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Abstract

The mature form of reverse transcriptase (RT) is a heterodimer comprising the intact 66-kDa 

subunit (p66) and a smaller 51-kDa subunit (p51) that is generated by removal of most of the 

RNase H (RNH) domain from a p66 subunit by proteolytic cleavage between residues 440/441. 

Viral infectivity is eliminated by mutations such as F440A and E438N in the proteolytic cleavage 

sequence, while normal processing and virus infectivity are restored by a compensatory mutation, 

T477A, that is located more than 10 Å away from the processing site. The molecular basis for this 

compensatory effect has remained unclear. We therefore investigated structural characteristics of 

RNH mutants using computational and experimental approaches. Our Nuclear Magnetic 

Resonance and Differential Scanning Fluorimetry results show that both F440A and E438N 

mutations disrupt RNH folding. Addition of the T477A mutation restores correct folding of the 

RNH domain despite the presence of the F440A or E438N mutations. Molecular dynamics 

simulations suggest that the T477A mutation affects the processing site by altering relative 

orientations of secondary structure elements. Predictions of sequence tolerance suggest that 

phenylalanine and tyrosine are structurally preferred at residues 440 and 441, respectively, which 

are the P1 and P1’ substrate residues known to require bulky side chains for substrate specificity. 

Interestingly, our study demonstrates that the processing site residues, which are critical for 

protease substrate specificity and must be exposed to the solvent for efficient processing, also 

function to maintain proper RNH folding in the p66/p51 heterodimer.
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Four figures and a description about Weighted Ensemble simulations are available as supporting information: (i) a figure for the 
HSQC spectra of RNHF440A and RNHE438N at pH 8, (ii) a figure of Differential Scanning Fluorimetry for (A) WT RNH, (B) 
RNHF440A/T477A, (C) RNHE438N/T477A, (D) RNHF440A, and (E) RNHE438N mutants at pH 5.0, 6.0, 7.0, 8.0, and 9.0, (iii) 
description and a figure comparing Weighted Ensemble simulations for WT, RNHF440A and RNHF440A/F477A, and (iv) a figure 
for sequence tolerance results using the coordinates at a 100 ns MD simulation point.
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Introduction

The gene for HIV-1 reverse transcriptase (RT) encodes a 66 kDa protein, but mature HIV-1 

reverse transcriptase is a heterodimeric protein comprised of 66 kDa and 51 kDa subunits. 

RT is initially translated as part of a much larger 160 kDa Gag-Pol polyprotein which is then 

processed by HIV-1 protease in a still poorly understood manner to yield the mature RT 

p66/p51 heterodimer. The smaller p51 subunit is generated by removal of most of the 

ribonuclease H (RNH) domain from a p66 subunit (Figure 1A) 1–8. Structures of the both the 

RT heterodimer as well as the isolated RNH domain indicate that the p51-RNH cleavage site 

is located within the folded RNH domain, sequestered into the core β-sheet, and thus likely 

inaccessible to the protease (Figure 1B) 9–14.

A previous study introduced mutations within and surrounding the p51 – RNH cleavage site 

expecting to find a relative accumulation of p66 subunits due to deceased processing 

efficiency of these cleavage-site mutants 15. Instead, these mutations resulted in dramatic 

phenotypic alterations characterized by reduced viral infectivity, a significant reduction in 

virion RT p66 subunits, and a concomitant increase in the relative number of p51 subunits 

and fragments smaller than p51, suggesting unregulated degradation of RT during 

proteolytic maturation 15. Degradation of RT upon mutation of the processing site has been 

further demonstrated recently 16. These findings are not easily explained by changes in the 

side chain volumes or charges because severe reduction of viral infectivity was observed for 

mutations both to hydrophobic residues, F440A and F440V, and to a hydrophilic residue, 

E438N. Further study revealed that an additional mutation (T477A) that arose during 

continued passage of the cleavage mutants rescued the p66 processing defects of these 

cleavage-site mutants and significantly restored viral infectivity 17. This revertant mutation 

site is located over 10 Å away from the processing site: T477 is on α-helix A which 

interfaces with the core β-sheet containing the processing site (Figure 1C). The molecular 

mechanism for the compensatory impact of the T477A mutation was thus unclear.

In the present study the structural basis for the differences in proteolytic stability of the 

processing-site mutants and the revertants were studied using Nuclear Magnetic Resonance 

(NMR), Differential Scanning Fluorimetry (DSF), molecular dynamics (MD) simulations, 

and computational predictions of residues tolerated at the mutation sites. In particular, we 

characterized conformations of two isolated RNH domain mutants that contain either the 

F440A or E438N processing defect mutation (denoted RNHF440A and RNHE438N, 

respectively), and those with the additional T477A rescue mutation (denoted 

RNHF440A/T477A and RNHE438N/T477A, respectively). Comparison of the 1H-15N 

heteronuclear single-quantum coherence (HSQC) spectra of the mutant RNHs with wild 

type (WT) shows that RNHF440A and RNHE438N are unfolded in solution but those with the 

compensatory T477A are not. The stark difference between the RNHF440A and RNHE438N 

and those with the compensatory T477A was also observed in the DSF study. Consistent 
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with this observation, 200 ns MD simulations exhibit wider structural variations for 

RNHF440A and RNHE438N compared to those of RNHF440A/T477A and RNHE438N/T477A, 

respectively. Structural ensembles obtained by the MD simulations for T477A mutants all 

exhibit a slight increase in the relative orientation of the α-helix A against the core β-sheet, 

compared to the WT. Predictions of sequence tolerance using RosettaBackrub 18, 19 suggest 

that phenylanaine and tyrosine are structurally preferred for residues 440 and 441, 

respectively. Our results suggest that specificity as a protease substrate is coupled to the 

structural requirement to maintain the RNH fold.

