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Abstract

The conformational basis for reduced activity of the thermophilic ribonuclease HI enzyme from 

Thermus thermophilus, compared to its mesophilic homolog from Escherichia coli, is elucidated 

using a combination of NMR spectroscopy and molecular dynamics (MD) simulations. Explicit-

solvent all-atom MD simulations of the two wild-type proteins and an E. coli mutant in which a 

glycine residue is inserted after position 80 to mimic the T. thermophilus protein reproduce the 

differences in conformational dynamics determined from 15N spin-relaxation NMR spectroscopy 

of three loop regions that surround the active site and contain functionally important residues: the 

glycine-rich region, the handle region, and the β5/αE loop. Examination of the MD trajectories 

indicates that the thermophilic protein samples conformations productive for substrate binding and 

activity less frequently than the mesophilic enzyme, although these differences may manifest as 

either increased or decreased relative flexibility of the different regions. Additional MD 

simulations indicate that mutations increasing activity of the T. thermophilus enzyme at 

mesophilic temperatures do so by reconfiguring the local environments of the mutated sites to 

more closely resemble active conformations. Taken together, the results show that both locally 

increased and decreased flexibility contribute to an overall reduction in activity of T. thermophilus 

ribonuclease H compared to its mesophilic E. coli homolog.
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Introduction

Ribonuclease HI (RNase H; EC 3.1.26.4) enzymes are well-conserved endonucleases that 

non-specifically cleave the RNA strand of RNA:DNA hybrid substrates in numerous 

biological processes [1]. In Escherichia coli, RNase H has been implicated in primer 

synthesis for replication of ColE1 plasmids, inhibition of replication from sites other than 

oriC by removal of R-loops [2–4], removal of Okazaki fragments during lagging strand 

synthesis [5,6], synthesis of multicopy single-stranded DNA [7–9], and removal of 

ribonucleotides misincorporated into the genome during transcription [10]. Retroviral 

reverse transcriptase contains a C-terminal RNase H domain that is essential for reverse 

transcription of the viral genome (for reviews, see Refs. [11] and [12]).RNase H belongs to a 

nucleotidyl-transferase superfamily with a conserved structure and mechanism; other family 

members include transposase, retroviral integrase, Holliday junction resolvase, and RISC 

nuclease Argonaute [13,14].

RNase H from the mesophile E. coli [E. coli RNase H (ecRNH)] and that from the 

thermophile Thermus thermophilus [T. thermophilus RNase H (ttRNH)] have been the 

subject of numerous studies of function and thermal adaptation [15–21]. Typical of other 

mesophile–thermophile pairs [22], the two proteins share a high level of sequence (52%) 

and structural similarity (<1 Å Cα RMSD in secondary structures) (Fig. 1a), but they differ 

significantly in stability and activity. ttRNH shows significantly higher thermal and 

chemical stability [23–25] and significantly lower binding affinity and catalytic activity at 

mesophilic temperatures compared to ecRNH [25]. Mutational studies have identified 

several instances of improved hydrophobic packing, more favorable electrostatic 

interactions, or reduced conformational strain that contribute to the increased stability of 

ttRNH compared to ecRNH (Fig. 1b) [26–33]. The most prominent sequence difference 

between the two proteins is the presence of an inserted glycine residue in ttRNH in the 

junction between two conserved helices (Fig. 1b), the presence of which is more common in 

thermophilic bacteria [34] despite conferring relatively little stability in isolation [30]. 

Introduction of the inserted glycine into the sequence of ecRNH (iG80b) yields a 

significantly less active enzyme, with a 50-fold increase in Km and a 10-fold decrease in kcat 

relative to wild-type (WT) ecRNH [30]. A genetic screen for mutants that enable ttRNH to 

complement ecRNH at mesophilic temperatures has identified three mutations— A12S, 

K75M, and A77P—that cooperatively increase the enzymatic activity of ttRNH without 

substantially compromising stability, although the mutations individually have varied effects 

on enzymatic activity and stability (Fig. 1c) [35]. RNase H residues are henceforth 

numbered according to their position in the sequence of ecRNH for simplicity.

The RNase H active site consists of three to four conserved carboxylate residues, also 

referred to as the DED(D) motif, which are involved in coordinating catalytically required 

divalent cations and possibly in proton transfer during catalysis [36]. Activity can be 

supported by both Mg2+ and Mn2+ [37]. High-resolution structures of RNase H domains 

from Bacillus halodurans [38] and Homo sapiens [H. sapiens RNase H (hsRNH)] [14] in 

complex with substrate locate the RNA cleavage site between the two ions (Fig. 1d). NMR 

spectroscopy and molecular dynamics (MD) simulations indicate that the carboxylate side 

chains in the ecRNH active site are pre-organized for binding the first Mg2+ ion but may 
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require conformational rearrangement to bind the second [39]. MD simulations of a variety 

of RNase H homologs suggest that the dynamics of the active-site side chains in the apo 

state are conserved across the RNase H family [40].

