movement of the deacylated tRNA from the P-site to the E-site and eventually out of the 

ribosome, and the movement of the mRNA downstream by exactly three nucleotides, 

maintaining the reading frame established by initiation.   

 In pre-translocation ribosomes, the A- and P-site tRNAs make extensive contacts to 

the mRNA, the 16S rRNA and the 23S rRNA.  Thus, movement of the tRNA2-mRNA complex 

is expected to require a large activation energy associated with the structural rearrangements 

needed to first disrupt existing contacts and then promote the new contacts after 
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translocation (23).  Additionally, the error due to frameshifting is only 10-5 to 10-4, indicating 

that translocating ribosomes have some mechanism to maintain the correct reading frame as 

the mRNA and tRNAs are moved over distances as large as 50 A (23, 24).  

 The exact nature of translocation and how this mechanism coordinates these 

processes has not been established, but ongoing research has shed some light onto this 

fundamental stage of translation.  In vitro experiments demonstrated that the ribosome can 

undergo slow, "spontaneous" translocation (25, 26).  These results indicated that briefly 

attainable, unstable conformations inherent to the pre-translocation ribosome could promote 

the rearrangements required for translocation (25-28).   

 In the cell, the processes tied to translocation are promoted by the GTP protein 

Elongation Factor G (EFG), but the exact role of EFG is the subject of continuing debate (27).  

One recent model has suggested that EFG-GTP binding to pre-translocation state ribosomes 

results in rapid conversion of GTP to GDP.  The energy from this GTP hydrolysis is then 

used to drive the translocation step by inducing a conformational change in the EFG-

ribosome complex, thus "unlocking" the ribosome and allowing the subsequent movement of 

the tRNA2-mRNA complex into their new states.  Finally, EFG-GDP is released, and the 

ribosome "locks", preventing premature translocation at the next round of decoding (27).    

 In addition to the role of EFG, the number of tRNA binding sites and their role during 

translocation has been the subject of controversy.  The original model of the translocation 

posited two, non-overlapping, ribosomal tRNA binding sites:  the A-site, for the incoming 

aminoacyl-tRNA, and the P-site, for the peptidyl-tRNA (1). In this model, after peptide 

transfer, EF-G was envisioned to move the A-site tRNA which now held the peptide to the P-

site and to move the now deacylated tRNA from the P-site directly to the cytoplasm, thus 

leaving only one tRNA on the post-translocation ribosome (1).  

 The discovery of a third tRNA site expanded the two-site model to include an exit or 

E-site, where deacylated tRNA was bound before being ejected from the ribosome (29).  In 
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their updated model, Nierhaus and co-workers (29) believe that the function of this new site is 

to ensure the fidelity of translation.  By maintaining codon-anticodon interaction at an 

additional site during translocation, it is believed that frameshifting errors can be kept to the 

low observed in vivo rate (10-5 to 10-4) (17, 24).  Additionally, these researchers envision the 

E-site as being allosterically coupled to the A-site in a negative manner (29).  Thus, 

occupation of the E-site increases the accuracy of decoding by switching the A-site to a low-

affinity state, and filling the A-site with the cognate tRNA then switches the E-site to a low-

affinity state to allow for ejection of deacylated tRNA from the ribosome (30).  

 An alternate view of the three site model suggests a passive role of deacylated tRNA 

in the E-site.  In this scenario, the E-site is associated mainly with the 50S subunit, and 

instead of a role in mRNA fixation or decoding, it decreases the binding constant of the tRNA 

for the mRNA and the ribosome, thus facilitating its release to the cytoplasm (31, 32) 

In line with the role of the E-site as a thermodynamic promoter of tRNA movement, Noller 

and co-workers (33) have proposed the "hybrid states" theory of tRNA movement.  In this 

model, the tRNA binding sites are heterogenous and the movement of tRNAs occurs in two 

discrete steps.  In the first step, peptide transfer allows the spontaneous displacement of the 

3’ ends of the tRNAs with respect to the 50S subunit. Therefore, in the pretranslocation 

ribosome, the tRNA anticodons are bound to the A- and P-sites of the 30S subunit, whereas 

the CCA- ends of the tRNAs are bound to the P- and E- site of the 50S subunit (33).   

 In the second step of "hybrid states" based translocation, the action of EFG resolves 

the positions of the tRNAs on the small subunit.  Thus, the post-translocation ribosome binds 

tRNAs in the (30S/50S) P/P site, the (30S/50S) E/E site, and an empty (30S/50S) A/A site 

(33).  

 The thermodynamic basis for spontaneous movement after peptide transfer argues 

that on the 50S subunit, the E-site has higher affinity for the 3' deacylated end of tRNA than 

the P-site, whereas the P-site has higher affinity for the peptide group than the A- site. 
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Figure 3.  Hybrid binding sites of tRNA during tRNA ribosomal transit.  The 50S subunit 
with three tRNA binding sites is on the top, the 30S subunit with two tRNA binding sites is on 
the bottom.  Ternary Complex is represented as a circle on aa-tRNA, the growing peptide 
chain is represented as an "S" shaped line, deacylated tRNA is represented by the "OH" 
group, and EFG-GTP is represented by a circle.  Adapted from Wilson and Noller (1998)  
(23). 
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This model also confines the E-site almost exclusively to the 50S subunit, and suggests its 

function is to keep the growing protein chain in the same position on the 50S subunit before 

and after peptide transfer (33). 

 Since the original proposal, there has been additional evidence for the "hybrid states" 

theory of tRNA movement.  First, amino-acylated tRNA in ternary complex bound an 

additional "hybrid" A/T (30S/50S) position before it was bound to the A/A site (17). Next, was 

demonstrated that formation of the hybrid A/P after peptide transfer was associated with a 

decrease in the activation energy necessary for translocation, implying that formation of tRNA 

"hybrid states" is important for rapid and efficient tRNA movement (34).  Additionally, 

ribosomes with point mutations predicted to prevent hybrid state formation showed weaker 

EFG binding when compared to wild type, indicating again that heterogenous tRNA positions 

are important for rapid and efficient translocation (35).  Finally, single-molecule fluorescence 

spectroscopy experiments demonstrated that conformational fluctuations between labeled 

tRNAs bound to the A- and P-sites increased upon peptide bond formation, indicating that the 

tRNAs occupied different binding sites (36).  

 Due to the two subunit nature of the ribosome, the necessity for a "locking/unlocking" 

mechanism ensuring ordered binding of EFG, and the necessity for signal transmission from 

the EFG binding site to the rest of the ribosome, conformational rearrangements of the 

ribosome are expected to facilitate the mechanism of translocation.  Limited biochemical 

evidence for such conformational changes include footprinting experiments that 

demonstrated an EFG-induced change in the orientation of helix 34 in 16S rRNA and kinetic 

experiments that demonstrated that antibiotics predicted to restrict the conformational 

flexibility of 16S rRNA affected the functional cycle of EFG binding, GTP hydrolysis and 

release from the ribosome (37, 38).      

 On the other hand, cryo-EM and X-ray crystallography have directly observed 

conformational changes during translocation.  In one low resolution cryo-EM study which 
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examined the differences in ribosomes stabilized by antibiotics in the pre- and post-

translocation states, changes were seen in the L7/L12 stalk on the 50S subunit, an area 

known to be important for elongation factor binding.  Additionally, changes in the 

conformation of the 30S subunit were observed as differences in the relative orientations 

between the head, body and neck (39).  

 In another cryo-EM study of somewhat better resolution, the conformations of pre- 

and post-translocation ribosomes were examined in response to the binding of EF-G with 

GTP analogues or GDP.  Along with changes in the conformation of the L7/L12 stalk of the 

50S subunit and the opening and closing of the mRNA channel on the 30S subunit, a ratchet-

like motion was observed between the two subunits, first 6 degrees in one direction followed 

by 3 degrees in the other direction (40).   

 Analysis of three different x-ray structures of the 30S subunit illustrated a 12 degree 

or 20 angstrom rotation by the head of the subunit when compared to the body.  Additionally, 

these comparisons described a widening of the tRNA channel and movement of 16S rRNA 

elements which might constitute a block to translocation (41). 

 

TERMINATION AND RIBOSOME RECYLCING  

 A stop codon in the ribosomal A-site signals the termination of protein synthesis.  

Depending on the codon, either RF1 (UAA, UAG) or RF2 (UAA, UGA) replaces ternary 

complex in the ribosomal A-site and catalyzes hydrolysis of the peptide on the P-site tRNA 

(Pavlov et al., 1997).  A third protein, the GTP binding RF3, stimulates the activity of RF1 and 

RF2, accelerates the recycling of RF1 between different ribosomes, and in its GTP bound 

form, dissociates RF1 and RF2 from 70S after peptidyl tRNA hydrolysis (43).  

The post-termination 70S ribosomal complex, containing an mRNA and a deacylated tRNA in 

the P-site (and maybe the E-site), is then "recycled" by the action of EFG, RRF (ribosome 
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recycling factor) and IF3, although the exact nature of recycling has remained controversial 

(44, 45).  One model, based on sucrose gradient sedimentation of polysomes, proposes that 

RRF first binds to the A-site of post-termination complexes and then translocates to the P-site 

by the action of EFG-GTP, subsequently expelling any tRNA on the ribosome.  RRF, EFG-

GDP and mRNA release occurs in a subsequent step, and the 70S subunit is dissociated by 

the action of IF3 (44).   

 In contrast, a more recent kinetic analysis of the recycling step indicates that RRF and 

EFG-GTP first bind to the post-termination complex and instead of translocating RRF to the 

P-site, the hydrolysis of GTP to GDP promotes dissociation of the ribosomal subunits (44).  

The subsequent dissociation of mRNA and tRNA from 30S subunits then requires the action 

of IF3 (45).   

  Cryo-EM reconstructions indicated that binding of Ribosome Recycling Factor (RRF) 

to E. coli 70S ribosomes induced conformational changes (46).  The most significant changes 

occurred near the RRF binding site and included the L7/L12 stalk of the 50S and the inter-

subunit bridge between helix 69 of 23S rRNA and helix 44 of 16S rRNA (46).   

  

RIBOSOMAL RNA STRUCTURE DETERMINATION 

Cryo-Electron Micrsocopy (cryo-EM) 

 In cryo-EM, a transmission electron microscope is used to collect images or ribosomal 

particles, which have been cooled to liquid helium or liquid nitrogen temperatures to maintain 

them in a water environment (47).  The microscope generates two dimensional projections of 

the ribosomes which lie in different orientations and computer-aided procedures reconstruct 

three dimensional representations of the ribosome (47).  10,000-20,000 of such projections 

yield resolutions in the range of 10-20 Angstroms (47).   In contrast to X-ray imaging 

procedures, cryo-EM does not require crystallization of the specimen, and thus ribosomal 
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complexes are prepared and imaged under physiological conditions.  Unfortunately, without 

the constraints of a crystal lattice, the ribosomal particles are very flexible, and the disorder 

that results from processing thousands of particles has so far prevented calculation of an 

atomic resolution structure (<3.5 Angstrom) (47).  However, solution structures of the 

ribosome at atomic resolution are theoretically possible and steady advances in computing 

power and particle statistics, coupled with the growing number of atomic resolution structures 

from X-ray crystallography, are greatly increasing the amount of relevant data which can be 

inferred from cryo-EM reconstructions (47).  

 The first 70S ribosome structures solved by cryo-EM had resolutions in the range of 

25 Angstroms, too low to distinguish between the RNA and protein portions of the subunits, 

so that the arrangements of the 3 RNAs and 51 proteins had to be modeled based on 

previous biochemical data (47-52).   Since then, the solution structure of the 70S E. coli 

ribosome has been solved to 11.5 Angstroms.  At this level of resolution, A-form helices can 

be distinguished, allowing the construction of a complete map of the RNA helices, including 

the bridges between the subunits (53).   

 In addition to the 70S, cryo-EM reconstructions of 30S and 50S E. coli ribosomal 

subunits have been determined.  The 50S subunit reconstruction had better resolution (7.5 

Angstroms) than the entire 70S ribosome, probably due to decreased conformational 

flexibility when the subunit is free in solution (54). On the other hand, the 30S subunit 

reconstruction had much lower resolution (20-30 Angstroms) than the entire 70S ribosome, 

indicating greatly increased flexibility when the subunit is free in solution (47, 55, 56).    

 The tendency to have poor resolution in empty ribosomes was repeated in 

experiments that studied tRNAs and elongation factors.  However, addition of tRNAs and 

elongation factors to the ribosome increases both the stability of the complex and the  
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Figure 4.  Cryo-EM reconstructions of the E. coli 30S (left) and 50S subunits (right) 
shown from the subunit interface side.  The positions of major structural elements as well 
as the positions of the A-, P-, and E- site tRNAs on both subunits are indicated.   Picture 
adapted from Frank, J., (2003) Genome Biology,  4, 237.     
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subsequent resolution of the image (47).  Therefore, a number of functional complexes, 

frozen in various translational states by the action of antibiotics or GTP analogues, have 

been solved at resolutions high enough to allow localization of the associated ligands and 

limited visualization of associated conformational changes.  Such complexes include 

ribosomes bound to ternary complex to mimic decoding, ribosomes bound to EFG-

GMPP(CH2)P and EFG-GDP (+fusidic acid)  to mimic the pre- and post-translocation state, 

and ribosomes bound toh RRF to mimic recycling (57, 40, 46).   

 Finally, cryo-EM reconstructions of the ribosome have shared a symbiotic relationship 

with X-ray crystallography of the ribosome.  Since cryo-EM preserves the amplitude and 

phasing data of a structure, this information was used to solve the initial phasing problem in 

ribosomal diffraction data (47, 58, 59).  Additionally, crystal structures of ribosomal proteins, 

tRNAs, and now even ribosomal subunits has allowed electron microscopists to build more 

accurate 3-D cryo-EM reconstructions (47). 

 

X-Ray crystallography 

 Although crystal formation prevents molecules from adopting completely native 

structures and from undergoing large conformational changes, the X-ray diffraction patterns 

can yield structures at atomic resolution (< 3.5 Angstrom) (47).   Therefore, X-ray 

crystallography has been used for some time to study the structure of translation co-factors, 

ribosomal proteins and rRNA domains.  The crystal structure of yeast tRNAPhe was solved to 

atomic resolution in the 1970s, and since then other tRNAs have been solved alone or as 

part of the ternary complex (60-64).  Additionally, the X-ray structures of many of the 

translation factors, such as EF-G, RRF, IF2, and IF3, have also been solved (65-68 for 

review see 69). 

 Due to the large size of the asymmetric unit, it was once thought impossible to obtain 
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Figure 5.  X-ray crystal structures of the E. coli 50S and 30S subunits.  Both subunits 
are shown from the subunit interface side; the 50S is on the right and the 30S is on the left.  
The position of the peptidyl-transferase center on the 50S subunit, the decoding center on 
the 30S subunit and the positions of the A-, P-, and E-site tRNAs on both subunits are 
indicated.  Picture adapted from Ramakrishnan, V., (2002) Cell, 108, 557. 
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crystals of the entire ribosome, or even of ribosomal subunits, which would diffract to atomic 

resolution (70).  Technical improvements including tunable synchrotron X-ray sources, 

improved crystallography techniques and increased computation power have led to high 

resolution X-ray structures of the 30S, 50S and 70S ribosomes (71). In 2000, Ramakrishnan 

and coworkers (70) published the complete 3 Angstrom X-ray structure of the Thermus 

thermophilus 30S subunit, with the exception of the S1 protein and the very 5' and 3' ends of 

the 16S rRNA.  Also in 2000, the large subunit from H. marismortui at 2.4 Angstroms was 

published, including all of the 5S rRNA, 2711 of the 2923 bases in 23S rRNA and 27 of the 

31 proteins,  (72).  These structures allowed examination of the arrangement of the 5S, 16S 

and 23S rRNA elements, including the details of helix structure and packing, base pairing, 

and RNA-protein contacts (70, 71).  Additionally, later experiments with these structures 

demonstrated the atomic basis for decoding and peptide transfer, the main function of both 

subunits, and the fact that these functions are solely associated with the RNA portion of the 

subunits (18, 19, 73).      

 Several X-ray structures are also available for the 70S subunit.  The first, of the T. 

thermophilus, was published in 2000 and had a resolution of 5.5 Angstrom and contained 

three tRNAs (74).  Although not at atomic resolution, this structure allowed a close 

examination of the global architecture of the 70S ribosome including the locations of the 

tRNA substrates, their contacts with 23S and 16S rRNA and the nature of the rRNA bridges 

between the 16S and 23S in the subunits (74). 

 Two additional 70S X-ray structures have been solved recently at a resolution of 3.5 

Angstroms (41).  These crystals contain two empty E. coli  70S ribosomes in slightly different 

arrangements in the unit cell  (41).  Like the earlier T. thermophilus 70S ribosome, these 

structures allowed examination of the global architecture of the 70S, although at atomic 

resolution.  Additionally, comparison of the E. coli 30S subunits from these structures with the 

T. thermophilus 30S has yielded clues into the nature of movements the subunit might 
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undergo during translocation (41).   

 

 Chemical Probing of RNA 

 Chemical probing experiments monitor RNA structure by determining how various 

ligands alter the pattern of RNA reactivity to specific reagents.  For example, a number of 

different chemicals modify the nitrogen groups within RNA bases.  Specifically, kethoxal 

modifies the N1 and N2 positions of guanine residues, DMS modifies the N1 of adenosine 

residues, the N3 of cytidine residues and the N7 of guanine residues, and CMCT modifies 

the N3 of uridine residues and the N1 of guanine residues (75).  Thus, 30S and 50S ligands 

inhibit the reactivity of bases at certain positions necessary for their binding and produce a 

characteristic "footprint".  Such protection from chemical modification can be due to direct 

contact the by ligands, indicating that protected bases are direct structural components of 

ligand binding sites, or the protection can be due to allosteric changes, where ligand binding 

at one location induces base protection at a distance (75).    

 Results from such footprinting experiments have mapped nucleotides involved in 

EFTU and EFG binding to 23S rRNA, binding sites of various antibiotics, 30S and 50S 

ribosomal protein binding sites, 16S initiation factor binding sites and 23S and 16S tRNA 

binding sites (76-81).  The resolution of these experiments was at the nucleotide level and 

this allowed the description of the spontaneous transition of the 23S A-site tRNA footprint to 

the 23S P-site tRNA footprint upon peptide bond formation was detected, which led to the 

hypothesis for hybrid binding sites for tRNA during translation (78).   

 In another method of RNA chemical probing, hydroxyl radical producing metal ions 

are "tethered" to portions of ligands, and are then bound to the 30S or 50S to produce lesions 

in the RNA sugar-phosphate backbone at the site of interaction.  Results from these 

experiments have mapped the 16S and 23S rRNA binding sites of EFG, ribosome recycling 
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factor (RRF), IF3, and tRNA as well as the sites of contacts between 16S and 23S rRNA (82-

89).   

Genetic Analyses 

 Genetic analyses have been used to explore the nature and importance of secondary 

and tertiary base pairing interactions in both 16S and 23S rRNA.  Perhaps the best known 

example is comparative sequence analysis, which is an indirect, computational assay of 

rRNA mutation data.  Used to predict base pairs, this technique assumes that homologous 

RNA molecules can adopt different primary sequences as long as they maintain the same 

secondary and tertiary structures (89).  Thus, the primary sequences of 16S or 23S rRNAs 

from different species are aligned and compared, and bases that co-vary with one another 

are assigned as partners (89).   Comparison of the predicted secondary structure maps from 

16S and 23S to recent crystal structures of the 50S and 30S ribosomal subunits has 

demonstrated that comparative sequence analysis is >97% accurate at predicting base 

pairing interactions (89).  

 Another example of ribosomal genetic experiments is the more direct method of 

introducing point mutations into 16S and 23S rDNA.   Results from these sorts of 

experiments have demonstrated the relevance of hydrogen bonds in tRNA-rRNA interactions 

and have been used to study the partial reactions of decoding and translocation (90-92). 

 

Crosslinking 

 UV light induced photo-crosslinking has several properties which make it an ideal 

technique for studying tertiary RNA-RNA interactions.  First, in order for a crosslink to form, 

the bases must have van der Waals interactions and the bonds involved must have 

molecular orbitals that overlap, directly indicating that the joined nucleotides are close in the 

tertiary structure. Additionally, every RNA base is a natural chromophore, so any nucleotide 
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can potentially form a crosslink and thus indicate the nature of the rRNA tertiary structure.  

Finally, since all bases absorb UV light, this procedure is performed on functional subunits 

under native conditions.   

 The spectral properties of nucleic acids arise from the bases, which absorb UV light 

maximally around 260 nm.  The absorption of a photon by the base causes them to enter a 

higher energy, or excited, state which has an altered electronic structure and thus different 

chemical properties.  Upon absorption of a photon by low intensity UV irradiation (<108 W/m-

2) the kind considered here, an electron is promoted from the lowest energy state, termed the 

ground state, to the first singlet state, S1, where they can remain for 10 psec. After that, the 

electron can either return to the ground state, by either radiative or nonradiative transfer, or a 

few percent can enter another excited state, the triplet state (T1).  The electron can remain in 

this first triplet state for ~1µsec, after which they return to the ground state, again by either 

radiative or noradiative energy transfer.  It is during the lifetime of these excited states that 

RNA bases can form crosslinks to other nucleotides (93).   

 Under these low intensity UV irradiation conditions, the main types of photoproducts 

are cyclobutane dimers and pyrimidine 4-6 dimers (94).  The cyclobutane dimer which is the 

form that occurs in the ribosome, involves formation of two covalent bonds, between the C5 

and C6 atoms of pyrimidines and the N7 and C8 atoms of purines, and is photoreversible if 

reirradiated with UV light (94, 95).  

 UV crosslinking has been used as a tool to study RNA-RNA interactions in many 

structural and functional aspects of translation. For example, one study used the 

crosslink between C48 and U59 in the T-loop of yeast tRNAPhe to predict correct folding of 

mutant tRNA transcripts (96).  Similarly, Favre and coworkers explored tRNA tertiary 

structure via the crosslinking properties of the 4-thiouridine residue at position 8 of E. coli 

tRNAs (97).  This modification of the uridine base, which involves the post transcriptional 

replacement  of the exocyclic C4 oxygen with sulfur in 70% of all E. coli tRNAs, is not 
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Figure 6.  Jablonski diagram. Adapted from Molecular photochemistry, in Essentials of 
Molecular Photochemistry, Gilbert, A. and Baggott, J. (1991), Blackwell Scientific 
Publications, 1-10. 
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predicted to alter the hydrogen bonding properties of the residue, but shifts its maximal UV 

absorbance from 260 nm to 330 nm and results in efficient formation of the very 

photoreactive triplet state (60).  Irradiation of E. coli tRNA with 330 nm light produces a 

crosslink between the 4-thiouridine and the C13 residue in the D-arm of tRNA (97).  The 

formation of this crosslink is sensitive to subtle structural differences in the tRNA because 

the τ~½ for the reaction varies between different buffer conditions and different tRNA 

isoacceptors, including a naturally occurring mutant tRNAtrp that suppresses UGA stop 

codons (97).  A subsequent experiment demonstrated the importance of D-arm structure in 

tRNA function because mutant tRNAtrp containing the s4U X C13 does not suppress 

termination at the UGA stop codon (98). 

 Crosslinking studies have also been used to monitor tRNA-rRNA interactions.    In the 

1970s Ofengand and co-workers discovered a high-efficiency crosslink between a modified 

nucleotide in the anticodon of tRNAVal and 16S rRNA in the presence of a suitable mRNA 

analog (99).  Subsequent RNA sequencing experiments identified 16S rRNA nucleotide 

C1400 as the target (part of the P-site) and demonstrated that codon-anticodon interactions 

were maintained in the P-site (100, 101).  

 UV photocrosslinking has also been used to monitor the tertiary structure of native 

and 4-thiouridine substituted 30S subunits.  These experiments established the locations of 

intramolecular rRNA:rRNA tertiary contacts and determined how these contacts change in 

response to the binding of initiation factors, mRNA,  and tRNA (102-104, 12).   

 

RNA CONFORMATIONAL FLEXIBILITY 

 RNA and DNA nucleotides, occurring alone or in polynucleotide chains, have a regular, 

ordered configuration (60).  The torsion angles along the nucleotide backbone and within the sugar 

are constrained to a narrow range of values, only certain sugar puckering modes are allowed, and 
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the bases are usually constrained to the anti position (with respect to the sugar) (60).  

Comparatively, RNA is considered to be less flexible than DNA because the presence of the C2' OH 

further constrains the RNA sugar solely to the C3' endo conformation, whereas the sugar of the DNA 

is free to adopt either the C3' endo or C3' exo configuration (60).  This in turn confines RNA to the A 

or A' form helical parameters whereas DNA can adopt many different helical conformations (A, B, 

C, D and Z) depending on the salt and solvent conditions (60).   

 One way to directly assess the flexibility of an RNA chain in solution is to measure the 

persistence of length (PRNA, the tendency of the chain to "persist" in a given direction) of the RNA 

helix using EM measurements, gel electrophesis, hydrodynamic studies, or transient electric 

birefringence (TEB) (105).  Spectroscopic methods for assessing the conformational flexibility of 

RNA molecules also exist and include NMR spectroscopy to monitor the motions of RNA bases in 

the pico- to nanosecond time scale, NMR and fluorescence spectroscopy to monitor the 

isomerization of RNA loop structures on the micro- and millisecond time scale, and fluorescence 

spectroscopy and chemical modification techniques to monitor global motions of larger RNAs, such 

as ribozymes, on millisecond and longer time scales (106 and references therein, 107-109).    

Direct measurements of the conformational dynamics of native 30S, 50S and 70S ribosomes have 

not been demonstrated with current technologies, but it has been possible to study the 

conformation of smaller RNAs involved in translation.  For example, the conformational flexibility of 

tRNA tertiary structure has been determined both indirectly and directly.  All X-ray structures of 

tRNAs show a similar L-shaped configuration, and it has been assumed that all tRNAs assume this 

unique, characteristic structure in solution without sampling any other isoforms (60).  Additionally, 

based on visual inspection from its arrangement in the crystal structures, various kinetic analyses 

and cryo-EM studies, it has been proposed that the dihydrouridine-arm, which makes up the "core" 

of tertiary tRNA structure, is more flexible than regular helical elements and acts as a hinge for 

necessary tRNA deformations during mRNA decoding (60, 20, 22).  On the other hand, TEB and 
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EM measurements of an RNA construct which mimics the D-arm "core" of yeast tRNAPhe indicated 

that this region is no more flexibile than the adjacent A- form helices (105).   

 In contrast, "naked" 5S rRNA in solution appeared more flexible than tRNA.  TEB 

measurements of the geometry between the three helix stems that surround the A loop indicated 

that there are two or more distinct conformations of the 5S rRNA which undergo isomerization on 

the microsecond time scale (105). 
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ABSTRACT 

Ribosome complexes containing deacyl-tRNA1
Val or biotinylvalyl-tRNA1

Val and an 

mRNA analogue have been irradiated with wavelengths specific for activation of the 

cmo5U nucleoside at position 34 in the tRNA1
Val anticodon loop. The major product for 

both types of tRNA is the crosslink between 16S rRNA (C1400) and the tRNA 

(cmo5U34) characterized already by Ofengand and his collaborators (Prince et al. 

(1982) Proc. Natl. Acad. Sci. USA 79, 5450-5454). However, in complexes containing 

deacyl-tRNA1
Val an additional product is separated by denaturing polyacrylamide gel 

electrophoresis and this is shown to involve C1400 and m5C967 of 16S rRNA and 

cmo5U34 of the tRNA. Puromycin treatment of the biotinylvalyl-tRNA1
Val - 70S complex 

followed by irradiation results in the appearance of the unusual photoproduct, 

indicating an immediate change in the tRNA interaction with the ribosome after 

peptide transfer. These results indicate an altered interaction between the tRNA 

anticodon and the 30S subunit for the tRNA in the P/E hybrid state compared to its 

interaction in the classic P/P state.    
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INTRODUCTION 

 The details of the ribosome interactions with the tRNAs are a critical issue for 

understanding the mechanism of the protein synthesis cycle (1-3). Photocrosslinking has 

been of some use in monitoring the interaction of the tRNA in the tRNA P site with the 30S 

ribosome subunit. Specifically, the interaction between 16S rRNA (C1400) and tRNAfMet was 

significantly altered by Initiation Factor 3 (IF3) as judged by the frequency of an 

intermolecular crosslink between C1400 and C35 (the 5’ nucleotide of the anticodon in E. 

coli tRNAfMet) and this is likely connected to the decoding preference change induced by IF3 

in the initiation complex (4). tRNAPhe also forms an UVB light-induced intermolecular 

crosslink with 16S rRNA, again involving the 5’ anticodon nucleotide and C1400 (5).  