Methods

Sample preparation

Isolated WT RNH domain constructs were prepared by expressing the domain in E. coli. In 

brief, the cDNA encoding RT residues 427–560 was inserted into the pE-SUMO vector 

(LifeSensors, Malvern, PA) with a six histidine tag (His6-) at the N-terminus of the SUMO-

fusion construct. As opposed to our previous WT RNH construct containing three additional 

amino acid residues S-E-L at the N-terminus of native RNH 20, the current construct 

encodes only native amino acid sequence of RNH after removal of SUMO. Mutations, 

E438N, E438N/T477A, F440A and F440A/T477A were introduced to the WT construct 

using QuickChange kits (Stratagene, La Jolla, CA) and verified by DNA sequencing. All the 

proteins were expressed in Escherichia Coli Rosetta 2 (DE3) cells. Cell cultures were grown 

at 37 °C to an OD of 1.0, induced with IPTG, and grown at 16 °C for an additional 18 hours. 

Isotopic labeling was achieved by growing cultures in modified minimal media 

containing 15N NH4Cl as the sole nitrogen source using the published protocol 21. Cells 

were harvested by centrifugation, resuspended in 50 mM Tris buffer, pH 7.5, and lysed by 

microfluidation. The His6-SUMO-fusion RNHs were isolated from the cell lysate using a 

HisTrap HP columns (GE Healthcare, Piscataway, NJ) with a linear gradient of 0.02 M – 0.5 

M Imidazole, followed by gel filtration on a Superdex75 26/60 column (GE Healthcare, 

Piscataway, NJ). The N-terminal His6-SUMO fusion was then removed by digestion with 

histidine tagged ubiquitin-like-protein specific protease (ULP1). Finally, the RNH was 

separated from His-tagged proteins using a HisTrap column (GE Healthcare, Piscataway, 

NJ), and polished with a Superdex75 26/60 column (GE Healthcare, Piscataway, NJ) 

equilibrated with a buffer containing 25 mM Sodium Phosphate, 100 mM NaCl and 3 mM 

NaN3, at pH 7.0. For the purification of RNHF440A and RNHE438N, the proteins were further 

purified using HiTrap Q HP column (GE Healthcare, Piscataway, NJ) to remove fragmented 

products. Purity of the proteins at the final step of purification were confirmed by running 

20% acrylamide gels in both SDS denatured and non-denaturing (native) conditions 

(PhastGel system, GE Healthcare, Piscataway, NJ). Protein samples were stored at −80°C.

NMR experiments

All NMR experiments were performed at a protein concentration of ~200 µM in NMR 

Buffer (25 mM sodium phosphate, 100 mM NaCl, pH 7.0) and supplemented with 10% 

D2O. All 1H-15N HSQC spectra were recorded at 293 K on Bruker 600 AVANCE 

spectrometers, equipped with a 5-mm triple-resonance, z-axis gradient cryogenic probe. All 

data were processed with NMRPipe and analyzed with CCPNNMR analysis 22, 23.
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Light scattering measurements

Size-exclusion multi-angle light scattering (SEC-MALS) measurements were collected at 

room temperature using an analytical Superdex 75 HR 10/30 column (GE Healthcare, 

Piscataway, NJ) with in-line multi-angle light scattering (HELEOS, Wyatt Technology), UV 

(Agilent 1100, Agilent Technology), and refractive index (OptilabrEX, Wyatt Technology) 

detectors. Protein samples (protein concentration: 100 µM, sample volume: 100 µL, in NMR 

Buffer) were injected into the column, pre-equilibrated with sterile-filtered and degassed 

NMR buffer. Molecular masses of the eluted proteins were analyzed using ASTRA 

software, version 5.3.4 (Wyatt Technologies).

Differential Scanning Fluorimetry

Thermal stability of the WT RNH, RNHF440A, RNHE438N, RNHF440A/T477A and 

RNHE438N/T477A were monitored by Differential Scanning Fluorimetry. A fluorescence 

microplate reader (FluoDia T70, Photon Technology International, Edison, NJ) was used to 

measure binding of hydrophobic dye SYPRO Orange to the unfolded fraction of the protein 

(Life Technologies, Carlsbad, CA) 24, 25. DSF samples were prepared at a protein 

concentration of 5 µM in a solution containing 25 mM Sodium Phosphate, 100 mM NaCl 

and 5 × SYPRO Orange at pH 5.0, 6.0, 7.0, 8.0 or 9.0. Sample volume of 25 µL per well was 

loaded into 96-well PCR plates (Bio-Rad, Hercules, CA). Plates were heated from 25 to 75 

°C in increments of 0.5 °C. Fluorescence intensity was measured using excitation/emission 

wavelengths of 465 and 590 nm, respectively. Fluorescence data were analyzed in 

MATLAB (The Mathworks Inc., Natick, MA), and melting temperatures of the proteins 

determined from the maximum of the first derivative of normalized fluorescence intensity 

signals, as described by Neisen et al 26. All assays were performed in triplicate.