The crystal structure of hsRNH identifies three distinct regions as important for substrate 

binding and catalysis: the loop between β1 and β2 (termed the glycine-rich region, residues 

11–22 in ecRNH), αC and the loop between αC and αD (termed the handle region, residues 

81–101), and the loop between β5 and αE (termed the β5/αE loop, residues 121–127) (Fig. 1e 

and f). These results are consistent with mutagenesis and chemical shift mapping for ecRNH 

[41–43]. The glycine-rich loop and handle region form direct contacts with substrate; the 

handle, in particular, contains well-conserved tryptophan residues (W81 and W85) that form 

part of a DNA-binding channel that sterically excludes RNA [14]. A catalytic role for the 

β5/αE loop, located close to the active site, has been suggested, with H124 thought to be 

involved in product release and/or inhibition in the presence of high metal ion concentration 

[14,38,44]. The holo hsRNH crystal structures exhibit distinct conformations in all three 

regions compared to apo ecRNH and ttRNH structures (Fig. 1f), implying that 

conformational changes may occur upon binding substrate.

The nature of the relationship between functionally important conformational changes and 

thermostability has been difficult to characterize. Conformational restriction owing to a deep 

and narrow global minimum in the energy landscape is a feature commonly attributed to 

thermostable proteins [45]. Studies of homologous mesophile–thermophile pairs have 

identified cases in which the thermostable protein is more rigid than its mesophilic 

counterpart [46]; however, examples of more flexible thermostable proteins have also been 

described [47–49]. Protein regions that interact with substrate are often identifiable as being 

particularly flexible by NMR spectroscopy [50,51]. NMR studies of the RNase H family 

suggest that the substrate-binding regions exhibit differences in dynamic behavior that 

reflect underlying energy landscapes in which the active conformations are less accessible at 

ambient temperature to the thermophilic homolog, resulting in its reduced activity [15,16]. 

Although the ttRNH protein is slightly more globally rigid, more subtle differences are 

observed in the functionally important dynamic regions. On the picosecond-to-nanosecond 

timescale, the glycine-rich region and the β5/αE loop are more rigid in ttRNH than in 

ecRNH, while the handle region appears somewhat more flexible [15]. On the microsecond-

to-millisecond timescale, the handle region exchanges between one highly populated and 

one or more sparsely populated conformations [16]. The glycine insertion found in ttRNH 

modulates the local conformational preferences of the handle region: homologous insertion 

of a glycine into the sequence of ecRNH (iG80b) alters the thermodynamic equilibrium of 

the handle region to resemble that of ttRNH, whereas deletion of the glycine residue from 

ttRNH (dG80) alters the thermodynamic equilibrium to resemble that of WT ecRNH [16]. In 

addition, the handle region and the N-terminal hinge of the β5/αE loop, which are distal and 

proximal to the active site, respectively, share a common motional process in ttRNH, 

suggesting coupling between these two sites [16].

Previously, we performed explicit-solvent MD simulations of ecRNH, ttRNH, and other 

members of the RNase H family in order to characterize the temperature dependence of 

conformational dynamics in the handle region [34]. In the present work, simulations of 
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ecRNH, ttRNH, and iG80b ecRNH are compared to NMR spin-relaxation data. Both 

simulations and experiments were carried out in the apo state and thus reflect ensembles 

sampled in the absence of substrate or catalytically required magnesium ions. The 

simulations qualitatively reproduce experimentally observed differences in conformational 

dynamics of the glycine-rich region, the handle region, and the β5/αE loop for the three 

proteins. Analysis of the simulation trajectories identifies the atomistic basis and 

mechanistic consequences of these differences, highlighting the ability of the iG80b 

mutation to confer motional properties on the ecRNH protein that closely resemble those of 

ttRNH. Additional simulations enable rationalization of the origins of enhanced enzymatic 

activity in mutant ttRNH proteins identified by a genetic screen [35]. Introduction of these 

mutations in silico in the ttRNH structure yields a conformational ensemble that more 

closely resembles ecRNH or hsRNH. Taken together, the experimental and computational 

results suggest that local conformational preferences in the thermophilic enzyme contribute 

to its reduced substrate-binding affinity.

Results and Discussion

Global backbone dynamics

Generalized order parameters (S2) of the backbone amide N–H bond vectors, which quantify 

the equilibrium distributions of bond vector orientations in a molecular frame of reference, 

were computed from MD simulations and compared to experimentally determined values for 

ecRNH [19], ttRNH [15], and ecRNH iG80b (vide infra) (Fig. 2a–c). The simulations agree 

well with experiment, yielding correlation coefficients R = 0.89, 0.74, and 0.86 for ecRNH, 

ttRNH, and iG80b ecRNH, respectively; independent but comparable simulations of ecRNH 

and ttRNH also accurately reproduce experimental NMR chemical shifts [52]. The reduced 

correlation for ttRNH likely reflects subtle differences under experimental and simulation 

conditions: the experimental data were acquired at 310 K [15] on a cysteine-free mutant 

used to eliminate undesirable thiol chemistry, while simulations were performed at 300 K on 

the WT construct whose structure was solved by X-ray crystallography. In addition, ttRNH 

has relatively few sites with very low order parameters, which reduces the range of observed 

values. Because NMR spin-relaxation data for iG80b ecRNH are only available at a single 

static magnetic field, the associated order parameters may be less robust than those for WT 

ecRNH and ttRNH, which were derived from spin-relaxation data at three static magnetic 

fields [15,19]. Nonetheless, the correlation between experimental and simulated order 

parameters is equally good for iG80b ecRNH as the other proteins. Good agreement 

between simulated and experimental backbone dynamics encourages further investigation of 

the differences among the simulated ensembles in the substrate-binding regions of the 

protein.