 The crosslinking efficiencies of tRNAfMet and tRNAPhe to E. coli ribosomes were only 

about 1% however, and it was reasoned that a tRNA with higher crosslinking efficiency 

should be more sensitive in detecting differences in the tRNA-subunit interactions.  It was 

previously shown by the Ofengand group that up to 70% of non-enzymatically bound  E. coli 

N-acetyl-Val-tRNA1
Val could be crosslinked to ribosomes by irradiation with wavelengths > 

310 nm (6-9).  That crosslink occurs by cyclobutane dimer formation between the 5-

(carboxymethoxy) uridine at position 34 (cmo5U34) of tRNA1
Val and C1400 of 16S RNA, and 

is dependent on a codon which leaves cmo5U34, which is the 5’ anticodon base, unpaired 

(7-10). The characterization of this crosslink together with the determination of the tRNA 

location by electron microscopy provided valuable information about the molecular 

organization of the P site in the 30S subunit (11). This was an important constraint in 

ribosome models prior to the X-ray structure and has been confirmed in the X-ray structures 

(12-14). Most of the prior experiments had been done with aminoacylated tRNAs because 

the [14C] valine label was used to  track and analyze the photoproducts. Because of this the 

results pertained to the tRNA in the classic P/P tRNA binding site in which both the 
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anticodon end of the tRNA and acceptor end of the tRNA occupy positions in the 70S 

ribosome characteristic of peptidyl tRNA.  

 In addition to being highly efficient, the 16S rRNA(C1400) x tRNA1
Val(cmo5U34) 

crosslink is activated by wavelengths which should not produce other intramolecular RNA-

RNA crosslinks in the ribosome.  To check this a control experiment in which biotinylvalyl-

tRNA1
Val was bound to 70S ribosomes and irradiated with wavelengths > 310 nm showed a 

single prominent product by gel electrophoresis analysis in agreement with the properties 

described by the Ofengand group. However, when ribosome complexes containing deacyl-

tRNA1
Val were irradiated an additional product with a very reduced electrophoresis mobility 

was seen in the gel electrophoresis experiment as well as the prominent product. The 

identification of the crosslinking sites of the new photoproduct in the 16S rRNA and tRNA 

and its correlation with the tRNA P/E hybrid binding state are described here. 

 

MATERIALS AND METHODS 

Preparation of ribosomes, mRNA and tRNA 

 E. coli ribosomes  Washed 70S E. coli ribosomes were prepared according to 

Makhno et al. (15). 30S and 50S ribosomal subunits were separated by centrifugation of 

70S ribosomes on sucrose gradients in T20A200M3 buffer (20 mM Tris-HCl, pH 7.5, 200 

mM NH4Cl, 3 mM MgCl2, 6 mM β-mercaptoethanol) and were concentrated by 

sedimentation and dissolved in activation buffer (20 mM Tris-HCl, pH 7.5, 200 mM 

NH4Cl, 20 mM MgCl2, 6 mM β-mercaptoethanol). 70S ribosomes were formed just 

before use by re-association of 30S and 50S subunits in activation buffer for 30 min at 

37 °C. 

 tRNA aminoacylation and purification  Ten A260 units of E. coli deacyl-tRNA1
Val 

(Sigma) were aminocylated according to Rheinberger et al. (16) using E. coli tRNA 
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synthetase (Sigma). Val-tRNA1
Val was incubated in 10 mM EZlink-ss-Biotin (Pierce 

Chemical) in 1 ml of 600 mM HEPES, HCl, pH 8.3 for 2 hr on ice (17).  Following 

biotinylation the sample was ethanol precipitated twice, dried, dissolved in H20 and purified 

by HPLC on a PRP-1 reverse-phase column (Hamilton) with a 0-25% acetonitrile gradient in 

0.1 M NaOAc, 10 mM MgCl2, pH 5.1.  

 tRNA labeling   For 5’ labeling, tRNA1
Val was treated with calf intestinal alkaline 

phosphatase and then 5’ end-labeled with [γ-32P] ATP and T4 polynucleotide kinase (MBI 

Fermentas, Hanover, MD). For 3’ labeling, tRNA1
Val was reacted with [5’-32P] pCp using T4 

RNA ligase (18) or alternatively it was 3’[32P]-labeled using Bacillus stearothermophilus 

tRNA nucleotidyltransferase (CCA-adding enzyme). For this B.st. CCA-adding enzyme was 

purified and stored according to Yue et al. (19). The conditions of Wolfson and Uhlenbeck 

(20) were used for the exchange reaction: 500 pmol tRNA1
Val were incubated in 400 µl total 

volume containing 100 mM glycine, NaOH, pH 9.0, 10 mM Mg+2, 50 µM CTP, 50 µM PPi, 

150 µCi [α-32P] ATP and 1.44 µg B.st. CCA-adding enzyme for 8 min at 55 ºC followed by 

the addition of 4 units of yeast pyrophosphatase and incubation for 30 sec at 37º C. The 

tRNA sample was phenol extracted, ethanol precipitated and stored in 50 mM NaOAc, pH 

7.0. 

 mRNA analogue The mRNA analog used in the experiments was made by in vitro 

transcription using the conditions for high yield of RNA (18). It was 54 nucleotides containing 

the sequence 

GGCGAUAACACUCAGGAGAUAAUAAAUGGUUACAGCUGAUCAAUCGUGCAUCCA 

where the Shine-Dalgarno sequence is underlined and GUU for the tRNA1
Val is in bold.  
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Irradiation conditions 

 Preparative samples contained 200 pmol ribosomes, 1000 pmol mRNA, and 400 

pmol tRNA in 200 µl total volume in T20A70M7E.35 buffer. Samples were incubated for 30 min 

at 37°C, stored on ice for 10 min before irradiation. Ribosome complexes were irradiated at 

4ºC in a stirred quartz cuvette using a 1 Kwatt Xenon light (Oriel Corp) filtered by one layer 

of mylar plastic (A310 > 2.5, A315 = 1.4).  The irradiation time was 60 min except as described 

in the time course experiment. 

 

Gel electrophoresis and separation of photoproducts 

 After irradiation RNA samples were purified by incubation with Proteinase K, phenol 

extraction and ethanol precipitation and were usually purified on agarose gels to isolate 

16S-sized RNA (18). The RNA was [32P]-labeled in those experiments which did not contain 

[32P]-labeled tRNA. For this, after extraction from the agarose gel, RNA was incubated with 

calf intestinal alkaline phosphatase followed by incubation with T4 PNK and [γ-32P]ATP (18).  

RNA was separated on polyacrylamide gels containing 3.55 % acrylamide, 0.05% 

bisacrylamide, 8.3 M urea in BTBE buffer (21). Gel slices containing crosslinked molecules 

were identified using a PhosphorImiager plate and RNA was isolated by centrifugation 

through a 2 ml cushion consisting of 2 M CsCl, 0.2 M EDTA, pH 7.4, for 16 hr at 40,000 rpm 

(21,22).  Analytical polyacrylamide gels were run under the same conditions and were dried 

and exposed on PhosphorImager plates.  

 

Analysis of crosslinking sites 

 Crosslinking sites in the rRNA were identified by reverse transcription reactions on 

the isolated RNA fractions using a set of oligonucleotide primers according to the procedure 

of Wilms et al. (21).  
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 tRNA samples were incubated in hydrolysis buffer (25 mM Na2CO3, pH 9.0, 0.5 mM 

EDTA) for 3 min at 90 ºC for partial hydrolysis; RNase T1 and RNase U2 sequencing was 

performed on control and crosslinked tRNA as described (23).  All samples were 

immediately cooled to 0°C and analyzed by gel electrophoresis on denaturing 12% 

polyacrylamide gels. 

 

RESULTS 

Products from irradiation of 70S complexes containing Val-tRNA1
Val and 

tRNA1
Val  

 Biotinyl-[14C]Val-tRNA1
Val or tRNA1

Val were non-enzymatically bound to 70S 

ribosomes programmed with an mRNA analogue and the complexes were irradiated with 

wavelengths >310 nm to induce crosslinking. The mRNA analogue contained a Shine-

Dalgarno sequence and the codon GUU for tRNA1
Val; the GUU sequence results in a U - 

cmo5U34 mismatch in the wobble position of the codon-anticodon interaction and should 

allow high reactivity of the cmo5U34 nucleotide (9). In the first experiment, tRNA1
Val 3’ 

labeled with [5’-32P]pCp, unlabeled tRNA1
Val, or biotinylated-[14C]Val- tRNA1

Val were non-

enzymatically bound to 70S ribosomes. Empty 70S ribosomes and the complexes were 

irradiated with a Xenon lamp using a mylar filter to block wavelengths below 310 nm.  After 

irradiation, RNA was extracted from each of complexes by treatment with Proteinase K and 

phenol extraction and 16S-sized RNA was then separated from 23S and 5S by agarose gel 

electrophoresis. The samples (except for the sample already containing [32P]-labeled tRNA) 

were treated with phosphatase and were [5’-32P]-labeled with T4 polynucleotide kinase. All 

samples were then separated on a denaturing 3.6% polyacrylamide gel, which separates 

molecules with different inter- or intra-molecular crosslinks (Fig. 1) (4,21). Two bands were  
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Figure 1. Gel electrophoresis separation of RNA crosslinked products.  Denaturing 
polyacrylamide electrophoresis of RNA from 70S complexes irradiated with wavelengths 
>310 nm.   70S complexes were either irradiated empty (lane 1), or with the GUU mRNA 
analogue and 3’[32P]pCp-labeled tRNA1

Val (lane 2), unlabeled tRNA1
Val (lane 3), or 

biotinylated-[14C]Val- tRNA1
Val (lane 4).  RNA in lanes 1, 3, and 4 were 5’ [32P]-labeled after 

purification of 16S-sized RNA by agarose gel electrophoresis.     
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expected: one corresponding to the linear, non-crosslinked 16S rRNA and a second 

containing 16S rRNA with C1400 crosslinked to cmo5U34 of tRNA1
Val (9).  

 The tRNA-dependent band (band 2) attributable to the C1400/tRNA crosslink is the 

most prominent new feature of the electrophoresis pattern in all of the samples containing 

the tRNA1
Val (Fig. 1, lanes 2-4). However, in complexes formed with deacyl-tRNA1

Val (Fig. 1, 

lanes 2 and 3), an extra band (band 1) is present in the top part of the gel, indicating an 

RNA species that, based on its electrophoretic mobility, was expected to contain a covalent 

link between distant nucleotides in the 16S rRNA primary structure.  An additional band of 

lower intensity, band 1a, is present when deacyl-tRNA is nonenzymatically bound to the 

ribosome.   

  Band 1 is present both when the tRNA is 3’ [32P]-labeled before irradiation (lane 2) 

and when the RNA is 5’ [32P]-labeled after purification of 16S-sized RNA on an agarose gel 

(lane 3), so it is not connected just to the addition of the [5’-32P]pCp to the 3’ end of tRNA 

prior to irradiation. In addition, in another experiment that used tRNA 3’-labeled by an 

exchange reaction at the 5’ phosphate of the terminal A with CCA-adding enzyme, the same 

band 1 photoproduct was seen. Therefore the appearance of the band is associated 

specifically with the deacylated state of the tRNA in the P site. There is no change in the 

frequency of bands 1, 1a and 2 if proteinase K treatment is omitted prior to phenol 

extraction. This is consistent with the crosslinks involving direct RNA-RNA reactions without 

incorporation of ribosomal proteins.  

 The position of band 1 is nearly identical to that of a 16S rRNA with an internal 

crosslink between C967 and C1400 (21). This indicates a crosslink involving nucleotides 

distant in the 16S rRNA primary sequence is formed in some way. Importantly, however, 

bands 1, 1a and 2 are seen in the autoradiogram when tRNA is [32P]-labeled (Fig. 1, lane 2), 

indicating that tRNA is present as a covalent part of both of the photoproducts in those 

bands. 
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Reverse transcription analysis of the 16S rRNA crosslinking sites in the band 

1 and band 2 RNA   

 Reverse transcription experiments were done on RNA purified by 3.6 % 

polyacrylamide gel electrophoresis to verify the identity of band 2 and to determine the 16S 

rRNA crosslinking sites in the band 1 RNA. Deacyl-tRNA1
Val was 3’ labeled with 5’[32P]pCp 

and non-enzymatically bound to 70S complexes and after irradiation 16S-sized RNA was 

separated on a denaturing 3.6 % polyacrylamide gel (figure 2A). RNA from bands 1 and 2 

was isolated for further analysis. A set of primers was used for reverse transcription to 

identify crosslinking sites. Since the RNA had been pre-purified based on its content of 

covalent crosslinks, fraction-specific reverse transcription stops should be present and will 

indicate crosslinking sites. The only reverse transcription stop seen in the band 2 RNA and 

not in control RNA corresponds to a crosslink at C1400 (Fig. 2B, lane 6), as expected from 

the results of Prince et al. (9).  Band 1 RNA also contained the stop corresponding to a 

crosslink at 16S rRNA C1400 (Fig. 2B, lane 5), although the intensity of the stop in this 

sample is about 50-fold less than the intensity of the stop in the band 2 RNA, reflecting the 

relative frequency of the two products.   

 An additional double reverse transcription stop at nucleotides A968/m5C967 is seen 

in the band 1 RNA (Fig. 2C, lane 5). This is distinctly different from the single intrinsic 

reverse transcription stop on m5C967, which is due to the post-transcriptional methylation of 

m2G966. The pattern of stops at A968/ m5C967 in the band 1 RNA is characteristic of 

crosslinking on nucleotide m5C967 (5). The band 2 RNA did not show the A968 reverse 

transcription stop corresponding to crosslinking at m5C967 (figure 2C, lane 11).  RNA from 

the lower intensity band 1a was also isolated; reverse transcription stops indicated 

crosslinking sites at C967 and C1400 were also seen (results not shown). This suggests a  
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Figure 2. Reverse transcription analysis of 16S rRNA crosslinking sites. (A) Preparative 
denaturing polyacrylamide gel electrophoresis of RNA from 70S ribosomal complexes 
containing tRNA1

Val 3’-labeled with 5’[32P]pCp and GUU mRNA analogue irradiated with 
wavelengths >310 nm.  RNAs from bands 1 and 2 were isolated for reverse transcription 
analysis.  Linear 16S RNA is not seen on this gel because only the tRNA is labeled.  (B) 
Reverse transcription of RNA from bands 1, 2 and linear 16S RNA in the region 1393-1409.  
RNA from bands 1 and 2 both produce reverse transcription stops at C1401/C1400 
indicating a crosslink at C1400.  (C)  Reverse transcription of RNA from bands 1, 2 and 
linear 16S in the region 958-975. A double reverse transcription stop is seen in the RNA 
from Band 1 at A968/C967 (lane 5), indicating a crosslink at C967.  This reverse 
transcription stop is absent in RNA from band 2 and linear 16S (lanes 11 and 12) and only 
the intrinsic reverse transcription stop at C967 due to m2G966 is seen. 
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close relationship between band 1a and band 1; however it was not possible to isolate 

enough of the band 1a RNA to analyze it further.  

 

Identification of the crosslinking in tRNA in bands 1 and 2   

 
 One explanation for the involvement of C1400 and m5C967 in the band 1 RNA was 

that there were two intermolecular crosslinks to tRNA, one between C1400 and cmo5U34, 

and another between m5C967 and some other nucleotide in the tRNA. Therefore, RNA 

sequencing reactions and alkaline hydrolysis were done to sequence tRNA from bands 1 

and 2 from both ends to determine the crosslinking site(s).  

 tRNA1
Val either was 5’-[32P]-labeled with T4 polynucleotide kinase after 

dephosphorylation or was 3’-[32P]-labeled with the CCA-adding enzyme. The tRNA was non-

enzymatically bound to 70S ribosomes programmed with the GUU mRNA analogue and the 

complexes were irradiated. To minimize loss, the purification of 16S rRNA from the 23S and 

5S rRNAs by agarose gel electrophoresis was omitted and total RNA was separated on 

denaturing 3.6% polyacrylamide gels.  

 In the experiments in which tRNA1
Val was 5’-[32P]-labeled, the alkaline hydrolysis 

ladders from the tRNA in bands 1 and 2 are interrupted at the same position (Fig 3A, lanes 2 

and 3). The last linear fragment before the crosslinking site ends at U33 based on the 

pattern of RNase U2 digestion of [32P] RNA from band 2, and RNase U2 and RNase T1 

digestion of control [32P]-labeled tRNA, obtained by photoreversal of the band 2 RNA; 

therefore the first crosslinked nucleotide encountered from the 5’ end is cmo5U34.  Even 

lthough the 5’-labeled tRNA was purified by 8% PAGE before complex formation and 

irradiation, there is a shadow on bands in all lanes of the sequencing reactions. This shadow 

leads to an extra band with 3-fold lower intensity after position 33 in tRNA from both bands 1  
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Figure 3. RNA sequencing reactions to identify crosslinking sites in tRNA.  (A) Analysis of 
cross-linking site in 5’[32P]-labeled tRNA1

Val.  tRNA1
Val, 5’[32P -labeled by treatment with 

alkaline phosphatase followed by labeling with T4 PNK and [γ-32P] ATP, was non-
enzymatically bound to 70S ribosomes programmed with GUU mRNA analogue and the 
complex was irradiated with >310nm.  RNA was extracted and separated on 3.6% 
denaturing polyacrylamide gels to isolate RNA from bands 1 and 2.  Lanes 2 and 3 contain 
the partial alkaline hydrolysis products from the RNA from bands 2 and 1 and show that the 
last linear fragment determined from the 5’ end has its terminus at U33.  Controls include 
RNase U2 (U2) digestion of band 2 (lane 1), and partial alkaline hydrolysis, RNase T1 (T1) 
and RNase U2 digestion of 5’-labeled tRNA1

Val (lanes 4, 5, and 6). (B) Analysis of cross-
linking site in 3’[32P]-labeled tRNA1

Val.  tRNA1
Val, 3’ end-labeled at the 5’ phosphate of the 

terminal A by incubation with B.st. CCA-adding enzyme and [α-32P] ATP, was non-
enzymatically bound to 70S ribosomes programmed with GUU mRNA analogue and the 
complex was irradiated with >310 nm.  RNA was extracted and RNA from bands 1 and 2 
was isolated.  RNA from bands 1 and 2 was subjected to partial alkaline hydrolysis and run 
on denaturing 12% polyacrylamide gels (lanes 4 and 3); this shows that the last linear 
fragments have their its termini at A35. Controls are RNase T1 and RNase U2 digestion of 
band 2 (lanes 1 and 2), and partial alkaline hydrolysis, RNase T1 and RNase U2 digestion 
of 3’ labeled tRNA1

Val (lanes 5, 6 and 7). Note that since RNase U2 and RNase T1 enzymes 
cut on the 3’ side of A and G residues respectively, the pattern produced by these enzymes 
are displaced by one nucleotide when compared to the partial alkaline hydrolysis ladder. 
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and 2.  However, shadows are present in all lanes including the sequencing lanes and 

including the band 2 RNA lanes which is known to involve only cmo5U34 (9), so the 

shadows must be an artifact.   In the sequencing of 3’-labeled tRNA1
Val, the alkaline 

hydrolysis ladders are again interrupted in the same place for both bands 1 and 2 (Fig 3B, 

lanes 3 and 4). Based on the pattern of RNase T1 and RNase U2 digestion of band 2, and 

RNase U2 and RNase T1 digestion of tRNA1
Val, obtained by photoreversal of the band 2 

RNA, the identity of the last linear fragment determined from the 3’ end is A35; therefore the 

crosslinking site is cmo5U34 in both cases. Unlike the sequence from the 5’ end, there are 

no shadows of individual bands, leading to a complete absence of intensity at position 34. 

There is a band compression somewhere in the sequence between A27 and A35 because a 

nucleotide is missing between A27 and A35 in the partial alkaline hydrolysis ladder. 

However the position of A35 is completely clear and the sequence of the tRNA above A27 

and below A35 corresponds to the tRNA sequence, (with the exception of reduced RNase 

T1 recognition of G42-46 and reduced RNase U2 recognition of N6-methyladenosine 37). 

Therefore, we conclude that sequencing from either end of the tRNA identifies cmo5U34 as 

the single site of crosslinking in both band 1 and band 2 RNA.          

          

Time course for crosslink formation 

 
 A complex of deacyl-tRNA1

Val and 70S ribosomes were irradiated for increasing 

times with >310 nm light to determine the time course of formation of the band 1 and band 2 

photoproducts. Gel electrophoresis of [5’-32P]-labeled 16S-sized RNA is shown in Fig. 4. The 

band 2 photoproduct reaches a maximum value by about 40 min of irradiation (Fig. 4B). The 

band 1 product appears less slowly at early times but continues to increase through 80 min, 

the longest time of irradiation (Fig. 4B).  
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Figure 4. Location of photoreactive nucleotides in the 16S rRNA and tRNA1
Val secondary 

structures. The middle part of the E. coli 16S rRNA secondary structure (35) and the whole 
tRNA1Val structures are shown. The arrows point to the cmo5U(34) nucleotide in the tRNA 
and the C1400 and m5C967 nucleotides in the 16S rRNA.  
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Photoreversal test of the band 1 and band 2 products.   

 To determine whether the photoproducts in bands 1 and 2 were photoreversible, 

3’[32P]pCp-labeled tRNA1
Val was non-enzymatically bound to 70S ribosomes, complexes  

were irradiated and the RNA from bands 1 and 2 was isolated  The RNAs were then re-

irradiated with a germicidal (254 nm) lamp or with wavelengths >310 nm for 1, 2 and 5 

minutes.  In the case of the band 2 RNA, the crosslink is very responsive to 254 nm light, 

and all of the 3’ labeled tRNA is released from 16S RNA after five minutes.  This is 

consistent with a cyclobutane dimer structure present  in the 16S rRNA(C1400) x 

tRNA(cmo5U34) crosslink.  Band 1 RNA, however, is insensitive to 254 nm irradiation, 

indicating that this product does not contain a cyclobutane bridge. Therefore, this product 

probably does not have the same structure as the phototrimer previously described by 

Wang (24), which contained a cyclobutane bridge between two of the three thymines. 

 

Puromycin reaction of the biotinyl-Val-tRNA1
Val-ribosome complex 

results in formation of the band 1 photoproduct   

 Since irradiation of 70S complexes containing deacyl- tRNA1
Val produces the 

additional band 1 photoproduct compared to complexes containing amino-blocked val-

tRNA1
Val under the same conditions, the novel photoproduct might be formed by the tRNA in 

the P/E state as opposed to the P/P state (25). To test this, biotin-[14C]val-tRNA1
Val was non-

enzymatically bound to the P-site of GUU programmed 70S ribosomes and half of this 

complex was immediately irradiated at 4 ºC, while the other half was treated with 1 mM 

puromycin for 10’ at 37ºC before irradiation at 4 ºC. The puromycin reaction was found to be 

complete in 5 min at 37ºC as determined by the ethylacetate extraction assay (26). It is well 

established that puromycin, which binds to the A-site of 50S subunits as a mimic of the 3’ 

end of aminoacyl- tRNA, reacts with the peptide of the tRNA in the 50S P-site via peptidyl  
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Figure 5. Time course of appearance of band 1 and band 2 photoproducts. A. Complexes 
containing deacyl tRNA1

Val and the GUU mRNA analogue were irradiated with wavelengths 
> 310 nm for increasing times and 16S-sized RNA was isolated and [5’-32P]-labeled before 
electrophoresis on denaturing 3.6% polyacrylamide gels. The band 1 and band 2 products 
and the linear 16S rRNA are indicated. B. The radioactivity in bands 1, 2 and the linear 16S 
rRNA parent band was determined using a phosphorimager; the amount of RNA in bands 1 
and 2 were expressed as percent of the total at each time point.  The uncertainty bars 
indicate standard deviations for the values from three experiments. 
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Figure 6.  Photoreversibility tests for RNA from bands 1 and 2.  RNA isolated from bands 1 
and 2 were irradiated with 254 nm light and >310 nm light to determine if tRNA would be 
released from the crosslink due to photoreversal.  RNA isolated from bands 1 and 2 was 
redissolved in 1 mM Tris, pH 7.5, 0.1 mM EDTA and were irradiated with a 254 nm lamp or 
the mylar-filtered Xenon light (λ >310 nm) at room temperature with stirring for the indicated 
times. The resulting samples were then analyzed on a denaturing 4-10% composite 
polyacrylamide gel so that both the 16S RNA and tRNA could be resolved.  The locations of 
bands 1, 2 and tRNA are indicated. 
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transferase activity of the 50S subunit.  As a consequence of this, the tRNA is deacylated.  

From tRNA footprinting experiments, this newly deacylated tRNA occupies the P-site of the 

30S subunit and the E site of the 50S subunit (P/E) (25).  If the band 1 photoproduct is 

indicative of tRNAin the hybrid P/E site, reaction of biotin-[14C]Val-tRNA1
Val with puromycin 

should yield a complex capable of forming the phototrimer.  After the puromycin reaction 

there was a 10 to 20 fold higher level of band 1 photoproduct from irradiated tRNA-ribosome 

complexes compared to complexes irradiated before puromycin reaction (Fig 6, lanes 3 vs 

2). Biotin-[14C]Val- tRNA1
Val non-enzymatically bound to 70S ribosomes formed the band 1 

photoproduct to a low extent in this experiment (Fig. 6, lane 2); the amount subsequently 

was related to the amount of deacylated tRNA1
Val that was present in the tRNA recovered 

from the complexes. This was present either because of incomplete purification of the biotin-

[14C]Val-tRNA1
Val or deacylation during incubation at 37ºC used to form the complexes. The 

band 1a photoproduct does not appear after puromycin reaction.The amount of the band 2 

photoproduct is not different in the RNA from the complexes irradiated before puromycin 

treatment compared to those irradiated after puromycin treatment and there is no change in 

its electrophoretic mobility.   

 

DISCUSSION 

 The three nucleotides, tRNA(cmo5U34), 16S rRNA(m5C967) and 16S rRNA(C1400) 

have been identified as crosslinking sites in the band 1 photoproduct. This photoproduct 

occurs specifically in ribosome complexes containing deacylated tRNA, so it is correlated 

with tRNA in the P/E hybrid state. The electrophoretic mobility of this product is nearly the 

same as that of a 16S rRNA with an internal crosslink between m5C967 and C1400 that 

results from irradiation with UVB light in the empty ribosome (5,21). However, that crosslink 

is not observed with wavelengths > 310 nm (Fig. 1) and is not expected in the presence of  
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Figure 7. Analysis of RNA after irradiation of complexes of biotinylvalyl- tRNA1

Val and 70S 
ribososmes after puromycin reaction. Biotinylated-[14C]Val-tRNA1

Val was non-enzymatically 
bond to 70S ribosomes programmed with GUU mRNA analogue. Half of the resulting 
complexes were irradiated with >310 nm light (lane 2), while the other half was first treated 
with puromycin for 10’ followed by irradiation with >310 nm light (lane 3).  Lane 1 contains 
RNA from complexes of 3’[32P]pCp-labeled tRNA1

Val non-enzymatically bound to GUU 
programmed 70S ribosomes and irradiated with >310nm for comparison.  
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tRNA-ribosome complexes (5). In addition, tRNA is present in the band 1 product and the 

only crosslinking site in the tRNA is at the cmo5U34 nucleotide. These properties of the 

product 254 indicate a phototrimer in which cmo5U34 mediates the connection between 

m5C967 and C1400. The main types of products formed between pyrimidines after UVB 

irradiation are dimers containing a cyclobutane bridge between the C5-C6 bonds of the each 

base, dimers containing a 4-6 bond between the bases and hydrated monomers that arise 

from direct photohydration or from reversal of dimers (27-29).  In the case of the cyclobutane 

pyrimidine dimer, it is fully photoreverible into its constituent parts by re-irradiating the dimer 

with nm light (27,29). Additionally, a thymine phototrimer has been reported to form upon 

254 nm UV irradiation of thymine in a frozen aqueous solution (24).  The thymine 

phototrimer was partially photoreversible by 254 nm irradiation and this was consistent with 

its structure which contained a cyclobutane dimer and a single 6-4 bond joining the second 

and the third nucleotides of the trimer (24). The absence of any photoreversal in the RNA 

from band 1 when irradiated at 254 nm argues that neither of the covalent bonds connecting 

the three participants is of the cyclobutane type. On the other hand, the RNA from the band 

2 photoproduct was readily reversed in our hands consistent with its previous 

characterization of containing the cyclobutane bridge (8).  

 The phototrimer is probably formed in a two-step reaction. The prominent 

photoproduct observed here is the crosslink between C1400 and cmo5U34. Because no 

simple crosslink is seen between m5C967 and cmo5U34, the order of formation of the trimer 

is likely to be addition of C1400 and cmo5U34, followed by subsequent addition of m5C967. 

The C1400 x cmo5C34 dimer is not photoreversible upon irradiation with wavelengths of > 

310 nm for 5 min and this is evidence of its low absorbance at this wavelength. Thus it is 

likely that the second reaction, which results in the formation of the trimer, is limited by the 

absorbance of the intermediate and is not an indication of the geometry between m5C967 
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and C1400<>cmo5U35 nor is it an indication of the fraction of the deacyl-tRNA complexes 

that are capable of undergoing the second photoreaction. 

 These results indicate that there is likely to be a structural difference in the 30S 

subunit when the tRNA is in the P/E hybrid state and when the tRNA is in the P/P state. The 

arrangement between m5C967 and the tRNA anticodon must be altered in some way in the 

P/E state compared to the P/P state. The X-ray structure in this region indicates that the 

base of nucleotide m2G966 is the closest part of the H31 end loop to the anticodon of the 

tRNA in the P site (11, 13). The identification of m5C967 in the present study was made on 

the basis of reverse transcription, because of the small amount of the crosslinked band 1 

product. However, the appearance of the reverse transcription stop is the same as seen 

earlier in the m5C967 x C1400 crosslink which was confirmed by RNA sequencing (5). A 

reconciliation of the C967 x C1400 crosslink and the X-ray structure is possible since it is not 

unlikely that the conformation of the empty ribosome is different than the conformation of the 

ribosome with a P-site bound tRNA. The present results further indicate the conformational 

complexity of this region - there is some significant difference in the structure with tRNA in 

the P/E vs P/P states and for the P/E state, this is likely to be different than the conformation 

seen in the X-ray structure.  