Molecular Dynamics simulations

Wild-type and mutant RNH systems were prepared using the CHARMM package 27, 28 and 

simulated with the NAMD package 29, 30. Initial structures for RNHWT, RNHF440A, 

RNHE438N, RNHT477A, RNHE438N/T477A, and RNHF440A/T477A were generated using 

CHARMM based on residues 427–556 from the crystal structure of the WT RNH domain 

(PDB id 1DLO, 31), together with additional residues having the sequence SEF at the N-

terminus and RKVL at the C-terminus in order to match the sequence of the constructs on 

which NMR studies had been performed. The coordinates of these residues, as well as any 

atoms not present in the original crystal structure (including hydrogen atoms), were 

generated using the internal coordinate facility in CHARMM; the additional residues were 

initially assumed to have extended configurations. The resulting structure was then energy-

minimized using harmonic restraints together with the CHARMM 36 force field 32, 33 and 

GBMV solvation model 34, 35. After minimization, each structure was surrounded with TIP3 

water 36 in a rhombic dodecahedral box, allowing a 12 Å margin on all sides of the protein. 

A total of 21 Na+ and 18 Cl- ions were added to each system and placed using the 

SOLVATE program 37, bringing the salt concentration to approximately 100 mM while 

neutralizing the charge. The water and ions in each system were then energy-minimized 

while keeping the protein fixed.
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The systems were then simulated using NAMD 29, 30. Each system was heated to 293 K 

over 1.5 ns with harmonic restraints of 1.0 kcal/(mol Å2) on each non-hydrogen atom in the 

protein. The harmonic restraints were then gradually relaxed while equilibrating the system 

for an additional 1 ns.

Production simulations were carried out for 200 ns for each system with NAMD 29, 30 using 

the CHARMM36 force field and TIP3 water model. We employed a 2 fs time step, using the 

SHAKE 38 and SETTLE 39 algorithms to constrain all bonds involving hydrogen in the 

protein and water respectively to their equilibrium values. Periodic boundary conditions 

were used; long range electrostatics was treated with the particle mesh Ewald method, and a 

switching function between 8–12 Å was applied to the van der Waals interactions. Constant 

temperature was maintained using Langevin dynamics with a damping coefficient of 5 ps−1, 

and constant pressure was maintained using a Langevin piston with an oscillation time of 

100 fs and a decay time constant of 50 fs. Frames were recorded every 1 ps.

Additional Weighted Ensemble simulations were performed as a check on the MD results: 

see Supplementary Information.

MD Simulation Analysis

The trajectories were analyzed using CHARMM 27, 28 in order to better understand the 

effect of the mutations on the structure and dynamics of the RNase H domain. The backbone 

RMSD (involving N, Cα, and C atoms of residues 427–556) relative to the starting structure 

was calculated for each frame in the trajectory. The overall sampling quality of the 

simulation was evaluated by comparing the distribution of this backbone RMSD in the first 

half of the trajectory to that in the second.

The structure of the protein near the mutated residues was analyzed in greater detail. In 

order to determine the effect of mutations on the packing of nearby residues, the number of 

atoms within 4 Å around each residue was counted in each frame. The effect of the 

mutations on the local hydrogen bonding network was investigated by calculating the 

fraction of time individual bonds were present. In these calculations, a hydrogen bond was 

defined to be present if the hydrogen-acceptor distance was less than 2.4 Å and the donor-

hydrogen-acceptor angle was greater than 150°.

In order to characterize the relationship of α-helix A to the first three β-sheet strands (1, 2, 3) 

for each frame, the helical axis of helix A was determined by applying the algorithm of 

Aqvist 40 to the α-carbons of residues 474–488. This helical axis was then represented in a 

coordinate system defined by the principal axes of the moment of inertia of the backbone 

atoms of residues 439–446, 453–459, and 467–469. The helical tilt angle θ was then defined 

to be the angle between the helical axis and the plane formed by the two principal axes with 

the smaller moments. The angle ϕ was defined to be the polar angle of the projection of the 

helical axis on this plane, relative to the principal axis with the smallest moment. For each 

trajectory, the average and standard deviation of all observables except the hydrogen-

bonding fractions was calculated.
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Prediction of sequence tolerance to maintain structure at the mutation sites

The structurally preferred amino acid type, at residues 438, 440, 441, and 447, was 

examined using RosettaBackrub 18, 19, 41, 42. This server-based software uses flexible 

backbone modeling and a sequence tolerance protocol to predict amino acid substitutions 

which preserve nearnative folding stability of the protein. We input the RNH domain 

structure and specified an ensemble size of 100 structures to score structural stability of each 

mutation. This procedure was performed using the WT and the RNHT477A coordinates, 

which were the same as those used for the MD simulation. To check sensitivity to the choice 

of structure, the calculations were repeated using the RNH WT and RNHT477A coordinates 

obtained from the MD simulations at 100 ns time point.