Glycine-rich region

Experimental backbone order parameters in the glycine-rich region are higher in ttRNH than 

in WT and iG80b ecRNH [15], which is qualitatively reproduced in silico (Fig. 2d and g). 

G15 adopts an alternative left-handed α-helical backbone conformation in the MD 

simulations, in addition to the conformation observed in the apo-state crystal structures. This 

minor state is populated 39%, 3%, and 29% of the time in ecRNH, ttRNH, and iG80b 
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ecRNH trajectories, respectively. Increased populations of the minor state manifest in lower 

backbone order parameters for G15 and N16 in ecRNH and iG80b ecRNH.

A principal components analysis (PCA) was performed using backbone dihedral angles of 

the N-terminal part of the glycine-rich region (residues 11–16) for WT ecRNH, ttRNH, 

iG80b ecRNH, and hsRNH (Fig. 3). The glycine-rich region of hsRNH contains a three-

residue insertion C-terminal of N16 relative to ecRNH and ttRNH; however, residues 11–16 

have a high level of sequence similarity to the bacterial proteins. The backbone 

conformation of G15 and the PCA indicate that the minor state resembles the conformation 

observed in the holo hsRNH crystal structures, which is retained in the hsRNH MD 

ensemble; this conformation is also observed in the structure of B. halodurans RNase H, a 

bacterial enzyme that lacks the handle region [38]. The dominant G15 conformation 

positions the N16 side chain to clash with the DNA backbone, whereas the minor 

conformation positions N16 for productive substrate interactions (Fig. 3c and d).

The only sequence difference between ecRNH and ttRNH in glycine-rich region is at 

position 12, where ecRNH has Ser and ttRNH has Ala. The mutation A12S in ttRNH 

reduces Km by a factor of 5.2 while leaving kcat almost unchanged [35]. Three independent 

MD trajectories of A12S ttRNH mutants (one of the double mutant A12S/K75M and two of 

the triple mutant A12S/K75M/A77P) yielded populations of the alternative conformation of 

14%, 4%, and 9%, respectively, with an average of (9 ± 5)%. The simulated increases in the 

populations in the mutant proteins would account for increased affinity by a factor of 3.0 for 

the average population over all three trajectories of the mutants or by a factor of 4.7 for the 

population of the A12S/K75M simulation. Although achieving simulation convergence is 

difficult when sampling sparsely populated conformations, these differences in populations 

are in qualitative agreement with the experimental increase in substrate affinity determined 

for these mutants.

Handle region

Experimental backbone order parameters in the handle region (residues 81–101) are lower in 

ttRNH than in ecRNH and iG80b ecRNH (Fig. 2e) [15]. The differences are relatively small, 

however, with average order parameters of 0.84 ± 0.01, 0.78 ± 0.02, and 0.85 ± 0.02 for 

ecRNH, ttRNH, and iG80b ecRNH, respectively. Simulated order parameters qualitatively 

reproduce the differences among the three proteins, with average order parameters of 0.81 ± 

0.02, 0.78 ± 0.02, and 0.83 ± 0.02, respectively (Fig. 2h); however, the simulations do not 

capture fully the finer features of the conformational dynamics within the handle loop 

(residues 89–101). PCA was conducted using pseudo-dihedral angles among four 

consecutive Cα atoms of the handle region loop (αC/αD loop, residues 89–101) for ecRNH, 

ttRNH, iG80b ecRNH, and hsRNH (Fig. 4). Conventional backbone dihedral PCA is not 

informative because no transitions to alternate backbone dihedral conformations occur in 

this region.

The first two principal components describe the closing of the handle loop (Fig. 4c). The 

MD ensembles for ttRNH and hsRNH are more closed than the respective crystal structures, 

while the WT ecRNH crystal and NMR structures, as well as the iG80b ecRNH crystal 

structure, are contained within their respective MD ensembles. Consistent with previous 
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observations [34], the handle loop of ttRNH adopts a more closed conformation than that of 

ecRNH. The broad distribution of iG80b ecRNH conformations along the second principal 

component reveals that this mutant populates both ecRNH-like and ttRNH-like 

conformations. The inserted glycine residue therefore modulates the conformational 

preferences of this region. In combination with simulations of the temperature dependence 

of open–closed transitions [34], these results suggest that the closed handle-loop 

conformation inhibits substrate binding. Transitions between open and closed conformations 

may underlie chemical exchange broadening on the microsecond-to-millisecond timescale 

previously observed experimentally [16]. This pattern in which conformational changes 

observed in relatively short simulations resemble those known experimentally to occur on 

longer timescales has previously been observed in other systems, including triose phosphate 

isomerase [53], dihydrofolate reductase [54], and adenylate kinase [55]. However, the 

timescale discrepancy precludes precise estimation of the effects of handle-loop 

conformational change on enzyme kinetics.

