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Summary 

 

S1 domains occur in four of the major enzymes of mRNA decay in Escherichia coli: RNase E, PNPase, 

RNase II, and RNase G. Here, we report the structure of the S1 domain of RNase E, determined by both 

X-ray crystallography and NMR spectroscopy. The RNase E S1 domain adopts an OB-fold, very similar to 

that found with PNPase and the major cold shock proteins, in which flexible loops are appended to a well-

ordered 5-stranded β-barrel core. Within the crystal lattice, the protein forms a dimer stabilized primarily 

by intermolecular hydrophobic packing. Consistent with this observation, light scattering, chemical 

crosslinking, and NMR spectroscopic measurements confirm that the isolated RNase E S1 domain 

undergoes a specific monomer-dimer equilibrium in solution with a KD value in the mM range. The 

substitution of glycine 66 with serine dramatically destabilizes the folded structure of this domain, thereby 

providing an explanation for the temperature-sensitive phenotype associated with this mutation in full 

length RNase E.  Based on amide chemical shift perturbation mapping, the binding surface for a ssDNA 

dodecamer (KD = 160 ± 40 µM) was identified as a groove of positive electrostatic potential containing 

several exposed aromatic side chains. This surface, which corresponds to the conserved ligand-binding 

cleft found in numerous OB-fold proteins, lies distal to the dimerization interface, such that two 

independent oligonucleotide-binding sites can exist in the dimeric form of the RNase E S1 domain. Based 

on these data, we propose that the S1 domain serves a dual role of dimerization to aid in the formation of 

the tetrameric quaternary structure of RNase E (Callaghan et al., Biochemistry 42, 13848-13855) and of 

substrate binding to facilitate RNA hydrolysis by the adjacent catalytic domains within this multimeric 

enzyme. 
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Introduction  

The metabolic instability of mRNA is an important, albeit infrequently appreciated, aspect of gene 

expression. mRNA lifetimes are short relative to cellular doubling times, whereas “stable RNAs” such as 

tRNA and rRNA remain intact and functional for at least several generations. The stability of an mRNA 

controls its rate of accumulation and its maximal steady-state level independently of promoter strength. In 

the current model of mRNA decay in E. coli, the critical first step is usually an endonucleolytic cleavage 

catalyzed by RNase E1; 2; 3. In addition to its crucial role in mRNA degradation, this enzyme also 

participates in the maturation of rRNA, tRNA, and other small RNAs. The specificity of RNase E has been 

addressed several times, yet a simple consensus sequence has never been found. Although RNase E 

seems to have a broad specificity with a preference for AU-rich sequences4, a G in position –2 relative to 

the cleavage site can significantly improve the efficiency of cleavage. More significantly, the rate of 

substrate hydrolysis by RNase E is strongly influenced by RNA elements that are distinct from the actual 

site of cleavage, such as adjacent stem-loops, phosphorylation at the 5’ terminus, and signals for 

translation initiation. 

 

RNase E can be divided into three functionally distinct regions: an N-terminal segment (residues 1-498) 

containing the single-strand-specific endonuclease activity5; an arginine- and proline-rich central region 

(residues ~ 500-650); and a C-terminal portion (residues ~650-1061) that provides a scaffold on which 

RhIB, enolase, and PNPase assemble6; 7. The N-terminal segment of RNase E can process rRNA and is 

sufficient to support cell growth in the absence of the full-length protein.  

 

Based on sequence comparisons, residues 37 to 119 in the N-terminal segment of RNase E are 

predicted to correspond to an S1 domain8. In particular, these residues show 30% sequence identity to 

the S1 domain of PNPase, for which a three-dimensional structure has been determined by NMR 

spectroscopy8. S1 domains are RNA-binding modules, originally identified in the ribosomal protein S1, 

that represent a subclass of the OB-fold (oligonucleotide/oligosaccharide-binding fold) family9. This fold, 

built on a distinctive β-sheet scaffold with appended loops or helices, is found in a wide variety of proteins 

that are involved principally in the recognition of carbohydrates and nucleic acids 10; 11.  
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Beyond an expected role in mediating RNA binding, the precise function of the S1 domain in RNase E is 

not understood. Two separate point mutations within this domain, rne-3071 (L68F) and ams-1 (G66S), 

are both lethal at elevated temperatures, indicating that the S1 domain is crucial for the activity of RNase 

E 12. More recently, using homology modelling and site-directed mutagenesis, Diwa et al. 13 identified two 

distinct surface regions of the S1 domain. One is of general importance for its ribonuclease activity, while 

the other is entirely dispensable for catalysis in vitro yet important for feedback regulation of the 

expression of rne, the gene encoding this enzyme. Thus, based on even the limited information available 

to date, it would appear that the role of the RNase E S1 domain may be more complex than simply 

providing an RNA-binding surface. 

 

So far there is no experimentally determined three-dimensional structural model available for any part of 

RNase E. A very recent biophysical study indicates that the N-terminal segment of RNase E (residues 1-

529) forms a tetramer and that the S1 domains are readily susceptible to proteolytic attack. Although the 

quality of the crystals formed by this fragment were insufficient for solving its high-resolution structure, 

using X-ray solution scattering and crystallographic data, Callaghan et al. 14 proposed that four RNase E 

monomers pack with approximate D2 point symmetry. A salient feature of their model involved the 

positioning of the S1 domains at the periphery of the tetramer; i.e., at maximal separation from each 

other. To better understand the role of the S1 domain in RNase E, we have determined its structure using 

both X-ray crystallography and NMR spectroscopy. In parallel, we have demonstrated that the isolated 

domain weakly dimerizes in vitro, and have identified its oligonucleotide- and dimerization-interfaces. The 

implications of these results for understanding the quaternary structure of RNase E and the functional role 

played by this domain are presented within this paper. 

 

 

Results  

Using the SMART database15 residues 37-119 of RNase E were predicted to form an S1 domain. 

Allowing for possible variation in its precise boundaries, the DNA encoding residues 35-125 of RNase E 
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was cloned into the expression vector pET15b. The resulting construct, denoted as RneS135-125, 

encompasses the entire sequence of the predicted S1 domain, flanked by a small number of N- and C-

terminal residues. After expression, purification, and cleavage of a His6-affinity tag, the construct 

produced a soluble, well-folded protein as judged by the data presented below. This confirms that 

residues 35-125 encompass a structural domain within RNase E. 

 

Structure determination by X-ray crystallography 

During the determination of the solution structure of the RNase E S1 domain, by serendipity, RneS135-125 

crystallized in the buffer used for these NMR spectroscopic studies. Therefore, we undertook a parallel 

structural analysis by X-ray crystallography. Although the NMR-derived solution structure of RneS135-125 

was calculated independently and before completion of the X-ray crystallographically-derived structure, 

for simplicity we will begin by describing the structure of this protein in the crystalline state. 

 

The crystal structure of RneS135-125 was determined to 2.0 Å resolution, using single anomalous 

dispersion (SAD) of a trimethyl lead (IV) acetate derivative. The crystallographic R and Rfree values of 

18.2% and 23.2%, respectively and the stereochemical parameters are in the range expected for 

structures determined at a comparable resolution (Table 1). The asymmetric unit contains two copies of 

RneS135-125, denoted as monomer A (residues 39-125) and monomer B (residues 39-80 and 88-125), 

related by a non-crystallographic 2-fold axis. Residues N-terminal to A39 in both monomers, as well as 

residues 81-87 in monomer B, are apparently disordered, giving no detectable electron density. The two 

superimposed monomers are shown in Figure 1a, while their main-chain rms deviations and B-factors are 

presented in Figure 2. 