 An alternative interpretation of the results is related to the issue of the tightness of 

the tRNA-ribosome interaction. Intramolecular 16S rRNA crosslinks are correlated to 

favorable geometrical arrangements between the participating nucleotides but also require 

local conformational flexibility (Huggins, Ghosh, Nanda and Wollenzien, unpublished 

results). In this view, the formation of the phototrimer could be due to changes in the 

conformational flexibility in the 30S subunit if the structure of the complex with deacyl-tRNA 

in the P/E state is somehow less restrained than the structure with peptidyl-tRNA in the P/P 

state.   
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 It was proposed in 2003 that deacyl-tRNA exists naturally in the P/P state and that 

binding of the translation factor EFG is necessary for formation of the P/E tRNA hybrid state 

on the ribosome (30,31). However Semenkov et al (33) and more recently Sharma et al (34) 

have shown that after peptide bond formation the peptidyl tRNA is reactive with puromycin, 

indicating EFG independent movement of the tRNA acceptor ends on the 50S ribosomal 

subunit before translocation. Thus the Semenkov et al (33) and Sharma et al (34) 

experiments are consistent with the scheme originally proposed by Moazed and Noller (25). 

The occurrence of the phototrimer product after puromycin reaction with the biotinylval-

tRNA1
Val is additional evidence for immediate changes in the tRNA interactions after peptide 

bond formation. In this case, the changes even involve the 30S subunit and indicate the 

distinct nature of the P/P and P/E states.    

 One complicating factor in comparing the results from these different experiments is 

that they frequently have been done under different conditions: the experiments described 

by Moazed and Noller (25), Semenkov et al (32), Sharma et al (33) and in this report were 

done in conventional buffers (K+, NH4
+ and Mg+2 cations), the experiments by Zavialov and 

Ehrenberg (30) and Valle et al. (31) and recently by Blanchard et al. (3) have been done in 

different versions of polymix buffers (K+, NH4
+, Ca+2, Mg+2, putrescine and spermidine) and 

earlier experiments by Agrawal et al. (34) were done in a polyamine buffer (K+, NH4
+, Mg+2 

supplemented with spermidine and spermine). This is relevant because of the report that the 

P/P and P/E binding states are in equilibrium, and this depends on the buffer conditions 

(34). The ability to easily quantify the amount of tRNA in the P/E hybrid state through 

observation of the phototrimer product will allow an independent assessment of the P/E vs 

P/P equilibration question. 
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ABSTRACT 

UV light-induced RNA photocrosslinks are formed at a limited number of specific sites in the 

Escherichia coli and in other eubacterial 16S rRNAs. To determine if unusually favorable 

internucleotide geometries could explain the restricted crosslinking patterns, parameters 

describing the internucleotide geometries were calculated from the Thermus thermophilus 

30S subunit x-ray structure and compared to crosslinking frequencies. Significant structural 

adjustments between the nucleotide pairs usually are needed for crosslinking. Correlations 

are present between the crosslinking frequencies and the geometrical parameters indicating 

that nucleotide pairs that are closer to the orientation needed for photoreaction have higher 

crosslinking frequencies. These data are consistent with transient conformational changes 

during crosslink formation in which the arrangements needed for photochemical reaction are 

attained during the electronic excitation times. The average structural rearrangement for 

UVA-s4U-induced crosslinking is larger than for UVB- or UVC-induced crosslinking, is 

associated with the longer excitation time for s4U and is also consistent with transient 

conformational changes. The geometrical parameters do not completely predict the 

crosslinking frequencies, implicating other aspects of the tertiary structure or conformational 

flexibility in modulating the frequencies and in determining the locations of crosslinking sites. 

The majority of the UVB/C- and UVA-s4U-induced crosslinks are located in four regions in 

the 30S subunit – within or abutting RNA helix 34, in the tRNA P-site, in the distal end of 

helix 28 and in the helix 19/ helix 27 region. These regions are implicated in different 

aspects of tRNA accommodation, translocation and in the termination reaction. These 

results show that photocrosslinking is restricted to a limited part of the 30S subunit that is 

associated with ribosome function.  
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INTRODUCTION 

 Crosslinking and other biochemical experiments have been done extensively on the 

ribosome to obtain information about the details of the tRNA-ribosome interactions and 

internal distance information. The high-resolution x-ray structures1-6 have supplanted the 

need to establish the ribosome structure by biochemical methods. However, crosslinking 

experiments are valuable as means to monitor conformational changes in functional 

ribosome complexes and under physiological conditions.7-9 Irradiation with light in the UVB 

and UVC ranges has been a convenient way to induce intra- and inter-molecular RNA 

crosslinks because it takes advantage of the intrinsic RNA photochemistry10,11 and can be 

done on highly functional native ribosomes. A limited number of crosslinks are made by UV 

irradiation: 14 long-range crosslinks (crosslinks between nucleotides distant in the primary 

sequence) are made in the E. coli 16S rRNA with transilluminator irradiation12 (305 nm, UVB 

range) and the use of KrF pulse laser irradiation (248 nm, UVC range) increases the number 

of crosslinks to eighteen.13 However, in spite of the small number of crosslinking sites, 

several of the nucleotides involved in the 16S rRNA intramolecular crosslinks are also 

involved in contacts with tRNA14,15 and mRNA,16,17 and other crosslinking sites are 

responsive to buffer conditions, subunit association7 or antibiotics18 in ways that suggest 

connections to the 30S function. Thus the photocrosslinking sites tend to be associated with 

the 30S subunit active site.    

 The E. coli ribosome has been the usual subject for the photocrosslinking 

experiments. However, UVB-induced crosslinking has also been done in Bacillus subtilis 

and Thermus aquaticus19 and the majority of the crosslinking sites seen in the E. coli 16S 

rRNA was also observed in those other organisms. T. aquaticus shares an identical pattern 

of crosslinking with T. thermophilus as assayed by gel electrophoresis (P. Wollenzien, 

unpublished data) and 11 of 13 crosslinking sites in T. aquaticus are the same as sites in E. 
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coli with the remaining sites involving neighboring nucleotides. This indicates that the 

crosslinking pattern in the 16S rRNA is a general one due to the properties of its secondary 

and tertiary structure in the 30S subunit rather than due just to the properties of the primary 

sequences.19  

 A second type of intrinsic photocrosslinking has been done with RNA containing 4-

thiouridine (s4U) in which irradiation with UVA light (380 – 320 nm) specifically activates s4U 

crosslinking to RNA or proteins.20 This method was recently applied to the E. coli 16S rRNA 

in an attempt to expand the number and location of crosslinking sites in the 30S subunit. In 

spite of the different photochemical mechanisms, the nucleotides that participate in 

crosslinking show a striking overlap with the crosslinks produced by UVB/C irradiation.21 In 

two instances, crosslink formation occurs between exactly the same nucleotides and in two 

other instances, a particular nucleotide is involved with different, but close, partners in 

UVB/C and UVA-s4U crosslinks.21 

 The distribution and properties of UVB-induced crosslinks8,12,13 and UVA-s4U-induced 

RNA crosslinks21 in the E. coli 30S subunit are considered in this article. These are 

comprehensive lists of the long-range crosslinks because the 16S rRNA with internal 

crosslinks were first separated based on loop structure so that crosslinked molecules would 

not be missed due to their low frequency or due to RNA sequencing difficulties.22 Crosslinks 

between nucleotides close in the primary sequence are not determined by these methods, 

but these must occur at frequencies less than the frequencies of the long-range crosslinks 

judged by the fact that reverse transcriptase is able to copy the full length of the majority of 

the 16S rRNA after removal of the long-range crosslinked molecules.12,21 The crosslinking 

frequencies also have been determined13,21 and are valuable in assessing connections 

between the internucleotide geometries at each site and the rates of crosslink formation; this 

should provide additional information about the conformational properties of the ribosome.  
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The physical parameters for the UV-induced and s4U-UVA-induced crosslinked nucleotide 

pairs have been calculated using the T. thermophilus x-ray structure.2  The data indicate that 

crosslinking frequencies are connected to physical proximity, and there must be significant 

movements in the nucleotide pairs for crosslinking to occur. The correlations between 

structure and crosslinking frequency and the differences in the UVB and UVA-s4U data both 

are relevant to the question of whether the conformational movements occur transiently or 

as a result of local alternate conformations at the crosslinking sites. 

RESULTS 

Distribution of photocrosslinking sites in the 30S subunit 

 The locations of the long-range RNA-RNA crosslinks in E. coli 16S rRNA after 

UVB8,12 or UVC13 irradiation (18 crosslinks) under different conditions and after UVA 

irradiation of ribosomes containing s4U (21 crosslinks)21 are shown in a secondary structure 

diagram of the E. coli 16S rRNA (Figure 1) and in the x-ray structure of T. thermophilus 30S 

subunit2 (Figure 2). Four regions account for a majority of the sites – 12 crosslinks are 

located in or abutting Helix 34, six crosslinks are associated with the tRNA P site, four 

crosslinks are around the distal end of Helix 28 and nine crosslinks are associated with the 

Helix 19/ Helix 27 region. These regions are implicated in different 30S functions as 

summarized in Table 1. Many of the crosslinking sites are nevertheless in interior locations 

in the 30S subunit away from direct contact with the tRNA and mRNA or the 50S subunit. 

Seven of the remaining nine crosslinks, are close to the locations of bridges between the 

30S and 50S subunits. One crosslink (A441 x G491) is close to the surface where the 

elongation factors bind and the last crosslink (U1126 x C1281) is in the 30S head nearly on  

the cytoplasmic side of the subunit.   
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Figure 1. Location of the UVB/C-induced and UVA-s4U-induced crosslinks in the E. coli 16S 
rRNA secondary structure.69 The UVB/C-induced8,12,13 and UVA-s4U-induced21 crosslinking  
sites are indicated by the red and yellow colored arrows. The location of the RNA helices 19, 
27, 28, 34 and 44, where there are clusters of the photocrosslinking sites (see Table 1), are 
indicated.   
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Table 1. Distribution of crosslinking sites in the 30S structure 
 
Crosslinking sites    Region in 30S  Function or association 
 
UVB/C:  U991 x U1212, U1052 x C1200 Helix 34  C1054 involved in A-site 
      C1054 x A1196, G1064 x G1190        tRNA 4,6,32 and RF255 
             interactions 
UVA-s4U: U991 x 1210-1212,                  mRNA interaction at                       
U1189 x 1060-1064                   A1196;54 translocation56 

 
UVB/C: C967 x C1400, C1402 x C1501, tRNA P-site  Part of tRNA P-site3,6,9,57 
      C1400 x C1501, G926 x U1390,  
      U793 x A1518 
UVA-s4U: U793 x A1519  
 
UVB/C: C934 x U1345, A1093 x U1183 Distal end of  Implicated in   
         translocation18  
UVA-s4U: U1183 x A1092       Helix 28 
 
UVB/C: U562 x C884, U244 x G894  Helix 19/Helix 27 Implicated in A-site  
UVA-s4U: U562 x 879-884, U820 x G570          decoding62-65   

 
 
UVB/C: C54 x C352    Helix 14  Bridge B8 to 50S6  
UVA-s4U: U367 x 55-56 
 
UVA-s4U: U239 x A120   Helix 44  Bridge B5 to 50S6 

 
UVB/C: C582 x G769    Helix 20  Bridge B4 to 50S6 

 
UVB/C: G976 x A1362   S13   Bridge B1a to 50S6 

UVA-s4U: U960 x A1225  
 
UVB/C: U1126 x C1281   -   None 
 
UVB/C: A441 x G494 Helix 17     Elongation factor binding 

           (see 66,67) 
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Figure 2. Distribution of E. coli UVB/C- and UVA-s4U-induced RNA crosslinks in the 30S 
subunit structure. Coordinates for the 30S ribosomal subunit are from Wimberly et al.2 and 
the illustration is drawn with Ribbons.70 The view is the standard one of the interface side of 
the 30S subunit. Nucleotides involved in UVB/C-induced crosslinks12 are in red, those 
involved in UVA-s4U-induced crosslinks13 are in yellow, and those involved in both UVB- and 
UVA-s4U-induced crosslinks are in white. For the E. coli UVB/C-induced crosslink G441 x 
G494, the T. thermophilus nucleotides A439 and A497 are shown to indicate the 
approximate location of where G491 and G494 would be in the three-dimensional structure. 
The locations of the A-, P- and E-sites for tRNA are indicated.6 Four helices are colored in 
light blue: helix 34 that horizontally traverses the bottom part of the 30S head, the long helix  
44 that extends down middle of the subunit and helix 27/ helix 19 that are positioned to the 
right side of the middle of helix 44.   



 76 

Distances and angles for nucleotide pairs crosslinked by UVB irradiation 

 The geometrical properties of crosslinked nucleotide pairs were calculated and 

compared to crosslinking frequencies to determine if there is a connection between 

internucleotide geometries and frequencies. Crosslinking frequencies and geometries would 

be related if closer or better aligned nucleotide pairs have larger rates of crosslinking. 

Crosslinking frequencies resulting from irradiation with a single 25 ns excimer laser pulse13 

or crosslinking frequencies resulting from UVA irradiation of s4U-containing ribosomes 

present in 16S rRNA enriched for its s4U content21 were used. These frequencies should 

indicate the rates of crosslink formation because they have been determined under 

conditions in which crosslink photoreversal does not occur.  The crosslinks formed with UVA 

irradiation on s4U-containing RNA are known to be irreversible20 and this was confirmed on 

the crosslinks made in the 16S rRNA.21  Photoreversal of crosslinks made during UVB or 

UVC irradiation typically does occur and would strongly influence the apparent rate of 

crosslink formation.11,23-26 However, photoreversal should not occur in the experiment using 

a single laser pulse because crosslink formation must occur on a µs time scale (see 

discussion), so the pulse would be finished before most of the crosslinks are made.  

 The Thermus thermophilus 30S atomic structure2 (PDB entry 1J5E) was used to 

calculate distance and angle values for nucleotide pairs observed as crosslinks. The UVB-

induced crosslinks are formed by wavelengths between 240 and 300 nm and are 

photoreversed by UVB/C light26, so their structures are of the bipyrimidine dimer type 

containing cyclobutane bridges involving the C5-C6 double bond of each pyrimidine.27 

Several of the crosslinks involve purines; these are also photoreversible, consistent with a 

dimer joined by a four-membered ring containing pyrimidine atoms C5 and C6 and purine 

atoms C8 and N7 atoms28,29 or possibly purine atoms C4 and C5.30 Photoreversion of these 

crosslinked molecules to intact linear 16S rRNA is more consistent with reaction to the N7-

C8 bond of the purine. Distances were measured between the reactive bonds of crosslinked 
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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) and additional 

measurements were made between C1’–C1’atoms and P-P atoms of the crosslinked 

nucleotide pairs to assess the closeness of the nucleotide unit and backbone at crosslinking 

sites (Figure 3). Since bases should be coplanar for optimal alignment of π orbitals, the 

angle (0° < x < 90°) between base planes was evaluated. The second angle that was 

evaluated was the angle (0° < x < 90°) between the vectors made by the C5/C6 bonds or 

between C5/C6 and C8/N7 bonds, since these should be parallel for optimal reaction. The 

crosslink list (Table 2) is from Wilms et al.10 except that a crosslink reported between G894 

and A1468 has been dropped because it has not been observed since the original report, 

the crosslink U793 X G1517 has been corrected to U793 x A1518 due to re-assessment of 

the RNase T1 and RNase U2 ladders used to identify the A1518 crosslinking site,12 and the 

four additional crosslinks seen with the UV pulse laser irradiation14 were added to the list. In 

addition, nucleotides 441 and 494 that are crosslink partners in E. coli are not contained in 

the Thermus structure,31 so that crosslink cannot be analyzed. The crosslink C967 x C1400 

which is made in empty ribosomes and of the 30S subunit in the region of this crosslink 

must be different in the crystal structure than in the empty ribosome in solution.9 The 

crystallographic B factor, calculated as an average for the atoms involved in the crosslinks, 

was used as an additional variable since it pertains to dynamical flexibility or alternate 

positioning of the nucleotides in the crystal structure. The values of the geometric parameters 

and crosslinking frequencies are given in Table 2. The comparison has been confirmed by 

RNA sequencing9 has not been included because the conformation of the geometry 

parameters and the crosslinking frequencies has also been done with atomic coordinates 

from crystals containing 30S subunits with U6 and an A-site-bound tRNA ASL32 (PDB entry  

1IBM). The two biggest differences in internucleotide parameters for the nucleotide pairs  
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Figure 3.  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), C1’-C1’, and 
P-P are indicated. Angle measurements are the torsion angle between respective base 
planes calculated as the angle between the perpendiculars to the planes defined by the  
C2,C4 and C6 atoms of the pyrimidine or purine, and the angle between the vectors defined 
by the C5/C6 atoms of the pyrimidine and the N7/C8 atoms of the purine. 
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Table 2.  Summary of UVB/C crosslinking frequencies and parameters  

UVB 
Crosslink

1 

Frequency2 

 
RB 

Distance 
(Å)3 

C1’-C1’ 
Distance 

(Å)3 

P-P 
Distance 

(Å)3 

Base 
plane 
Angle 

(º)3 

Bond  
Angle 

(º)3 

B 
Fact

.4 

C54 x 
C352 

0.27 3.7 7.8 8.4 8 36 58 

U244 x 
G894 

0.64 6.3 5.2 15.0 1 29 45 

A441 x 
G494 

0.38 - - - - - - 

U562 x 
U884 

0.20 4.4 7.7 13.2 22 73 42 

C582 x 
G760 

0.15 5.8 8.1 14.6 12 85 45 

C934 x 
U1345 

0.18 3.7 7.6 7.2 18 38 65 

C967 x 
C1400 

0.16 - - - - - - 

U991 x 
U1212 

1.36 5 6.7 13.0 14 26 91 

U1052 x 
C1200 

0.31 3.9 8.3 8.4 11 59 80 

A1093 x 
U1183 

0.08 7.0 10.9 11.4 8 61 67 

U1126 x 
C1281 

0.45 10.5 9.4 8.0 69 30 147 

C1402 x 
C1501 

0.21 7.9 7.2 17.2 4 54 46 

U793 x 
A1518 

0.20 6.0 11.6 14.5 45 49 73 

C1400 x 
C1501 

0.10 17.6 17.6 18.2 81 54 52 

C1054 x 
A1196 

0.12 6.6 5.6 9.3 81 49 96 

G1064 x 
G1190 

0.46 10.4 7.6 17.4 33 31 77 

G976 x 
A1362 

0.41 9.4 10.0 14.0 47 50 73 

G926 x 
U1390 

0.16 19.0 19.6 19.6 36 36 83 

 
1
E. coli nucleotide numbering and sequence are used. The relation of these to the T.thermophilus 

sequence was according to Brodersen et al.31 

2Frequencies are expressed as percent of total 16S rRNA.  
3 All distances and angles are determined from atomic positions of Wimberly et al.2, except for the 
crosslink A441 x G494 and C967 x C1400, as described in the text. “RB” Distance is the distance 
between the center of the photoreactive bonds in the identified nucleotide partners (C5-C6 bond in  
pyrimidines and N7-C8 bond in purines).4”B Fact.” is the average of the B factors determined from the 
X-ray structure parameters2 for theatoms involved in the crosslink formation. 
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Figure 4. Distribution of geometrical parameters for nucleotide pairs in UVB/C-induced 
crosslinks. (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. (B) Distribution of distances between C1’-C1’ atoms in crosslinked pairs.  The average 
and standard deviation for the distribution is 9.7+/- 3.9 Å. (C) Distribution of distances 
between P-P atoms in crosslinked pairs. The average and standard deviation for the 
distribution is 13.3 +/- 3.9 Å. (D) Distribution of angles between base planes. (E) Distribution  
of angles between reactive bonds as defined in the panel A description.  
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Figure 5. Scatter plots of crosslinking frequencies and reciprocal geometrical parameters 
and scatter plots of base plane angles and distances between reactive bonds. (A) Scatter 
plots of crosslinking frequencies and reciprocals of the distances between reactive bonds for 
UVB/C-induced crosslinks.  (B) Scatter plots of crosslinking frequencies and reciprocals of 
the distances between C1’-C1’ atoms for UVB/C-induced crosslinks. (C) Scatter plots of 
angles between base planes plotted and distances between reactive bonds. (D) Scatter 
plots of crosslinking frequencies and reciprocal of the angles between reactive bonds for 
UVB/C-induced crosslinking sites. (E) Scatter plots of crosslinking frequencies and 
reciprocal of the distances between reactive bonds for UVA-s4U-induced crosslinks.  (F) 
Scatter plots of crosslinking frequencies and reciprocals of the distances between C1’-C1’ 
atoms for UVA-s4U-induced crosslinks. (G) Scatter plots of angles between base planes 
plotted and distances between reactive bonds for UVA-s4U-induced crosslinks. Lines are 
linear regression lines determined for each crosslinking data set separately. Zero intercept  
constraints were used except in panel C. 
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that form crosslinks are a 3.2 Å decrease in the distance between the photoreactive bonds 

for nucleotides C1054 and A1196 and a 2.1 Å increase in the distance between the 

photoreactive bonds for nucleotides U793 and A1518. However other changes are much 

smaller than this and the correlation between all of the reactive bond distances at the 

photocrosslinking sites in the two data sets is 0.988 (data not shown).   

 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 

10.5 Å and two are separated by 10.5 to 19 Å (Figure 4). The crosslinks G926 x U1390 and 

C1400 x C1501 have the longest distances between reactive bonds, but flippling of 

nucleotides G926 and C1400 would bring them close to their partners and this would allow 

crosslinking. A large fraction of the UVB crosslinked pairs have angles between base planes 

less than 45° and it will be shown that these values are connected to the relatively short 

internucleotide distances in this data set. The angles between the photoreactive bonds 

average 45° with a wide dispersion (Figure 4). 

 Correlation analyses were done to identify connections between crosslinking 

frequencies and distances and angles and are summarized in a correlation matrix (Table 3). 

Inverse values as well as the direct values for some measures were considered to investigate 

the dependence of crosslinking frequencies on internucleotide distances or angles. Several 

pairs of variables have notable correlation coefficients. First, crosslinking frequencies have 

negative correlation coefficients with reactive bond distances, with C1’-C1’ distances, and with 

base plane angles, and positive correlation coefficients with the inverse of those parameters, 

indicating that better-positioned nucleotide pairs have higher crosslinking frequencies. Scatter 

plots of crosslinking frequency versus inverse distance between reactive bonds, of 

crosslinking frequency versus inverse distance between C1’-C1’ atoms and of crosslinking 

frequency versus inverse angles between reactive bonds are shown in Figure 5 A, B and D. In 
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addition, the correlation coefficients for reactive bond distances and base plane angles and for 

C1’-C1’ distances and base plane angles are positive (0.555 and 0.383). A scatter plot of 

reactive bond distances versus base plane angles is shown in Figure 5C. Last, there are 

strong correlations between the reactive bond distances, C1’-C1’ distances and P-P distances 

(Table 3).  

 

Distances and angles for nucleotide pairs in observed UVA-s4U crosslinks  

 The properties and frequencies of UVA-s4U-induced crosslinks are summarized in 

Table 4. All crosslinks described previously21 have been included except for U367 x U55 and 

U367 x A56 which were excluded because it is likely that thiolation at U367 results in re-

arrangment of the secondary structure at that site (Huggins, Ghosh, Shapkina, Nanda and 

Wollenzien, in preparation). The mechanism of s4U crosslink formation has been determined 

in several systems and involves an initial reaction of the C4-S4 double bond of the s4U with 

the C5/C6 double bond of a pyrimidine20,33 or with the N7-C8 double bond of a purine.33,34 

The midpoint of the C4 and O4 atoms of the uridine identified as the thiouridine in each of the 

crosslinks and the midpoints between the C5 and C6 atoms of pyrimidines or between the C8 

and N7 atoms of purines, which were crosslink participants, were used for calculating 

distances between the reactive bonds for nucleotides pairs involved in s4U-mediated 

crosslinks.  

 The distances between the reactive bonds for the s4U crosslinked pairs have a similar 

range of values as the UVB crosslinks. However, a majority of the s4U-induced crosslinks 

occurs at greater than 10 Å (Figure 6), which is opposite from the distribution seen in the UVB 

crosslinks and, as a consequence, the average separation is larger. The C1’-C1’ separation 

distances are also somewhat larger: the average P-P distance separation is nearly the same 

in the observed s4U-UVA crosslinks, but with a larger dispersion, compared to the UVB- 

induced crosslinked pairs. 
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Table 3. Correlation matrix for UVB crosslinking frequencies and physical parameters1 

 

 

 

 

 

 

 

 

 

 

1Abbreviations for the physical parameters here are: RBD (reactive bond distance), distance 
between the centers of the photoreactive bonds (C5-C6 bond for pyrimidines, and N7-C8 
bond for purines); C1’-C1’, distance between the C1’ atoms of a nucleotide pair; P-P, 
distance between the phosphorus atoms of a nucleotide pair; BPA, angle between the base 
planes; Bond A, angle between the photoreactive bonds (C5-C6 bond for pyrimidines, and 
N7-C8 bond for purines); B Fact., average of the B factors for the atoms involved in the  
photoreactive bonds. 
 

 

 

 Freq. RBD 

 
 

1/RBD C1'-C1' 

 
 

1/C1’-C1’ P-P BPA 

 
 

1/BPA Bond A 

 
 

1/Bond A 

 
B 

Fact. 
Freq  1 -0.201 0.110 -0.354 0.389 -0.012 -0.212 0.230 -0.539 0.693 0.271 

RBD  1 -0.877 0.838 -0654 0.653 0.555 -0.191 -0.217 0.088 0.144 

1/RBD   1 -0.588 0.452 -0.684 -0.550 0.075 0.139 -0.044 -0.221 

C1'-C1'    1 -0.913 0.504 0.383 -0.359 0.077 -0.208  0.031 

1/C1’-C1’     1 -0.344 -0.297 0.553 -0.244 0.347 -0.091 

P-P      1 0.026 0.132 0.097 0.068 -0.377 

BPA       1 -0.476 -0.093 -0.026 0.456 

1/BPA        1 -0.240 0.300 -0.370 

Bond A         1 -0.954 -0.389 

1/Bond A          1 0.397 

B Fact.           1 
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Table 4. Summary s4U crosslinking frequencies and parameters 

S4U 
crosslink 
(s4U x N)1 

Frequency2  RB 
Distance 

(Å)3 

C1’-C1’ 
Distance(Å)3 

P-P 
Distance 

(Å)3 

Base 
planes 
Angle 

(º)3 

Bond  
Angle 

(º)3 

B 
Factor4 

U562 x 
C879 0.26 21.0 21.7 24.0 89 87 36 
U562 x 
C880 0.51 17.9 19.9 22.4 44 66 37 
U562 x 
G881 0.53 15.1 17.6 21.7 26 43 34 
U562 x 
C882 0.59 11.4 14.2 19.6 30 11 39 
U562 x 
C883 0.62 7.3 11.0 15.0 19 30 42 
U562 x 
U884 0.60 3.3 7.7 13.3 22 50 42 
U960 x 
A1225 3.35 4.0 6.6 14.4 14 55 77 
U367 x 
A55 0.71 - - - - - - 
U367 x 
U56 0.58 - - - - - - 
U1189 x 
U1060 0.69 17.1 16.6 9.8         85 70 64 
U1189 x 
G1061 0.86 15.8 17.4 9.3 73 55 68 
U1189 x 
U1062 0.82 14.2 17.8 12.4         77 17 69 
U1189 x 
C1063 1.24 14.0 18.6 15.8 84 28 66 
U1189 x 
G1064 0.70 13.9 13.8 19.4 76 40 69 
U1183 x 
A1092 0.95 4.0 7.7 6.5 13 17 79 
U239 x 
A120 0.76 5.3 10.1 12.1 17 22 40 
U820 x 
G570 3.49 5.2 5.0 8.3 22 62 38 
U793 x 
A1519 3.45 6.2 11.1 14.1 46 49 66 
U991 x 
C1210 0.12 15.2 15.6 23.8 57 46 84 
U991 x 
U1211 0.26 12.7 11.2 18.6 45 74 108 
U991 x 
U1212 0.34 5.0 6.7 14 14 26 140 
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1E. coli nucleotide numbering and sequence. 
2Frequencies are expressed as percent of total 16S rRNA in molecules that were highly 
substituted with s4U (> 8 s4U per molecule) per 16S rRNA.  
3 All distances and angles are determined from coordinates of Wimberly et al.2 Parameters 
for the crosslinks U367 x A55 and U367 x U56 are not included as describe in the text.  
4”B factor” is the average of the B factors determined from the x-ray structure parameters2 of 
the atoms involved in the crosslink formation. 
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Table 5. Correlation matrix for UVA-s4U crosslinking frequencies and physical parameters1 

 

 

Freq RBD 

 
 
1/RBD C1'-C1' 

 
 
1/C1’-C1’ P-P BPA 

 
 
1/BPA Bond A 

 
 
1/Bond A 

 
 
B Fact. 