The handle-loop conformations of hsRNH are distinct from the three bacterial proteins 

throughout the MD trajectories. Although this difference could arise because the trajectory 

was initiated from the substrate-bound conformation, reciprocal in silico mutations have 

attributed this difference to the identity of the residue at position 88, which is conserved as 

Arg in ecRNH and ttRNH but is an Asn in hsRNH [34].

Tryptophan 81

Tryptophan side-chain Nε order parameters for ecRNH, ttRNH, and iG80b ecRNH are 

presented in Table 1 and show good agreement between experiment and simulation. Both 

methods identify W81 in ttRNH as the only flexible tryptophan side chain. Located at the N-

terminus of helix C, W81 is highly conserved among handle-region-containing bacterial 

RNases H and is the C-terminal neighbor of the inserted glycine residue in ttRNH and iG80b 

ecRNH. The inserted Gly residue, in addition to its role in modulating handle-loop closure, 

reconfigures the energy landscape sampled by its neighbor W81. In the holo hsRNH crystal 

structures, the side chain of W81 forms part of a channel important for recognition of the 

DNA strand [14]. The side-chain conformation adopted in the holo hsRNH structure is 

likely to be the binding-competent conformation and is the dominant state in ecRNH. 

However, the side chain adopts different conformations in MD simulations of WT ecRNH, 

characterized by χ2 = trans, and iG80b ecRNH, characterized by χ2 = gauche−. Both states 

are populated in ttRNH, resulting in a reduced side-chain order parameter for this protein 

(Fig. 5). The crystallographic conformations of W81 in ttRNH and iG80b ecRNH 

correspond to neither of the two states visited in silico, likely due to the presence of 

distorting crystal contacts [56].

Superposition of the ttRNH MD ensemble with the holo hsRNH crystal structures suggests 

that the side chain of W81 would clash with the DNA strand in the alternative conformation. 

This conformation is thus considered binding incompetent (Fig. 5). In iG80b ecRNH, W81 

predominantly populates this binding-incompetent conformation, resulting in a high 

sidechain order parameter comparable to that observed in WT ecRNH, in good agreement 

with experiment. The NMR spin-relaxation data alone are insensitive to conformational 
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differences between WT and iG80b ecRNH in this case; the atomistic interpretation afforded 

by MD simulations reveals distinct conformational ensembles with distinct functional 

consequences.

Cooperativity has been observed between the presence of the glycine insertion and the 

identity of the residue located at position 77 [30]. In ttRNH, the kink introduced by the 

glycine insertion orients A77 in close spatial proximity to W81. The A77P mutation in 

ttRNH reduces Km by a factor of 2.3 and increases kcat by 50% [35]. Table 2 reports 

simulated rotamer populations and order parameters for W81. Although the observed 

reduction in the population of the binding-incompetent rotamer—from 7% in the WT ttRNH 

simulation to 0% in the triple activating mutant—does not fully account for the reported 

change in Km, the fact that this rotamer is accessible only in the presence of the glycine 

insertion and is reduced or eliminated by changes in local packing suggests that this is at 

least one mechanism through which the A77P mutation influences substrate affinity.

To further explore the effects of local hydrophobic packing on W81 conformational 

preferences, we calculated additional trajectories for mutations to iG80b ecRNH, which 

favors the binding-incompetent rotamer (Table 2). Mutations that alter local hydrophobic 

packing or provide hydrophobic surfaces adjacent to the W81 side chain increase the 

population of the productive rotamer relative to ecRNH iG80b. Sites at which mutations can 

affect W81 conformational preferences are shown in Fig. 6a. Interestingly, examination of 

bacterial RNase H sequences containing handle regions reveals strong evolutionary coupling 

between the Gly insertion and position 77 (Fig. 6b). In aggregate, the results show that the 

inserted glycine residue affects the conformational ensemble of the handle region in two 

ways—by reducing the population of the open handle loop and by increasing the population 

of the binding-incompetent W81 rotamer—both of which result in lower binding affinity 

toward substrate in ttRNH.

The β5/αE loop and the αB/β5 interface

Experimental backbone order parameters for residues 125 and 126 at the C-terminal end of 

the β5/αE loop are somewhat higher in ttRNH than in WT ecRNH (Fig. 2f). The limited 

spin-relaxation data for iG80b ecRNH yield order parameters for only two of the seven 

backbone amides in the loop, preventing quantitative comparison. Trends observed 

experimentally are not well reproduced in silico for this region, likely because limited 

sampling is exacerbated by the presence of distorted initial conformations resulting from 

crystal contacts. A well-documented crystal contact common in ecRNH crystal structures 

and present in both WT and iG80b is known to distort the conformation of this loop [57]. 

Nevertheless, comparisons between even unconverged simulations may prove instructive, 

given that the purpose of the analysis is to explore the possibility of differential 

conformational restriction among the RNases H tested.