Results

NMR experiments of the processing site mutants and the revertant

To clarify the effect of the processing-site mutants and the revertant on the RNH 

structure, 1H-15N HSQC spectra of RNHF440A, RNHE438N, RNHF440A/T477A and 

RNHE438N/T477A, as well as the WT, were recorded (Figure 2). WT spectrum exhibits folded 

RNH signals similar to those published previously 14, 20, 43, 44. In contrast to the WT 

spectrum, most of the resonances in the 1H-15N HSQC spectra of RNHF440A and RNHE438N 

were observed at the random coil region, i.e., at a narrow 1H chemical shift ranges (8.0 – 8.5 

ppm), indicating that these proteins are disordered, most likely unfolded, in solution (red 

spectra in Figure 2B and 2C). The observed disordered spectral feature of RNHF440A and 

RNHE438N is not due to unfolding during the expression and purification of the mutants 

because refolding experiments at various conditions, such as in low salt condition or by 

using denaturants, did not change the results at pH 7. Instead, because changing the sample 

condition from pH 7 to 8 increased the folded signals in the 1H-15N HSQC spectra of 

RNHF440A and RNHE438N (Figure S1), we believe that charge effects, such as salt-bridges 

or hydrogen bonds, may contribute to the folding of these mutants.

1H-15N HSQC spectra with the revertant, i.e., RNHF440A/T477A and RNHE438N/T477A, 

showed dispersed NMR signals that are similar to those of the WT (black spectra in Figure 

2B and 2C). For example, signals above 9 ppm 1H chemical shifts are not observed in the 

spectra of the RNHF440A and RNHE438N (red color spectra in Figure 2B and 2C), but are 

detected in the spectra of RNHF440A/T477A and RNHE438N/T477A similar to that of the WT 

(black color spectra in Figure 2B and 2C). These results indicate that restored folding was 

the major factor in reactivating the infectivity. However, comparison of the NMR spectra 

between the RNHF440A/T477A and RNHE438N/T477A (black color spectra in Figure 2B and 

2C) shows that signals from the unfolded fraction still remains in the RNHF440A/T477A 

spectrum whereas unfolding signals are less significant in the RNHE438N/T477A spectrum. 

Since viral infectivity of RNHF440A/T477A is approximately 20% greater than 

RNHE438N/T477A 15, 17, the difference in the infectivity is not determined only by the folding 

ratio but also by a structural factor that affects the RNH activity of the mutants.

The profiles of SDS gel electrophoresis demonstrate single bands for all the RNH mutants, 

indicative of a singular molecular weight species (Figure 3A). This result also confirms that 
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the observed random coil chemical shifts of RNHF440A and RNHE438N are not due to 

proteolytic fragments by E. coli enzymes. In contrast to the SDS gel profiles, native gel 

electrophoresis profiles of RNHF440A/T477A and RNHE438N/T477A show migration patterns 

with two distinct bands which stem from the monomer and dimer species, demonstrating 

that the double mutants have dimerization characteristics predominantly similar to that of 

the WT (Figure 3B) 20. Although the band positions in the native gel electrophoresis for 

RNHE438N/T477A significantly differ from those of the WT and RNHF440A/T477A (Figure 

3B), monomer and dimer molecular masses were confirmed using SEC-MALS (Figure 3C). 

In both single mutants, RNHF440A and RNHE438N, a diffuse band was observed, probably 

due to the surface charge variations in the unfolded protein (Figure 3B). Overall, these gel 

profiles of the WT and the mutant RNHs as well as SEC-MALS elution profiles support the 

NMR observations: F440A and E438N mutations reduce the stability of the RNH folding at 

pH 7, while T477A rescues the folding.

Differential Scanning Fluorimetry (DSF) of the processing site mutants and the revertant

To expand on our NMR observations, we used DSF to determine the thermal stability of 

RNHF440A, RNHE438N, RNHF440A/T477A, RNHE438N/T477A, and WT RNH over a range of 

different buffer pH values 45, 46 (Table 1). The WT exhibited a maximum melting 

temperature (Tm) of 55.1 ± 2.4 °C, at neutral pH, and slightly lower Tm values in alkaline 

buffer conditions. In all of the pH conditions used for this experiment, RNHF440A and 

RNHE438N showed high fluorescence intensity throughout the examined temperatures, and 

the Tm values could not be determined 26 (Figure S2). Table 1 shows that Tm values for 

RNHF440A/T477A were lower than that of the WT at all pH conditions tested. Tm values for 

RNHE438N/T477A were similar to those of RNHF440A/T477A at neutral or alkaline pH 

conditions, but could not be obtained at pH 5 and 6, showing a similar profile to those of 

RNHF440A and RNHE438N. Overall, although the NMR data for RNHF440A/T477A and the 

RNHE438N/T477A showed a profile similar to that of WT, the thermal stability is low, which 

may explain the residual unfolded signals in their NMR spectra.