Frequency 1 -0.427 0.351 -0.442 0.538 -0.314 -0.239 0.252 0.107 -0.189 -0.106 

RBD  1 -0.926 0.933 -0.851 0.615 0.738 -0.839 0.428 -0.226 -0.130 

1/ RBD   1 -0.869 0.840 -0.582 -0.792 0.841 -0.257 0.113 0.076 

C1'-C1'    1 -0.913 0.568 0.736 -0.801 0.258 -0.100 -0.271 

1/ C1’-C1’     1 -0.580 -0.666 0.757 -0.099 -0.016 0.189 

P-P      1 0.192 -0.435 0.265 -0.170 -0.120 

BPA       1 -0.885 0.330 -0.246 -0.031 

1/ BPA        1 -0.383 0.261 0.148 

Bond A         1 -0.854 -0.090 

1/ Bond A          1 -0.019 

B factor           1 

 
1See footnote to Table 2 for definitions of the abbreviations. In the case of the s4U  
crosslinks, the photoreactive bond of the uridine (the one that must be the s4U) is the C4-O4 
bond. The photoreactive bonds in the partner nucleotides are C5-C6 (pyrimidines)  or N7-C8 
(purines). 
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Figure 6. Distribution of physical parameters for nucleotide pairs in the UVA-s4U-induced 
crosslinks. (A) Distribution of distances between reactive bonds (C4/O4 to C5/C6 in 
s4U/pyrimidine pairs or C4/O4 to N7/C8 in s4U/purine pairs). The average and standard 
deviation for the distribution is 11.8 +/- 5.8 Å. (B) Distribution of distances between C1’-C1’ 
atoms in crosslinked pairs.  The average and standard deviation for the distribution is 13.9 
+/- 4.9 Å. (C) Distribution of distances between P-P atoms in crosslinked pairs. The average 
and standard deviation for the distribution is 15.7 +/- 5.3 Å. (D) Distribution of angles 
between base planes. (E) Distribution of angles between reactive bonds as defined in the  
panel A description. 
 
 
 



 89 

 In three instances, U562 x (C879 – U884), U367 x A55-U56, and U1189 x (U1060 – 

G1064), a single s4U has multiple crosslinking partners and for all of these the distances 

between reactive bonds are longer. In these cases, the position of the s4U in the x-ray 

structure does not seem favorable for the formation of the crosslinks. However, these 

crosslinks have relatively low crosslinking frequencies, consistent with the long reactive 

bond distances calculated for them. In addition, removing any combination of these from the 

data, does not improve the correlation between crosslinking frequencies and reactive bond 

distances.      

 The distribution of base plane angles contains a large number of pairs with values 

larger than 45º and all of these occur in nucleotide pairs where there is a large distance 

between reactive bonds. The bond angle distribution has an average of about 45 º but this is 

more dispersed than for the UVB crosslinked pairs. 

 The correlation matrix for the UVA-s4U crosslinking frequencies and physical 

parameters shows several features seen in the UVB data (Table 5). The correlations again 

indicate larger crosslinking frequencies for pairs with smaller separation distances or smaller 

base plane angles since there are negative correlation coefficients between crosslinking 

frequencies and reactive bond distance, C1’-C1’ distances, P-P distances and base plane 

angles and positive correlation coefficients when the inverse of  distances and inverse of 

angles are considered (Figure 5 E and F). There are positive and significant correlation 

coefficients between reactive bond distances and base plane angles (0.739, see Figure 5 

G), and between C1’-C1’distances and base plane angles (0.736). The correlation 

coefficients between reactive bond distance and reactive bond angle and between C1’-C1’ 

distances and reactive bond angles are positive, but similar values were not seen in the  

UVB data and there is no correlation between frequency and reactive bond angle.  
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Table 6. Arrangement of the nucleotide pairs that form photocrosslinks 
 
UVB/C         UVA-s4U 
 
Nt 1 x Nt 21 Closest 

Stereoisomer2 
RMSD3 Nt 1 x Nt 21 Closest 

Stereoisomer2 
RMSD3 

C54 x C352 cis-anti (+) 0.62 s4U562 x C879 trans-anti (-) 8.57 
U244 x G894 cis-syn (-) 2.93 s4U562 x C880 trans-anti (-) 7.31 
U562 x U884 trans-anti (-) 1.86 s4U562 x G881 trans-anti (-) 6.32 
C582 x G760 cis-anti (-) 1.13 s4U562 x C882 trans-anti (-) 4.09 
C934 x U1345 cis-anti (-) 1.30 s4U562 x C883 trans-anti (-) 2.77 
U991 x U1212 cis-anti (+) 1.12 s4U562 x U884 trans-anti (-) 2.35 
U1052 x C1200 trans-anti (+) 1.42 s4U960 x A1225 cis-anti (-) 0.72 
A1093 x U1183 cis-anti (-) 3.31 s4U1189 x U1060 cis-anti (-) 7.11 
U1126 x C1281 trans-syn (+) 3.52 s4U1189 x G1061 cis-anti (-) 7.75 
C1402 x C1501 trans-syn (-) 2.03 s4U1189 x U1062 cis-anti (-) 6.10 
U793 x A1518 cis-anti (-) 1.19 s4U1189 x C1063 cis-anti (-) 6.08 
C1400 x C1501 cis-anti (+) 7.23 s4U1189 x G1064 cis-anti (+) 5.50 
C1054 x A1196 trans-anti (-) 2.00 s4U1183 x A1092 cis-anti (-) 0.28 
G1064 x G1190 cis-anti (+) 3.30 s4U239 x A120 cis-anti (+) 2.35 
G976 x A1362 cis-anti (-) 4.02 s4U820 x G570 cis-anti (-) 3.38 
G926 x U1390 cis-anti (+) 7.90 s4U793 x A1519 cis-anti (-) 3.45 
   s4U991 x C1210 cis-anti (+) 5.69 
   s4U991 x U1211 cis-anti (+) 4.51 
   s4U991 x U1212 cis-anti (+) 2.64 
 
1 E. coli nucleotide numbering and identity.  
2 “anti” and “syn” apply to the arrangement of the glycosidic bond of the nucleotides. “cis” 
 and “trans” applyto the overlapping or non-overlapping arrangement of the 
 nucleobases. In the case of the s4U crosslinks,the orientation of the O6 atom 
 on the s4U with respect to the pyrimidine or purine partner was used for thecis 
 or trans assignment. The (+) and (–) designations are associated with the 
 arrangements shown in Figures 7 and 8 and indicate the clockwise or 
 anticlockwise path of going from the first (bottom) reference nucleobase 
 through the anticipated new covalent bond to the second nucleobase. 
 crosslinking frequencies for pairs with smaller separation distances or smaller 
 base plane angles since there are negative correlation coefficients between 
 crosslinking frequencies and reactive bond distance, C1’-C1’ distances, P-P 
 distances and base plane angles and positive  correlation coefficients when 
 the 3 RMSD between the nucleotide pair and the most similar reference pair 
 were calculated for the intracyclic atoms of the nucleobases. inverse of 
 distances and inverse of angles are considered (Figure5 E and F). There are 
 positive and significant correlation coefficients between reactive bond 
 distances and base plane angles (0.739, see Figure 5 G), and between C1’-
 C1’distances and base plane angles  (0.736). The correlation coefficients 
 between reactive bond distance and reactive bond angle and between C1’-C1’ 
 distances and reactive bond angles are positive, but similar values were not 
 seen in  the UVB data and there is no correlation between frequency and  
 reactive bond  angle.  
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Figure 7. Arrangement of the nucleobases of the nucleotide pairs that undergo UVB/C-
induced crosslinking. For each nucleotide pair, one of the nucleobases was chosen so that 
its partner would be located above its plane in the orientation shown in panel A. The first 
nucleotide of all of the pairs was aligned with the nucleotide of one of the reference pairs so 
that its photoreactive bond (the C5-C6 bond for pyrimidines or the N7-C8 bond for purines) 
was superimposed with the reference base. The blue reference lines intersect at the center 
of the reactive bond on the first base of each pair. (A) The pairs of nucleobases viewed in an 
orientation nearly along the plane of the first nucleobase. The 16 pairs of nucleobases that 
are included are colored arbitrarily. (B) The same three dimensional arrangement pairs of 
nucleobases shown in panel A, but rotated so the planes of the first nucleobase are parallel  
to the page. Nucleotides higher in panel A are closer to the viewer in panel 
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Figure 8. Arrangement of nucleobases of nucleotide pairs that undergo UVA-s4U-induced 
crosslinking. For each nucleotide pair, the nucleobase that is expected to be the s4U was 
chosen as the reference. The s4U was arranged so that the partner nucleobase is located 
above its plane in the orientation shown in panel A. (A) The pairs of nucleobases viewed in 
an orientation nearly along the plane of the s4U. The blue reference lines intersect the 
middle of the C4-O4 reactive bond. The 19 pairs of nucleobases that are included are 
colored arbitrarily. (B) The same three dimensional arrangement of nucleobases pairs 
shown in panel A, rotated so the planes of the s4U are parallel to the page. Nucleotides  
higher in panel A are closer to the viewer in panel B. 
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Structures of the crosslinked nucleotide pairs 

 Coordinates for the nucleotide pairs observed in crosslinks were obtained from the 

ribosome structure to allow a case-by-case inspection of their arrangements. To simplify the 

analysis only the nucleobase parts of the structures were examined. The structures were 

compared to the nucleobase arrangements that should be present for photocrosslinking to 

obtain an additional quantitative measure and to align them for visual inspection. For this, 

reference structures containing two nucleobases were constructed in which the 

photoreactive bonds were positioned for the initial step in crosslinking. The isomeric 

structures of the photoproducts are not known and it was assumed that the two nucleotides 

involved in forming each crosslink would meet in a conformational change involving the 

smallest overall rearrangement from the structures they have in the x-ray structure. The 

reference structures contained the anti arrangement for the glycosidic bonds and cis or trans 

arrangements for the base overlap; subsequently, nucleotide pairs in the syn arrangement 

were made as needed for comparison. Alignments for visualizing the pairs of bases were 

done by superimposing one of the nucleobases from each observed pair with a nucleobase 

of the best reference structure, choosing the alignments so all of the structures occupied the 

same hemisphere. For the UVA-s4U crosslinks, the base identified as the s4U was used for 

alignment and it was used in two orientations to keep all of the structures in the same 

hemisphere. RMSDs were calculated for the difference between the observed and the 

reference structures using the intracyclic atoms; these values were used as additional 

criteria to gauge the similarity of the nucleotide pairs to the structures expected for 

crosslinking.  

 For the crosslinks made by UVB irradiation, 13 of the 16 nucleotide pairs are in the 

anti arrangement and nearly equal numbers of cis and trans arrangements of the 

nucleobases are present (Table 6). Eleven of the nucleotide pairs are in a cluster of similar 
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arrangements with respect to their partner nucleotides (Figure 7). The arrangements of 

these nucleobase pairs indicate that the movements that occur to bring their photoreactive 

bonds into proximity must be combinations of base rotation as well as movements in 

directions perpendicular to the base planes as well as movements along the base planes. 

These cannot be accomplished without changes in the structures of the local neighborhoods 

of the nucleotide pairs involved in contact. The correlation coefficient between crosslinking 

frequencies and the RMSD values and inverse RMSD values are -0.215 and 0.136, so they 

are not any better an indicator for the crosslinking frequencies than are the reactive bond 

distances or C1’-C1’ distances.  

 For the UVA-s4U induced crosslinks, all nucleotide pairs are in the anti arrangement 

and there is nearly an equal number of cis and trans nucleobase arrangements (Table 6). 

As expected from the distance measurements, the positions of the nucleobases involved in 

crosslinking covers a much larger range of distances (Figure 8). Again, the repositioning of 

the many of these nucleotide pairs must involve extensive changes in the local 

neighborhoods at the sites of photocrosslinking. The correlation coefficients between the 

crosslinking frequencies and RMSD values and inverse RMSD values were calculated and 

are -0.400 and 0.165. These again are not any better correlated to frequencies than are the 

distance paramenters.    

Multiple regression analysis to estimate crosslinking frequencies from the 

geometrical parameters and B factors 

 Since crosslinking frequencies are correlated to several internucleotide distances and 

angles, multiple linear regression analyses were done to identify the combination of 

geometrical parameters that best predicts the crosslinking frequencies. The initial regression 

models included ones that used: (i) all parameters, including the B factor, (ii) reactive bond 

distances and base plane angles or C1’-C1’ distances and base plane angles, (iii) reciprocal 
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C1’-C1’ distances and reciprocal base plane angles, or (iv), for the UVB/C-induced crosslinks, 

reciprocal C1’-C1’ distances and reciprocal bond angles. The equations for cases (iii) and (iv) 

are described in detail (Table 7) because those models resulted in equations with better 

frequency predictions.  

 For the UVB/C data, a linear regression equation that used all parameters (except P-P 

distances) had an adjusted R squared value of 0.4589, but the β coefficient for the 

dependence of the frequency on reactive bond distance was positive contrary to expectations 

(results not shown) and the p-value (0.145) indicated that the estimation of the frequencies 

was not significant, given the number of variables. Two models based on reactive bond 

distances and base plane angles or C1’-C1’ distances and base plane angles gave poorer fits, 

but expected dependencies of frequencies on distances and angles (results not shown). The 

linear regression equations, (1) based on reciprocal C1’-C1’ distances and (2) based on 

reciprocal C1’-C1’ distances and reciprocal base plane angles (Table 7), gave much better 

predictions of the frequencies with R squared values of 0.579 and 0.603. Regression equation 

3, based on reciprocal C1’-C1’distances and reciprocal bond angles, gave an adjusted R 

squared value of 0.694, but the β coefficient for the dependence of frequency on reciprocal 

C1’-C1’ distance was negative. Equation 4 which uses only reciprocal bond angles gave an R 

squared value of 0.721. The regression equations 1-4 all have p-values that indicated a 

significant relationship between the frequencies and the independent variables. In conclusion 

for the observed UVB-induced crosslinks, the useful equations predict crosslinking 

frequencies from reciprocal C1’-C1’ distances or reciprocal bond angles. 

 For the UVA-s4U data, a linear regression model based on all parameters (except P-P 

distances) had an adjusted R squared value of 0.1116, p-value of 0.248, indicating a poor 

statistical significance between frequency and independent variables. Linear regression 

models based on reactive bond distances and base plane angles or C1’-C1’ distances and 
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base plane angles were not any better than that. The linear regression equations (5) based on 

reciprocal C1’-C1’ distances or (6) based on reciprocal C1’-C1’ distances and reciprocal base 

plane angles, gave much better predictions of the frequencies with adjusted R squared values 

of 0.579 and 0.603 and favorable p-values. However, equation 5 contains a negative β 

coefficient for the inverse base plane angle term, a situation that can occur because of the 

strong correlation between C1’-C1’ distance and base plane angle. In conclusion for the 

observed UVA-s4U-induced crosslinks, the most useful linear equation is the one that predicts 

crosslinking frequencies from the reciprocal C1’-C1’ distances. 

 

DISCUSSION 

 
 The data described here indicate that the frequencies and patterns of photocrosslink 

formation in the 16S rRNA are connected to its tertiary structure and probably to its 

conformational dynamics in several ways. Correlations are present between the 

internucleotide geometries of the crosslinked nucleotide pairs and their crosslinking 

frequencies. For both UVB/C-induced and UVA-s4U-induced photocrosslinking, nucleotide 

pairs with internucleotide distances and angles closer to the distance and angle expected for 

photoaddition tend to have higher frequencies. These correlations indicate a larger rate of 

covalent photoreaction when the extent of the structural rearrangement needed for 

photoaddition is less. There are several reasons to conclude that this indicates transient 

conformational excursions of the nucleotide pairs from their arrangements seen in the X-ray 

structure during the excited state lifetime. However, an additional factor must be involved in 

determining the rate of this process because crosslinking frequencies are not predicted 

completely from the geometry parameters and there is a very specific and limited distribution  

of crosslinking sites in the 30S subunit. 
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Table 7.  Regression models and statistics for estimating crosslinking frequencies 

 
a) Estimation of UVB/C crosslinking frequencies from geometrical parameters1 

Model 
 
Freq =       ββββ1 (1/ C1’-C1’)  +   ββββ2 (1/ BPA)   
 
Variables     ββββ1             ββββ2              Adj. R2    p-value 
1 – 1/ C1’-C1’, 1/ BPA  2.72    0.07       0.579       3.9 x 10-4 
2 -  1/ C1’-C1’             2.80          -                         0.603       5.6 x 10-5 
 
 
 
 
Freq. =      ββββ1 (1/C1’-C1’)  +   ββββ2(1/Bond A)  
 

Variables   ββββ1                      ββββ2                 Adj. R2      p-value 
3 – 1/C1’-C1’,           -0.4701             17.94            0.694         9.91 x 10-5 

      1/Bond A         
4 -  1/Bond A               -                15.70               0.721         2.53 x 10-6 

 
 
 
b) Estimation of UVA-s4U crosslinking frequencies from geometrical parameters 
 
Model 
 
Freq =       ββββ1 (1/ C1’-C1’)   +   ββββ2 (1/ BPA)   
 

Variables   ββββ1                 ββββ2                 Adj. R2    p-value 
5– 1/ C1’-C1’, 1/ BPA             18.67                       -17.19                   0.608      2.61 x 10-5 
6 -  1/ C1’-C1’                        11.98                           -        0.625      7.22 x 10-6 
 
 
 
  
1”C1’-C1’” is distance between C1’ atoms of nucleotides observed in crosslinks. “BPA” (base 
plane angle) is the torsion angle between the planes of the bases of nucleotides observed in  
crosslinks, measured in degrees. “Bond A” is the angle between the photoreactive bonds in  
the nucleobases.  
 
 



 98 

Evidence for transient conformational changes in crosslink formation 

 For a majority (14 of 16) of the UVB/C-induced crosslinks that were analyzed, 

changes in base-to-base distances of 0.3 to 7 Å together with changes in the angle between 

the nucleobase planes are needed for crosslink formation. The two other UVB/C-induced 

crosslinks involve base-to-base changes of 14 and 16 Å. For the UVA-s4U-induced 

crosslinks, eight involve base-to-base distance changes of less than 4 Å and the remaining 

11 involve base-to-base repositioning of 8 to 18 Å.  

 The formation of the photocrosslinks could involve ribosomes in which some 

nucleotide pairs have the potential to form crosslinks because they are present in distinct 

alternative local conformations which are favorable for photoaddition. In this situation some 

molecules would already be in an arrangement needed for photoreaction at the time of 

excitation. In this case the crosslinking frequencies would be related to equilibrium constants 

that describe the relative population of the photoreactive state and lowest energy state at 

each site. These equilibrium constants should be determined by the relative stability of the 

states, and would not necessarily be related to the geometry differences between the x-ray 

structure and the structures needed for photochemical reaction. Therefore correlations 

between observed crosslinking frequencies and internucleotide geometries would not be 

expected, contrary to what is observed in both types of crosslinking. Furthermore if the 

arrangement of the 16S rRNA were favorable for crosslinking due to distinct alternate local 

conformations, the distribution of molecules in these pre-existing states should be similar in 

UVB/C-induced and UVA-s4U-induced crosslinking and the extent of the structural 

rearrangements of the nucleotide pairs would have similar distributions regardless of the 

lifetimes of the excited states. This is not the case, so a mechanism involving alternate 

conformations is not indicated.  

 On the other hand transient conformational changes are consistent with two aspects 

of the data. First, the correlation between crosslinking frequencies and the extent of the 
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structural rearrangement is consistent with transient changes because the larger structural 

changes will be more difficult to attain. Second, the difference between the properties of the 

UVB and UVA-s4U crosslinks are consistent with transient changes since the larger fraction 

of cases among the UVA-s4U-induced crosslinks in which there are large rearrangements is 

likely connected to the longer excited state lifetime of s4U.  A triplet state mechanism has 

been clearly demonstrated for s4U with the triplet lifetime in different tRNA molecules of 3 to 

6 µs.20 For the UVB/C-induced crosslinking, the lifetime is 0.35 – 0.60 µs,35-37 or 

approximately a ps23 depending on whether the mechanism involves the triplet state or 

singlet state. Thus the s4U crosslinking mechanism has a ten-fold or thousand-fold longer 

time-frame than the UVB/C-induced crosslinking depending on which excitation state is the 

relevant one in the UVB/C photoaddition process. The longer s4U excited state lifetime 

would allow more extensive rearrangements in the structures and would result in more 

instances in which the nucleotide pairs form crosslinks by virtue of larger displacements in 

distance and angle from the lowest energy structure. This is not the case for all of the s4U 

crosslinking sites since there are four examples where there are unique nucleotide pairs 

involved in the photoreaction which occur with a relatively small structural rearrangement.  

These arguments for transient conformational changes are based on the overall statistical 

correlations between the crosslinking frequencies and geometries. However not all of the 

sites would have to follow the same mechanism and there may well be particular cases in 

which an alternative local conformations occur. The two extreme UVB-induced crosslinking 

sites C1400 x C1501 and G926 x U1390, in particular, might be present in a minor 

population of the ribosomes rather than being formed transiently from the structures that are 

present in the 30S crystals.  
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Kinetics for the UVB-induced crosslinking reactions 

 The presence of structural rearrangements that occur during photocrosslink 

formation provides evidence for the triplet state in the UVB-induced photochemical reaction. 

There has been uncertainty about whether the singlet or triplet electronic excited state is 

involved in internucleotide reactions in the nucleic acids.11 The argument for the singlet state 

has been that the efficiency of forming the triplet state is very low for the nucleic acids in 

water (1 x 10-4 s-1 to 1.4 x 10-2 s-1) due to prohibited intersystem crossing and the amount of 

the triplet state that is formed does not account for the quantum yield of photoproducts that 

are typically seen.11,25 The counter argument is that since the lifetime of the singlet state is 

approximately a picosecond this precludes molecular rearrangements before de-excitation 

and by default implicates reaction through the triplet state.25 In general internal 

rearrangements in high molecular weight RNAs that result in nucleobase repositioning within 

a secondary structure region are thought to occur on nanosecond time scales38 but other 

more extensive rearrangements involving movements between secondary structures or 

rearrangements of secondary and tertiary structures have been measured on the 

millisecond or second time scale.39-41 The 16S rRNA rearrangements needed for 

photoreaction must involve at least local changes. Even for the more modest distance 

changes, the rearrangements would require changes in the ribose and backbone geometry 

in addition to nucleobase rotations (Figure 7, 8). These changes would require times much 

longer than the ps lifetime of the singlet excited state and implicate the triplet state in these 

reactions. This conclusion, in turn, sets the time frame for the nucleotide pair 

rearrangements in the 16S rRNA crosslinking sites to correspond to the triplet lifetime of 

0.35 to 0.60 ns.11,35-37 This time frame and the 5 µs time frame for the UVA-s4U crosslinking 

process are still short given the extent of the re-arrangements that are required at many of 

these crosslinking sites and point to the very unusual features of these regions in the 16S 

rRNA tertiary structure. 
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 The involvement of triplet states in these reactions raises the possibility of an 

intermediate step in the crosslinking mechanism. It is known that the photocycloaddition 

reactions in small organic substrates (enone dimerization or reaction of enones with alkenes 

have been studied as model reactions) involve triplet excitation and are not concerted 

reactions.42,43 After formation of an initial bond, a triplet 1,4 biradical intermediate is present, 

followed by conversion to a singlet 1,4 biradical intermediate before cyclobutane formation 

or reversion to the initial structures.44-47 The biradical intermediate has not been discussed 

as part of the photocycloaddition reaction in the nucleic acids,11,24, 25 probably because 

dinucleotide products with structures that would result from quenching or disproportionation 

of the 1,4-biradical intermediate have not been observed. Furthermore it is likely that the 

formation of the cyclobutane structure between nucleotides is very efficient because the 

efficiency-limiting step in the nucleic acids is intersystem crossing in the initial excitation.25 

Therefore, the triplet and singlet 1,4-biradical intermediates must be very short lived, so 

additional structural rearrangements of the intermediate state, beyond what rearrangements 

have occurred in the intitial reaction, would not be involved.  

 

 

Factors additional to geometry must be involved in determining frequencies 

and the locations of the crosslinking sites 

 Crosslinking frequencies are predicted only approximately by the regression 

equations using reciprocal C1’-C1’ distances or reciprocal bond angles, even though there 

are high confidence levels that there are connections between geometry and frequency. The 

adjusted R squared values, 0.6 to 0.62, for both UVB/C-induced and UVA-s4U-induced 

photocrosslinking indicate that part of the crosslinking frequency variance is still due to 

some other factor or aspect of the structure that is at play. Two other issues related to this 
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problem are the paradoxically small number of UVB/C-induced and UVA-s4U-induced 

crosslinking sites and the overlap of the crosslinking sites. If internucleotide geometry were 

the sole determining factor for crosslink formation, then many hundreds of other nucleotide 

pairs in the 30S structure should form crosslinks based on their internucleotide 

arrangements compared to the arrangements that occur in the observed UVB and UVA-s4U 

crosslinks (Huggins, Shapkina, Ghosh, Nanda and Wollenzien, in preparation). In addition, 

in spite of very different photochemistries, there is significant overlap in the patterns of UVB 

and UVA-s4U crosslinking. Of the UVA-s4U crosslinks, 16 out of 21 are identical or closely 

related to UVB-induced crosslinks. Therefore the reason for the crosslinking pattern must lie 

in tertiary structure constraints that allow or inhibit crosslink formation and given that there 

are many other potential sites in the structure, these must be inhibitory factors. It will be 

shown elsewhere that local interactions (hydrogen bonding and molecular packing) tend to 

be greater on the nucleotides of the potential crosslinking pairs compared to the nucleotides 

at the sites at which crosslinking occurs. These local interactions would influence the 

crosslinking pattern by reducing local internucleotide conformational motions. This means 

that internucleotide movements are restricted on the µs time scale at most locations in the 

30S subunit except in a few limited regions.     

 

 

Implications of the photocrosslinking patterns for 30S function 

 The restriction of the 39 photocrosslinks to a few regions in the 30S subunit is an 

indication of the limited 16S rRNA conformational space in the context of the 30S subunit. 

The specific molecular rearrangements that occur in the 16S rRNA during crosslink 

formation should provide information about what types of local motions are present at those 

sites. It has already been shown that discrepancies are present between intra-partical 
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distances obtained from biochemical data and the distances present in the x-ray structure48-

50 and distance discrepancies beyond the expected experimental uncertainty have been 

taken to indicate conformational flexibility in the 30S subunit.51,52 The locations of these 

apparent conformational differences are arranged across the interface side of the 30S 

subunit.51,52  Open and closed conformations of the 30S subunit have also been determined 

by x-ray crystallography in 30S complexes with A-sites that were empty or filled with tRNA 

anticodon stem loop analogs. The differences in the open and closed structures arise from 

significant contraction of the subunit around the A-site particularly by repositioning of the 

30S head region.32  

 The four regions containing the majority of the crosslinking sites are known to be 

important in 30S function and conformational flexibility has been already been observed or 

implicated for most of them. In helix 34, nucleotides C1054 and A1196 are involved in 

interactions with the A-site tRNA4,6,32 and mRNA53 respectively. Mutations at C1054, C1192 

and C1200 confer nonsense suppression phenotypes by altering the ribosome interaction 

with release factor RF2.54 Evidence for conformational flexibility in helix 34 comes from the 

differences in the open and closed structures seen in the x-ray structures.32  In addition, 

chemical reactivity differences are seen in residues C1054, A1201 and C1203 induced by 

EF-G in pre-translocation complexes.55 In the P-site region, nucleotides C1400 and G926 

are involved in contacts with tRNA3,6 and mRNA3,6,53 and C14008,9 and C96756 are also 

involved in tRNA intermolecular photocrosslinks. Helix 44 movement has been detected 

between pre- and post-translocation complexes by cryo-EM.57,58 The frequency of the 

photocrosslinks C1402 x C1501, within helix 44, and C967 x C1400, which involves the 

proximity of helix 44 to the 30S head, are altered by subunit association and [Mg+2], 

indicating conformational differences.7 The region at the distal end of helix 28 is implicated 

in translocation because the antibiotics spectinomycin,18 and neomycin and sparsomycin (T. 

Shapkina, unpublished) that inhibit or catalyze translocation decrease or increase the 
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frequency of the C934 x U1345 crosslink. Conformational changes in this region are 

indicated by the opposite effects on crosslinking frequency induced by these antibiotics; in 

addition the crosslink A1093 x U1183, one of the other crosslinks in this region is strongly 

decreased by subunit association.13 In the helix 27/ helix 19 region, alternative secondary 

structures in helix 27 that would constitute a secondary structure switch were linked to 

decoding fidelity.59 However, the secondary structure switch model has been ruled out60 and 

also was not supported by mutational analysis in yeast.61 On the other hand, mutations in 

helix 27 in yeast nevertheless did affect decoding accuracy.61 In addition, in E. coli, 

mutations in the helix 27 end loop decreased translational fidelity62 and these mutations 

were suppressed by mutations in helices 24 and the 16S rRNA central pseudoknot.63,64 

These studies indicates the importance of the helix 27 region and the structural interactions 

it makes in the central front part of the subunit in the decoding process. The observation of 

nine photocrosslinks involving helix 27 and helix 19 is a surprise and indicates an intrinsic 

tendency for conformational flexibility in this region.  