The β5/αE loop occupies a more closed conformation in ttRNH than in ecRNH, 

characterized by increased backbone order parameters in qualitative agreement with 

experiment (Fig. 2f and i). The first two components of a PCA conducted using backbone 

dihedral angles in the β5/αE loop are plotted in Fig. 7. The results indicate that 

conformational preferences of the β5/αE loop in iG80b ecRNH and ttRNH are very similar 
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and preferentially populate a relatively restricted state largely unique to those two proteins 

(Fig. 7c). Notably, the β5/αE-loop conformation in the ttRNH crystal structure more closely 

resembles the WT ecRNH and hsRNH ensembles than the simulated ttRNH ensemble. The 

conformational space accessible to the catalytically important H124 residue contained in this 

loop is substantially more limited in ttRNH and iG80b ecRNH than in WT ecRNH and 

hsRNH. Comparison of multiple holo hsRNH crystal structures reveals that the β5/αE loop 

retains substantial flexibility in complex with substrate. The closed conformation and more 

restricted flexibility in ttRNH may contribute to decreased activity through the reported 

effects of H124 on metal ion binding or product release. The conformational preferences of 

the β5/αE loop in iG80b ecRNH mirror those in ttRNH, indicating a dynamic coupling to the 

glycine insertion in the handle region on the picosecond-to-nanosecond timescale. This 

coupling may also be responsible for the similarities in the microsecond-to-millisecond 

dynamics observed between the two proteins experimentally [16].

The activating mutations of ttRNH partially reorganize the packing of the hydrophobic 

interface between αB and β5, thereby suggesting a candidate pathway through which this 

coupling occurs. This interface is significantly different in crystal structures of RNases H in 

the apo state compared to the hsRNH complex. In particular, aromatic groups (Phe in ttRNH 

and Trp in ecRNH) at position 120 are oriented “down”, pointing away from the substrate-

binding site, in both ecRNH and ttRNH; however, a 180° χ2 rotation orients the equivalent 

H120 residue in hsRNH “up” so that its ring nitrogen interacts with the backbone of the 

RNA strand of the bound substrate. In the A12S/K75M and A12S/K75M/A77P ttRNH 

trajectories, a transition of F120 to the “up” state occurs consistently and reproducibly, thus 

reconfiguring the interface to resemble that present in the bound state (Fig. 8). The effect of 

the F120 “up” and “down” conformational equilibrium on Km cannot be estimated because 

only single transitions are observed in these simulations. However, structures of other, more 

distantly related RNases H, including the subdomain found in HIV (human 

immunodeficiency virus) reverse transcriptase and the atypical RNase H, occupy the “up” 

conformation even in the absence of substrate (Fig. 8c). In fact, ttRNH is unusual among 

family members for the absence of a polar or charged residue at position 120. Both K75M/

A77P and A12S/K75M/A77P ttRNH mutants exhibit small differences in near- and far-UV 

circular dichroism spectra compared to either WT ttRNH or any of the single mutants, 

implying a subtle difference in the packing of aromatic groups despite little change in 

secondary structure [35], which is consistent with the reorganization of local packing near 

F120 and W81 observed in simulation.

Conclusion

The results presented herein indicate that complex changes in the conformational 

preferences of three key loop regions contribute to reduced activity of ttRNH relative to 

ecRNH at mesophilic temperatures. The differences in dynamics of the three regions are 

summarized in Fig. 9. Examples of both overall increase [47] and overall decrease [58] in 

conformational flexibility have been reported for thermostable proteins, as well as examples 

of broader native-state ensembles coupled to reduced longer-timescale fluctuations far from 

the native state [59,60]. In the present work, we describe a case in which increased and 

decreased flexibility coexist in the same protein on similar timescales, with the common 
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effect of reduced substrate affinity. Notably, several well-studied examples of mesophile–

thermophile pairs are enzymes with small-molecule substrates where differences in activity 

can be correlated with differences in conformational dynamics of a loop involved in 

substrate binding [61–63], whereas RNase H has a large substrate-binding surface and thus 

can accommodate multiple forms of adaptation through subtle changes in the relative 

energies of local conformational states. Proteins with large, dynamic binding surfaces and 

whose substrates exhibit complex internal dynamics of their own complicate the emerging 

picture of flux through conformational selection and induced-fit binding pathways as 

determined primarily by conformational exchange kinetics and ligand concentration [64]. 

The behavior observed in the RNase H family, in which partially binding-competent 

conformations are sampled in the apo state but require additional induced-fit 

accommodation after binding substrate, is consistent with experimental observations of 

interdomain protein–protein interactions [65] and with simulations of RNA-binding U1A 

protein [66]. The present work extends these observations to account for reduced substrate 

affinity in a thermostable protein.

Although NMR experiments and MD simulations reported herein were conducted in the 

absence of catalytically required divalent metal ions, independent NMR spin-relaxation data 

for the side-chain carboxylates of the catalytic Asp and Glu residues in apo ecRNH suggest 

that the active site is rigid and pre-organized for binding the first Mg2+ ion [39]. 

Furthermore, active-site dynamics are conserved among RNases H [40] and their positions 

are conserved in crystal structures of the endonuclease members of the broader nuclease 

family [67]. The active site is therefore likely to be relatively insensitive to changes in the 

conformational dynamics of the substrate-binding loops on the picosecond-to-nanosecond 

timescale.