 

RneS135-125 is composed of five β-strands, hydrogen bonded in a 1-2-3-5-4-1 topology diagnostic of the 

OB-fold (β1 residues 42-50; β2 55-59; β3 66-69; β4 99-106; β5 115-117; Figure 1c). The strands contain 

two bulges, located around residues 47/48 and 105/106, which allow β1 and β4 to kink and thereby to 

form a closed β-barrel. In comparison with the prototypical OB-fold of a five-stranded mixed β-barrel 

capped on one end with an α-helix, RneS135-125 shows some distinct features. The most notable deviation 
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is the absence of an α-helix connecting strands β3 and β4. RneS135-125 uses instead three short 310-

helices, or equivalently type III β-turns (70-72, 75-77, 90-92), and two additional β-turns (83-86 type VIII, 

95-98 type II) in an exposed loop denoted as L34. The position of strand β5 varies within the members of 

the OB-fold family, either being hydrogen bonded with β3 in a parallel orientation to extend the β-sheet 

formed by β1-β2-β3, or pairing antiparallel with β4 to expand the β1-β4 sheet, or both. In RneS135-125, β5 

is very short, yet still hydrogen bonds with both β3 and β4. However, instead of pairing with β4 in a more 

extended fashion, the residues following β5 turn outwards to form a dimerization interface (see below). 

 

Although monomers A and B superimpose well over their core β-stands (rmsd 0.24 Å on 116 main chain 

atoms), there are several noteworthy differences between the two RneS135-125 molecules within the 

asymmetric unit (Figures 1 and 2). In addition to the dramatic disorder of residues 81-87 in monomer B, 

the flanking regions within the exposed L34 loop (residues 79, 80, 88, and 89) also adopt different 

conformations due to crystal packing. L34 in monomer A packs against another dimer, whereas in 

monomer B it faces towards a solvent channel. Furthermore, the single-turn 310 helix formed by residues 

90-92 at the end of this loop in monomer A is a distorted α-helix (residues 90-93) in monomer B. The 

position of the loop L12, which also contains a short 310 helix (51-53), is different between the monomers 

due to crystal packing. Finally, the precise conformations of residues in loops L23 and L45 differ, likely due 

to local dynamic behaviour as evident by their elevated main-chain B-values, as well as their high rms 

deviations within the ensemble of NMR-derived structures and their distinctive 15N relaxation properties 

(see below).  

 

Structure determination by NMR spectroscopy 

Nearly complete assignments of the 1H, 13C and 15N resonances of nuclei in the backbone and side 

chains of RneS135-125 were obtained through a standard set of 1H/13C/15N scalar correlation experiments 

(Supplementary material). This process was greatly facilitated by using a suite of MUSIC experiments that 

provided amino acid-selective identification of many peaks within the 1H-15N HSQC spectrum of the 

protein16; 17. Under the experimental conditions the N-terminal residues GSHM, as well as S52 and N111, 
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likely display rapid hydrogen exchange and thus do not have detectable 1HN resonances. Residues H65, 

H85, G86, and G110 also show weak broad 1HN signals.  

 

The tertiary structure of RneS135-125 in solution was calculated independently with ARIA/CNS version 1.218 

using distance restraints from an extensive set of 3D 15N- and 13C-resolved NOESY spectra, combined 

with TALOS-derived19 backbone dihedral angle restraints, J coupling-derived χ1 dihedral angle restraints, 

and a limited set of hydrogen bond restraints. A summary of the structural refinement statistics, 

corresponding to the final energetically best 10 structures, is listed in Table 2. The structural ensemble is 

shown in Figure 1b,d. 

 

Overall, the NMR-derived secondary and tertiary structure of RneS135-125 is very similar to that determined 

by X-ray crystallography. The rms deviation of the core β-strands between the average NMR structure 

and the monomer A of the crystal structure is 0.67 Å for the 116 main-chain and 1.95 Å for the 110 side 

chain heavy atoms. However, variations both within the ensemble of solution structures and between the 

solution- and crystal-state structures are evident for residues at the termini of the protein, as well as in the 

loops L23, L45 and especially L34. As discussed below, NMR relaxation measurements indicate that this 

reflects the conformational mobility of these exposed amino acids (Figure 2). In addition, the C-terminal 

residues of RneS135-125 fold back to the third 310 helix (75-77), rather than forming intermolecular contacts 

within the crystal dimer.  

 

Although the structures of RneS135-125 determined by NMR spectroscopy and X-ray crystallography are 

similar, the NMR-derived coordinates could not be used successfully for molecular replacement to 

overcome the crystallographic phase problem. In addition to the recognized difficulties in using NMR-

based structures for molecular replacement20, the uniform nature of the barrel shaped RneS135-125 is 

especially problematic in allowing for the unique determination of the correct rotation and translation 

functions in this phasing method.  

 

Dimerization of RneS135-125  
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Crystalline RneS135-125 forms a homodimer within the asymmetric unit. As illustrated in Figure 3, the dimer 

interface is formed by the packing of surface side chains from strands β1 and β4 (A39, I41, K43, E99, 

I101), the short 310 helix (E76, Y77) in L34, and the C-terminus ( I120, L122). In addition, 3 pairs of 

intermolecular hydrogen bonds (K43 Nζ/S120 O; E99 Oε/A123 N; E99 N/A123 O), and a bridging water 

molecule between the side chains of E76 in both monomers, was observed. The formation of this 

interface leads to the burial of a total (A+B) surface area of 1380 Å2, of which 1020 Å2 is associated with 

hydrophobic residues. Given that this value, which represents 12.2% of the total surface area of the two 

monomers, is on the lower end of the range observed for many homodimeric protein-protein interfaces21, 

we undertook further studies to determine the oligomerization state of RneS135-125 in solution. Initially, light 

scattering measurements with protein at concentrations ranging from 50 µM to 300 µM revealed a 

monodisperse species with an apparent molecular weight of approximately 12 kDa. These data (not 

shown) indicate that RneS135-125 adopts a predominantly monomeric state when in dilute solution. 

However, upon mild treatment with glutaraldehyde, 45 µM RneS135-125 readily, although not quantitatively, 

formed cross-linked homodimers (Figure 4, lanes 2 and 6). In contrast, under the same conditions, the 

isolated S1 domain from PNPase underwent crosslinking to itself with much less efficiency (lanes 3 and 

7) and did not form heterodimers with RneS135-125 (lanes 4 and 8). These data reveal that RneS135-125 has 

the propensity to specifically self-associate in vitro.  

 

To further investigate the oligomerization of RneS135-125, 1H-15N HSQC spectra of the protein were 

measured at sample concentrations ranging from 0.1 to 1.2 mM. Upon dilution, the signals from several 

amides showed clear, albeit small (e.g. ~ 12 Hz in 1H), changes in chemical shift (Figure 5a, c). When 

mapped onto the crystal structure of RneS135-125 , the amides exhibiting such chemical shift perturbations 

all cluster within the dimer interface (Figure 3b, c). This strongly indicates that, in solution, RneS135-125 

exits in an equilibrium between monomeric and dimeric forms, the later adopting a structure represented 

closely by that observed within the crystal lattice. Furthermore, since the chemical shift perturbations 

occur across the entire concentration range examined, the KD for this equilibrium must be on the order of 

mM. Additional support for this conclusion is provided below by 15N relaxation measurements, as 

discussed below.  