 Another group of six photocrosslinking sites is associated with regions in the 30S 

subunit that form bridges to the 50S subunit (Table 1). The significance of these is not clear 

since their crosslinking frequencies are not noticeably different in the 30S and 70S 

ribosome, which would be evidence against conformational changes at those regions during 

subunit association.6  Two other crosslinking sites have different properties. The crosslink 

A441 x G494 is in a location in the vicinity of the ternary complex binding site56,66 and may 

be linked somehow to the factor binding. However, at this site the primary and secondary 

structure of the 16S rRNA and the formation of the crosslink are not conserved between E. 

coli and T. thermophilus, so the importance of this site is unclear. The crosslink U1126 x 

C1281 is on the cytoplasmic side of the top of the subunit head and although it is distant 

from S13, it is possible that the site is linked to the B1b bridge to the 50S subunit.6 
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 Two roles in ribosome function are possible for the sites where crosslinking occurs. 

The first could be that a general flexibility is needed in the 30S subunit active site to 

accommodate differences in the tRNA and mRNA structures. The presence of alterative 

arrangements at numerous sites that are formed transiently would allow the details 

ribosome structure to be adaptable. If this were the case, photocrosslinking frequencies 

throughout the 30S subunit might change depending on the identity of the specific 

components (tRNAs and mRNA sequences) in the complexes and this has not been 

observed yet. On the other hand the sites could be parts of a system that involves 

cooperative structural changes and results in global changes in the 30S structure. Since 

there is strong evidence and data for 30S structural differences during its function,31,67,68 this 

seems to be a more likely role for these sites. It will be important to determine if this intrinsic 

conformational flexibility is a constant feature of the 30S subunit, or if it is altered in different 

functional complexes in a way that is connected to the ribosome functional state.  

              

METHODS 

 

Crosslinking data  

 Details of experiments have been described for UVB-induced and UVC-induced 

crosslinking8,12,13 and for s4U-UVA-induced crosslinking.21 Crosslinking frequencies are from 

Shapkina et al.13 and Nanda and Wollenzien.21 

 

Structure measurements  

 Distances and angles between nucleotide pairs were calculated from atomic 

coordinates of the 30S ribosome.2  Sequence numbering and alignment in E. coli compared 

to T. thermophilus were according to Brodersen et al.31 The positions of the midpoints of 
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photoreactive bonds were calculated from atom coordinates - 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, and C5/C6 for pyrimidines or N7/C8 for 

purines that are the partners for s4U. All distances were calculated with the distance formula 

and by iterating through the atomic coordinates of the 30S T. thermophilus subunit. C1’-C1’ 

and P-P distances were similarly calculated. Torsion angles between base planes were 

calculated by determining the planes of each base using the coordinates for the C2, C4 and 

C6 atoms, followed by the calculation of the torsion angle between vectors normal to the 

planes. The angles between reactive bonds were calculated from vectors through the C5-C6 

atoms of pyrimidines or through the N7-C8 atoms of purines.   

 The pairs of nucleobases involved in the observed crosslinks were aligned to 

reference structures and were visualized using Insight II. RMSD values between the 

nucleobases of the nucleotide pairs observed as crosslinking partners and the nucleobases 

of the reference structures were calculated in Insight II. 

 
 

Statistical Analyses 

 Correlation coefficients and single variable regression analysis were done using 

Excel statistical functions and graphs. Multiple linear regression analysis was done using R 

software (http://cran.r-project.org/).  
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ABSTRACT  

   
Intramolecular 16S rRNA crosslinks induced by UVB and UVC irradiation or UVA irradiation 

of 4-thiouridine (s4U)-containing ribosomes occur at a limited number of locations associated 

with the active site of the ribosomal small subunit. The nucleotide pairs that undergo 

photocrosslinking have a range of internucleotide geometries and this creates a paradox 

because nucleotide pairs with similar geometries occur at many other places but are not 

reactive. Reasons for the inhibition at these non-reactive sites may provide new insights into 

the properties of the RNA tertiary structure. Inhibition caused by interaction of the nucleotides 

with proteins is not indicated, differences in photochemistry due to sequence or 

environmental effects can be ruled out, and only a small fraction of the unreactive potential 

sites are associated with A-minor motif interactions. However, both hydrogen bonding and 

packing density are greater at the unreactive nucleotide pairs compared to the reactive ones 

and this is consistent with conformational inflexibility as the reason for lack of reactivity. 

Conformational flexibility also is likely to be the factor that accounts for discrepancies 

between measured photocrosslinking frequencies and frequencies calculated from geometry. 

This suggests that conformational energy will be subject to direct experimental determination 

from the dependence of the photocrosslinking rates on temperature.   
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INTRODUCTION 

 A description of the features of RNA photocrosslink formation within ribonucleoprotein 

complexes was made by Bodowsky and his colleagues in the 1980s (1,2). They proposed 

that photocrosslinking efficiency should depend on the intrinsic reactivity of the electronic 

excited state, on the geometry at the participating nucleotides (or nucleotides and protein 

side chains), and on the local mobility of the region needed to allow positioning of the 

potentially reactive bonds. Since that time there has been progress in understanding 

differences in the photophysics in low intensity versus high intensity irradiation of nucleic 

acids (3) and in the general parameters of nucleic acid – protein photocrosslinking (4-5). 

However, there has not been analysis of the pattern of photocrosslinking where the details of 

the structures were known from independent structure analysis. Therefore the importance of 

the contributing factors to the locations and yields of photoproducts is not known.  

Consequently the occurrence of a crosslink is usually taken as evidence for close proximity 

between the two participants, but because of the involvement of other factors, the absence or 

low frequency of crosslinking cannot be taken as evidence that two sites are far apart.  

 The availability of an x-ray structure at 3.0 Å resolution for the T. thermophilus 

ribosomal small subunit (6) allowed a quantitative assessment of the connection between 

RNA-RNA photocrosslinking and distance and geometry (7). Geometrical parameters for the 

nucleotide pairs photocrosslinked by UVB/C irradiation (8,9) or by UVA irradiation of s4U-

containing ribosomes (10) were calculated from the 30S x-ray structure (6) to determine if 

there were correlations between the geometric properties and the photocrosslinking 

frequencies. There must be some requirement for proximity but this could be a relationship in 

which the two nucleotides were either close enough to allow crosslinking or not, and if they 

were close enough, the frequency could be determined by other factors such as the stability 

of an alternate local conformation in the region. In fact, for both types of photocrosslinking, 
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correlations were found between internucleotide distances and crosslinking frequencies 

indicating that the nucleotide pairs that are closer to the orientation needed for photoreaction 

have higher crosslinking frequencies. This is different than what would be expected from the 

presence of alternative local conformations and a consequence of this correlation is that the 

photocrosslinking mechanism, for a majority of the sites, must involve transient 

conformational movements. In the presence of transient movements nucleotide pairs sample 

the arrangement needed for photochemical reaction during the electronic excitation time. 

Transient movements in the nucleotide pairs are also consistent with the extent of positional 

displacement of the UVB-induced photocrosslinking sites, about 8 Å, for which the electronic 

excitation state is 0.3 to 0.6 µs (11-13), compared to the extent of the positional displacement 

of the UVA-s4U-induced photocrosslinking sites, nearly 12 Å, for which the electronic 

excitation state is 4 to 6 µs (14).  

 Several important issues about the features of the RNA-RNA photocrosslink formation 

are not answered by the geometric analysis. The first is that even though there is clearly a 

connection between geometry and crosslinking frequency, the frequencies are not predicted 

very well by the geometry alone, suggesting some additional factor or factors as contributors 

to the observed photocrosslinking frequencies (3). In addition, it is difficult to understand the 

reason for the small number of photocrosslinks and their restricted locations in the ribosome 

and in other RNAs. In the ribosome, this seems to indicate that only a region of the 30S 

subunit seems to be suitable for photocrosslinking with a much larger region where 

photocrosslinking is not allowed. These problems implicate some other features of the 30S 

tertiary structure in controlling the location and frequency of the photocrosslinks. Regular 

double-stranded helical structure is known to inhibit photocrosslinking (17), and there may be 

additional factors particularly in large RNA molecules that account for the low number and 

location of the observed crosslinking sites.  
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 The strategy used in this report to find tertiary structure factors that affect 

photocrosslinking was to first identify nucleotide pairs that have geometries that are suitable 

for crosslinking based on the properties of the observed crosslinking site. The properties of 

these potential sites and the observed sites were then compared to identify differences. Any 

systematic differences in the properties of the nucleotide pairs at the observed crosslinking 

sites compared to the properties of the nucleotide pairs at the potential crosslinking sites 

should identify additional factors that are important in determining the distribution of the 

crosslinks.    

 

METHODS 

Crosslinking data and structure measurements 

 Details of experiments have been described for UVB- induced crosslinking (8,9,18) 

and for s4U-UVA-induced crosslinking (10). Crosslinking frequencies are from Shapkina et al. 

(9) and Nanda and Wollenzien (10). 

 Distances and angles between nucleotide pairs were calculated from the atomic 

coordinates of the 30S ribosome structure from Wimberly et al. (6) and Shuwirth et al. (19).  

The positions of the midpoints of photoreactive bonds were calculated from atom coordinates 

- 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, and C5/C6 for 

pyrimidines or N7/C8 for purines that are the partners for s4U. The sequence numbering 

differences in E. coli compared to T. thermophilus were according to Brodersen et al. (20). 

Torsion angles between base planes were calculated by first determining the planes of each 

base using the coordinates for the C2, C4 and C6 atoms, followed by the calculation of the 

torsion angle between vectors normal to the planes. The angles between reactive bonds 
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were calculated from vectors through the C5-C6 atoms of pyrimidines or through the N7-C8 

atoms of purines.   

 

Identification of tertiary hydrogen bonds 

 Potential hydrogen bonds between donor and acceptor heavy atoms (21) were first 

determined by interatomic distances. To account for the directionality of hydrogen bonding 

(22), pairs were retained if the vector between them was similar enough to vectors within 

each of the participating nucleotides determined by a graphical method. Cut-off values for the 

distances and angles between potential hydrogen bonding heavy atoms were adjusted so 

that the correct number of hydrogen bonds were identified in the double stranded regions of 

the 30S subunit. These cut off values then allowed identification of additional appropriate 

hydrogen bonding interactions in the tertiary structure. Alternatively, the program HBexplore 

(version 2.0.1, ref (23)) was used and gave a similar identification of hydrogen bonds as the 

graphical method. 

 

 

 

Calculation of number of atoms around the nucleotides 

 The number of heavy atoms within a given radius of each nucleotide was determined 

from pseudoatom positions calculated as midpoints between C3 and N6 atoms of pyrimidines 

or midpoints between N1, C2 and C8 of purines. The counts did not include the nucleotide 

unit itself nor the nucleotide that is its observed or potential crosslinking partner, to ensure 

that only possible interfering nucleotides would contribute to the values. In the calculation of 

the atom count in base-paired regions used as reference, the count did not include the base-

paired partner. 
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Statistical Analyses 

 

 Correlation coefficients and single variable regression analysis were done using Excel 

statistical functions and graphs. Multiple linear regression analysis was done using R 

software (http://cran.r-project.org/). 

 

RESULTS 

Location and properties of photocrosslinked nucleotide pairs 

 UVB irradiation of ribosomes with 305 nm light (UVB range) (8) or with a 248 nm 

pulse laser (UVC range)(9) or UVA irradiation of ribosomes containing s4U (10) produce a 

limited number of intramolecular crosslinks in the 16S rRNA in a restricted region of the 30S 

subunit (Fig.1). Different photochemical mechanisms are involved in the formation of 

crosslinks in these processes, but in spite of thus, the nucleotides pairs in the 16S rRNA that 

participate in these crosslinking reactions show a surprising overlap in their locations. In two 

instances, crosslink formation occurs between exactly the same nucleotides and in two other 

instances, a particular nucleotide is involved with different, but close, partners. The majority 

of the photocrosslinking sites are clustered and surround the tRNA P-site, the tRNA A-site 

and are in the region connected to the 30S head rotation and some additional sites are at 

locations where bridges occur between the 30S and 50S subunit (7).  

 Correlation coefficients between crosslinking frequencies and internucleotide 

geometrical parameters previously were calculated using the T. thermophilus x-ray structure 

to determine the extent of the connection between the internucleotide structures at the  

photocrosslinking sites and the photocrosslinking frequencies (7). 
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Figure 1. Locations of observed UVB/C-induced and UVA-s4U-induced photocrosslinks in 
the 30S structure. A. Observed UVB/C-induced photocrosslinks. The E. coli II structure (19) 
is used for the figure. The orientation of the 30S subunit in this and the subsequent figures is 
of the subunit interface side facing the viewer. The 30S head is upwards. RNA and proteins 
are represented with ribbons. The nucleotides involved in photocrosslinking are drawn in 
black sticks. The figure is a stereo pair prepared with the program Ribbons (45) arranged for 
viewing with stereo glasses. B. Observed UVA-s4U-induced photocrosslinks.  
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 The photocrosslinks made by irradiation with UVB or UVC light involve the double 

bonds of C5-C6 atoms of pyrimidines or the double bonds at the N7-C8 atoms of purines to 

form cyclobutane or cycloazotine adducts (24-26). For the UVA-induced crosslinking in s4U-

containing RNA, the C4-S4 double bond of the s4U and the double bond at the C5-C6 atoms 

of pyrimidines or the double bond at the N7-C8 atoms of purines are initially involved and 

these subsequently undergo elimination reactions to result in C4-C6 or C4- C8 

internucleotide bridges (14,27,28). Therefore it is possible to make a precise analysis of the 

dependence of the photocrosslinking frequency on the distances and angles between the 

photoreactive bonds, on the distances between the nucleotide units, on the angles between 

the planes of the nucleobases and on the crystallographic B factors. The strongest 

correlation was between the crosslinking frequency and inverse of the C1’-C1’ internucleotide 

distance. The inverses of the internucleotide distances and angles were tested because they 

result in convenient forms for the connection between crosslinking frequency and geometry – 

the frequency is zero when nucleotide pairs are separated by large distances or angles and 

the frequency increases as the separation distance or angle becomes smaller.   

 Two new structures for E. coli ribosomes have been published (19) since the 

publication of the T. thermophilus structure and it is important to know whether similar 

conclusions would be reached using measurements from the E. coli structures. The new E. 

coli 70S structures come from crystals in which there were two ribosomes in each 

crystallographic unit; they are different from each other, and from the T. thermophilus 30S 

structure, with respect to the orientation of the 30S head domain (19). Therefore, the 

correlation analysis has been done with all three structures. The correlation between 

photocrosslinking frequencies and inverse C’-C1’ distances present  when data from the T. 

thermophilus are used are also present when the E. coli I and E. coli II structures are used as 

the basis of the analysis (Table 1). 
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Table 1.  Correlation coefficients between UVB and UVA-s4U crosslinking frequencies 

and internucleotide geometry measures in different 30S structures   

 
 
  Measure1      T. thermophilus     E. coli I           E. coli II  
UVB/C 
  1/C1’-C1’  0.389    0.627    0.495 
  1/RBD   0.110   -0.004              -0.035 
  1/RBA   0.693    0.165   -0.080 
  1/BPA   0.230   -0.181                         -0.003 
 
UVA-s4U 
  1/C1’-C1’  0.538    0.388    0.389 
  1/RBD   0.351    0.414    0.348 
  1/RBA             -0.189   -0.130   -0.128 
  1/BPA   0.252    0.066   -0.099 
 
 UVB/C 
   BPA vs RBD   0.555   0.410   0.447 
 
UVA-s4U 
    BPA vs RBD   0.783   0.394   0.366 
 
1Measures are: C1’-C1’, distance between C1’ atoms; RBD, distance between centers of  
reactive   bonds; RBA, angle between the reactive bonds; BPA, angle between the planes of 
the bases. 
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 In addition, the correlation between the angle between the nucleobase planes and the 

distance between the photoreactive bonds, seen at the photocrosslinking sites in the T. 

thermophilus structure is also seen in the E. coli I and E. coli II structures. Other correlations, 

between crosslinking frequencies and reactive bond distance or between crosslinking 

frequencies and reactive bond angle, are more variable (Table 1). 

 Potential photocrosslinking sites will be identified in the following section, and it is 

necessary to describe, as quantitatively as possible, the connection between internucleotide 

geometry and photocrosslinking. Linear regression analysis was done to find the best 

predictions of the observed crosslinking frequencies from the geometrical parameters. If a 

relationship is established, it should be possible to identify nucleotide pairs that should form 

photocrosslinks based on their expected crosslinking frequencies compared to those seen for 

the observed photocrosslinking sites. The regression equations 1(a-c) and 3(a-c) in Table 2 

relate crosslinking frequencies to inverse C1’-C1’ distances and have better statistics than 

equations that use a larger number of geometrical parameters (7). The three relationships in 

each case used data from the E. coli I, E. coli II and T. thermophilus structures. In all cases 

the low p values indicate a significant relationship between crosslinking frequency and  

internucleotide distance. The adjusted R squared values (0.54 to 0.70) indicate that only a 

fraction of the variance of the frequencies can be accounted for by the inverse C1’-C1’ 

distances. The internucleotide angle between base planes (base plane angle, abbreviated 

BPA) is also an important variable. However when the internucleotide angle is used as a 

separate term, sometimes negative beta values for the distance or angle are generated by 

the fitting program. This occurs because of the correlation between the internucleotide 

distances and angles, but is not physically reasonable because it predicts situations in which 

crosslinking frequencies could decrease when bond distance or angle become closer or 

better aligned. Therefore instead of separate terms for the internucleotide distances and  

base plane angles, expressions that use the terms1/(C1’-C1’)*COS(BPA) and
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Table 2.  Linear regression models and statistics for estimating crosslinking 

frequencies 

 

a) Estimation of UVB/C crosslinking frequencies from physical parameters1 

Model :  Freq =  β1*(1/ C1’-C1’)     
 Variables    β1                     Adj. R2     p-value 
1a – 1/ C1’-C1’            2.66                   0.693        5.6 x 10-6 
1b – 1/ C1’-C1’            2.58                   0.643        2.2 x 10-5 
1c – 1/ C1’-C1’            2.80                   0.603        5.6 x 10-5 
 
Model : Freq. =  β1*(1/C1’-C1’)*(COS(BPA))   +   β2*(1/C1’-C1’)*(SIN(BPA)) 
 Variables  β1               β2            Adj. R2     p-value 
2a – 1/C1’-C1’, BPA  1.4     3.0   0.69        3.4 x 10-5 

2b – 1/C1’-C1’, BPA  2.9     2.4   0.66        7.0 x 10-5 

2c – 1/C1’-C1’, BPA  2.9     1.2   0.61        1.9 x 10-4 

 
 
b) Estimation of UVA-s4U crosslinking frequencies from physical parameters 
 
Model:  Freq =  β1*(1/ C1’-C1’)      
 Variables  β1                          Adj. R2 p-value 
3a – 1/ C1’-C1’             11.2                              0.57         7.2 x 10-5 
3b – 1/ C1’-C1’             10.6                              0.54         1.3 x 10-4 
3c – 1/ C1’-C1’             12.0                              0.62         7.2 x 10-6 
 
Model :   Freq. = β1 *(1/C1’-C1’)*(COS(BPA))   +   β2*(1/C1’-C1’)*(SIN(BPA)) 
 Variables    β1               β2             Adj. R2     p-value 
4a – 1/C1’-C1’, BPA  11.9          2.6     0.54              5.3 x 10-4 

4b – 1/C1’-C1’, BPA  13.2           1.4     0.58              2.4 x 10-4 

4c – 1/C1’-C1’, BPA    8.4            11.4     0.61         4.8 x 10-5 

 
 
1 In each case, the geometrical parameters were calculated from the (a) E.coli I, (b) E. coli II 
(19) and (c) T. thermophilus (6) 30S structures. “β1” and “β2” are the constants determined in 
the linear regression analysis. “C1’-C1’” is distance between C1’ atoms of nucleotides 
observed in crosslinks. “BPA” is base plane angle, the torsion angle between the planes of  
the bases of nucleotides observed in crosslinks, measured in degrees.    
 



 128 

1/(C1’-C1’)*SIN(BPA) were written (Equations 2 and 4). The product of distance and 

geometric factors results in higher predicted values for the crosslinking frequency if there is 

simultaneous occurrence of favorable distance and angle.  The statistics for equations 2 and 

4 are very comparable to those for equations 1 and 3. 

 

Identification of potential 16S rRNA UVB/C and UVA-s4U crosslinking sites   

 The 16S rRNA structures were used to identify nucleotide pairs with geometrical 

arrangements that should be favorable for crosslinking; this would address the issue about 

whether the observed UVB/C-induced crosslinking sites had better geometrical features than 

other nucleotide pairs in the structure.  Nucleotide pairs that are potential UVB crosslinking 

sites in each of the structures first were identified if they have internucleotide distances of 10.5 

Å or less for the distance between (what should be) UVB photoreactive bonds. The lists 

excluded nucleotide pairs separated by less than 40 nucleotides in the primary sequence 

because those interactions would not be detected by the experimental methods used to identify 

long-range crosslinks. Crosslinks within perfectly base-paired regions are not expected (17), so 

the list excluded nucleotides pairs that were base-paired to each other or involved the base-

pairing within a regular double stranded region. Randomly selected nucleotide pairs from the 

initial list were visually inspected and a fraction of them were found to be close by virtue of 

side-by-side arrangements in which the nucleobases were nearly co-planar. This arrangement 

is not seen in the nucleotide pairs that are crosslinked, so calculations of distances between 

the nucleobase and the plane of its partner, and vice versa, were done to identify these types 

of pairs, which were removed from further consideration.  

 Potential UVB crosslinked nucleotide pairs were additionally characterized by the 

frequencies they should have, calculated from the regression equations. To do this, 

frequencies were calculated for the observed crosslinks using regression equations 2a-c and 

values were picked to include only the main group of observed crosslinks (not the observed 
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nucleotide pairs with outlying properties). These values then were used as criteria to retain 

nucleotide pairs that should have favorable predicted crosslinking frequencies. There are 678, 

674 and 714  nucleotide pairs in the E. coli I, E. coli II and T. thermophilus structures that have 

features favorable for crosslinking using these critera. The conclusion from this analysis is that 

there are a large number of nucleotide pairs with geometrical properties as good as seen in the 

observed crosslinking sites, given the wide dispersion of properties of the observed 

crosslinking sites. 

  Nucleotide pairs that are potential sites for UVA-s4U-induced crosslinking were 

identified using similar methods. For this, the 118 uridines in the 16S rRNA that were known to 

be thiolated after in vivo incorporation of s4U into the 16S rRNA (10) were considered for the 

crosslinking partners they might have. The initial list consisted of nucleotide pairs in which there 

was a partner nucleotide for each s4U that had reactive bond distances within 18 Å, which is 

the value that includes 18 of the 19 analyzed UVA-s4U photocrosslinks (7). Nucleotide pairs 

separated by less than 40 nucleotides in the primary sequence, nucleotide pairs that were 

within a regular double-stranded region and nucleotide pairs in side-by side arrangements were 

excluded from the list.  The list for pairs within 18 Å was further analyzed by the frequencies 

they should have calculated from regression equations. Regression equations 4a-c were used 

to calculate expected frequencies for the potentially crosslinked nucleotide pairs and cut-off 

values, determined from the observed s4U photocrosslinks, were used to eliminate unfavorable 

nucleotide pairs.  There are 893, 928 and 940 nucletide pairs that have geometrical properties 

apparently as good as the majority of the observed crosslinking sites using these criteria. The 

conclusion again is that there are several hundred pairs of nucleotides that have geometrical 

arrangements just as good as the arrangements present at the observed photocrosslinking 

sites, but these must not be reactive for some reason. 
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Visualization of the internucleotide geometry for the observed and potentially 

crosslinked nucleotide pairs 

 A selection of nucleotide pairs identified as potential crosslinking sites was examined to 

see if there was anything about their arrangements that would distinguish them from the 

nucleotide pairs that undergo photocrosslinking. Nucleotide pairs identified in the T. 

thermophilus structure were used in one study because of its somewhat higher x-ray resolution 

(3.0 Å) and the E. coli II structure (3.5 Å) was used in a second study so that photocrosslinks 

made in E. coli ribosomes were visualized on an E. coli structure. Nucleotide pairs were picked 

that would match the internucleotide separations of the observed crosslinks. The nucleobase 

parts of the selected nucleotide pairs were compared on a case-by-case basis to the 

arrangements needed for photoreaction. For this reference, models for nucleotide pairs at van 

der Waals contact and with aligned photoreactive bonds were constructed and used for 

alignment and calculation of the RMSD between the candidate nucleotide pair and the 

reference structure. The stereochemistry of the arrangements was also determined during this 

inspection. The stereochemistry and RMSD of the potentially crosslinked nucleotide pairs and 

of the observed photocrosslinked nucleotide pairs are listed in Table 3.   

 Overall there are not any particular properties of the potentially crosslinked nucleotide 

pairs, compared to the properties of the observed crosslinked nucleotide pairs that are 

strikingly different. There is somewhat greater occurrence of purines in the potentially 

crosslinked nucleotide pairs but this reflects the purine composition bias in the single stranded 

sequences in both T. thermophilus and E. coli 16S rRNAs. For the observed UVB crosslinks, 

there are examples of photocrosslinking between purines and pyrimidines and between purine 

pairs, so the occurrence of purines at potential crosslinking sites should not prevent their 

photoreaction. There is a larger occurrence of the syn glycosidic bond arrangement in the 

potentially crosslinked nucleotide pairs. This not remarkable for the potential UVB 
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photocrosslinks, because there are several examples of the syn arrangement in the observed 

UVB crosslinks.  However, there are no examples of syn arrangement for the observed s4U 

crosslinked nucleotide pairs, but about one third of the potential s4U crosslinked nucleotide 

pairs are in the syn arrangement. This could be a basis for excluding about one third of the s4U 

potential crosslinked nucleotide pairs, if it were certain that syn arrangement prevented 

photoreaction.  

 The nucleobase parts of the observed crosslinked nucleotide pairs and the potentially 

crosslinked nucleotide pairs were superimposed for a comparison of their distributions in 3D 

space. For the UVB nucleotide pairs, one nucleobase of each pair was picked and aligned to a 

reference nucleobase, so that the partner would fall into the upper hemisphere of the 

distribution. For the UVA-s4U nucleotide pairs, the s4U was aligned to one of two reference s4U 

nucleobase, so the partner would fall into the upper hemisphere. Distributions of the observed 

and potentially crosslinked nucleotide pairs are shown in Figures 2 and 3 for the UVB and 

UVA-s4U cases.  