Interpretation of NMR spin-relaxation data through MD simulations provides a structure-

based explanation for activity differences between mesophilic and thermophilic RNase H 

enzymes. Differences in the underlying conformational ensembles were correlated to 

function through structural comparison to holo hsRNH crystal structures for three flexible 

regions implicated in substrate binding and/or product release: the glycine-rich region, the 

handle region, and the β5/αE loop. Each of these regions is spatially close to sites of 

mutation in ttRNH that positively affect activity and that are shown in simulation to 

reconfigure their local environments to more closely resemble active conformations. Taken 

together, these findings suggest that differences in the conformational ensembles of dynamic 

regions not reflected in the corresponding crystal structures contribute to the difference in 

activity between ecRNH and ttRNH at mesophilic temperatures.

Methods

NMR spectroscopy

[U-2H, U-15N]iG80b ecRNH was prepared as described elsewhere [16]. NMR data were 

recorded for a sample of 1.0 mM [pH 5.5; 100 mM d3-sodium acetate at pH 5.5, 10% (v/v) 

deuterium oxide, 0.02% (w/v) sodium azide, and 1 mM d10-dithiothreitol] at 300 K on a 

Bruker DRX500 NMR spectrometer. 15N R1, 15N R2, and 1H-15N nuclear Overhauser 

enhancement values were measured using standard pulse sequences [68], essentially as 
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described for the WT ecRNH protein [15]. Relaxation parameters were analyzed using 

FAST-Modelfree [69] and ModelFree [20].

MD simulations

Hydrogens were added to the crystal structures of WT ecRNH (1.5 Å resolution, PDB code 

2RN2) [70], ttRNH (2.8 Å resolution, PDB code 1RIL) [56], iG80b ecRNH (1.9 Å 

resolution, PDB code 1GOA) [30], and a holo hsRNH crystal structure with the substrate 

removed (2.55 Å resolution, PDB code 2QK9) [14] using the Maestro program [71]. The 

hsRNH sequence incorporates a D210N inactivating mutation. Protonation states of 

ionizable groups in WT ecRNH under experimental conditions (pH 5.5) [19] were assigned 

based on previous NMR studies [72,73]. Protonation states of ionizable groups in ttRNH and 

iG80b ecRNH under experimental conditions (pH 5.5) [15] were assigned by estimating pKa 

values using the H++ Web server‡, indicating protonation of D10, protonation of H114 at 

the Nε2 position, protonation of H29 and H127 at the Nδ1 position, and double protonation 

of H31, H72, H119, and H124 in ttRNH; protonation of D10, protonation of H83 and H114 

at the Nε2 position, and double protonation of H62, H124, and H127 in iG80b ecRNH; and 

protonation of D10, protonation of H31 at the Nε2 position, and double protonation of the N-

terminal histidine residue, H50, H120, and H124 in hsRNH. H++ predictions for WT 

ecRNH agree well with the experimental data. Although the experimental pH optimum for 

the RNase H reaction is 7.5–8.5 [25], previous simulations of protonation states consistent 

with higher pH showed only small changes in dynamics, particularly of the active site 

[34,39]. The protonated structures were solvated in cubic boxes of 8505, 8207, and 8809 

TIP3P [74] water molecules, respectively, to accommodate a minimum water shell thickness 

of 1 nm. Seven, thirteen, and six chloride ions, respectively, were added to the systems to 

maintain electric neutrality. The proteins were described by the AMBER ff99SB force field 

[75]. Each system was energy minimized and subsequently equilibrated to 300 K over 5 ns 

of NPT simulation with Desmond Academic Release 3 [76] using periodic boundary 

conditions and a cutoff of 0.9 nm for both particle mesh Ewald [77–79] and Lennard–Jones 

interactions. The SHAKE [80] algorithm was applied for constraining vibrations of bonds 

involving hydrogen atoms. A RESPA integrator was used [81] with a time step of 2.5 fs for 

bonded and short-range non-bonded interactions, as well as 7.5 fs for long-range 

electrostatics. For each protein, a structure with a box volume close to the average box 

volume over the last 4 ns of NPT equilibration was extracted from the last 1 ns of 

equilibration (volume and temperature reached their equilibrium values in less than 100 ps 

in all simulations). This structure was used as the starting structure for a 100-ns constant 

volume and constant temperature (NVT) production run, using identical simulation 

parameters. Coordinate sets were saved every 4.5 ps in the production runs. Activating 

mutations and other point mutants were introduced using MODELLER 9v5 [82] prior to 

protonation-state prediction using H++. No mutation caused changes in the predicted 

protonation states of titratable residues. One trajectory was calculated for the double mutant 

ttRNH A12S/K75M; two independent trajectories were calculated from different initial 

models of the triple mutant ttRNH A12S/K75M/A77P due to the relative difficulty of 

‡http://biophysics.cs.vt.edu/H++.
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introducing a proline into a helix. All mutant simulations were performed identically, except 

for the use of Desmond 2.4.2.1 in place of Academic Release 3.

Calculation of order parameters

Simulated order parameters were calculated from

(1)

in which μ1, μ2, and μ3 are the x, y, and z components of the relevant bond vector scaled to 

unit magnitude, μ, respectively [83]. The experimental values were scaled by the respective 

slope of a linear regression against the simulated values for visual representation (0.91 for 

ecRNH, 0.92 for ttRNH, and 1.08 for iG80b ecRNH.).