Conformational ensembles obtained by MD simulations

As seen above, RNHF440A/T477A and RNHE438N/T477A contain a small unfolded population 

and a significant dimer population, respectively (Figure 2 and 3). Thus, it is impossible to 

determine unambiguous high-resolution structures of these mutants by NMR. To gain 

atomic level information that could help explain the experimentally observed characteristics 

of these RNH mutants, MD simulations for 200 ns were performed for RNHF440A, 

RNHE438N, RNHF440A/T477A, RNHE438N/T477A, and RNHT477A as well as the WT. MD 

simulation data has systematic inaccuracies in force fields and limited trajectory times 

compared to biological timescales 47–50. In the present study, for example, the trajectories 

are not long enough for the unstable mutant RNHF440A to unfold, as described below. On 

the other hand, MD simulation is advantageous for relative comparison of protein dynamics 

on the timescale of the trajectories (200 ns, in the present study), which in turn provides 

clues to the physical reasons for the cross-talk between the processing site and the T477 site.

To obtain an overview of the conformational fluctuations observed during the simulation, 

the root-mean-square deviation (RMSD) of the backbone was calculated against the wild-
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type crystal structure for all frames. The distributions of this RMSD in the first and second 

half of each trajectory were compared in order to assess the quality of sampling in each 

simulation (Figure 4, solid lines vs. symbols). Ideally, if each trajectory were of sufficient 

length, these distributions would be the same to within statistical error. Indeed, the RMSD 

was distributed from 1 to 2 Å in the WT with a 68% overlap between the 0–100 ns and 100 

ns-200 ns periods. Interestingly, the RMSD distribution was narrowed, with ca. 80% 

overlap, in RNHF477A, compared to the WT (Figure 4A).

A similar but more pronounced effect by the T477A mutation was observed in the F440A 

and E438N mutants: the RMSD distributions of the two time periods differ in RNHF440A 

and RNHE438N whereas those of the two time periods are almost identical to each other in 

their T477A mutants (Figure 4B and 4C), implying a high degree of stability. Since 

RNHF440A and RNHE438N are mostly unfolded in solution (Figure 2), the 200 ns simulations 

likely do not reflect the entire conformational ensembles of the mutants, but instead reflect 

conformational fluctuation around the initial folded RNH structure. Larger and longer-lived 

fluctuations are observed for RNHF440A and RNHE438N compared with the other 

trajectories, consistent with their structures being experimentally less stable. In addition, the 

RMSD comparisons demonstrate that the structures of the RNHs with the revertant 

mutation, T477A, are more structurally ordered on the timescale of the simulation, 

compared to those without the T477A mutation. Because 200 ns of MD simulation is not 

sufficient to characterize a protein exhibiting significant fluctuations (e.g., unfolding), we 

also performed Weighted Ensemble (WE) simulations, which validate the observation that 

RNHF440A is more unstable than RNHF440A/F477A or WT (Figure S3).

Conformational characteristics observed by MD simulations

In order to investigate the changes in the conformational ensemble caused by the mutations, 

characteristics of the local structures around the processing site and the residue 477 were 

compared in the various trajectories. As expected from the volume changes of the side 

chains, the average number of protein atoms which surround the mutation sites decreased 

upon mutations from 39.5 ± 2.6 for the WT compared to 31.8 ± 3.0 for the E438N mutation; 

from 48.3 ± 3.2 for the WT compared to 29.1 ± 1.9 for the F440A mutation; and 40.5 ± 2.3 

for the WT compared to 33.3 ± 2.3 for the T477A mutation (Table 2). Interestingly, the 

reduction in the number of residues surrounding the processing sites remains even in 

RNHF440A/T477A and RNHE438N/T477A, which exhibit stable conformations in the 200 ns 

simulations.. These simulation results suggest that T477A mutation does not counteract the 

loss of side chain packing at the processing site residues due to the F440A and E438N 

mutations.

More quantitative conformational changes upon mutations were investigated by monitoring 

the stability of the hydrogen bond network around residue E438 (Figure 5A). When residue 

438 is a glutamate, i.e. in the WT, the Oε atoms from the carboxyl group form hydrogen 

bonds with the Hε and Hη atoms from the guanidinum group of R463. At the same time, the 

carboxyl group also forms a hydrogen bond with Hγ from the hydroxyl group of T459 

(Table 3). When residue 438 is mutated to asparagine, it becomes neutral, and this hydrogen 

bond network is eliminated; instead, R463 faces outward toward the solvent. Because of this 
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change of the R463 side chain orientation, the stability of the hydrogen bond between the 

D488 backbone carbonyl and the R463 side chain is also reduced upon the E438N mutation. 

In short, the E438N mutation induces the loss of the local hydrogen bond network.