 Several features of the potentially crosslinked nucleotide pairs are revealed by the 3D 

figures that are not apparent from the internucleotide geometry parameters. There are some 

internucleotide arrangements for the potentially crosslinked nucleotide pairs in which the 

nucleobases fall outside of the envelope seen for the nucleotide pairs that are in observed 

crosslinks. Of the 31 potentially UVB crosslinked nucleotide pairs that were inspected, four 

occur at separation distances in the direction perpendicular to the reference nucleobase larger 

than seen in the observed nucleotide pairs (Fig. 2C vs 2A). Another six occur in arrangements 

that would make the nucleotide pairs cross over each other much farther than in the 

arrangements seen in the observed nucleotide pairs (Fig. 2D vs 2B). For the 32 potentially 

crosslinked UVA-s4U nucleotide pairs, ten are in arrangements in which the nucleobases are  

not close enough when viewed in the direction perpendicular to the plane of the reference  
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Table 3  Comparison of properties of nucleotide pairs using T. thermophilus and E. 

coli II structures 

T. thermophilus  
   Composition    Orientation1 Base overlap2  Distances3 
 
UVB/C        Y/Y  Y/R  R/R       anti    syn  cis    trans    RBD      C1’     RMSD  
 
Observed pairs(16)   8      6      2      13       3     10        6       8.0+ 4.4   9.4+3.8   2.7 + 2.0 
Analyzed potential         
   pairs (19)           4      9      6      11       8        13     6       7.3+ 2.0   8.4+1.5   1.8 +1.0 
 
UVA-s4U  s4U/Y   s4U/R     anti    syn      cis    trans     RBD        C1’      RMSD 
 
Observed pairs (19)    11    8       19      0        13      6    11.0+5.5   13.2+4.9   4.6+ 2.3 
Analyzed potential     
    pairs (22)     12      10       14      8        12      10    9.7+3.6    11.5+2.9   3.5+1.6 
 
E. coli II 
           Composition   Orientation1 Base overlap2   Distances3_ 
 
UVB/C                           Y/Y  Y/R  R/R  anti    syn  cis    trans    RBD       C1’        RMSD
  
 
Observed pairs (18)      9      6      3      13       3        11        6    8.5+4.5    9.4+4.4   2.6 + 2.6 
Analyzed potential                                                        
    pairs (31)     4    16     11      20      11    13 18    8.4+2.1    9.2+3.0    2.4 + 0.9 
 
 
UVA-s4U               s4U/Y   s4U/R    anti    syn  cis    trans    RBD       C1’         RMSD 
 
Observed pairs (19)    12        9     19      0         13      6       11.5+5.6   13.1+5.2  4.1+2.4 
 Analyzed potential        
    pairs (32)       6           26      20     12    19     13    11.1+ 3.9  13.1+5.1  3.9+1.7 
 
1Orientation refers to the mutual arrangement of the glycosidic bonds in the two nucleotides. 
2 Base overlap refers to the arrangement of the nucleobases after best alignment to the 
model structures; arrangements in which the bases are stacked are cis, arrangements in 
which bases are not stacked are trans. 
3Distances are between C1’-C1’ atoms of the nucleotides in the pair and between the 
expected photoreactive bonds of the pair. The RMSD value is calculated from the geometry 
observed in the tertiary structure compared to the geometry needed for photoreaction. Only  
the intracyclic heavy atoms of the nucleobases were included in the RMSD calculation. 
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Figure 2.  Three dimensional arrangements of nucleobases of the nucleotide pairs at 
observed and at potential UVB photocrosslinking sites.  A and B. Perpendicular views of the 
nucleobases from the observed UVB crosslinks. The photoreactive bond of one of the 
nucleobases of each pair was picked and superimposed with a reference nucleobase so that 
all of the partners occupy the same hemisphere. The crosshairs intersect at the photoreactive 
bond. A. View of the arrangements in a direction nearly parallel to the plane of the reference 
nucleobase. B. View of the arrangements in a direction perpendicular to the plane of the 
reference nucleobase. C and D. Perpendicular views of nucleobases from potentially UVB 
crosslinked nucleotide pairs. Thirty one pairs were picked for inspection; these have 
distances between reactive bonds, or distances between C1’-C1’ atoms, that matched with 
those seen in the observed pairs, but otherwise were picked randomly from the whole list of 
674 potential pairs. Nucleobase pairs were arranged in the same way as for the observed 
pairs. The views are the same as in panels A and B.   
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Figure 3.  Three dimensional arrangements of nucleobases of the nucleotide pairs at 
observed and at potential UVA-s4U photocrosslinking sites.  A and B. Perpendicular views of 
the nucleobases from the observed UVB crosslinks. The photoreactive bond of the 
nucleobase that must be the s4U of each pair was picked and superposed with one (of two 
possible orientations) of the reference s4U so that all of the partners occupy the same 
hemisphere. The crosshairs intersect at the photoreactive bond. A. View of the arrangements 
in a direction nearly parallel to the plane of the reference nucleobase. B. View of the 
arrangements in a direction perpendicular to the plane of the reference nucleobase. C and D. 
Perpendicular views of nucleobases from potentially UVA-s4U crosslinked nucleotide pairs. 
Nucleobase pairs were arranged in the same way as for the observed pairs. The views are 
the same as in panels A and B.  Thirty two pairs were picked for inspection; these have 
distances between reactive bonds, or distances between C1’-C1’ atoms that match those 
seen in the observed pairs, but otherwise were picked randomly from the whole list of 928 
potential pairs. Nucleobase pairs were arranged in the same way as for the observed pairs.  
The views are the same as in panels A and B.   
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nucleobase compared to the distribution seen in the observed UVA-s4U crosslinked (Fig. 3D vs 

3B). Taken together these results indicate that about one third of the potentially crosslinked 

nucleotide pairs have arrangements in 3D that are not like the arrangements seen for in the 

nucleotide pairs that undergo crosslinking. However, if these were eliminated by manual 

inspection, this would still leave about 470 and 620 candidate potential sites for  UVB and 

UVA-s4U photocrosslinking. 

 

 

RNA-protein interactions as a possible determinant of the RNA-RNA crosslink 

location 

 Reasons were sought for the lack of reactivity for the many nucleotide pairs, which 

have favorable geometrical arrangements for crosslinking, but are not observed as 

crosslinks. Differences in reactivity due to sequence dependence or photochemistry have 

been considered but must not be explanations for the lack of reactivity; these issues are 

considered in the Discussion. Therefore some other aspects of the 30S higher order structure 

must be important in restricting the location of crosslinking sites. 

 Consideration of the internucleotide distance measurements suggests that since none 

of the observed nucleotide pairs have the precise geometry for photoaddition, anything that 

impedes nucleotide movement might restrict crosslink formation. It is known from an analysis 

of the T. thermophilus 30S higher order structure that there are a significant number of 

protein-nucleotide interactions in the 30S subunit (20); we considered that these might 

influence nucleotide reactivity in some way. Brodersen et al. (20) identified 513 nucleotides 

(of the 1521 nucleotides in the T. thermophilus 16S rRNA) that were within 3.5 Å of any part  

of the ribosomal proteins. If contacts to bases only are considered, 178 of the nucleotides  
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Figure 4.  Distribution of potential UVB and UVA-s4U photocrosslinking sites in the 30S 
structure. The same 30S orientation and coloring used in Figure 1 is repeated here. 
Nucleotide pairs that would be expected to form photocrosslinks based on internucleotide 
geometry are shown as drawn structures. In panel A there are 674 nucleotide pairs that are  
potential UVB crosslinking sites and in panel there are 928 nucleotide pairs that are potential 
UVA-s4U crosslinking sites. 
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have contacts to proteins. For the nucleotides involved in photocrosslinking, the extent of 

their participation in these interactions should indicate a positive, negative or neutral effect of 

protein interaction and the involvement in RNA-RNA crosslinking. The count of instances 

where protein interactions occur indicate that the fraction of crosslinked nucleotides involved 

in base-protein interactions is 0.14 and 0.26 for the UVB and UVA-s4U crosslinked 

nucleotides compared to a value of 0.12 for all nucleotides. The fraction of the crosslinked 

nucleotides involved in interactions with proteins involving any part of the nucleotide is 0.31 

and 0.57 for the UVB and UVA-s4U crosslinked nucleotides compared to 0.34 for all 

nucleotides. For nucleotide pairs that have favorable geometries, but are not crosslinkining 

sites, the fraction with protein interactions is the same as the overall average in the 16S 

rRNA. Therefore the values for the crosslinked nucleotides are a little higher than expected 

on a random basis and if anything would suggest that interactions with proteins might 

increase the chances for internucleotide crosslinks. However, the majority of the crosslinked 

nucleotide pairs (12 pairs in each type of crosslinking) do not have contacts with proteins, so 

contacts with proteins cannot be a prerequisite for crosslinking and it is unlikely that there is 

any connection between RNA-RNA crosslinking and contacts with proteins.  

 

 

A-minor motif contacts as a possible generator of the potential 

photocrosslinking interactions 

 The presence of stable tertiary structure interactions through A-minor motif contacts 

may be relevant to the possibility that there are close nucleotide-nucleotide interactions that 

are potential but unreactive photocrosslinking sites. Interactions between adenosines and 

helical receptors mediated by the A-minor motif geometry occur at dozens of sites in the 23S 

rRNA (29) and 16S rRNA (30). These provide tertiary structure stabilization because the 
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interactions occur through multiple hydrogen bonding and van der Waals contacts. Therefore 

it is possible that many of the potential sites that we have identified computationally occur at 

these contacts. In the T. thermophilus 16S rRNA, it is known that there are 55 nucleotide 

triples in 31 regions that were in the A-minor motif arrangement, or in positions very close to 

the correct arrangement (30); most of those sites are also observed in the E. coli II structure 

(unpublished data). Therefore it is possible to determine whether the observed or potential 

photocrosslinking sites are involved in the A-minor motif interactions.  

 None of the observed UVB-induced or UVA-s4U-induced photocrosslinking sites are 

involved in A-minor motif contacts. Of the 714 and 674 nucleotide pairs that are potential 

UVB-induced crosslinking sites in the T. thermophilus and E. coli II 16S rRNA, 16 and 15 

pairs, respectively, are involved in A-minor motif interactions. Of the 940 and 928 nucleotide 

pairs that are potential UVA-s4U induced crosslinking sites in the T. thermophilus and E. coli 

II 16S rRNA, 4 and 5 pairs, respectively, are involved in A-minor motif interactions. Therefore 

there are only very small fractions of the nucleotide pairs, that are on the list of potential 

photocrosslinking sites, that are interacting directly through the A-minor motif contacts.    

 

Hydrogen bonding as a possible reason for limiting crosslink formation  

 Inspection of the x-ray structures indicated that in many instances nucleotide pairs 

that were potential UVB crosslinking sites in the same neighborhoods around observed 

crosslinks were involved in hydrogen bonding interactions that might inhibit their movement. 

Nucleotide pairs that were involved in base pairing with each other (or within regular base-

paired regions) were already removed from consideration, but these criteria would not 

remove pairs that were base-paired to third party nucleotides. Inspection of the 16S rRNA 

secondary structure (31) shows that of the 34 nucleotides involved in the UVB crosslinking 

reactions, 26 are not involved in any base-pairing in the secondary structure and only for one 

crosslink (m4Cm1402 x C1501) both nucleotides are base-paired. However, the helix 44a 
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region containing the m4Cm1402 x C1501 crosslinking site is conformationally flexible, judging 

from the crosslinking frequency dependence on Mg+2 concentration and subunit association 

(32). Therefore, aside from this one exception, at least one nucleotide in each of the 

observed crosslinks is not base-paired in the secondary structure for the UVB-induced 

crosslinks. To employ this pattern in assessing potential crosslinking sites, a list was made of 

nucleotides in base-pairs in the secondary structure including nucleotides in the first and 

fourth positions of UNCG and GNRA tetraloops, hydrogen bonded as part of base-triple 

interactions and in base pairs that are part of pseudoknot interactions. Potential crosslinking 

sites were then excluded from consideration if both nucleotides were involved in base pairs. 

The application of this criteria, removes about one fourth of nucleotide pairs as potential 

crosslinks. 

 Hydrogen bonding of nucleotides through tertiary structure interactions was also 

considered with regards to nucleotide conformational flexibility. A search for hydrogen bonds 

based on distances between hydrogen bond donors and acceptors, using the hydrogen bond 

indicator in Insight II, identified 514 hydrogen bonds involving 243 nucleotides, of the 537 

single-stranded nucleotides in the T. thermophilus secondary structure. However, there were 

many examples in which the donor and acceptor atoms are not pointed at each other in a 

way that would allow hydrogen bond formation (21) and do not fit the expected distribution of 

hydrogen bonds in three dimensional space (22).  An algorithm, which was developed to 

identify hydrogen bonds by geometry as well as distance (W. Huggins, T. Shapkina, P. 

Wollenzien, unpublished), identified 318 hydrogen bonds involving 217 nucleotides in the 

tertiary structure. A very similar list of 332 hydrogen bonds involving 226 nucleotides 

subsequently was found using the program HBexplore (23). HBexplore exclusively was used 

to analyze the tertiary hydrogen bonds in the E. coli I and II structures. When considered on 

the nucleotide pair level, all of the 17 pairs observed as UVB crosslinking sites, that had at 

least one nucleotide free from hydrogen bonding in the secondary structure, still had at least 
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one nucleotide free from hydrogen bonding when the tertiary structure hydrogen bonds in the 

E. coli I and E. coli II structure were additionally considered. A significant fraction of the 

nucleotides in the potential UVB photocrosslinking sites are participants in tertiary hydrogen 

bonds and an exclusion, based on this, has been applied to the list of remaining potential 

crosslinking sites. The number of potential crosslinking sites in which both of the nucleotides 

are hydrogen bonded in the secondary or tertiary structure is 141 to 186 in the three cases 

(Table 4). 

 The connection between crosslinking sites and hydrogen bonding was also 

considered for the UVA-s4U crosslinking sites. In this case, inspection of the observed UVA-

s4U crosslink in the E. coli secondary structure indicates that in six of eight cases, the s4U 

involved in the crosslink is not base-paired although the target partners may be. For the two 

exceptions, s4U239 x A120 and s4U960 x A1225, there is very favorable stacking 

arrangement of the s4U with its target nucleotide partner and the target is not base-paired. 

These are exceptional situations as there are only five other nucleotide pairs in the tertiary 

structures where s4U would be as favorably arranged as it is for either of those two 

crosslinks. Therefore it is likely that, except in a few extraordinary instances, the pattern for 

the UVA-s4U crosslinking is that the s4U is not involved in hydrogen bonding. All nucleotide 

pairs that are potential photocrosslinking sites but have the s4U in a base pair in the 

secondary structure have been removed from the list of potential crosslinking sites. Applying 

this exclusion reduces the number of potential UVA-s4U crosslinks by 520 to 550 in the three 

cases (Table 4).  

The exclusion of potential UVA-s4U pairs based on the tertiary structure hydrogen bonding 

was also considered. For the observed UVA-s4U crosslinking pairs where s4U is not base-

paired in the secondary structure, only in one of the six cases is the s4U involved in hydrogen 

bonding in the tertiary structure. In this case the nucleotide is s4U991 and the crosslinking  

frequencies are lower than expected based on the geometry. Therefore it is likely that a 
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 Table 4   Number of potential crosslinking sites that may be restrained from forming 

photocrosslinks because of hydrogen bonding or molecular packing  

 
                  Number of Nucleotide Pairs 
Potential UVB/C-induced crosslinks     E.c. I      E.c. II   T.t
   
i)1  Nucleotide pairs with RBD < 10.5 Å, not within the same  
         secondary structure region               761       776            779 
ii)2 Nucleotide pairs with favorable geometry, identified by  
        regression equation 2        678       674            714 
iii)3 Of the pairs in (ii), the number eliminated because both  
        nucleotides are H-bonded in the secondary structure            -170      -166          -165 
iv)4 Of the remaining pairs, the number eliminated because both  
        nucleotides are H-bonded in the secondary and tertiary                      
   structure                 -141       -151          -186 
v)5 Of the remaining pairs, the number eliminated because both  
         nucleotides have high molecular packing              -70         -59          -136  
   
Number of pairs with favorable geometry not eliminated                           
      because of H bonding or molecular packing               297        298           227
              
 
                  Number of NucleotidePairs 
Potential UVA-s4U-induced crosslinks               E.c. I      E.c. II  T.t 
 
i)6 Nucleotide pairs involving s4U-substituted uridine and with     
        RBD < 18 Å, not within the same secondary structure region 1128       1148        1141 
ii)7 Nucleotide pairs with favorable geometry, identified by  
        regression equation 4                      893         928          940 
iii)8 Of the pairs in (ii), the number eliminated because the  
         s4U is H-bonded in the secondary structure            -520         -550        -540 
iv)9 Of the remaining pairs, the number eliminated because  
         the s4U is H-bonded in the tertiary structure                          -136               -156       -109 
v)10 Of the remaining pairs, the number eliminated because  
         the s4U has high molecular packing                  -79           -52          -44  
 
Number of pairs with favorable geometry not eliminated         
        because of H bonding or molecular packing of the s4U           158               170         247
                            
  
1 Number of nucleotide pairs with reactive bonds within 10.5 Å, are not base-paired to each 
other, are not within the secondary structure region, are not in the same plane in side-by-side 
arrangements and are separated by more than 40 nucleotides in the primary sequence.  
2 Nucleotide pairs were kept if they had expected frequencies of at least 0.179, 0.273 and 
0.191 predicted by equation 2a, 2b and 2c, from the E. coli I , E.coli II, or T. thermophilus 
structures. The cut off values were determined from the observed UVB/C crosslinks; 16 of 18 
of the observed crosslinks are included with the criteria that are used.  
3 Nucleotide pairs in which both nucleotides of the pair were involved in base-  
  pairing in the secondary structure were identified and excluded. 
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4 Nucleotide pairs in which both nucleotides of the pair were involved in base-pairing in the 
secondary and tertiary structure were identified and excluded. 
5 Nucleotide pairs in which there were 31 (for the E. coli I and E. coli II structures) or 27 for 
the T. thermophilus structure) or more heavy atoms (at 6 Å radius from the center of the 
base) for both of the nucleotides were removed from consideration. The atom count did not 
include the atoms of the nucleotide pair under consideration. The cut off value was 
determined from the values of the observed UVB/C crosslinked nucleotide pairs in the three 
structures. 
6 Nucleotide pairs with reactive bond distances within 18 Å that were not base-paired to each 
other, were not within the same double-stranded regions and were separated by greater than 
40 nucleotides in the primary sequence were kept in consideration. Only uridine residues 
known to be s4U-substituted (10) were considered. 
7 Nucleotide pairs from the E. coli I structure were kept if they had expected frequencies of at 
least 0.591 and 0.442 predicted by equations 3a and 4a, from the E. coli II structure if they 
had expected frequencies of 0.544 and 0.420 predicted by equations 3b and 4b, and from the 
T. thermophilus structure if they had expected frequencies of at least 0.592 and 0.730 
predicted from equations 3c and 4c. The cut off values were determined from the observed 
UVA-s4U crosslinks; three-fourths of the observed crosslinks are included after the two 
criteria were applied sequentially  

8 Nucleotide pairs in which the s4U nucleotide was not involved in base-pairing in the 
secondary structure were kept in consideration. 
9 Nucleotide pairs in which the s4U nucleotide was not involved in base-pairing in the 
secondary and tertiary structure were kept in consideration. 
10 Nucleotide pairs in which there were more than 25 heavy atoms (at 6 Å radius) for the s4U 
nucleotides were kept in consideration. The atom count did not include the atoms of the s4U  
nucleotide or its potential partner under consideration. The cut off value was determined from 
the values of the observed s4U crosslinked nucleotide pairs. 
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general rule is that at the observed UVA-s4U photocrosslinking sites, the s4U is not involved 

in secondary or tertiary structure hydrogen bonds. Therefore an exclusion has been applied 

to the list of remaining potential UVA-s4U crosslinking pairs to remove those in which the s4U 

is hydrogen bonded in either the secondary or tertiary structure. From 109 to 156 of 

remaining potential nucleotide pairs are removed (Table 4).  

 
 

Steric hindrance as a possible reason for limiting crosslink location 
 
 Another factor that was considered that might inhibit nucleotide movement was the 

atom density around each nucleotide pair. This was investigated by calculating the number of 

heavy atoms within given distances of the center of each base, because this should reflect 

the presence of stacked or intruding bases in the vicinity of the nucleotide pair. This atom 

count did not include the atoms from the nucleotides that are the potential crosslinking 

partners, so it reflects close third-party nucleotides that could interfere with, or affect, the 

interactions between the two potentially crosslinking partners. These values were compared 

for observed crosslinked nucleotide pairs, for nucleotide pairs that were in potential, but not 

observed, crosslinking sites and for nucleotides in regular base-paired regions. A subset of 

the list of potential nucleotide pairs were picked that had the same average C1’-C1’ distance 

as the nucleotide pairs in observed crosslinks to ensure a fair comparison of the atom 

density. Values for atom density expressed as number of heavy atom numbers within six Å 

from a pseudoatom in the center of each base are listed in Table 5 for the observed and 

potential crosslinked nucleotide pairs and the nucleotide pairs in helical double-stranded 

regions.  

 For both UVB and UVA-s4U crosslinking, there are differences in the atom density for 

nucleotide pairs in observed crosslink compared to nucleotide pairs at potential crosslinking 

sites. The average values of heavy atom count for the potential nucleotide pairs have values  

close to the values seen for base pairs in helical regions (Table 5). However, these values
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Table 5   Heavy atom count around nucleotide pairs observed in crosslinks, in 
potential crosslinks, and in double-stranded regions1 
 
 
UVB  Number of heavy atoms at 6 Å from center of base in the different structures:2  
             T. thermophilus        E. coli I    E. coli II 
Lower value for nucleotides in pairs   
that form crosslinks             15.4 + 11       15.6 + 11.2 14.8 + 11.5 
 
Lower value for nucleotides in pairs   
   that have favorable geometry        
   but do not form crosslinks            24.0 + 8.0        22.9 + 7.7  23.2 + 7.6 
 
Nucleotides in base pairs       
   in double-stranded region            30.0 + 4.2       28.1 + 3.7  28.1 + 3.7 
 
 
 
UVA-s4U Number of heavy atoms at 6 Å from center of base in the different structures:2  
              T. thermophilus         E. coli I  E. coli II 
s4U in nucleotide pairs that   
form crosslinks            17.4 + 11        17.2 + 12  17.9 + 14 
 
 
s4U in nucleotide pairs that  
   have favorable geometry       
   but do not form crosslinks          29.9 + 6.2         29.0 + 7.5 28.8 + 7.3 
 
 
Uridines in base pairs in            
   double stranded regions          32.0 + 4.6         30.9 + 6.1 31.0 + 5.5 
 
 
1 The count does not include atoms in the nucleotide under consideration or atoms from the 
partner nucleotide, so it represents the proximity of third-party nucleotide units that might 
interfere with or influence the nucleotide pair interaction. Calculations were for nucleotide 
pairs that had their photoreactive bonds within 10.5 Å or within 18.0 Å for the UVB and UVA-
s4U data.  
2 Uncertainty is the standard deviation evaluated for each case. 
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have large standard deviations and the differences are not statistically significant.  An effort 

was made to see if high values of atom density number in the potentially crosslinked 

nucleotide pairs nevertheless could be used as a basis for eliminating them from 

consideration as crosslinking sites. For the nucleotide pairs in observed UVB crosslinks, in 

eight of 17 instances one of the nucleotides has an atom density number of seven or less 

suggesting that at least one of the nucleotides in the pair should have a low atom count 

around itself, if other parameters are ignored. The range in the lower of atom density number 

for the rest of the observed crosslinks is up to 31; therefore potential nucleotide pairs were 

discounted only if they had lower atom density numbers greater than 31. Using that as a 

criterion, 51 to 136 of the remaining potential UVB crosslinking sites are excluded.  A similar 

analysis of the potential s4U crosslinking sites identified an upper atom count of 25 at the 6 Å 

distance for the s4U nucleotides involved in the crosslinks. When that criteria was applied 52 

to 79 of the remaining potential UVA-s4U crosslinking sites were excluded (Table 4).  

 

DISCUSSION 

 

 The small number of photocrosslinking sites in the ribosome is a paradox in view of 

the large number of nucleotide pairs that have favorable arrangements but are not reactive. 

In addition, in spite of very different photochemistries, the patterns of UVB and UVA-s4U 

crosslinking are strikingly overlapping. These results suggest that some feature of the 30S 

higher order structure is involved in determining where crosslinks occur. 

 One way to explain the low number and frequency of the crosslinking sites might be 

that the crosslinking is due to favorable photochemistry of particular nucleotides in the tertiary 

structure. This must not be the case since similar patterns of UVB-induced crosslinking were 
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observed in B. subtilis, T. aquaticus and E. coli even though these organisms have different 

sequences at some of the crosslinking sites (33). The observed crosslinked pairs are located 

largely in the interior of the RNA and this suggests another possibility for the pattern. The 

UVB excitation process is different in aprotic and protic solvents with 1n,π* and 1π,π* being 

the lowest excited singlet states, respectively (34-37). This could be important because 

reaction in an aprotic environment is known to yield more of the long-lived, highly reactive 

3π,π* triplet state. However, the UVA-s4U-induced crosslinking occurs solely by efficient triplet 

formation (14) and since the crosslinking pattern is so similar between the two methods 

environmental effects on the photochemical mechanism must not be relevant in determining 

the crosslink distribution.  

 The crosslinking pattern could be due to the reduction of the RNA flexibility or a 

change in the photochemical processes under the influence of proteins. Most of the 

ribosomal proteins have globular domains distributed around the periphery of the RNA in the 

subunit with tails or loops that extend into or through the RNA (20). For proteins S12 and 

S13, modifications of cysteine residues in their tails perturb the conformational stability, 

subunit-subunit association properties and function of the 30S subunit (38-40) indicating an 

involvement of the protein tails in the 30S higher order structure. However, the nucleotides 

involved in RNA-RNA crosslinking in the 30S subunit are not associated with proteins to any 

different extent than the average, some pairs of crosslinked nucleotides do not have protein 

contacts and, furthermore, the locations of many potential, but not observed, crosslinking 

sites are in the immediate vicinity of observed crosslinking sites. This would rule out a simple 

connection between protein interactions and the crosslinking sites.  

 Several experiments in the literature are very relevant to another reason for 

photocrosslinking site restriction. Experiments done by Ofengand and Liou in 1981 (41) 

demonstrated that cmo5U34 of E. coli tRNA1
Val forms a very efficient crosslink to C1400 of the 
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16S rRNA if a codon analogue is used to direct binding of the tRNA to the P site in the 30S 

ribosomal subunit. For high crosslinking efficiency, however, the codon needs to contain a U 

or C residue at the 3’ nucleotide to create a pyrimidine-pyrimidine pair rather than a wobble 

or Watson-Crick pair to the cmo5U34 of the tRNA. The crosslinking efficiency dropped by 10 

to 16 fold, if the cmo5U34 were paired to G or A as the complementary nucleotide in the 

codon. Several possible explanations for that effect were offered and one was that 

conformational flexibility was important for efficient crosslink formation. In the T. thermophilus 

30S crystal structure, C1400 is stacked on the base of the 5’ nucleotide of the RNA element 

that is in a position where the tRNA anticodon should be located, but the C1400 is not 

aligned exactly to the potential partner (42,43). Therefore the hypothesis that flexibility in 

cmo5U34 is important for its high reactivity is a very reasonable one.   

 A similar conformational flexibility effect is likely involved in determining the 

intramolecular crosslink location and frequency in other contexts. As already mentioned, 

Lemaigre-Dubrueil et al. (17) concluded that photocrosslinking is generally suppressed 

between nucleotides in base-paired helical regions compared to the efficiency that is seen for 

nucleotides in single-stranded regions based on the distribution of UVA-s4U-induced 

crosslinks in a segment of 16S rRNA in solution. In the photocrosslinks in the 30S subunit 

there is only one crosslink, C1402 x C1501, where both nucleotides are base-paired within a 

double-stranded region in the 16S rRNA. On the other hand, for the potential but unreactive 

UVB crosslinking sites, in over half of the cases, both nucleotides are involved in base-

pairing in the secondary structure or tertiary structure. For the UVA-s4U-induced crosslinks, 

the majority (six of eight) of the s4Us are not base-paired in the secondary structure and the 

other two cases, where the s4Us are base-paired, there is exceptional geometry and the 

partner nucleotide is not base-paired. For the potential UVA-s4U crosslinked nucleotide pairs 

in about 80% of the instances, the s4U of the pair is hydrogen bonded.  Therefore it is likely 
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that the presence of base-pairing or hydrogen bonding contributes to the inhibition of 

crosslinking in both photocrosslinking processes. 

 The nucleotides in nucleotide pairs that are observed in crosslinking sites are also in 

less densely packed regions of the tertiary structure compared to those in nucleotides pairs 

that are potential but not observed crosslinks or in base-paired regions. However, there is 

such a large range in atom densities around nucleotide pairs observed in crosslinks, that it is 

difficult to draw a strong conclusion about this effect.  Nevertheless, a significant fraction of 

potential nucleotide pairs can be discounted based on criteria that use the atom packing of 

the nucleotide of the pair that has the lower number of heavy atoms surrounding it in the 

case of the potential UVB photocrosslinked nucleotide pairs or the atom packing of the s4U in 

the case of the potential UVA-s4U photocrosslinked nucleotide pairs.    

 A number of potential crosslinking sites still remain after other potential sites were 

removed from consideration based on base-pairing or packing considerations. These pairs 

might not be eliminated because all of the hydrogen bonds in the tertiary structure have not 

been identified or because the importance of steric hindrance has not been dealt with fully. 

On the other hand, the approach that was taken here was to consider just the interactions on 

the nucleotides that might be crosslinked together, rather than considering the interactions of 

the RNA tertiary structure that surround the photocrosslinking site. If the extended structure 

around the site were considered, it might be possible to identify further differences between 

the potentially crosslinked and observed crosslinked sites. This could identify additional 

restrictions on the local tertiary structure.  



 149 

Implications for photocrosslinking as a method to quantify conformational 

potential energy 

 

 The conclusion reached here is that the interactions that arise from the details of the 

30S tertiary structure act to completely suppress the formation of photocrosslinks at most of 

the potential crosslinking sites in the 30S subunit. This effect helps to explain the low number 

the observed photocrosslinking sites. Another feature of the observed photocrosslinks in the 

30S is that their frequency is much lower than is seen for photocrosslinking in some other 

molecules. For instance 254 nm irradiation-induced photocrosslinking between U48 and C59 

in yeast tRNAPhe reaches 60% and is limited by photoreversal (15). In contrast, under 

irradiation conditions that were optimized for photocrosslink yield without the presence of 

radiation damage that spoils the biological function (8), the crosslinking frequencies at 

different sites in the 16S rRNA are 0.12 to 1.2 % of the total. These yields are not at 

saturating light conditions, but the dose response curves indicate that the saturating values 

will not be more than 1-5 % of the total at any site. This represents at least a twenty fold 

difference in the photocrosslinking frequencies between 16S rRNA and tRNA. The frequency 

of UVA-induced crosslinking between s4U8 and C13 in tRNAVal, tRNAfMet and tRNAPhe reach 

completion (14); the frequency of UVA-s4U photocrosslinking in the 30S subunit is much 

lower, but is probably largely limited by incomplete s4U incorporation at each uridine (10). 

However, in experiments in which complete incorporation of s4U at specific sites in the 16S 

rRNA was done (44), the levels of photocrosslinking were low compared to that seen in the 

tRNAs. It is likely that tertiary structure restrictions restrain the conformational motions at the 

observed photocrosslinking sites and this is responsible for the lower crosslinking frequency 

seen in 16S rRNA compared to tRNA or other small molecules. Restrictions in conformational 

motions would always restrain the formation of photocrosslinks, but could occur to different 
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extents at each site. Therefore the effect of this would be to decrease the frequency at each 

site from the maximum value that would expected from the internucleotide geometry alone.  