Angular brackets in Eq. (1) indicate averaging over the snapshots in a given analysis block, 

after superposition of backbone heavy atoms to remove the effects of overall tumbling. The 

block length was chosen to mimic the timescale limitation of NMR spin relaxation [84], 

yielding ten 10-ns blocks because ecRNH has an overall tumbling time of 9.7 ns. To assess 

the separability of internal and overall protein motion, the rotationally invariant iRED 

approach [85] was also used to calculate order parameters from the appropriate blocks for 

the WT ecRNH and ttRNH simulations. The results obtained from the two methods agree 

within errors (data not shown).
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Fig. 1. 
Structural features of RNases H. (a) Superposition of ecRNH (blue, PDB code 2RN2) [70] 

and ttRNH (red, PDB code 1RIL) [56]. (b) Known sites of thermostabilization (yellow) and 

the glycine insertion (cyan). (c) Positions of the three activating mutations identified for 

ttRNH [35]. (d) Superposition of the active site of ecRNH (blue) with the two known 

substrate complexes, hsRNH (orange and green, PDB code 2QK9) [14] and RNase H 

domain from B. halodurans (light blue and beige, PDB code 1ZBI). (e) Superposition of 

ecRNH and hsRNH showing substrate (gray) and substrate-binding loops (green). (f) 

Superposition of ecRNH and hsRNH with substrate removed. Active-site residues from 

ecRNH are shown as blue sticks. Functionally important residues located in substrate-

binding loops are shown as green sticks.
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Fig. 2. 
Experimental and simulated order parameters. Full sets of (black) experimental and (red) 

simulated order parameters for (a) ecRNH, (b) ttRNH, and (c) iG80b ecRNH. Comparison 

of (d) experimental and (g) simulated order parameters in the glycine-rich region (residues 

11–22). The sequence alignment between WT ecRNH (blue) and ttRNH (red) in this region 

is shown at the top. Comparison of (e) experimental and (h) simulated order parameters in 

the handle region (residues 81–101). Comparison of (f) experimental and (i) simulated order 

parameters in the β5/αE loop (residues 121–127). Color coding in (d–i) is (blue) ecRNH, 

(red) ttRNH, and (green) iG80b ecRNH. The sequence alignment between (blue) ecRNH 

and (red) ttRNH in each region is shown at the top of (d–f). The sequence of iG80b ecRNH 

differs from WT by insertion of a glycine residue N-terminal to W81.
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Fig. 3. 
Glycine-rich region conformational dynamics. (a) PCA was conducted using the backbone 

dihedral angles ϕ and ψ of the N-terminal part of the glycine-rich region (residues 11–16) 

from (blue dots) ecRNH, (red dots) ttRNH, (green dots) iG80b ecRNH, and (orange dots) 

hsRNH (orange dots) MD simulations, as well as (black circle, PDB code 2RN2) ecRNH, 

(black triangle, PDB code 1RIL) ttRNH (black square, PDB code 1GOA) , iG80b ecRNH, 

and (black diamonds, PDB codes 2QK9, 2QKK, and 2QKB) hsRNH crystal structures and 

(black Xs, PDB code 1RCH) ecRNH NMR structures. (b) Distributions of MD 

conformations along the second principal component. (c and d) Conformations were 

extracted from MD simulations of (blue) ecRNH, (red) ttRNH, and (green) iG80b ecRNH 

after backbone heavy-atom superposition with respect to a (cyan, PDB code 2QK9) holo 

hsRNH crystal structure. The DNA strand from that hsRNH crystal structure is shown with 

atoms colored according to chemical identity. (c) Conformations were extracted from MD 

simulations in 10-ns intervals. (d) Conformations of WT and iG80b ecRNH representative 

of the major and minor states and a conformation of ttRNH representative of the major state 

were selected from MD simulations for clarity.
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Fig. 4. 
Handle region conformational dynamics. (a) PCA was conducted using pseudo-dihedral 

angles between four consecutive Cα atoms of the handle-region loop (residues 89–101). (b) 

Distributions of MD conformations along the second principal component. (c) 

Conformations were extracted from MD simulations in 10-ns intervals, after backbone 

heavy-atom superposition with respect to a holo hsRNH crystal structure (PDB code 2QK9). 

The RNA:DNA hybrid from the hsRNH crystal structure is shown as gray ribbons. Color 

coding and symbolic representations are as described for Fig. 3.
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Fig. 5. 
W81 conformational space. Representative side-chain conformations of W81 were extracted 

from (blue) ecRNH, (red) ttRNH, and (green) iG80b ecRNH MD simulations. The side 

chain of the homologous tryptophan from a holo hsRNH crystal structure (PDB code 2QK9) 

is shown in cyan. The backbone of the RNA:DNA hybrid from that crystal structure is 

shown as a gray ribbon.
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Fig. 6. 
Hydrophobic environment surrounding W81. (a) Hydrophobic and aromatic residues 

surrounding W81 (red) are shown as sticks in the crystal structure of the ecRNH double 

mutant iG80b/G77A (PDB code 1GOC). Mutations at sites shown in purple (Q80 and V101) 