Similar to the E438N mutation, significant reduction of the average number of surrounding 

atoms (from 48.3 ± 3.2 for the WT compared to 29.1 ± 1.9 for the RNHF440A) occurs upon 

the F440A mutation. The F440A mutation slightly reduces the occupancy of the hydrogen 

bond from the D488 backbone and increases the hydrogen bond occupancy from the D460 

and R461 side chains. Although the F440A mutation did not exhibit such drastic changes in 

the hydrogen bond network, the mutation results in larger backbone RMSD deviation 

compared to those of the WT and the E438N mutation (Figure 4). Overall, reduction of the 

Phe to Ala side chain probably affects packing of the protein core, including hydrogen 

bonding networks and hydrophobic interactions.

The region around residue 477 is well folded with different hydrogen bond interactions 

occurring in RNH with and without the T477A mutation (Figure 5B and 5C). When residue 

477 is a threonine, the hydroxyl side chain of T477 forms a hydrogen bond with the T473 

backbone carbonyl oxygen or with T472 hydroxyl group, depending on the protonation of 

the hydroxyl side chain (Table 4). These hydrogen bonds, along with the hydrogen bond 

from N474 to A446, help to maintain the position of the N-terminal end of helix 1 relative to 

the first three β-strands. By contrast, the mutation of residue 477 to alanine does not allow 

formation of such inter helix-loop hydrogen bonds. Instead, the loop region is stabilized by 

forming two different hydrogen bonds, one between N477 side chain OG1 (in the loop) and 

A466 backbone NH (in the β-1 strand) and another between T472 hydroxyl side chain (in 

the loop) and T473 backbone carbonyl (Table 4 and Figure 5C).

Crosstalk between the processing site and the residue 477

The MD trajectories suggest a hypothesis for the mechanism of crosstalk between the region 

around the residue 477 and the somewhat distant processing site. The simulation results 

show a tendency for the helical tilt angle, θ, of RNHT477A to exceed that of WT, in contrast 

to negligible observed changes in ϕ. The reduced size of A477 compared to T477 leads to 

the movement of the N-terminal end of the helix toward the beta strands, thereby increasing 

θ by ~3° (Table 5, Figure 6). The θ angles of RNHF440A/T477A and RNHE438N/T477A are 

similar to that of RNHT477A, reflecting similar movement at the N-terminal end of the helix 

A (Table 5, and Figure 6). The number of residues surrounding the processing site near the 

C-terminus of helix A of RNHF440A/T477A and RNHE438N/T477A is smaller than that of WT 

(Table 2). Thus, on the whole, this simple “levering” picture appears to explain the crosstalk 

between the distant sites.

Sequence tolerance of the processing site mutations

Preference of amino acid sequences on the RNH structure was systematically evaluated for 

the processing-site residues using the Rosettabackrub software by randomly sampling of any 

of the 20 amino acids except Cys and repacking of residues within 4 Å of the newly 

designed residue for energy minimization 18, 19, 41, 42. First, amino acid preferences at 

residues 438, 440, and 441 were calculated on the structural platforms of the WT and 
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RNHT477A. For the residue 440, the calculated frequency of the preferred amino acid 

demonstrates that Phe and Tyr residues are strongly preferred to maintain the WT-like 

structure, in both WT and RNHT477A (Figure 7A). Similarly, Glu or Asp residue is preferred 

for the residue 438 (Figure 7B), indicating that these processing site residues are favored to 

maintain the RNH folding.

Since residue 440 is the P1 site as a substrate for the HIV-1 protease, for comparison, 

sequence tolerance was also tested for residue 441, which corresponds to the P1’ site as a 

substrate for the HIV-1 protease. The calculation indicates that Tyr and Phe are structurally 

preferred for the P1’ site (Figure 7C). Since the hydroxyl group of Tyr side chain of the 

residue 441 forms a hydrogen bond with the backbone carbonyl of Lys 287 in the p51 

subunit, Tyr must be preferred in the actual RNH domain in RT than Phe. Our observation 

suggests that although P1 and P1’ sites are typically exposed to the solvent for protease 

cleavage, those of the p51-RNH processing site, F440 and Y441, contribute to structural 

stability to maintain the protein core (discussed later).

Interestingly, Ala is preferred for the residue 477 compared to Thr (Figure 7D), which is 

consistent to the narrower RMSD distribution in the RNHT477A compared to the WT (Figure 

4A), and consistent with the above observation that the processing site mutations cause 

folding defects in the WT but less in the T477A mutants (Figure 2 and 4). Nevertheless, the 

sequence tolerance calculations using the RNHT477A provided essentially the same results 

(>92%) as those using the WT for residues 438, 440, and 441 (Figure 7). Since the results 

were similar even when the Rosettabackrub calculation was done using coordinates from the 

MD simulations at the 100 ns time point (Figure S4), the observed tendencies of the residue 

preferences appear to be insensitive to fine details of the structure used.

Discussion

The structural behavior of the p51-RNH processing site in the RNH domain is not well 

understood. Although the RNH domain is rigidly folded in the known crystal structures of 

the isolated RNH fragment and the p51/p66 RT heterodimer 9–14, 51, 52, p51-RNH 

processing would be very inefficient if the processing site were located within a structured 

domain 53. Indeed, other protease processing sites in HIV-encoded polyproteins, such as N 

and C-terminus of MA, CA, PR, RT (the N-terminus and the C-terminus of the p66 and p51 

subunits), and IN, are exposed to solution at least in the monomer forms 13, 54–57. Thus, it 

has been hypothesized that the RNH domain may be unfolded or in another conformation in 

the pre-matured form in RT, i.e., p66 monomer or p66 homodimer 2, 9, 10, 58, 59. 