 A way to quantitatively describe the effect that conformational flexibility inhibition has 

on crosslinking frequencies, as well as on the location of photocrosslinking sites, is to 

postulate that the nucleotide pairs at a photocrosslinking site need to overcome a 

conformational potential energy to achieve the arrangement for photoreaction.  If an 

expression for the rate constant for photocrosslinking is written as a way to express the 

crosslinking efficiency at each site, the rate constant will be determined by how large a 

conformational movement occurs during the reaction (described by the 1/(C1’-C1’) term that 

appears in the regression equations) and by the fraction of the molecules that have the 

energy needed for the conformational potential energy change (described by the Boltzmann 

term). This is not the Arrhenius equation for the dependence of reaction rate on activation 

energy and temperature because the process is different than a reaction in which there is a 

reaction intermediate associated with activation energy. However, the dependence of the 

rate constant on temperature would be the same as it is in the Arrhenius behavior. Therefore 

it should be possible to determine the activation energy for photocrosslink formation which 

will be related to conformational potential energy change from an analysis of the 

photocrosslinking rate dependence on temperature. 

 

 

CONCLUSIONS 

 

 The analysis presented here has exploited the high resolution structures for the rRNA 

and protein in the 30S ribosomal subunit provided by x-ray crystallography as well as the 

description of the locations and frequencies of the long-range photocrosslinks in the 30S 
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ribosomal subunit to make conclusions about rRNA conformational flexibility. At the same 

time, this analysis provides many features of a general paradigm for RNA photocrosslinking 

that should be applicable to other RNA molecules. There are two outcomes from the 

analysis. The first that hydrogen bonding and packing density contribute strongly in 

determining which sites are photocrosslinked and these properties must not be the same 

throughout all regions of the 30S subunit. The non-uniform distribution of these properties 

allows parts of the active site of the 30S subunit to have much more conformational flexibility 

than is present in other parts of the subunit. How this distribution of conformational flexibility 

might play into the mechanism of tRNA movement or other ribosome functions is not known. 

The second outcome of the analysis is that since the conformational flexibility is the factor 

that determines what potential sites are reactive or not, it is likely also to be the factor that 

affects the photocrosslinking rates at the observed photocrosslinking sites. Since the 

photocrosslinking rates are measurable quantities, this relationship will provide an approach 

to measure the energy of the conformational fluctuations in the molecule under physiological 

conditions. This connection between the photocrosslinking process and conformational 

flexibility therefore predicts that measurements of the conformational energy of the rRNA and 

other RNA molecules will be possible.  
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ABSTRACT 

Photocrosslink formation within an RNA molecule depends on precise alignment of the 

photoreactive bonds, requiring transient conformational movement at the photocrosslinking 

site. The ability of the molecule to undergo this movement contributes to the 

photocrosslinking rate, k1, which will depend on the potential energy change associated with 

the movement and should increase with increasing temperature. If there are no 

temperature-dependent competing photoprocesses, the activation energy for this reaction, 

Ea, can be determined from the dependence of the rate constant on temperature. The rates 

of appearance of a photocrosslink between the 4-thiouridine at position 8 (s4U8) and 

nucleotide C13 in tRNAVal, tRNAPhe and tRNAfMet have been measured at temperatures 

between 0 ºC and 50 ºC;  Arrhenius-type behavior (exponential dependence of k1 on the 

temperature) is seen and there are differences in both k1 and Ea in the tRNAs. The k1 and Ea 

values for tRNAVal also have been measured in a variety of buffers and they both depend 

strongly on the magnesium concentration. The combination of k1 and Ea data allows the 

calculation of the apparent separation distance between the photoreactive nucleotides and a 

Hooke’s law constant for the conformational movement can be calculated as an estimate of 

the force constant for the internal conformational energy. These results confirm the idea that 

flexibility is necessary for crosslink formation and provide a novel and sensitive technique to 

measure the conformational energy as well as the geometry in RNA under different 

conditions and in large complexes. 

 

 
.  
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INTRODUCTION  

 The frequencies of internal RNA-RNA photocrosslinking in 16S rRNA in the ribosome 

are correlated to the internucleotide geometries at the crosslinking sites, but the correlations 

are incomplete, so there must be some other factors that modulate the observed 

crosslinking frequencies (1). In addition, given the values of the internucleotide distances at 

the observed crosslinking sites, there are many hundreds of other nucleotide pairs that have 

geometrical arrangements in the 30S ribosome subunit as good as the geometry in the 18 

UVB and 21 UVA-s4U sites that are seen, but these other sites are inhibited in photoreaction 

for some reason (Huggins et al., in preparation,  2-4) have concluded, from the results of 

RNA photocrosslinking experiments in different systems, that conformational constraints 

probably restrict photocrosslink formation and this is likely to be a general requirement for 

RNA to protein and DNA to protein crosslinking as well (5). An analysis of the tertiary 

structure of the 16S rRNA resulted in the conclusion that hydrogen bonding as well as the 

packing density are greater at a majority of the unreactive nucleotide pairs compared to the 

nucleotide pairs where photocrosslinking is observed. Therefore structural constraints 

imposed by the RNA tertiary structure are probably responsible for suppressing 

photocrosslinking at the sites that have favorable internucleotide geometry, but are not 

reactive (Huggins et al. in preparation).  

  Two predictions can be made from the idea that conformational constraints 

modulate RNA-RNA photocrosslinking frequencies. The first is that photocrosslinking might 

be observed at some new sites if experiments are done at high temperatures, because the 

RNA should have a higher conformational flexibility and inhibitory tertiary structure 

constraints could be overcome. The second prediction is that even for photocrosslinks that 

are observed in RNA under normal conditions, which are usually physiological buffers and 4 

ºC or ambient temperature, the extent of photocrosslinking should show a temperature 
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dependence that would reflect greater accessibility to the precise structures needed for 

photoreaction. In the analysis of the 39 UVB and UVA-s4U-induced photocrosslinks in the 

30S structure, none have the precise arrangement needed for photoaddition, so some 

adjustment always is needed for reaction. The details of the arrangements suggest that 

backbone as well as nucleobase movements occur in most cases. An increase in the 

temperature should result in an increase in the rate of attaining the correct structure and an 

increase in the rate of photochemical addition. Photocrosslinking reactions can be easily 

monitored by biochemical methods, so these effects should be readily observable. 

 The temperature dependence of the photocroslinking rate of the s4U at position 8 in 

three E. coli tRNAs will be used as a test case. The values for the angle between the 

acceptor stem and anticodon stem angles seen in the crystal structures and determined by 

solution measurements (6, 7) show a good match, but, in addition, tRNA is thought to have 

flexibility in solution particularly under conditions of submillimolar or zero Mg2+ concentration 

(8, 9).  NMR and EPR have also been applied to tRNA and concerted local conformational 

motions are detected (10). How the local conformational fluctuations and the global structure 

are connected and the time frame and energetics of the global fluctuations are not known. 

Conformational dynamics are important for tRNA function. tRNA flexibility is thought to be 

important in translation because both direct and circumstantial evidence indicates tRNA 

undergoes conformational changes during accommodation and translocation (11-14). The 

behavior of E. coli tRNATrp also provides an insight into this problem. A G24A base change 

in the D stem (15) or other changes in the top of the anticodon stem allows the tRNA to act 

as a termination suppressor because it gains the ability to decode the UGA stop codon (15, 

16). This effect could be due to altered geometry or deformability in the tRNA which 

changes the tRNA interactions with the ribosome or with elongation factors and results in an 

acceleration of forward kinetic rates during decoding (16, 17, 18).   
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 Favre and coworkers (19) have already shown that the UVA-induced crosslink 

between the naturally occurring 4-thiouridine at position 8 and C13 in the D-arm of several 

E. coli tRNAs is formed at different rates in different tRNAs and is dependent on the solution 

conditions. This same crosslinking site has a reduced crosslinking rate in the (su+) tRNATrp, 

compared to the crosslinking rate seen in w.t. tRNATrp, suggesting that the tRNATrp (su+) has 

an altered geometry or flexibililty (19).  It was also shown that tRNAPhe has a greatly reduced 

photocrosslinking rate when it was irradiated in a complex with phenalanyl tRNA synthetase, 

indicating that the photocrosslinking reaction is very sensitive to the conformational 

differences induced by the synthetase (20).  

 An important aspect of these experiments is that they pertain to the behavior of the 

RNA in the µs time scale.  For the sites that are crosslinked in the ribosomal RNA by UVB or 

UVC irradiation (21, 22) or by UVA irradiation of s4U-containing ribosomes (23), the 

structural rearrangement necessary for the photocrosslinking reaction must occur over the 

electronic excited state lifetime (1). The excited state lifetime is between 4 and 6 µs for the 

triplet state of s4U in different tRNAs (25) and is about 0.5 µs for the triplet state of the 

normal nucleobases following UVB or UVC irradiation (26, 27).  This µs time frame is longer 

than is dealt with in most spectroscopy experiments (ps or ns time realms (28, 29, 10)) or in 

molecular dynamics simulations of molecular movements (ps to ns time realms (30-32)) and 

is closer to the time realm of the changes in tRNA during protein synthesis.  

 The temperature dependence of photocrosslinking will be investigated for the 

tRNAsfMet, tRNAPhe and tRNAVal using a gel electrophoresis assay to determine the amount 

of photoproduct. This assay allows the quantitation of large numbers of samples and each 

sample need be only a small amount of material. We find that the first order rate constants 

for photocrosslinking increase with temperature and follow Arrhenius behavior. The overall 

extent of reaction at different temperatures is the same ruling out temperature dependent 

side reactions. Together these results allow calculations of the rate constants and activation 
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energies for photocrosslink formation. Because the rate equation for photocrosslink 

formation also includes a geometry term, the geometry at the photocrosslinking site and, in 

turn, the conformational energy expressed as a Hooke’s law constant, can be separately 

estimated for the tRNAs under different conditions. The measurements show significant 

differences between the tRNAs and show significant dependence on buffer conditions. 

 

RESULTS 

Irradiation of tRNAfMet and tRNAVal results in a faster migrating photoproduct: 

 Favre and co-workers in the 1970s showed that UVA irradiation (>324 nm) of various 

E. coli tRNAs activated the 4-thiouridine at position 8 to specifically crosslink to nucleotide 

C13.  This crosslink involves nucleotides in the D-arm of the tRNA, which cross the hinge 

region, where the co-axially stacked helix formed by the amino-acid acceptor and the T-arm 

meets the co-axially stacked helix formed by the anticodon and D-arm (Figure 1). It was 

determined that the τ1/2 for the photocrosslinking reaction at 25 ºC was sensitive both to the 

identity of the tRNA and buffer conditions (19). However, the experiments did not address 

the issue of the photocrosslinking rate dependence on temperature. Therefore, we wanted 

to develop a simple, gel electrophoresis-based assay to determine if the rate constants for 

the photo-addition of s4U8 and C13 in the E. coli tRNAs increase with temperature.   

 The first experiment was a UVA irradiation time course of [32P]-labeled E. coli 

tRNAfMet and tRNAVal at 0 ºC and 45 ºC for 1 to 20 min. The separation of these irradiated 

tRNAs by 8% polyacrylamide gel is shown in Figure 2.  Comparison of the native tRNAs 

(figure 2, 0 min irradiation) to the irradiated samples demonstrates that irradiation resulted in 

the appearance of a faster migrating band (Figure 2, band 2); sequencing reactions will 

confirm that band 2 contains the s4U8 x C13 crosslink (see below).   
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Figure 1. Location of the s4U8 – C13 photocrosslinking site in the tRNA secondary and 
tertiary structures. A. Cloverleaf structure and sequence of E. coli  tRNAVal with the s4U8 and 
C13 nucleotides indicated. B. Location of U8 and C13 in the yeast tRNAPhe tertiary structure. 
U8 is not thiolated in yeast tRNAPhe. 
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Figure 2.  Separation of uncrosslinked and crosslinked tRNAfMet and tRNAVal by 
electrophoresis on an 8% denaturing polyacrylamide gel.  3' end exchanged labeled 
tRNAfMet or tRNAVal were irradiated in HiFi buffer with wavelengths >320 nm for the indicated 
times at 0 ºC and 45 ºC. Bands 1 and 2 from tRNAVal were isolated for confirmation of the 
s4U8 x C13 crosslink in the band 2 RNA.   
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 Examination of both tRNA experiments in figure 2 reveals two factors which have to 

be taken into account for the calculation of the crosslinked fraction from the gel based 

assay.  First, there is some radioactivity present at the position of the band 2 (crosslinked 

tRNA) even without irradiation. This could be due to photoreaction of the s4U by ambient 

light during its preparation and is subtracted out of all samples as background.  Second, not 

all of the original tRNA is photoreactive, as there is still some of band 1 present at the 

longest times of irradiation (Figure 2).  This could be due to incomplete synthesis of s4U in 

the tRNA, s4U hydrolysis during storage and handling or s4U photolysis from the Cerenkov 

radiation from [32P] decay when the tRNA is in the frozen state prior to use. To account for 

this, each temperature series included a 20 min irradiation to determine the photoreactive 

fraction of the tRNA which was used in the calculation of the rate constant (described in 

materials and methods).   

 

Time courses and first order plots of s4U X C13 formation in tRNAfMet and 

tRNAVal 

 
 To examine the extent and progress of the s4U x C13 crosslink formation, the 

fraction of cross-linked tRNAfMet and tRNAVal at 0 ºC or 45 ºC was plotted versus time (Figure 

4).  For tRNAfMet, the s4U x C13 crosslinking reaction is rapid and the maximum (80%) is 

reached by five minutes of irradiation (Fig. 4A). Also, the initial rate for tRNAfMet crosslinking 

at 45 ºC is comparable to the rate at 0 ºC, indicating that the crosslinking reaction is 

insensitive to temperature. 

 In comparison, tRNAVal has a slightly lower maximum of crosslink formation (72%) 

and a slower initial rate of crosslinking (Fig. 4B).  Additionally, the s4U8 x C13 photoreaction 

in tRNAVal proceeds more slowly at 0 ºC than 45 ºC, indicating a greater response to 

temperature than tRNAfMet.  
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 A first order plot (the natural logarithm of the fraction of unreacted tRNA plotted 

against time) was also done to determine if the reaction is first order reaction, for both 

tRNAs.  For tRNAfMet, irradiations at both temperatures produced a straight line over the first 

five min and the calculated rate constants are very similar at 0.008 s-1.  For tRNAVal, both 

irradiations also produced straight lines over the first five min, confirming the reaction is first 

order.  Unlike tRNAfMet, the rate constant for the crosslinking reaction in tRNAVal is 2.5-fold 

lower at 0 ºC (0.0046 s-1 at 45 ºC vs. 0.002 s-1 at 0 ºC). Thus, the photoreaction in both 

tRNAs follows first-order kinetics and goes to the same total extent over the temperature 

range studied. These data rule out the presence of alternative temperature dependent 

photoprocesses that would prevent calculation of the true first order rate constant for 

crosslink formation.  

 

 

Sequencing of irradiated tRNAVal confirms the crosslink from s4U8 to 

nucleotide C13 

 

 In a previous study involving a UVB irradiation-induced crosslink in yeast tRNAPhe 

between C48 and U59, a product with a slower mobility than the native mobility was seen 

(4).  Therefore it was surprising that UVA irradiation of E. coli tRNAs produced a faster 

migrating product (band 2) compared to native tRNA (band 1) on 8% denaturing poly-

acrylamide gels. To verify that band 1 is the linear native tRNA and that the faster migrating 

species in band 2 contains the s4U8 x C13 crosslink, RNA from both of these bands was 

inspected using 3' [32P]-end-labeled tRNAVal and partial alkaline hydrolysis.  After irradiation 

for 10 min, the RNA was separated on a preparative 8% denaturing polyacrylamide gel and 

bands 1 and 2 were cut out and eluted (see Materials and Methods).  Aliquots of the 
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radioactive tRNA from bands 1 and 2 were partially digested by RNAse T1, RNAse U2, or by 

alkaline hydrolysis, and then run on a 10% polyacrylamide denaturing gel (Figure 3). When 

the tRNAVal from band 2 is compared to the tRNAVal of band 1, a complete interruption of the 

alkaline hydrolysis ladder can be seen near the top of the gel (Figure 2, lanes 4 vs 3). There 

is some band compression in the ladders in the region corresponding to nucleotides 18-21 

and in the region between A26 and A35.  However, the position of A14 and G15 are clearly 

visible and correspond well with the alkaline hydrolysis lanes, so this compression does not 

interfere with our assignment of the crosslink. The first step missing in the interruption region 

is at the position of C13, indicating a crosslink to C13. The s4U8 is the only photoreactive 

nucleotide at the wavelength used for the irradiation, so band 2 must contain the s4U8 x C13 

crosslink; its unexpected mobility must be a consequence of the small loop size and the gel 

electrophoresis system. 

 

Temperature dependence of rate of crosslink formation 

 

 The irradiation time courses of tRNAVal at 0 ºC and 45 ºC support the idea that 

increasing the temperature increases the reaction rate. This suggests that the complete 

expression for the first order rate constant for photocrosslinking should still contain a part 

that reflects the geometry dependence (1) as well as a part (in the form of the Boltzmann 

factor) that reflects dependence on conformational energy.  The following equation satisfies 

these requirements: 

    k1 = A(1/∆RBD)e(-Ea/RT)     (1) 

where k1 is the first order rate constant, A is a pre-exponential factor that incorporates 

photochemical and instrumentation factors, ∆RBD is the difference in distance between the  

reactive bonds in the tRNA in their equilibrium positions and the distance between the  
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Figure 3.  Determination of the s4U8 x C13 photocrosslink in the band 2 RNA.  Native E. coli 
tRNAVal was 3' [32P] exchange-labeled and irradiated as described for 10 min at 0 ºC. The 
RNA was separated on an 8% denaturing polyacrylamide gel and portions of the gel 
containing band 1 and band 2 were cut out. RNA was eluted by shaking overnight.  Portions 
of the recovered radioactive RNA from both bands were treated with RNAse T1, RNAse U2, 
or subjected to partial alkaline hydrolysis and the products separated on a 10% denaturing 
polyacrylamide gel.  RNase T1 and U2 cut on the 3' side of G and A residues respectively, 
and the sequence is determined according to that pattern in the alkaline hydrolysis lanes. 
The interruption of the ladder in lane 4 (alkaline hydrolysis of RNA from band 2) occurs one 
position above A14, indicating a crosslink to C13. 
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Figure 4.  Time course and rate analysis of photocrosslinking for tRNAfMet and tRNAVal.  A. 
Plot of fraction crosslinked versus irradiation time (in seconds) for tRNAfMet and tRNAVal at 0 
ºC and 45 ºC as indicated in the figure. The irradiations were done in a buffer containing 20 
mM Tris, pH 7.5, 100 mM NH4Cl, and 20 mM Mg2+. The curves were fitted using parameters 
for the first order rate constants and for the total amount reactive. The total extent of 
crosslinking for tRNAfMet and tRNAVal is 0.80 ± 0.01and 0.72 ± 0.02, respectively.  B. First 
order plot of rate of photocrosslinking. The logarithm of the fraction of tRNA unreacted for 
the s4U8 X C13 photo-crosslink in tRNAfMet and tRNAVal is plotted versus time for the 
irradiations at 0 ºC and 45 ºC.   
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bonds that is needed for photoaddition, Ea is the activation energy, R is the gas constant 

(8.314 Jmol-1K-1 ) and T is the thermodynamic temperature. 

 For the description of the rate of an enzymatic reaction, the activation energy (Ea) 

term expresses the minimum relative kinetic energy that reactants must have to reach the 

activated transition state.   Here, the activation energy is the conformational energy the 

tRNA must have in order to move the photoreactive bonds of s4U8 and C13 away from their 

relaxed equilibrium positions and into van der Waals contact and correct alignment for 

reaction.  These are different processes but the rate data can evaluated by the Arrhenius 

method by determining the dependence of the logarithm of k1 on inverse temperature to 

obtain Ea without any further estimates: 

 

ln(k1) = ln(A(1/∆RBD)) –Ea/RT     (2) 

 Favre and co-workers previously characterized three different classes of E. coli 

tRNAs depending on whether their τ1/2 for photoreaction at 25 ºC were faster than, slower 

than, or equal to bulk unpurified E. coli tRNA. To investigate the temperature dependence of 

the photocrosslinking rate, we chose one tRNA from each group: tRNAfMet (shorter τ1/2 than 

bulk tRNA), tRNAPhe (longer τ1/2 than bulk tRNA) and tRNAVal (equal τ1/2 of bulk tRNA). 100 

pm of each tRNA was 3' [32P] end-labeled by exchange, dissolved in HiFi buffer and 

aliquoted into 13 portions for irradiation as described in materials and methods.  Of these, 

one was a control for the amount of apparently crosslinked material in the non-irradiated 

tRNA, one was for a 20 min irradiation at 45 ºC to determine the maximum amount of tRNA 

which was photoreactive and the remaining aliquots were for one min UVA irradiations at a 

series of temperatures. Irradiation procedures, gel analysis and the calculation of the rate 

constants are described in materials and methods. 
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Figure 5.  Dependence of rate constants for formation of the s4UX C13 crosslink in tRNAfMet, 
tRNAVal and tRNAPhe on temperature.  A. First order rate constants were calculated from one 
min irradiations at temperatures from 5 to 55 ºC. Averages of the values are plotted versus 
temperature (in K). The fitted lines are exponential dependence on temperature. B. 
Dependence of logarithm of first order rate constants on inverse thermodynamic 
temperature.  The fitted lines are linear dependence of the natural logarithm of the rate 
constants on the inverse temperature.  
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 The calculated rate constants were plotted versus temperature (Fig. 5A).  For all 

three tRNAs, the rate constants of photocrosslink formation increase as the temperature 

increases.  Additionally, if the rate constants at 25 ºC for the three tRNAs are compared, the 

fastest rate of photocrosslinking occurs in tRNAfMet, with a rate constant of 0.0180 s-1, which 

is twice the rate constant for tRNAVal (0.0076 s-1) and 3.5 times greater than the rate 

constant for tRNAPhe (0.0042 s-1) (figure 5A and table 1).  This trend in rate of 

photocrosslinking is in agreement with previously published results by Favre, and although 

the absolute values and differences between the tRNAs are different than in their report, this 

can probably be attributed to differences in buffer conditions (see below).  Curve fitting to 

these data were done with linear or exponential curves. The R2 values of the fits show that 

the preferred form for tRNAPhe and tRNAVal is for exponential dependence of the rate 

constants on temperature; for tRNAfMet, the R2 values for the fits are much lower and there is 

a small preference for the linear fit probably due to the experimental uncertainties and small 

dependence on temperature. Overall, of the12 experiments that are analyzed in this report, 

nine of the rate constant data sets were fit better by exponential dependence on 

temperature compared to linear dependence on temperature. In all seven cases where there 

are larger differences between the R2 value for exponential versus linear behavior, the 

exponential value is better. Therefore, exponential dependence of rate constants on 

temperature is indicated and will be used for analysis of all of the data.  

 Arrhenius plots (natural logarithm of the rate constants versus the inverse of the 

thermodynamic temperature) were also done with the data for tRNAfMet, tRNAPhe and tRNAVal 

(Fig. 5B). The activation energy associated with the photoreaction was determined from the 

slope of the best line by multiplying the negative of the slope by the gas constant.  The 

Arrhenius plot for tRNAfMet has a relatively shallow slope of -276 K-1, and relatively large 

standard deviations associated with each rate constant. This corresponds to a relatively 
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modest activation energy of 2,300 Jmol-1, indicating that initiator tRNA is very flexible, s4U8 

and C13 would have accessibility to the orientation needed for photoaddition even at the 

lowest temperature and this wouldn’t increase much as temperature is raised.  In contrast, 

Arrhenius plots of the photoreaction in tRNAVal and tRNAPhe show greater temperature 

dependence, and significantly smaller standard deviations for the rate constants. Thus, the 

structural rearrangement of the photoreactive bonds in tRNAVal and tRNAPhe is associated 

with ~ 4 fold higher activation energies (9,100 Jmol-1 and 9,400 Jmol-1, respectively) than in 

tRNAfMet and are very similar to one another despite the differences in their rate constants at 

25 ºC (0.0076 s-1 and 0.0042 s-1 respectively).  This correlates to a less flexible structure in 

which accessibility to the needed orientation is greatly increased as temperature is raised. 

 

Dependence of Activation Energy of crosslink formation on buffer conditions 

 

 The stability and conformational freedom of RNA is known to depend on the 

concentration of both monovalent (K+, NH4
+, Cl-)  and divalent ions (magnesium and 

putrescine) and polyamines (spermidine) in solution (33). Therefore, if the temperature study 

and Arrhenius analysis does indeed measure the energy associated with the conformational 

rearrangement needed to bring s4U8 and C13, altering the Mg2+ concentration, or including 

putrescine and spermidine, should produce changes in the activation energies which reflect 

both altered "stiffness" and altered tertiary structure of the tRNA. To test this hypothesis, the 

temperature-rate constant experiment was repeated on tRNAVal using three buffer systems, 

different in monovalent and divalent ion concentration and identity. The first buffer mix was a 

conventional buffer (no polyamines) containing 20 mM Tris, pH 7.5, 100 mM NH4Cl and 0 to  

20 mM Mg2+. The second buffer contained 20 mM Tris pH 7.5, 200 mM NH4Cl and 0 mM 
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Figure 6.  Dependence of rate constants for formation of the s4UX C13 crosslink in  tRNAVal  

on Mg+2 concentration.  A. First order rate constants were calculated from one min 
irradiations at temperatures from 0 to 50 ºC, except for tRNAVal in 20 mM Tris, pH 7.5, 100 
mM NH4Cl and in 20 mM Tris, pH 7.5, 200 mM NH4Cl, where first order rate constants 
deviated significantly from expected values at 40 – 50 ºC and at 45 – 50 ºC, respectively, 
due to tRNA partial melting.  Averages of the values are plotted versus temperature (in K). 
The fitted lines are exponential dependence on temperature. B. Dependence of logarithm of 
first order rate constants on inverse thermodynamic temperature.  The fitted lines are linear 
dependence of the natural logarithm of the rate constants on the inverse temperature.  
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Mg2+, and was used after it was determined that the tRNA was unfolding at higher 

temperatures in the 100 mM NH4Cl, 0 mM Mg2+ buffer.  The last buffer was the HiFi buffer 

but without Mg2+ ; this was done to contrast the effects of the polyamines and magnesium.  

Plots of the rate constants vs temperature for tRNAVal irradiated in these buffers show that 

the rate constants increase with increasing temperature in all buffers (Fig. 6). The different 

buffer conditions result in ~3 fold differences in the rate constants for the photocrosslinking 

reaction (Figure 6).  The activation energies associated with the tRNAVal photoreaction are 

summarized in Table 1. In the buffer containing 100 mM NH4Cl, the activation energy for the 

photoreaction is only 850 Jmol-1, indicating a very loose tertiary structure.  This fact is 

reflected in the hyperchromicity of the tRNA beginning at 35 ºC (Fig. 8) in this buffer. 

Increasing the amount of NH4Cl to 200 mM while keeping the Mg2+ at 0 mM shifted the pre-

melting of the tRNA and resulted in marginally stiffer tRNA structure with an activation 

energy of 2,400 Jmol-1. In contrast, inclusion of 0.5 mM Mg2+ with a buffer containing 100 

mM NH4Cl increased the activation energy ~4.5 fold to 9,100 Jmol-1.  Further increasing the 

magnesium concentration from 0.5 mM to 20 mM with 100 mM NH4Cl only increased the 

activation energy to 11,200 Jmol-1.  Finally, irradiation of tRNAVal in buffer containing 

spermine (0.5 mM) and putrescine (8 mM) with 100 mM NH4Cl resulted in an intermediate 

activation energy of 7,200 Jmol-1, indicating that these divalent ions incompletely substitute 

for the effect of magnesium ions.    