and yellow (A77) promote the trans conformation of W81. (b) Sequence analysis of 

bacterial RNase H sequences [34] containing handle regions show a strong coupling 

between presence of insertion and residue identity at position 77.
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Fig. 7. 
β5/αE-loop conformational dynamics. (a) PCA was conducted using the backbone dihedral 

angles ϕ and ψ of the β5/αE loop (residues 121–127). (b) Distributions of MD conformations 

along the second principal component are also shown. (c) Conformations were extracted 

from MD simulations in 10-ns intervals, after backbone heavy-atom superposition with 

respect to a holo hsRNH crystal structure (PDB code 2QK9). The RNA strand from that 

hsRNH crystal structure is shown as a gray ribbon. Color coding and symbolic 

representations are as described for Fig. 3.
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Fig. 8. 
Changes at the αB/β5 interface due to the activating mutation K75M. (a) Superposition of 

ttRNH crystal structure (red) with a representative MD conformation from the A12S/K75M 

trajectory (green). (b) Superposition of a representative A12S/K75M conformation as in (a) 

with equivalent residues from hsRNH (orange). (c) Superposition of equivalent residues 

from additional members of the RNase H family: H. sapiens (orange, 2QK9), B. halodurans 

(purple, 1ZBI), HIV (cyan, 1HRH), prototype foamy virus (pink, 2LSN), and XMRV 

(yellow, 3V1O).
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Fig. 9. 
Summary of dynamic differences between (blue) ecRNH and (red) ttRNH in regions 

neighboring the RNA: DNA (yellow and purple, respectively) hybrid substrate. Superposed 

snapshots from the simulations are shown with energy landscape cartoons to illustrate 

differences in local conformational preferences for each region. Stars indicate the 

presumptively binding-competent state. The glycine-rich region is more restricted in ttRNH 

than in ecRNH and populates a minor binding-competent state substantially less in the 

thermophile enzyme, the handle loop is more closed in ttRNH than in ecRNH, W81 

populates a binding-incompetent conformation in ttRNH in addition to the binding-

competent conformation populated in ecRNH, and the β5/αE loop is more restricted in 

ttRNH than in ecRNH.

Stafford et al. Page 25

J Mol Biol. Author manuscript; available in PMC 2016 February 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Stafford et al. Page 26

T
ab

le
 1

O
rd

er
 p

ar
am

et
er

s 
fo

r 
tr

yp
to

ph
an

 r
in

g 
N

ε1

R
es

id
ue

W
T

 e
cR

N
H

tt
R

N
H

iG
80

b 
ec

R
N

H

S2 N
M

R
S2 M

D
S2 N

M
R

S2 M
D

S2 N
M

R
S2 M

D

W
81

0.
83

 ±
 0

.0
2

0.
83

 ±
 0

.0
1

0.
67

 ±
 0

.0
2

0.
66

 ±
 0

.0
6

0.
82

 ±
 0

.0
1

0.
79

 ±
 0

.0
1

W
85

0.
85

 ±
 0

.0
2

0.
75

 ±
 0

.0
1

N
/A

N
/A

0.
86

 ±
 0

.0
1

0.
84

 ±
 0

.0
1

W
90

0.
84

 ±
 0

.0
1

0.
85

 ±
 0

.0
1

0.
82

 ±
 0

.0
1

0.
81

 ±
 0

.0
1

0.
86

 ±
 0

.0
1

0.
86

 ±
 0

.0
1

W
10

4
0.

92
 ±

 0
.0

8
0.

87
 ±

 0
.0

1
0.

96
 ±

 0
.0

1
0.

87
 ±

 0
.0

1
0.

87
 ±

 0
.0

2
0.

88
 ±

 0
.0

1

W
11

8
0.

86
 ±

 0
.0

1
0.

85
 ±

 0
.0

2
—

—
0.

85
 ±

 0
.0

1
0.

87
 ±

 0
.0

1

W
12

0
0.

89
 ±

 0
.0

1
0.

84
 ±

 0
.0

1
—

—
0.

80
 ±

 0
.0

1
0.

87
 ±

 0
.0

1

J Mol Biol. Author manuscript; available in PMC 2016 February 27.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Stafford et al. Page 27

Table 2

MD simulated order parameters for W81 ring Nε1

Protein Rotamers Population S2
MD

ttRNH WT t/g – 0.93/0.07 0.66 ± 0.06

ttRNH A12S/K75M t/g – 0.98/0.02 0.72 ± 0.14

ttRNH A12S/K75M/A77P t 1.00 0.84 ± 0.01

ttRNH dG80 t 1.00 0.80 ± 0.01

ecRNH WT t 1.00 0.83 ± 0.01

ecRNH iG80b g – 1.00 0.79 ± 0.01

ecRNH iG80b Q80L t 0.97 0.67 ± 0.13

ecRNH iG80b V101R t 0.48 0.85 ± 0.01

g – 0.52 0.69 ± 0.04

ecRNH iG80b G77A t/ 0.66 0.82 ± 0.01

g – 0.34 0.76 ± 0.02

S2MD values are calculated in blocks corresponding to the expected global tumbling time of approximately 10 ns; therefore, rotamer-specific order 

parameters are calculated only in cases where the persistence time for each state exceeds 10 ns.
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