Alternatively, even though the isolated RNH domain is stably folded in solution 14, 43, 44, the 

structure may have a potential plasticity to allow conformational change for the protease 

processing at the p51-RNH site.

To further investigate structural characteristics of the p51-RNH processing site, our study 

employed a combination of experimental and computational methods to enhance 

understanding of previously observed phenotypic changes arising from processing site 

mutations including the impact of the revertant mutation 15, 17. Since the isolated HIV-1 

RNH domain itself is not enzymatically active, comparison of the activity cannot be 
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examined 60. Our experimental data show that the processing site mutations, RNHF440A and 

RNHE438N, result in substantial unfolding of the protein while the revertant, i.e., 

RNHF440A/T477A and RNHE438N/T477A, are significantly folded. Simulations show that the 

processing site mutations cause changes in side-chain packing and the hydrogen bond 

network (Table 2). Further, simulations of RNHF440A/T477A and RNHE438N/T477A indicate 

that the T477A mutation shifts the position of helix A relative to the first three β-sheets.

In HIV-1, the T477A variant is extremely common in subtypes F and G (60% and 43%, 

respectively), in contrast to its rarity in subtype B (1.9%) 61. According to the RNH 

sequence database, eight residues in the RNH domain of subtypes F and G are highly 

different from those in B: T477A, R463K, V466I, D471E, H/Y483Q, L491S, K/Q512R, and 

A534S. These mutation sites are not located between α-helix A and the β-sheet that includes 

β−strand 1, 2, and 3, except for R463K in the β3−strand. Indeed, residue R463 is a hydrogen 

bonding partner of E438. Thus, in subtypes F and G, disruption of the hydrogen bond by 

R463K, which likely causes similar unfolding of the protein as in the case of E438N, may be 

rescued by the additional T477A mutation. This evaluation of the sequence variations in the 

subtypes F/G provides a consistent cooperative mutation effect to the above observation.

Together with the NMR and MD simulations, the sequence tolerance calculation 

demonstrates that the processing site residues are important to maintain the RNH structure, 

i.e., buried in the protein core. However, these residues are also preferred as a protease 

substrate. It is known the P1 and P1’ sites of the HIV-1 protease are mostly occupied by 

bulky side chains: the P1 site amino acids in the HIV-1 substrate are Phe, Leu, Asn, Met, 

Tyr, and the P1’ amino acids are Phe, Pro, Leu, Tyr, Ala, Met (with frequent residues listed 

first) 62. The P1 and P1’ sites for the p51-RNH processing are occupied by F440 and Y441, 

respectively. Compared to other protease cleavage sites in HIV-1 polyproteins, 

polymorphism at the p51-RNH site is small with high conservation of the processing site 

residues from E438 to V442 42, 62. Based on our analyses, this is because the residues are 

needed for the structural stability. Taken together, our results demonstrate that having F440 

and Y441 as P1 and P1’, respectively, is important for the substrate specificity as well as the 

structural stability of the protein core.

The structural behavior of RNH in the context of the RT dimers remains to be clarified. As a 

substrate cleaved by the viral protease, the RNH processing site has to be accessible to the 

solvent. On the other hand, as revealed above, the p51-RNH processing residues are well 

arranged in the protein core to maintain RNH folding. Such a coupling of opposite 

characteristics, substrate specificity and the structural stability, is puzzling. One possible 

explanation may be, as hypothesized and proposed previously, the RNH domain is unfolded 

or in an extended conformation in the RT precursor 2, 9, 10, 58, 59. However, if so, since the 

secondary and tertiary processing sites within the RNH are not protected 1, 15, 53, 63, 64, the 

p51 subunit must have variation of the amino acid lengths. Based on the changes in relative 

fraction of the hydrogen bond network at the processing site (Tables 3 and 4) and our recent 

observation of the RNH fold in the p66/p66 homodimer 65, we rather postulate a model in 

which the hydrogen-bond network may be weakened in the p66 homodimer, possibly due to 

fluctuation in the domain linker orientation or by the protease interaction to the linker 

region, increasing the population of the minor open conformation. Indeed, the hydrogen 
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bond network observed in the simulation was not static but exhibited significant fluctuations 

(Table 3)

Conclusion

Our combined NMR and computational results fill in missing pieces of the HIV RT 

structural story. Our data explain why p66 did not accumulate when the p51-RNH 

processing site was mutated, and how the revertant mutation, T477A, was able to restore 

RNH folding, leading to normal proteolytic processing to the p66/p51 heterodimer despite 

the continued presence of the p51-RNH processing site mutations. A plausible “levering” 

mechanism for the crosstalk between the region around T477 and the processing site has 

been proposed based on a total of more than 1 µs of all-atom MD simulation studies. 