 8



Schubert et al., RNase E S1 domain 9

 

Dynamics of RneS135-125 from 15N relaxation measurements 

Amide 15N T1 and T2 lifetimes and steady-state 1H{15N}-NOE values were measured at concentrations of 

0.6 mM and 1.2 mM for 81 backbone amide nitrogens of RneS135-125. Excluding amides exhibiting 

anomalous T1/T2 ratios or 1H{15N}-NOE values indicative of internal mobility, the average T1 and T2 

lifetimes, with standard deviations, were 0.48 ± 0.03 and 0.097 ± 0.01 s at 0.6 mM and 0.52 ± 0.02 and 

0.087 ± 0.01 s at 1.2 mM, respectively. These lifetimes correspond to isotropic correlation times of 7.4 ± 

0.03 ns and 8.3 ± 0.02 ns for global tumbling at 0.6 mM and 1.2 mM, respectively. The values of these 

correlation times, which are higher than expected for a monomeric 10.6 kDa protein, yet lower than 

expected for a dimeric protein22, combined with their concentration dependence provide further evidence 

of an equilibrium between monomeric and dimeric forms of RneS135-125 with a KD in the mM range.  

 

In addition to yielding information about the global hydrodynamic properties of a protein, 15N relaxation 

measurements also provide insights into local backbone mobility. Due to the equilibrium between the 

monomeric and dimeric states of RneS135-125, an analysis of these data by the usual Lipari-Szabo model-

free formalism to obtain local order parameters cannot be applied23. However the steady-state 1H{15N}-

NOE is a sensitive indicator of motions on a sub-ns timescale. As shown in Figure 2c and mapped onto 

the structure of RneS135-125 in Figure 1d, residues at the N- and C-termini of the protein, as well as in the 

L34 (residues 82-89) and L45 (residues 108-133) loops, and to a lesser extent, the L23 loop, exhibit 

reduced 1H{15N}-NOE values indicative of local flexibility. Excluding the L12 loop, which appears relatively 

well-ordered in solution yet differs in conformation between monomers A and B due to crystal packing, 

there is a close correlation between the residues with reduced 1H{15N}-NOE values and those with 

elevated crystallographic B-factors, with high rms deviations between the monomers in the crystal dimer, 

and with high rms deviations between members of the NMR-derived structural ensemble (Figure 2). This 

strongly indicates that the 1H{15N}-NOE values, crystallographic B-factors, and structural rms deviations 

all reflect the local mobility of the backbone of RneS135-125. A similar correlation has been observed 

between the crystallographically- and spectroscopically-determined structures of the major E. coli cold-

shock protein CspA24, which adopts an OB-fold closely related to that of RneS135-125. 
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Temperature-sensitive mutants of RNase E 

Previous studies indicated that the mutations G66S and L68F impart a temperature-sensitive phenotype 

on the activity of RNase E12. From the structure of RneS135-125, residues 66 and 68 are located with 

strand β3, such that substitution with a Ser or Phe, respectively, would likely disrupt the packing of the 

hydrophobic core of the protein (Figure 7b). To test this hypothesis, the G66S substitution was introduced 

into RneS135-125 and CD spectropolarimetry was used to monitor the conformation of wild type and mutant 

proteins as a function of temperature. Whereas wild type RneS135-125 showed a cooperative unfolding 

transition with a Tm ~ 51 oC and a ∆H of approximately 100 kJ/mol, the G66S mutant exhibited a very 

broad transition with no clear midpoint unfolding temperature (Supplementary material). Furthermore, in 

contrast to the 1H-15N HSQC spectrum of the wild type protein, with well dispersed peaks indicative of a 

folded species, the spectra of the G66S mutant recorded between 10 and 35 oC show a predominance of 

amides with 1H chemical shifts characteristic of a predominantly unstructured random coil polypeptide 

(Supplementary material). Together these data reveal that the introduction of a serine at position 66 of 

RneS135-125 severely destabilizes the folded conformation of this protein fragment, and strongly suggest 

that the temperature-sensitive phenotype of the G66S mutation in RNase E results from the disruption of 

the structure and hence function of its S1 domain.  

 

Identification of the oligonucleotide-binding interface 

To test the hypothesis that the RNase E S1 domain is involved in oligonucleotide binding, a filter binding 

assay was used to screen a variety of RNA and DNAs for association with RneS135-125(R.E.E. and G.A.M, 

unpublished). The studies revealed that, at neutral pH and in low ionic strength buffer, RneS135-125 binds 

RNA polynucleotides (80-180 nucleotides) including rpsT(268-447)-polyA30 25, SL9A RNA 26, polyA, 

polyU, and polyC. The apparent KD values for all five RNA ligands ranged from 2 to 4 µM. DNA 

oligonucleotides also bind to RneS135-125 in this assay, but with affinities at least an order of magnitude 

weaker.   
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To identify the oligonucleotide-binding interface of RneS135-125, 1H-15N HSQC NMR spectroscopy was 

used to monitor the titration of the protein with an ssDNA decamer, 5’-d(ACAGTATTTG)-3’. This 

corresponds to the RNase E cleavage site of RNAI27. ssDNA, rather than ssRNA, was utilized to avoid 

degradation by trace contaminating ribonucleases, including PNPase, whose presence was confirmed by 

western blotting (data not shown). As shown in Figure 5, several amides exhibit progressive chemical 

shift perturbations upon addition of the ssDNA. When mapped on the structure of RneS135-125 , these 

amides cluster to a surface region of positive electrostatic potential that is rich in exposed basic (K106, 

R109, K112) and aromatic (F57, F67) residues (Figure 6). Since amide chemical shifts are exquisitely 

sensitive to structural changes, this perturbation mapping provides a qualitative identification of the 

oligonucleotide binding surface as being formed primarily by residues in β-stands β2 and β3 and the 

mobile loops L23 and L45. In parallel, a quantitative analyses of titration data for 5 residues with the largest 

shift changes (R64, L68, R109, A115, L116) yields a KD of 160 ± 40 µM for the binding of this ssDNA by 

RneS135-125.  

 

Discussion 

 

Structural features of Rne S1 35-125   

S1 domains have been found in or are predicted to occur in four of the major enzymes of RNA processing 

and/or degradation in E. coli: RNase E, PNPase, RNase II, and RNase G8. Here we report experimentally 

determined crystalline and solution state structures for the isolated S1 domain of RNase E. Together, 

these provide the first high resolution conformational and dynamic information available for this important 

enzyme, and verify the major features of this domain that were predicted by threading13. In particular, a 

high quality structure of the RneS135-125 dimer was solved crystallographically, whereas a structural 

ensemble of the monomeric species in solution was calculated using spectroscopic data. Both techniques 

revealed that RneS135-125 adopts an OB-fold with conformationally mobile loops linking successive β-

strands of a well-ordered β-barrel core. Furthermore, NMR spectroscopy was used to define a previously 

unrecognized equilibrium between monomeric and dimeric forms of RneS135-125, to identify the 
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oligonucleotide-binding interface of this S1 domain, and to demonstrate that the G66S substitution found 

in the temperature-sensitive ams-1 mutant disrupts the folded state of RneS135-125. 

 

Tertiary structure comparisons using DALI28 reveal a very close relationship between RneS135-125 and a 

variety of OB-fold proteins including the E. coli major cold shock protein CspA (1MJC; rmsd 2.2 Å; 21% 

sequence identity over A39-G61, A62-E76, V93-E107 and K112-F119), the S1 domain of PNPase 

(1SRO; rmsd 2.4 Å; 30% sequence identity over A39-P51, L53-A56, V58-E76, P88-E107 and R109-

F119), and an archaeal homolog of the eukaryotic RNA polymerase II RPB4/RPB7 complex (1GO3, rmsd 

2.8 Å; 20% sequence identity over N40-P51, E54-G61, E63-E76, F78-N81 and D92-L122). This similarity 

places the S1 domain of RNase E within the “cold-shock DNA-binding” family of OB-folds, as annotated in 

the SCOP (Structural Classification of Proteins) database10; 29. All of these proteins adopt a closed β-

barrel structure, yet lack the pronounced α-helix cap between β-strands β3 and β4 found in the 

prototypical OB-fold9. Although the position and length of stand β5 and loop L34 varies somewhat between 

these proteins, many of them share a type II β-turn preceding β4 and have a short α or 310 helix following 

β3. In Figure 7a, the sequence of the RNase E S1 domain is aligned against selected members of this 

cold-shock DNA-binding family in order to highlight conserved residues important for the OB-fold, as well 

as those involved in the dimerization and nucleic acid binding interfaces of RneS135-125. This information 

is also summarized in a cartoon representation of the RneS135-125 structure, shown in Figure 7b.  