 

DISCUSSION 

 The data described in these experiments demonstrate that the rate of photo-

crosslinking between s4U8 and C13 in E. coli tRNAfMet, tRNAPhe, and tRNAVal increase with  

temperature in an exponential manner and respond to changes in the ionic environment in a  
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Table 1 Summary of experiments and calculation of geometry and force constants   

tRNA Buffer* n k1 (at 25 ºC)(s-1) Ea(Jmol-1)* ∆RBD (Å)† kH(Nm-1)§ 

tRNAfMe HiFi 5 0.0180 ± 0.00076 2,300 ±   580 2.0   ± 0.6 0.18 ±  0.15 
tRNAPhe HiFi 5 0.0042 ± 0.00022 9,400 ±   710 0.50 ± 0.064 13    ±  4.0   
tRNAVal HiFi 4 0.0076 ± 0.00049 9,100 ±   870 0.31 ± 0.050 32    ± 13 
      T20A100M20 4 0.0030 ± 0.00019   11,200 ±  820 0.34 ± 0.045 32    ± 11 
       T20A100M10  6 0.0034 ± 0.00022    10,700 ±  860 0.36 ± 0.052     27    ± 10 
       T20A100M7  4 0.0032 ± 0.00019     10,700 ±  790 0.39 ± 0.052    23    ±  8.0 
       T20A100M3      6 0.0032 ± 0.00021     10,400 ±  880   0.73 ± 0.10      6.6  ±  2.3 
       T20A100M1        5  0.0045 ± 0.00024       9,400  ±  720 0.47 ± 0.06 14     ±  4.6  
       T20A100M0.5 6 0.0033 ± 0.00022       9,100 ±   900 0.71 ± 0.12      6.0  ±  2.6     
       T20A100M0        5 0.0063 ± 0.00026        850  ±  750 10.5  ± 9.8     0.0026 ± 0.006  
       T20A200M0       5 0.0052 ± 0.00023       2,400  ±  740     7.0  ± 2.5      0.016 ± 0.017        
       HiFi   M0      3 0.0049± 0.00031 7,200  ±  870   1.0  ± 0.19 2.2   ±  1.2 
 
*Buffers used are: HiFi – 50 mM Tris, pH 7.5, 30 mM KCl, 70 mM NH4Cl, 3.5 mM MgCl2, 8 
mM putrescine, 0.5 mM spermidine; buffers abbreviated TxAyMz -  x mM Tris, pH 7.5, y mM 
NH4Cl and z mM MgCl2; HiFi M0 -  HiFi buffer without any Mg2+.   
**The rate constants at 25 ºC and their standard errors of estimates and the energies of 
activation and their uncertainties (calculated from the standard error of the slope) were 
determined from the regression lines of the Arrhenius plots. 
†The apparent ∆RBD (distance between the photoreactive bonds of s4U8 and C13, 
compared to the distance they must have for photocrosslinking) were calculated using k1 
and Ea and the proportionality constant A from the expression A * e(-Ea/RT)/k1. The 
proportionality constant A was calculated as described in the methods. 
§The Hooke’s law constant for the conformational movement was calculated from 2Ea / 
(∆RBD)2. The fractional uncertainty of the Hooke’s Law constant is the sum of the fractional 
uncertainties of the Ea value and the ∆RBD value (x 2). The value of kH is expressed per 
molecule in Newtons/meter (Nm-1). 
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Figure 7.  Dependence of rate constant, energy of activation and calculated parameters on 
magnesium concentration for the tRNAVal s4U x C13 crosslink. A. Dependence of first order 
rate constant on Mg+2 concentration. All data in this and subsequent panels, including error 
bars are summarized in Table 1. B. Dependence of activation energy on Mg2+ concentration. 
C. Dependence of the s4U8 – C13 distance on Mg2+ concentration. The value for the 
distance calculated for tRNAVal in 20 mM Tris, pH 7.5, 100 mM NH4Cl, 10.5 ± 9.8 Å, is  
omitted from the plot. D. Dependence of Hooke’s Law Constant on Mg2+ concentration.    
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way that indicates changes in the conformational energy of the tRNA. tRNAfMet has the 

highest rate constant followed by tRNAVal  and then tRNAPhe in agreement with earlier results 

(19).  The activation energies are different for these three tRNAs, particularly for a very low 

value for tRNAfMet. This helps explain the part of the differences in the rate constants, but 

there must also be differences in the geometries at the crosslinking sites. 

 

The data indicate that the geometry between s4U8 and C13 changes in 

response to conditions 

 

 Rearrangement of equation (1) to solve for the geometry term provides a way to 

estimate how far the reactive bonds (C4-S4 of s4U8 and C5-C6 of C13) must move to have 

van der Waals contact and alignment since k1 and Ea are experimentally determined: 

∆RBD = A e(-Ea/RT) /k1      (3) 

where all terms are defined the same way as in eq (1). This provides a method to determine 

how the distance between the reactive bonds at 25 ºC changes in response to buffer 

conditions by substituting in the measured activation energy, measured rate constant at 25 

ºC, and the estimated pre-exponential factor A (see materials and methods).    

  The calculations of the distances between the reactive bonds at 25 ºC under different 

conditions are shown in Table 1 and in figure 7 C.  For tRNAVal in 100 mM NH4Cl, the 

distance to bring the reactive bonds into van der Waals contact is 10.5 + 9.8 Å, which is 20 

times greater than the 0.52 Å separation of the photoreactive bonds averaged from the X-

ray structures of yeast tRNAfMet, tRNAPhe, and tRNAAsp (see materials and methods).  This 

clearly indicates a partially unfolded molecule and the tRNA show temperature instability 

beginning at 35 ºC. Interestingly, the data indicate linearity in the Arrhenius plot even to low  



 180 

   

Figure 8. Melting profiles for tRNAVal under different conditions. Absorbance measurements 
were done in buffers containing 20 mM Tris, pH 7.5,100 mM NH4Cl, 20 mM Tris, pH 7.5, 200 
mM NH4Cl, HiFi buffer with 0 mM Mg+2 or containing 20 mM Tris, pH 7.5,100 mM NH4Cl. 0.5 
mM Mg+2 as indicated in the figure.  The values are from three experiments and were 
normalized to a starting absorbance of 0.277.  The Tms of the tRNA under these conditions 
are about 66 ºC in T20A100, 66.5 ºC in T20A200, 70.5 ºC in HiFi M0, and 72 ºC in T20A100M0.5 

 



 181 

 

temperatures and nearly identical rate constants, so the tRNA tertiary structure must be 

significantly folded on average on a µs time scale even at low temperatures. In 200 mM 

NH4Cl, the separation drops to 7 + 2.5 Å, still 14 times greater than that seen in the crystal 

structures. In the presence of 0.5 mM spermine, and 8 mM putrescine, the separation 

between the reactive bonds closes to 1.0 Å or only 3 times that seen in the yeast tRNA 

crystal structures.  However, the addition of even small amounts of magnesium has a much 

greater effect.  At 0.5 mM Mg2+, the separation of the reactive bonds is only 0.7 Å, and 

increasing the magnesium concentration to 20 mM results (with the exception of 1 mM Mg2+) 

in further compression of the structure to 0.33 Å.  Interestingly, the distance between the 

reactive bonds in HiFi buffer, (containing 3.5 mM Mg2+ 0.5 mM spermidine and 8 mM 

putrescine) is 0.34 Å, which is two fold closer than the distance between the bonds in 3 mM 

Mg2+ and 5 fold closer than HiFi buffer without Mg2+.          

 

Geometry and conformational energy both contribute to the photocrosslinking 

rates 

 

 An examination of the data in Table 1 indicates that both geometry and 

conformational energy are important in determining the s4U8 x C13crosslinking rates.  In low 

ionic strength buffers (100 mM NH4Cl and 200 mM NH4Cl), the bonds are separated by the 

largest distances, (∆RBD values are 10.5 Å and 7 Å) but the crosslinking rates are the 

highest (0.0063 s-1 and 0.0052 s-1).  This discrepancy can be accounted for in the activation 

energy for the reaction.  In 100 mM NH4Cl, the activation energy required for the 

conformational change to bring the reactive bonds together is only about 850 Jmol-1.  

Alternatively, in 200 mM NH4Cl, the activation energy is 3 fold greater at 2,400 Jmol-1, 
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indicating a somewhat tighter structure, and thus although the reactive bonds are 30% 

closer together, the crosslinking rate is less indicating that, in this comparison, the 

conformational energy is more important than the distance in determining the crosslinking 

rate. This same trend is seen in the magnesium concentration series.  Thus, even though 

the addition of magnesium results in progressively closer reactive bonds (∆RBD is 0.7 Å at 

0.5 mM Mg2+ and 0.33 Å at 20 mM Mg2+), the crosslinking rates remain very similar (~0.003 

to 0.004 s-1) because of the effect the increased magnesium has on the conformational 

flexibility.   

 Measurements made by transient electric birefringence and gel electrophoresis 

establish intersystem angles of 154 degrees under buffer conditions without Mg2+, and 

indicate only modest changes as monovalent ion concentration is increased. However an 

intersystem angle of 70 degrees is present at sub-millimolar concentrations of Mg2+, and this 

changes only a little more as Mg2+ is increased to 4 mM (9). These conclusions are strikingly 

similar to the conclusions we draw from the photocrosslinking experiments.  

 The effects of the polyamines on the activation energy and crosslinking rate are 

different than magnesium, demonstrating that the identities of the ions are certainly 

important in their effects on the tRNA structure.  For example, in T20A200M0, Ea is 2,400 Jmol-

1. In the HiFi M0 buffer which contains 8 mM putrescine and 0.5 mM spermidine, Ea is 7,200 

Jmol-1, but in T20A100M10, Ea is 10,700 Jmol-1, indicating a much larger effect of Mg+2 ions on 

the structure compared to the putriscine/spermidine combination.  A second example is the 

comparison of  the effects of Mg+2 and putriscine/spermidine on the values obtained in 

T20A100M3. In T20A100M3, the Ea value is 10,400 Jmol-1. In T20A100M10, which adds 7 mM Mg+2 

to T20A100M3, the Ea value is 10,700 Jmol-1, but in HiFi, which essentially adds 8 mM 

putriscine and 0.5 mM spermidine to T20A100M3 (with small changes in the [Mg+2] and 

substitution of K+ for some of the NH4
+), the Ea value is 9,100 Jmol-1. This indicates that the 
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effect of adding the putriscine/spermidine combination is to slightly decrease the Ea value, 

rather than to increase the Ea value as is seen with the addition of Mg2+. 

 The values of the distance of internucleotide movement (∆RBD) and the activation 

energy (Ea) can be combined to calculate a force constant for the movement of the 

nucleotides. This can be done by assuming Hooke’s Law behavior, which describes a 

parabolic energy well for the movement of the nucleotides with respect to each other from 

their equilibrium positions (see materials and methods). By rearrangement, the following 

expression for the force constant is obtained: 

 

kH=2*Ea/(∆RBD)2      (4) 

 

where Ea is the activation energy, kH is Hooke’s Law constant, and ∆RBD the displacement 

of the reactive bonds away from their equilibrium positions towards each other. 

 The calculated values for the Hooke's law constant for tRNAfMet, tRNAPhe and tRNAVal 

in the different buffer conditions are summarized in Table 1 and the dependence of values 

for tRNAVal under different Mg2+ concentrations is shown in Figure 7.  The Hooke's law 

constant is the lowest in buffers without Mg2+, 0.0026 and 0.016 Nm-1 in 100 mM or 200 mM 

NH4
+ and 2.2 Nm-1 in the presence of 8 mM putrescine and 0.5 mM spermidine.  The 

Hooke's law constant is dramatically higher, 6.0 Nm-1, at 0.5 mM Mg2+ and increases to up 

to 32 Nm-1 in 20 mM Mg2+. These changes indicate a great increase in the stiffness of the 

tRNA tertiary structure upon the addition of magnesium and result in a shortening of the 

distance between the s4U8 and C13 nucleobases. 

 The kH values for the movement at the s4U8 – C13 site in tRNA fMet, tRNAPhe and 

tRNAVal are 0.2, 13 and 32 Nm-1 in the physiological HiFi buffer, respectively. The larger of 

these values are only a fraction of the kH values for covalent bond stretching or bending, 
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which are typically in the range of 500 Nm-1 to 200 Nm-1 (34), so the movement is of much 

smaller energy and subject to thermal forces. It is likely that the movement is spread out 

over a large number of nucleotides, so there must be very modest changes in the energy 

and displacement values that contribute to the overall change in the tRNA tertiary structure.  

The temperature/rate analysis of photocrosslinking (TRAP) should be a 

general method of determining conformational energy changes and 

internucleotide distances in RNA 

 

 The internal conformational energy in tRNA has been determined by directly 

measuring the activation energy for the conformational rearrangement needed to bring s4U8 

and C13 together to form their crosslink, and by observing changes in the activation energy 

in response to buffer conditions.  X-ray structures are available for the tRNA and the 

ribosome, so the measurement of the internucleotide geometry is possible for these cases 

and is required for the calculation of the pre-exponential A factor in Equations 1-3. However, 

once this factor has been calculated it should apply to other RNA molecules. The 

experimental strategy described here provides the two measurements, k1 and Ea, both 

provide geometry and conformational energy estimates for RNA can be made even without 

a detailed structure, if the constant A has already been determined. The experiments 

demonstrate a high sensitivity to the environmental conditions. An additional feature of these 

experiments is that the photocrosslinking measurements can be done in complexes of any 

size.  

 

 

 

 



 185 

MATERIALS AND METHODS 

3' end labeling of tRNAs 

 E. coli tRNAfMet, tRNAVal, and tRNAPhe (Sigma or Chemical Block) were 3' end labeled 

by the PPi exchange reaction as previously described (35-37). 100 pmol of each tRNA was 

dissolved in 100 µl reaction mix containing 100 mM glycine-NaOH, pH 9.0, 10 mM Mg2+, 50 

µM PPi, 150 µCi [α -32P] ATP, 1.44 µg B. stearothermophilus CCA enzyme and incubated 5 

min at 55 ºC.  The PPi-exchange reaction was then quenched by incubation with 4 units of 

yeast pyrophosphatase for one min at 37 ºC. To ensure that the tRNA had fully restored 

ends, ATP and CTP were then added to a final concentration of 1µM and the mixture was 

again incubated at 55 ºC for 3 min.  The samples were then phenol and ether extracted and 

then precipitated twice for 2 hours at -20 ºC after addition of an equal volume of 5 M 

NH4OAc pH 5.5, 4 µg glycogen and 2.5 volumes of ethanol.   

 

Irradiation Procedures 

 tRNAs were irradiated essentially as described in Nanda and Wollenzien (2004) (23)  

to specifically activate s4U. Aliquots of 3' [32P] exchange-labeled tRNAPhe, tRNAVal or tRNAfMet 

dissolved in buffer were placed in 1.5 mL Eppendorf tubes and the tubes submerged in a 

water filled sample well for irradiation with a 400 W mercury vapor lamp. Additionally, the 

sample well itself was surrounded by a glass jacket containing a circulating 4 ºC solution of 

Co(NO3)2 to filter out wavelengths less than 320 nm and to regulate the temperature of the 

water bath (37).  The light intensity in this device impinging on the Eppendorf tubes is about 

200 mWcm-2.  

 For time course assays, 50 pm of either 3' [32P] end-labeled tRNAfMet or tRNAVal were 

dissolved in 200 µl HiFi buffer (50mM Tris, pH 7.5, 30 mM KCl, 70 mM NH4Cl, 8 mM 

putrescine, 3.5 mM MgCl2, 0.5 mM spermidine), incubated 10 min at 45 ºC to fully renature 
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the tRNA, aliquoted into 1.5 ml Eppendorf tubes in 100 µL portions and stored on ice until 

needed.  The tubes containing the RNA were pre-incubated at least three min at 0 ºC or 45 

ºC, before submersion in the temperature equilibrated sample well for irradiation.  Samples 

were irradiated and 10 µl aliquots were removed from each portion at 1, 2, 3, 4, 5, 10, 15, 

and 20 min.  The irradiated tRNA was then precipitated by addition of NH4OAc pH 5.5 to 0.5 

M final concentration, 4 µg glycogen and 2.5 volumes of ethanol.  After precipitation, 

samples were separated by electrophoresis on 8% PAGE sequencing gels for 2.5 hours 

before quantitation by ImageQuant software.   

 For the temperature studies, 100 pmol of 3' [32P] end-labeled tRNAfMet, tRNAPhe or 

tRNAVal was dissolved in 1000 µl HiFi buffer and renatured for 10 min at 45 ºC, aliquoted 

into 50 µL portions and stored on ice. The tRNAs were equilibrated at different temperatures 

(every 5 ºC degrees between 0 ºC and 50 ºC) and irradiated for one min. One sample was 

irradiated for 20 min at 45 ºC to determine the final extent of photoreaction and one sample 

was kept in the dark to determine the amount of background in non-irradiated samples.  To 

ensure the correct temperature for irradiation, each sample was incubated at least 3 minutes 

in a separate water bath at the appropriate temperature before submersion in the 

temperature equilibrated sample well.  After irradiation, RNA was ethanol precipitated with 4 

µg of glycogen as a carrier, and electrophoreses on 8% polyacrylamide gels to separate the 

native and crosslinked RNA. 

 For magnesium dependence, samples were 3' [32P] end-labeled and renatured in 

HiFi buffer as described above.  The samples were then dialyzed overnight against the 

appropriate buffer at 4 ºC, changing the buffer once.  After dialysis, the samples were 

aliquoted, irradiated and analyzed as described above. 
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Alkaline Hydrolysis 

 Bands 1 and 2 containing full length native and crosslinked tRNA were cut from a 

preparative 8% polyacrylamide gel and eluted from gel pieces by overnight shaking in 500 

mM NH4OAc pH 4.7, 10 mM MgCl2 and 2% SDS.  After phenol extraction and two ethanol 

precipitations, portions of radioactively labeled material from the bands were treated with 

RNase T1, RNase U2 or alkaline hydrolysis as previously described (38).  Samples were 

resolved on a denaturing 10% polyacrylamide gel and analyzed by ImageQuant software. 

 

Confirmation of the first order reaction for the s4U8 x C13 photocrosslinking 

 To determine the reaction order of the s4U8 X C13 crosslink, 3' end labeled tRNAVAL 

and tRNAfMet dissolved in HiFi buffer were irradiated for 1, 2, 5, 10, 15, and 20 min at 0 ºC 

and 45 ºC as described above. In these experiments, extent of crosslink formation at each 

time point was determined by first subtracting the amount of "background" present at the 

position of band 2 in the control lanes, and then dividing the amount of radioactivity in band 

2 from the total amount of radioactivity in bands 1 and 2 (Figure 1).  This number was then 

subtracted from the total fraction of crosslinking possible (the fractional extent of crosslinking 

in the samples irradiated 20 min at 0 ºC or 45 ºC), and finally divided by the total fraction of 

crosslinking possible. This calculation yields the normalized fraction non-crosslinked at each 

temperature. This was plotted against temperature in the first order graphs (Figure 4).  The 

first order rate constants for the photo-crosslinking reaction of s4U8 X C13 in both tRNAVal 

and tRNAfMet were calculated from the negative slope of these graphs.     
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Calculation of first order rate constants and activation energies  

 The first order rate constants for the photocrosslinking reactions at each temperature 

were determined from the fractional amount of crosslink product at one min. Application of 

the correction and normalization as described above yielded a quantity that was the fraction 

of non-crosslinked tRNA after one min irradiation.  This was converted into the rate constant 

(s-1) by taking the natural logarithm of this number and dividing by 60 s.   

 The activation energy associated with the conformational change needed to bring the 

photo-reactive bonds of s4U8 (C4-S4 double bond) and C13 (C5-C6 double bond) was then 

calculated by plotting the natural logarithm of the rate constants versus the inverse of 

temperature in ºK as described by equation (2). The slopes of the best fit linear lines to 

those graphs are –Ea/R from which Ea values were calculated. 

 

Calculation of the pre-exponential A factor and ∆∆∆∆RBD under different 

conditions  

 In the temperature analysis of the rate of photocrosslinking, the first order rate 

constant of photocrosslinking and the activation energy are explicitly determined, leaving the 

pre-exponential A factor and the change in reactive bond distance (∆RBD) as the two 

unknown quantities.  To calculate ∆RBD under different conditions, the pre-exponential A 

factor needed to be estimated. This was done by using values for the ∆RBD term available 

from tRNA crystal structures and rearranging equation (1) to yield: 

 

A  =  k1∆RBD 
                        e-(Ea/RT)          (5) 

 

To obtain a best value for A, the distance between the reactive bonds present in the x-ray 

structures of yeast tRNAPhe (39), yeast tRNAfMet(40), and yeast tRNAAsp (41) were calculated 
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and used as ∆RBD.  The average distance between the midpoint of the C4-O4 bond of U8 

and the midpoint of the C5-C6 bond was found to be 4.25 Å, indicating an average value of 

∆RBD of 0.52 Å.  This value for ∆RBD was used in equation 5 with values for k1 and Ea at 25 

ºC for tRNAPhe, tRNAVal and tRNAfMet.  The three separate determinations of the pre-

exponential A factor were averaged to obtain a value 0.096, which was used for the rest of 

the calculations. 

 

Calculation of the Hooke's Law constant required for s4U8 and C13 movement  

 Determination of ∆RBD and Ea values for a tRNA under a specific condition in turn 

allows calculation of a force constant associated with the energy involved in the s4U8 - C13 

movement. The force equation used here is Hooke's Law, which describes a parabolic 

energy well for the movement of a spring away from its equilibrium position. ∆RBD has 

already been defined as the distance displacement between the equilibrium distance and 

the distance needed for photoreaction, so it is equivalent to the displacement distance in 

Hooke’s law. Eq (4) follows immediately.  
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SUMMARY 

 The 70S ribosome is the site of mRNA-directed protein synthesis. The overall 

construction and mechanics of the ribosome must facilitate sequential and coordinated 

binding of numerous co-factors during the steps of protein synthesis.  It was once thought 

that the RNA portion of the ribosome was a merely a scaffold which provided the site of 

interaction for relevant translational co-factors.  However, recent high resolution X-ray 

structures have established the overall structure of the ribosome and have demonstrated 

that in addition to maintaining global architecture, ribosomal RNA is also responsible for the 

catalytic activity of the ribosome, including peptide bond synthesis and mRNA decoding.  In 

the wake of these crystal structures, it is now possible to both interpret biochemical 

experiments in a structural context  and to anticipate the unknown or poorly characterized  

conformational transitions necessary for initiation, decoding, translocation, termination and 

recycling translation will involve rRNA deformations. Accordingly, the experiments described 

in this work seek to further explore and characterize the 16S rRNA conformational dynamics 

that accompany translation through a combination of UV-induced photocrosslinking and 

computational analyses.   

  In chapter I, the conformational response of E. coli 16S rRNA to different tRNA 

substrates was examined using a previously characterized high-efficiency crosslink that 

occurs between the tRNA anticodon loop and the 16S rRNA.  In agreement with previous 

crosslinking studies and with the 30S T. thermophilus crystal structure, we found that 

binding N-blocked Val-tRNAVal to the P-site of E. coli 70S ribosomes resulted in a single 

crosslink between the cmoU34 of Val-tRNAVal and C1400 of 16S rRNA.  However, 

puromycin treatment of the 70S containing P-site N-blocked Val-tRNAVal, or direct binding of 

deacylated tRNAVal to the 70S P-site yielded not only the expected cmoU34 X C1400 

crosslink, but also produced a previously uncharacterized low-efficiency phototrimer 
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between cmoU34 of tRNAVal, C1400 of 16S rRNA and C967 of 16S rRNA.  While these 

results are in line with the "hybrid states" theory of tRNA movement, the juxtaposition of 

these three nucleotides is not predicted by an examination of the codon-anticodon 

interaction in the floor of the P-site in T. thermophilus 30S subunits, and indicates that16S 

rRNA moves away from its equilibrium conformation (as represented in the crystal structure) 

during the elongation phase of the translation cycle.        

 In chapters II and III, the T. thermophilus 30S crystal structure was used in an effort 

to explain the restricted crosslinking pattern observed in E. coli 16S rRNA.  As expected, 

observed crosslinking frequencies are higher for nucleotide pairs that are closer in the 

tertiary structure, and statistical analysis indicated that 60% of crosslinking variance could 

be attributed to geometry.  However, analysis of the rest of the 16S structure revealed that 

there are hundreds of "potential" crosslinks, or nucleotide partners with geometrical 

parameters equal to or better than the observed crosslinks.  Interestingly, when compared to 

these "potential" crosslinks, observed crosslinks were involved in fewer hydrogen bonds and 

found in regions of lower atom packing.  A subsequent case-by-case inspection of the three 

dimensional arrangement between nucleotides in observed crosslinks indicated that 

nucleotide pairs must undergo significant structural rearrangements to attain the exact 

geometry needed for covalent attachment.  Also, nucleotide pairs involved in UVA-s4U-

induced crosslinks must undergo larger movements than nucleotide pairs involved in 

UVB/C-induced crosslinks, indicating that these structural rearrangements occur during the 

base's excited state lifetime.  These results indicate a photocrosslinking mechanism 

whereby covalent attachment depends not only on the nearness of the two bases in the 

tertiary structure of 16S rRNA, but also on the ability of the bases to make the appropriate 

motions toward one another needed for proper alignment of photoreactive bonds upon the 

absorption of a photon.   
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 If our model for the mechanism of photocrosslinking is correct, then crosslinking 

frequency should increase with increasing temperature, reflecting greater accessibility to the 

precise geometry needed for photo-addition.  Therefore, in the final chapter, this prediction 

was tested by monitoring the temperature dependence of the UVA-induced s4U8 X C13 

crosslink in E. coli tRNA.  In good agreement with our proposed crosslinking model, we 

found that the rate constants for this crosslinking reaction followed Arrhenius-type behavior, 

and subsequently calculated the activation energies (Ea) for the conformational 

rearrangements in tRNAfMet (2,300 J mol-1), tRNAPhe (9,400 J mol-1), and tRNAVal (8, 700 J 

mol-1).  Additionally, we found that the temperature dependence of the s4U8 X C13 

crosslinking rate constant in tRNAVal was sensitive to magnesium ion concentration, which 

has been demonstrated to affect the tertiary structure of tRNA.  Finally, measurement of the 

rate constant and activation energy (Ea) were combined with geometrical data from X-ray 

crystal structures to express a force constant, kH (Hooke's Law constant), describing the 

ability of the photo-reactive bonds to attain van der Waals contact.  The dependence of the 

crosslinking rate constant on the calculated force constant subsequently demonstrated that 

crosslinking depends on both geometry and the conformational flexibility of the tRNA 

molecule.   

 The important conclusions from this work are that the locations where 

photocrosslinking occurs are associated with the conformationally flexible regions of an RNA 

molecule, and the internal energy of these regions can be measured as the activation energy 

(Ea) obtained from the temperature dependence of the photo-crosslinking rate constant. 

Additionally, the dependence of the activation energy of the s4U8 X C13 crosslink in tRNAVal 

on buffer conditions further demonstrated that we can monitor changes in the internal energy 

of these flexible regions of the RNA.  Thus, the assays described in Chapter IV can now be 

applied to the larger computational issue of how ligands and other reagents bind to and 

inhibit or stimulate the function of any RNA molecule.   
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As an example of the connection between conformational changes and proper biological 

activity, tRNA flexibility has been proposed to be important for proper fidelity during A-site 

decoding.  According to the kinetic scheme proposed by Wintermeyer and co-workers, the 

overall level of fidelity is achieved in two separate stages of the decoding process, initial 

selection and proofreading, which are separated by the hydrolysis of GTP on the ternary 

complex (Figure 1)  (1).  In the initial selection stage, cognate tRNA-mRNA interaction in the 

30S A-site induces GTP hydrolysis 10-fold faster than the near-cognate interaction (one 

codon-anticodon mismatch) and 105-fold faster than than non-cognate interactions (one or no 

codon-anticodon match) (1). In the proofreading stage, peptide transfer for cognate tRNA 

was found to be 100-fold faster than for near-cognate tRNA, which also had an increased 

ribosomal dissociation rate (1).  Thus non-cognate tRNAs are predicted to be rejected in the 

initial selection step, whereas near-cognate tRNAs are predicted to be rejected in the 

proofreading step.  

 Structural and biochemical evidence has suggested that flexibility in the D-arm of 

tRNA facilitates a conformational change necessary for the observed A-site kinetic selection 

of cognate interactions over near- and non-cognate interactions. First, the E. coli tRNATrp 

which suppresses UGA stop codons accelerated the forward rates of reaction for both 

GTPase activation and accommodation of the 3' end of the mutant tRNATrp when the A-site 

was programmed with UGA (2).   This tRNA, know as the Hirsh suppressor, has a G24A 

mutation, which changes the U11:G24 base pair to U11:A24 base pair and is predicted to 

alter the conformational flexibility of the D-arm (2).   

 Recent cryo-EM reconstructions have claimed more explicit evidence of tRNA 

deformations during decoding.  Using the antibiotic kirromycin to freeze A-site 70S 

complexes in the codon-recognition A/T state, Frank and co-workers observed a "kink" in the 

tRNA between the anticodon stem and the D-arm (3).   As this "kinked" tRNA structure would 

be energetically unfavorable, they proposed that tRNA acts as a molecular spring to facilitate 
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discrimination of cognate tRNA-mRNA interactions from near-cognate interactions at the 

proofreading step (3).  According to this scheme, codon recognition in the presence of EFTu 

results in an energetically unfavorable conformation of tRNA.  The resulting tension on tRNA 

in the A/T state is then resolved by GTP hydrolysis, which releases of the 3' end of the tRNA 

from the EFTu allowing its accomodation into the 50S A-site.  Thus they suggest that only 

cognate tRNA-mRNA interactions would be strong enough to keep the tRNA from 

dissociating from the ribosome during this large movement of the 3' end of tRNA.  

 The ability to monitor the tRNA structure and internal energy through 

photocrosslinking should allow us to directly test this model's prediction that tRNA in the A/T 

state is in an energetically unfavorable conformation.  Accordingly, binding of tRNAPhe or 

tRNAVal in ternary complex to the A-site of pre-programmed ribosomes in the presence of 

kirromycin would freeze tRNA in the A/T state. If the D-arm of the tRNA is involved in an 

energetically unfavorable conformation, then monitoring the temperature dependence of the 

rate constant of photocrosslinking should result in a much higher activation energy (Ea) for 

the conformational adjustment needed for covalent attachement. 
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