 

In addition to tertiary structure, the similarity of RNase E S1 domain to other cold-shock DNA-binding OB-

fold family members extends to dynamics. For example, as with RneS135-125 (Figure 2), high rms 

deviations are observed for the loop regions within the ensemble of NMR-derived structures of the E. coli 

major cold shock protein CspA24 and the human Y-box protein YB-130. The electron densities of residues 

within the L34 loop of the former protein are also ill-defined by X-ray crystallography31. Furthermore, 

despite their low sequence identity, corresponding residues in RneS135-125 and CspA display strikingly 

similar patterns of amide 15N relaxation rates (Figure 2 and ref. 24). In particular, the backbone forming the 

long loop L34 and the oligonucleotide-binding loop L45 of both proteins exhibit considerable conformational 

flexibility on a sub-ns timescale. These features may provide a degree of plasticity necessary for 
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functions, such as the binding of single-stranded nucleic acids, common to the cold-shock DNA-binding 

family members.  

 

Dimerization of RneS135-125  

RneS135-125 dimerizes within the crystallographic asymmetric unit through intermolecular hydrogen 

bonding  and van der Waals packing of hydrophobic surface side chains contributed primarily from 

strands β1 and β4 and its C-terminal sequence. Our structural analysis thus expands the diverse 

repertoire of recognized mechanisms by which the surface of the OB-fold has evolved to mediate 

macromolecular association10; 11. Several lines of evidence demonstrate that the protein undergoes a 

monomer-dimer equilibrium in solution. Interestingly, similar to RneS135-125, NMR spectroscopic studies of 

the major cold shock protein CspB from B. subtilis yielded a monomeric structure32, whereas X-ray 

crystallographic studies demonstrated a dimer formed via intermolecular hydrogen bonding between 

residues along strand β4 of its OB-fold33. Subsequent biophysical studies confirmed that CspB exhibits a 

phosphate-dependent monomer-dimer equilibrium in solution34. 

 

Isolated RneS135-125 dimerizes in solution with a KD in the mM range. This is consistent with the modest 

amount of hydrophobic surface area buried within the dimer interface, combined with a limited number of 

intermolecular hydrogen bonding interactions (Figure 3). We recognize that such a KD value is too weak 

to be of physiological significance on its own. Nevertheless, based on three observations, we hypothesize 

that S1 domain dimerization is important in the context of native RNase E. First, this endonuclease is 

active as an oligomer. Thus the S1 domains may form stable dimers in synergy with additional self-

associating domains of the protein. Second, the side chains involved in the dimerization interface of 

RneS135-125 are conserved among RNase E homologs from a variety of organisms, but not among other 

cold-shock DNA binding OB-fold family members such as PNPase (Figure 7). In particular, in RNase G, a 

closely related paralog of RNase E35, highly conserved residues include those important for the OB-fold 

as well as those involved in the dimerization interface of RneS135-125. These data suggest that the 

dimerization surface adopted by RneS135-125 is a distinct feature of the S1 domain of RNase E and its 

functional homologs. Third, Diwa et al.13 observed that the substitutions K37A and Y60A within the RNase 
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E S1 domain disrupted feedback inhibition of rne expression, but not the catalytic activity of the native 

enzyme. These two residues lie along the dimerization interface of RneS135-125, near its C2 symmetry axis, 

such that K37 of one monomer would be proximal to Y60 of the other (Supplementary material). We thus 

speculate that these residues form a surface of the S1 domain dimer important for feedback inhibition of 

RNase E synthesis. 

 

Nucleic acid binding 

Using both filter binding assays and NMR spectroscopy, we demonstrated that RneS135-125 associates 

with a variety of oligomeric and polymeric single stranded RNA and DNA ligands. In general agreement 

with predictions made by Bycroft et al.8 and Diwa et al.13, these results confirm that the S1 domain of 

RNase E indeed functions as a nucleic acid binding module with affinities similar to those of other cold-

shock OB-fold family members36. The binding surface of RneS135-125 was identified as a groove of positive 

electrostatic potential extending across strands β2 and β3 (Figures 5b,d and 6a,b). Part of the binding 

surface is also formed by the flexible loops L23 and L45, possibly allowing an induced fit oligonucleotide-

binding mechanism with a broad specificity 21. Importantly, this surface is located opposite to the 

dimerization interface of RneS135-125, indicating that two independent oligonucleotide-binding sites can 

exist in the dimeric form of this protein (Figure 3c and Supplemental material).  

 

As seen in Figures 6 and 7, RneS135-125 maintains the conserved nucleic acid binding features 

documented for the OB-fold10; 11, both in the location of its oligonucleotide-binding interface and by the 

presence of exposed aromatic (F57, H65, F67), hydrophobic (L53, A55, A115), and positively charged 

side chains (R64, K106, R109, K112) along this interface. Mutations made previously to key residues 

within this site show a significant effect on RNase E feedback regulation in vivo and/or on ribonuclease 

activity in vitro13. In particular, alanine substitutions of F57, F67, or K112 located on strands β2, β3, and in 

the flexible loop L45, respectively, strongly impair both functions of this enzyme. Likewise, alanine 

substitutions of R64 or R109 in the flexible loops L23 and L45 partially impair feedback regulation.  

 

Temperature-sensitive mutations of RNase E 
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Early studies of RNase E identified two conditional mutations, rne-3071 (L68F) and ams-1 (G66S), each 

leading to a lethal phenotype at elevated temperatures. Both of these residues lie within strand β3 of the 

S1 domain (Figure 7 a,b), and thus the amino acid substitutions, which would introduce bulkier groups 

into the hydrophobic core of this domain, could potentially disrupt RNA binding by perturbing the precise 

conformation of its oligonucleotide binding interface. However, our analyses of wild type and mutant 

RneS135-125 indicate that the G66S, and by inference, the L68F mutations act more globally by 

destabilizing the folded structure of the RNase E S1 domain. Positions 66 and 68 are generally occupied 

by hydrophobic residues that contribute to the interior of the OB-fold (Figure 7a). However, in the case of 

RneS135-125, G66 packs against the side chains of Y60 (in loop L23), A114 (loop L45), and L116 (strand 

β5). Replacing an Hα of this glycine with a polar serine side chain leads to the observed unfolding of 

isolated G66S-RneS135-125 (Supplementary material), most likely due to unfavourable steric clashes with 

these three residues, as well as the introduction of a hydroxyl group with an unsatisfied hydrogen bond. 

Within the context of the full length RNase E, the S1 domain may be stabilized by additional interactions, 

allowing the mutant to be sufficiently functional at permissive temperatures. Similarly, L68 is involved in 

an extensive set of van der Waals interactions with V58 (strand β2), I73 (loop L34), V100 (strand β4), and 

T118 (after strand β5). The substitution of a planar phenylalanine aromatic ring at this position would 

likely also destabilize the folded S1 domain by disrupting its core packing.  

 

Implications for the quaternary structure and function of RNase E 

In this study, we both confirmed previous predictions that Rne35-125 encodes an independently-folded 

nucleic acid binding domain and discovered that it dimerizes with a KD in the mM range. These two 

findings may be  key to understanding the role of the S1 domain in RNase E. Recent data have shown 

that the N-terminal 529 residues of RNase E can form a tetramer14; in addition, RNase G is at least a 

dimer37. Moreover, multimerization is required for the activity of both enzymes14; 37. Accordingly, we 

propose that in native RNase E, (i) dimerization of two S1 domains occurs co-operatively along with the 

self-association of other domains in the protein to produce an initial stable dimer and subsequent higher 

order oligomer; and (ii) this structural arrangement positions the S1 domains, which are required for 

substrate binding, adjacent to the catalytic domains. Two cartoon models of possible quaternary 
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structures of RNase E are presented in Figure 8. Consistent with the crystallographic data of Callaghan et 

al.14, each of these models exhibits D2 point symmetry. However, in contrast to the hypothesis by these 

authors that the monomeric S1 domains are maximally separated from one another on the periphery of 

the tetramer, we propose that these domains self-associate to form at least pairs of dimers. Furthermore, 

based on the crystal structure of Rne35-125, the S1 domain of one monomer may lie in proximity to the 

catalytic domain of its partner monomer. In addition to contributing to the tetrameric structure of RNase E, 

the close positioning of these S1 domains to one another and to two catalytic domains could increase the 

overall affinity and specificity of the enzyme for its substrates. The models of Figure 8 also provide a 

novel explanation for the temperature-sensitive phenotypes of the rne-3071 (L68F) and ams-1 (G66S) 

mutations. Namely, disruption of the structure of the S1 domain leads to the disruption of the quaternary 

structure of the entire RNase E enzyme. Finally, we note that Callaghan et al. 14 cite their observation that 

Y82 of RNase E is sensitive to cleavage by chymotrypsin as support for the placement of the S1 domains 

at the exposed edges of the tetramer. However, our structural analysis of Rne35-125 shows that this 

residue lies in the large, flexible loop L34, and thus could be accessible to proteolysis even within a 

dimeric state.  

 

The combined X-ray crystallographic and NMR spectroscopic analyses of Rne35-125 provide a much 

needed structural and dynamic framework for understanding the precise functions of the S1 domain in 

RNase E. More importantly, these data prompt readily testable hypotheses regarding the roles of 

dimerization and oligonucleotide binding by this OB-fold domain in establishing the quaternary structure 

and substrate specificity of RNase E, a model enzyme for RNA metabolism. 

 

 

Materials and Methods  

 

Expression and purification 

A DNA fragment encoding residues 35-125 of E. coli RNase E (RneS135-125 ) was ligated into the bacterial 

expression vector pET15b (Novagen) as a fusion protein with an N-terminal His6 sequence and thrombin 
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cleavage site. The protein encoded by the ensuing plasmid had the sequence MGSS-(H)6-

SSGLVPRGSHML-(35EQKKANIYKGKITRIEPSLEAAFVDYGAERHGFLPLKEIAREYFPANYSAHGRPNIK 

DVLREGQEVIVQIDKEERGNKGAALTTFISLAGS125). The G66S mutation was subsequently introduced 

into this plasmid using PCR-based site-directed mutagenesis. The BL21(λDE3) E. coli host strain 

containing either recombinant plasmid was grown at 37º C in LB media for unlabelled protein and M9 

minimal medium supplemented with the following: 1 g/l (15N, 99%)-NH4Cl for uniform 15N labelling; 1 g/l 

(15N, 99%)-NH4Cl and 3 g/l (13C6, 99%)-glucose for uniform 13C-15N labelling; and 0.3 g/l (13C6, 99%)-

glucose and 2.7 g/l (12C6)-glucose for non-random 10% 13C-labelling. At an OD600 of 0.75, protein 

expression was induced by addition of 1 mM isopropyl β-thiolactopyranoside, followed by growth for 5 h at 

37º C.  

 

After harvesting by centrifugation, the cell pellet was suspended in a buffer of 50 mM HEPES (pH 7.5), 

150 mM NaCl, 10 mM imidazole, and 5% (v/v) glycerol, and lyzed by freeze-thawing (-80º C), passage 

through a French press, and sonication. Lysates were cleared by centrifugation at 15,000 x g for 60 

minutes, followed by filtration through a 0.8 µm cut-off membrane. RneS135-125 was purified from the 

lysate by Ni2+-affinity chromatography (Amersham Biosciences) using a buffer of 50 mM HEPES (pH 7.5), 

150 mM NaCl, and 5% (v/v) glycerol with 10, 30 and 100 mM imidazole for loading, washing, and elution, 

respectively. After dialysis into a loading buffer of 50 mM HEPES (pH 7.5), 150 mM NaCl, and 5% (v/v) 

glycerol without imidazole, the His6-tag was removed by incubation with thrombin. The extent of 

proteolysis was monitored by a reduction in apparent molecular mass by using SDS-PAGE, and upon 

completion (2 days), was terminated with a 30 minutes incubation with 300 µl p-aminobenzamidine beads 

(Sigma). 1 ml of water-rinsed Talon beads (Clontech) was added to the samples to remove the cleaved 

His6-tag and any uncleaved full-length protein. 

 

Electrospray ionization mass spectroscopy yielded a mass of 10,687 Da for the unlabeled wild type 

protein, which is consistent with the expected value of 10,687 Da for the RneS135-125 construct with five 

additional residues (Gly-Ser-His-Met-Leu) remaining at its N-terminus after proteolytic cleavage. Protein 
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concentrations were determined by absorbance spectroscopy using a predicted ε280 = 5120 M-1 cm-1 

(ProtPara; http://www.expasy.org/tools/protparam.html). 

 

Crystallization and diffraction data 

Large crystals (up to 400 µm diameter) of RneS135-125 initially grew in the NMR buffer (1.65 mM protein 

concentration, 20 mM phosphate, pH 6.5, 50 mM NaCl, and 0.05% NaN3) during 4 weeks of storage at 4 

oC. However, difficulties with cryo-protecting these large crystals led us to pursue different crystallization 

conditions. Subsequently, isomorphous crystals were obtained by the hanging drop vapour diffusion 

method at 18° C using a 1.3 mM protein solution (in 20 mM HEPES, 50 mM NaCl, pH 6.5) and a well 

solution consisting of 0.17 M sodium acetate, 85 mM sodium cacodylate, 50% (w/v) PEG8000, 15% (v/v) 

glycerol, pH 6.5. Crystals had a typical size of 60x60x130 µm. No additional cryo-protection was 

necessary. A Pb-derivative was obtained by soaking a crystal for 30 minutes in a solution of 20 mM 

trimethyl lead (IV) acetate, 0.14 M sodium acetate, 68 mM sodium cacodylate, 40% (w/v) PEG8000, 12% 

(v/v) glycerol. 

 

Diffraction data for the native crystals were collected at 100 K on an ADSC Quantum 210 CCD detector at 

beamline 8.2.1 of the Advanced Light Source, Lawrence Berkeley National Laboratory. A single 

anomalous dispersion (SAD) dataset of the Pb-derivative was collected at 100 K on an ADSC Quantum 4 

CCD detector at beamline X8-C of the National Synchrotron Light Source, Brookhaven National 

Laboratory. All diffraction patterns were indexed and scaled with the HKL program package38, which 

revealed a tetragonal P41212 space group in both cases. The asymmetric unit contains two protein 

molecules in accordance with a calculated Matthew coefficient of 2.6 A3/Da and assuming 51.6% solvent.  

 

Crystal structure analysis and refinement   

Using SAD phasing methods, the Pb sites were located and refined with SOLVE39. Phase extension 

including solvent flattening and non-crystallographic symmetry averaging with RESOLVE40 produced a 

clearly interpretable electron density map, from which an initial model was built using XtalView41 and 

improved by iterative rounds of manual fitting in Xtalview and refinement in Refmac542. Non- 
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crystallographic symmetry averaging did not improve the model. Initial phases for the native model were 

obtained from the Pb-derivative. The refined structures of the native and derivative crystals yielded 

comparable R and RFree values and superimposed with an rms deviation of 0.187 Å on the 672 main 

chain and 0.573 Å on all 1327 observed atoms. However, the data from the Pb-derivative refined to a 

significantly more ordered structure with lower overall and individual B-factors, and was therefore chosen 

for subsequent analyses. Statistics on the X-ray diffraction data and resulting structures are summarized 

in Table 1. 

 

NMR data collection and analysis 

Prior to data collection, RneS135-125 was dialyzed at 4º C in 20 mM phosphate buffer, pH 6.5, containing 

50 mM NaCl and 0.05% NaN3, and concentrated using a 1K filter (Pall Filtron). The final samples had a 

protein concentration of 1.4 – 1.65 mM, and contained 8% or 99% D2O for signal lock. Except where 

noted, all NMR spectra were recorded with the 13C/15N-labelled RneS135-125 at 30°C on a 600 MHz Varian 

INOVA spectrometer equipped with an inverse triple resonance probe and pulsed-field gradient 

accessory. NMR data were processed using NMRpipe43 and analyzed using the program SPARKY44. 1H 

and 13C chemical shifts were referenced to an external sample of DSS (sodium 2,2-dimethyl-2-

silapentace-5-sulfonate) and 15N referenced indirectly via magnetogyric constant ratios45. 

 

Assignments of the resonances from the 1H, 13C, and 15N nuclei of RneS135-125 were obtained using a 

conventional set of sensitivity-enhanced heteronuclear NMR spectra, including the 13C- and 15N-HSQC, 

HNCACB, CBCA(CO)NH, HNCO, H(CCO)NH, C(CO)NH, HCCH-TOCSY and HACAN experiments, as 

described previously46; 47. In addition, a suite of MUSIC experiments provided amino acid selective amide 

resonance assignments16; 17. The assignments of resonances from aromatic side chains were obtained 

using 1H-13C CβHδ and CβHε experiments 48; 49, combined with a nonsensitivity-enhanced 1H-15N HSQC 

experiment with delays (1/4J ~ 11 ms) optimized for long-range couplings within histidine imidazole 

rings50. Stereospecific assignments of the diasterotopic methyls of the valine and leucine residues were 

determined using a constant time 1H-13C HSQC spectrum acquired on a non-randomly 10% 13C-labeled 

sample, combined with long-range C'-Cγ and N-Cγ spin echo spectra, as described previously46. 
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Stereospecific assignments of non-degenerate β-methylene protons were based upon HNHB and short 

mixing time 15N-TOCSY-HSQC (τm = 32 ms) experiments recorded on a 500 MHz Varian UNITY 

spectrometer with a 15N-labelled sample, as described previously46. Stereospecific assignments of side 

chain Gln and Asn amide protons were obtained from an EZ–HMQC-NH2 spectrum51.  

 

NMR-based structure calculations 

Structural calculations were completed using ARIA/CNS version 1.218. Distance restraints were acquired 

from three-dimensional 15N-HSQC-NOESY, aliphatic 13C-HSQC-NOESY, simultaneous 13C- and 15N-

HSQC-NOESY, aromatic 13C-HSQC- and constant time methyl-methyl NOESY (simultaneous 13C/13C/1H 

and 13C/15N/1H) 52 spectra, all with 100 ms mixing times. NOE lists from each of these individual NOESY 

spectra, consisting in total of 1044 manually assigned and of 3407 unassigned peaks, were merged by 

ARIA to yield 2113 unambiguously and 597 ambiguously assigned distances restraints for the calculation 

of the final structural ensemble. Backbone dihedral angles were determined using TALOS19. The χ1 side 

chain dihedral angles for residues with β-methylene protons were determined from the analysis of the 

short mixing time 15N TOCSY-HSQC (τm = 32 ms) and HNHB spectra, χ1 dihedral angles for Ile, Val, and 

Thr residues on the bases of 3JNCγ and 3JC’Cγ coupling constants, as described previously46. All Xaa-Pro 

amides were constrained to the trans conformation based upon the proline chemical shifts using the 

program POP53. Hydrogen bond restraints were included for amides located in elements of regular 

secondary structure. Using these restraints, a total of 200 structures was calculated, of which the 10 

energetically best were further refined in a water box using Lennard-Jones potentials. Statistics on the 

NMR spectroscopic data and resulting structures are summarized in Table 2. 

 

NMR relaxation analysis 

Amide 15N T1, T2 and steady-state heteronuclear 1H{15N}NOE relaxation parameters for 0.6 mM and 1.2 

mM 15N-labeled RneS135-125 were acquired on a 500 MHz NMR spectrometer at 30 oC, as previously 

described54. In addition, steady-state heteronuclear 1H{15N}NOE relaxation parameters were measured 

with a 1.5 mM 13C/15N sample of this protein on a 600 MHz NMR spectrometer. Relaxation rates and 

isotropic correlation times were calculated using SPARKY44 and TENSOR255, respectively. 
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Structural analysis, comparison and graphical representation 

Analysis of the completed structures were performed using WHATCHECK56, VADAR57, PROCHECK58 

and PROCHECK_NMR59. Secondary structure boundaries for the ensemble were defined according to 

PROMOTIF60. Surface areas were calculated with VADAR57. Structural comparisons were done by 

ARIA18 and LSQKAP within the CCP4 program suite61. Figures were prepared using MOLMOL62 and 

GRASP63. 

 

Static light scattering  

The oligomerization state of RneS135-125 was analyzed using a Superdex 75 HPLC gel exclusion column 

interfaced to a WYATT Technology MiniDawn light-scattering unit with an in-line Optilab DSP 

interferometric refractometer. The varying concentrations of protein were suspended in a solution 

containing 20 mM HEPES, pH 7.5, and 150 mM NaCl. 

 

Glutaraldehyde crosslinking  

Chemical crosslinking reactions were carried out by incubating 50 µl of 45 µM total protein in 20 mM 

phosphate buffer, pH 6.5, 50 mM NaCl with 0.01% glutaraldehyde at 37°C for 2 minutes. The reactions 

were quenched with 10 µl of 300 mM Tris-HCl pH 8.0 and stored on ice. The proteins were subsequently 

concentrated by the addition of 40 µl of 17.5% trichloracetic acid, storage on ice for 30 minutes, 

centrifugation at 13,000 rpm for 15 minutes at 4°C, and washing of the precipitate twice with 200 µl of 

80% acetone. Samples were dissolved in 50 mM Tris-HCl, pH 6.8 containing 15% SDS, 50 mM DTT, 5% 

glycerol and boiled prior the separation on a 15 % SDS-polyacrylamide gel.  

 

Oligonucleotide binding studies 

The titration of 300 µM 15N-labelled RneS135-125 with 0, 0.2, 0.4, 0.6, 0.8, 1, 1.1, 1.5, 2.0 and 3.0 

equivalents of single stranded 5’-d(ACAGTATTTG)-3’ DNA (Sigma/Genosys) was monitored using 1H-15N 

HSQC spectra recorded at 30° C on a 500 MHz spectrometer. Equilibrium KD values were obtained by 
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non-linear least squares fitting of the data to the Langmuir isotherm describing the binding of one DNA 

molecule to a single protein site in the fast exchange limit 64. 

 

Data deposition 

The atomic coordinates of RneS135-125 (accession codes 1SLJ, 1SMX, 1SN8) have been deposited in the 

Protein Data Bank of the Research Collaboratory for Structural Bioinformatics (http://www.rcsb.org/), and 

the NMR chemical shifts (entry number 6122) in the BioMagResBank (hppt://www.bmrb.wisc.edu/). 
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Tables 

Table 1: X-ray crystallographic statistics for RneS135-125  

 Native Pb derivative 

Data collection 

Wavelength (λ, Å)  

Space group 

Cell axes a, b, c (Å)  

Resolution (Å) a 

No. of observed reflections  

No. of unique reflections  

<I/σI>a     

Rsym a,b  

Overall completeness (%)a  

Refinement 
R /Rfree c    

rms deviations, bond lengths (Å)/angles (°) 

Average B-factor (Å2), main-chain/side  

      chain/water/lead 

Side-chains with multiple conformations  

Protein atoms  

Water molecules with occupancy 1.0 or 0.5  

Pb ions  

 

Ramachandran region population (%) for non-

glycine, non-proline residues 

    Most favoured regions  

    Additionally allowed regions  

    Generously allowed regions  

    Forbidden regions 

 

1.0781 

P41212 

70.4 / 70.4 / 87.9 

50-1.8 (1.86-1.80) 

162,333 

20,912 (1,921) 

18.3 (4.65) 

0.050 (0.378) 

99.0 (93.5) 

 

0.199 / 0.231 

0.013 / 1.3 

30.6 / 33.4 / 46.2 /- 

 

1  (Y82A) 

1327 

203/ 2 

- 

 

 

 

94.2 

5.8 

0 

0 

 

0.947390 

P41212 

70.6 / 70.6 / 87.9 

25-2.0 (2.07-2.00) 

106,555 

15,387 (1,309) 

10.8 (2.6) 

0.091 (0.338) 

98.5 (86.7) 

 

0.182 / 0.232 

0.014 / 1.4 

23.0 / 25.4 / 35.2 / 31.5 

 

2  (Y82A, E50B) 

1327 

224/ 5 

2 

 

 

 

92.1 

7.9 

0 

0 
a Values in parentheses correspond to the highest resolution shell. 

b Rsym = Σ|Ij - <I>| / Σ <I>, where Ij is the intensity for reflection j, and I is the mean intensity. 

c R = || Fo| - |Fc||/ |Fc|, calculated with the working set. Rfree is similarly calculated but with 5% of the data 

excluded from the calculation of R.  
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Table 2: NMR spectroscopic statistics for RneS135-125 

Summary of restraints 

    Unambiguous (ambiguous) distance restraints assigned/used by ARIA 

    Average number of unambiguous distance restraints per residue 

    Dihedral restraints φ/ ψ/ χ1 

    Hydrogen bond restraints 

Deviation from restraints 

    Averaged rmsd from distance restraints (Å)  

    rmsd from experimental torsion angle restraints (deg.)  

    Number of distance restraint violations > 0.5 Å 

    Number of torsion angle restraint violations > 0.5º   

Average rms deviations from idealized covalent geometry  

    Bonds (Å)  

    Angles (deg.)  

    Impropers (deg.)  

Atomic rms deviations versus average structure (Å ) 

    Heavy atoms of core residuesa 

    Backbone atom of core residuesa 

    Heavy atoms all residues  

    Backbone atoms all residues  

Ramachandran region population (%) for non-glycine, non-proline residues 

    Most favoured regions  

    Additionally allowed regions  

    Generously allowed regions  

    Forbidden regions  

 

2113 (597) 

22.0 

67/ 67/ 25 

15 

 

0.026 ± 0.0006 

0.93 ± 0.084 

0 ± 0 

1.4 ± 0.685 

 

0.0046 ± 0.0001 

0.589 ± 0.018 

2.011 ± 0.17 

 

0.538 ± 0.065 

0.20 ± 0.027 

1.85 ± 0.23  

1.57 ± 0.33 

 

72.4 

24.6 

1.7 

1.2 
aCore residues (13-21, 26-30, 37-43, 70-77, 86-88) were used to superimpose the 

structure ensemble. 
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Figure legends 

 

Figure 1. Tertiary structure of RneS135-125.  a) A backbone representation of the crystal structure of the 

Pb-derivative of RneS135-125showing a superimposition of monomers A (yellow) and B (green) from the 

asymmetric unit. b) A backbone representation of the ensemble of 10 NMR-derived structures of RneS135-

125, superimposed on monomer A (yellow) from the crystal structure. The secondary structure of the 

ensemble is highlighted with β-strands in red and helices in blue. c) A cartoon representation, using chain 

A, of the secondary structure of RneS135-125. The  β-strands (arrows) are named consecutively β1 to β5, 

while the intervening loops are L12 through L45. As drawn, the RNA binding interface lies on the back of 

the molecule and the dimerization interface in front. d) The amides of RneS135-125 showing enhanced 

mobility on a sub-ns timescale, as evident by reduced 1H{15N}-NOE values, are highlighted in colour on 

the backbone representation of the ensemble of NMR-derived structures. Residues with 1H{15N}-NOE 

values < 0.2 (highest mobility) are shown in red, between 0.2 and 0.4 in orange, between 0.4 and 0.6 in 

yellow, and over 0.6 in grey. Prolines or residues where no data are available (e.g. due to spectral 

overlap) are identified in light blue. 

 

Figure 2. The termini and loop regions of RneS135-125 exhibit conformational mobility as evident by both X-

ray crystallography and NMR spectroscopy. a) The main-chain (Cα,C’,N) B-factors for monomers A and B 

in the crystal structure of Pb-derivative are plotted versus residue number. b) The Cα rms deviations 

between chains A and B in the X-ray crystallographically-determined structure of the Pb-derivative are 

plotted versus residue number, along with the main-chain (Cα,C’,N) rms deviations between members of 

the NMR-derived ensemble and the average solution structure of this protein. c) The backbone 

heteronuclear 1H{15N}-NOE relaxation values of RneS135-125 acquired on a 600 MHz spectrometer at a 

protein concentration of 1.5 mM and 30 oC. A cartoon representation of the secondary structure of 

RneS135-125 is shown on the top with β-strands as arrows and helices as cylinders. 

 

Figure 3: Quaternary structure of the crystallographic dimer of RneS135-125 presented as a ribbon diagram. 

a) An expanded view of side chains contributing to the dimerization interface with monomer A on the left 
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and B on the right. As shown by the top (b) and side (c) views of the dimer, amides experiencing 

significant 1H-15N chemical shift perturbations upon changing the protein concentration from 0.1 to 1.2 

mM (see Figure 6) map to this interface (green, ∆δ > 10 Hz; yellow, 7 Hz < ∆δ > 10 Hz). The nucleic acid 

binding interface lie along the shallow groove opposite to the dimerization interface (see Figure 6). 

 

Figure 4: The S1 domain from RNase E, but not PNPase, can form a glutaraldehyde-crosslinked 

homodimer. Samples (45 µM) of RneS135-125 and the PNPase S1 domain (residues 617-700) were with 

0.01% glutaraldehyde, separated on a 15% SDS-PAGE gel, and stained with Coomassie blue. Lanes 1 

and 5 contain standard molecular weight markers; lanes 2 - 4, the S1 domains without glutaraldehyde; 

and lanes 6 - 8, the same proteins treated with glutaraldehyde. Lanes 2 and 6 contain RneS135-125 ; lanes 

3 and 7 contain the PNPase S1 domain; and lanes 4 and 8 contain a 1:1 mixture of these two S1 

domains. The arrow (←) in the right margin denotes the position of the putative RneS135-125 homodimer. 

 

Figure 5: Identifying the dimerization and oligonucleotide-binding interfaces of RneS135-125 from amide 

chemical shift perturbations. a) RneS135-125 exits in an equilibrium between monomer and dimer in 

solution. Portions of twelve1H-15N HSQC spectra of uniformly 15N-labeled protein at concentrations of 0.1, 

0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 0.9, 1.0, 1.1 and 1.2 mM are overlaid. The arrows indicate the directions in 

which the 1H-15N peaks shift with increasing protein concentration. b) NMR titration of RneS135-125 with the 

ssDNA 10-mer 5’-d(ACAGTATTTG)-3’. Portions of ten 1H-15N HSQC spectra of uniformly 15N-labeled 

protein at an initial concentration of 0.3 mM in the presence of 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.1, 1.5, 2.0 and 

3.0 equivalents of DNA are overlaid. The arrows indicate the directions in which the 1H-15N peaks shift 

with added DNA. c) A histogram of the amide 1H-15N chemical shift changes (∆δ=(∆δ2
N+∆δ2

HN)0.5) of 

RneS135-125 accompanying the concentration of the protein from 0.1 to 1.2 mM is shown, along with a 

cartoon representation of the secondary structure of this protein. d) A histogram of the amide 1H-15N 

chemical shift changes RneS135-125 resulting from the addition of 3 equivalents of ssDNA. These data are 

mapped on the tertiary structure of RneS135-125 in Figure 6. 

 

 26



Schubert et al., RNase E S1 domain 27

Figure 6: The oligonucleotide-binding site of RneS135-125 was identified by NMR chemical shift 

perturbation mapping. a) The positions of amides experiencing significant 1H-15N chemical shift changes 

upon titration with 5’-d(ACAGTATTTG)-3’ are mapped on the crystal structure of RneS135-125 (green, ∆δ > 

30 Hz; yellow, 15 Hz < ∆δ < 30 Hz; see Figure 5d). The exposed side chains along this binding site are 

shown in magenta. b) A surface representation of RneS135-125, in the same orientation as in (a), is shown 

with regions of positive and negative electrostatic potential color coded in blue and red, respectively.  

 

Figure 7. Sequence analyses of residues crucial for the OB-fold and the dimerization and oligonucleotide-

binding interfaces of RneS135-125. a) Alignments based on sequence (ClustalW)65 and three-dimensional 

structure comparisons (DALI)28 of a subset of cold-shock DNA-binding family OB-fold proteins, including: 

RNase E, RNase G and PNPase of E. coli; major cold shock proteins CspA, CspB, CspC, and CspE of E. 

coli; cold shock domain of the Y-Box protein YB-1 of Homo sapiens; NusA of Thermotoga maritima; 

archaeal RNA polymerase II RPB4/RPB7 complex of Methanococcus jannaschii; initiation translation 

factor IF-5a of Pyrobaculum aerophilum; ribosomal protein L2 of Pyrobaculum aerophilum; and the 

ribosomal protein S17 of Haloarcula marismortni. Nonconserved insertions are indicated by an X. 

Numbers at the top correspond to amino acid residues in E. coli RNase E, and those to the right indicate 

the actual range for each sequence. Residues highlighted in black, dark grey and light grey are similar in 

over 90%, in 60-90%, and in 40-60% of the proteins, respectively. The secondary structure of RNase E is 

indicated on the top. G66 and L68 are marked by black triangles. Hydrophobic residues crucial for the 

OB-fold according to Theobald et al.11 are indicated at the bottom by orange letters T, M or B, which 

correspond to the top, middle and bottom part of the hydrophobic core, respectively. Additional residues 

that extend the hydrophobic core in RneS135-125 are highlighted (purple asterisk). The characteristic type II 

β-turn preceding strand β4 is indicated (green #). Residues which are part of the dimerization interface in 

the crystallographic dimer of RneS135-125 are indicated by D, and exposed residues on the RNA/DNA 

binding interface of RneS135-125 by N. The red and blue lines indicate residues in RneS135-125 whose 1H-

15N chemical shifts change together more than 10 Hz or 30 Hz upon dimerization or DNA binding, 

respectively. Note the variable length of loop L34. b) Ribbon diagram of the crystal structure (monomer A) 

of RneS135-125 with hydrophobic side chains crucial for the OB-fold according to Theobald et al.11 shown in 
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orange. Additional residues that extend the hydrophobic core in RneS135-125 are highlighted in purple. 

These residues are conserved in a subset of OB-fold proteins including major cold shock proteins and 

some S1 domains. A characteristic feature for this subset of S1 domains is a type II β-turn before strand 

β4 (indicated in green) that is formed by the sequence EGQ. The conserved Gly98 within this turn is 

marked by #. The positions of the temperature-sensitive mutations L68F and G66S are also marked. 

 

Figure 8. Models of the quaternary structure of an RNase tetramer incorporating the dimeric association 

of S1 domains. Each RNase E monomer is drawn with an N-terminal S1 domain, represented by a barrel, 

and the remaining fraction of the protein, including the catalytic domain, represented by an oval. In model 

(a), this latter fraction forms the core of the tetramer, whereas in model (b), this role is played by a 

hypothetic dimer of S1 domain dimers. The S1 domain RNA-binding sites are indicated in light grey along 

the sides of the barrels.  
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Supplementary Material 

 

Supplementary Material for this paper, comprising 4 Figures illustrating the 1H-15N HSQC spectra and 

CD-monitored thermal denaturation profiles of WT and G66S RneS135-125, as well as the location of the 

nucleic acid binding sites within the protein dimer, is available on Science Direct. 

 

Figure S1: The assigned 1H-15N HSQC spectrum of RneS135-125 (pH 6.5, 30 oC, 0.4 mM protein). The 

peaks from the Asn and Gln side chain 15NH2 groups are connected by a horizontal line. Assignments of 

the crowded central region are given in the lower right corner (dashed box). The only signal detectable 

from the N-terminal GSHML sequence is that of the Leu (indicated by a ‘#’). The peaks from H65, H85, 

and G110 (+) are too weak to be seen at this contour level. 

 

Figure S2: The thermal denaturation profiles of WT and G66S RneS135-125 in 20 mM phosphate buffer, pH 

6.5, and 50 mM NaCl, monitored by CD spectropolarimetry. Circular dichroism spectra were measured as 

a function of increasing temperature (2 oC/minute) with 0.25 mg/ml samples of protein in 20 mM 

phosphate buffer, pH 6.5, and 50 mM NaCl, using a Jasco J-810 spectropolarimeter.  

 

Figure S3: The 1H-15N HSQC spectrum of G66S RneS135-125 indicates that the single amino acid 

substitution leads to protein unfolding at pH 6.5 and 30 oC. 

 

Figure S4: The position of the oligonucleotide-binding site, color coded by chemical shift perturbations as 

in Figure 7A is shown in context of the quaternary structure of crystalline RneS135-125. Two S1 domain 

mutants identified by Diwa et al. 13 that affect RNase E autoregulation, but not catalytic activity, include 

Y60 (indicated by an #), and K37 which lies in the disordered N-terminal region of this construct (indicated 

by an N).  
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Figure S1: The assigned 1H-15N HSQC spectrum of RneS135-125 (pH 6.5, 30 oC, 0.4 mM protein). The 

peaks from the Asn and Gln side chain 15NH2 groups are connected by a horizontal line. Assignments of 

the crowded central region are given in the lower right corner (dashed box). The only signal detectable 

from the N-terminal GSHML sequence is that of the Leu (indicated by a ‘#’). The peaks from H65, H85, 

and G110 (+) are too weak to be seen at this contour level. 
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Figure S2: The thermal denaturation profiles of WT and G66S RneS135-125 in 20 mM phosphate buffer, 

pH 6.5, and 50 mM NaCl, monitored by CD spectropolarimetry (225 nm, 2 0C/min heating). 
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Figure S3: The 1H-15N HSQC spectrum of G66S RneS135-125 indicates that the single amino acid 

substitution leads to protein unfolding at pH 6.5 and 30 oC. 
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Figure S4: The position of the oligonucleotide-binding site, color coded by chemical shift perturbations as 

in Figure 7A is shown in context of the quaternary structure of crystalline RneS135-125. Two S1 domain 

mutants identified by Diwa et al. that affect RNase E autoregulation, but not catalytic activity, include Y60 

(indicated by an #), and K37 which lies in the disordered N-terminal region of this construct (indicated by 

an N). 
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