Sequence tolerance calculations, as well as MD simulations and the NMR experiments, 

indicate that the P1 residue, F440, that is critical for substrate specificity is also important 

for the RNH folding; this observation is consistent with the fact that the p51-RNH 

processing site in the matured RT is protected within the protein core.
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Figure 1. 
(A) Domain organization of RT, illustrating p66 (below) and p51 (above); the location of the 

protease processing site in p66 is indicated in yellow. Ribbon representation of the structures 

of (B) the RNH domain and (C) the part of the RNH domain, highlighting α-helix A and the 

β-sheet that includes β−strand 1, 2, and 3. In (B) and (C), the p51-RNH processing site is 

shown by yellow ribbon, and side chains of F440 and T477 are shown by pink color sticks.
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Figure 2. 
1H-15N HSQC spectra of the RNH Wild Type (WT) and mutants. (A) The RNH WT 

spectrum exhibits well disperse and sharp cross-peaks, characteristic of a well folded protein 

in solution (blue). (B) Superimposition of the RNHF440A mutant (red) and the 

RNHF440A/T477A mutant (black). (C) Superimposition of the RNHE438N mutant (red) and the 

RNHE438N/T477A mutant (black). All the spectra were obtained on a Bruker AVANCE 600 

Spectrometer at 20 °C.
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Figure 3. 
Gel electrophoresis profiles in (A) denatured and (B) native conditions, and (C) SEC-MALS 

UV profiles (solid) and molecular mass profiles (dashed) of RNHE438N (red) and 

RNHE438N/T477A (black). In (A), L indicates a molecular weight size marker. In (A) and (B), 

Lane 1: WT RNH, Lane 2: RNHF440A, Lane 3: RNHF440A/T477A, Lane 4: RNHE438N, Lane 

5: RNHE438N/T477A. In (C) the average molecular mass of the eluted RNHE438N peak was 

determined to be 22.1 kDa, and those of the eluted RNHE438N/T477A peaks at 10.5 and 12.1 

ml were determined to be 14.88 kDa and 27.25 kDa, respectively.
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Figure 4. 
Global assessment of sampling and structural diversity via MD simulations. Histograms of 

the backbone RMSD (Å) of structures obtained in the 1–100 ns (solid line) and of 100–200 

ns (symbols) MD simulations for (A) WT, (B) RNHF440A, and (C) RNHE438N (blue line, for 

WT; red lines, F440A and E438N mutants without T477A; black lines, with T477 

mutation).
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Figure 5. 
Hydrogen bonding networks observed in MD simulations. (A) Side chain orientations in the 

WT RNH around (A) residue 440 (pink), and residue 477 in (B) the WT and (C) the 

RNHT477A. In (A), dashed lines indicate salt bridge network that involves E438. In (B) and 

(C), black lines indicate hydrogen bonds that are frequently observed in the WT RNH and 

the RNHT477A, respectively (see Table 4).
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Figure 6. 
Structural geometry for investigating crosstalk between sites 440 and 477 via MD. The 

orientation of α-helix A (Cα atoms) relative to the inertial axes of the beta sheet (β strands 

1–3, backbone atoms listed in Table 4 is characterized by angles (A) θ and (B) φ. The 

average θ angle resulting from simulation of (C) RNHWT was 7.7 ± 1.9°. (D) The angle θ 

decreased slightly in the RNHF440A and RNHE438N mutants (red arrow) under MD 

simulation. (E) By contrast, RNHF440A/T477A and RNHE438N/T477A resulted in increased θ 

values. In (C) – (E), schematically, the thick black arrow represents the position of the β 
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sheet. The blue solid and dashed arrows represent the position of α-helix A and the position 

of the β sheet inertial axis, respectively, for the RNHWT simulation. In (D) and (E), the red 

arrows indicate the position of α-helix A for the indicated simulations. In (D), because the 

simulation was not converged, the change of the angle is likely a transient effect of the 

conformational change within the 200 ns simulation. In (E), because the size of residue 477 

decreases, the starting position of the helix is drawn in the cartoon differently from that in 

(D).
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Figure 7. 
Prediction of sequence tolerance for the protein folding at residues (A) 438, (B) 440, (C) 441 

and (D) 477 for RNH WT (filled bars) and RNHT477A (open bars) coordinates (see the 

Materials and Methods).
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Table 2

Average and standard deviation of number of non-hydrogen atoms in protein within 4 Å around residues 438, 

440, 477.

Simulation Res. 438 Res. 440 Res. 477

WT 39.5 ± 2.6 48.3 ± 3.2 40.5 ± 2.3

T477A 40.2 ± 2.5 48.3 ± 3.1 33.3 ± 2.3

F440A 42.0 ± 3.4 29.1 ± 1.9 40.7 ± 2.4

F440A/T477A 40.5 ± 2.6 28.7 ± 2.0 34.4 ± 2.5

E438N 31.8 ± 3.0 43.2 ± 3.2 40.0 ± 2.5

E438N/T477A 31.6 ± 2.7 42.9 ± 2.9 33.7 ± 2.3
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Table 5

Axis of helix A (Cα atoms) relative to inertia axes of backbone atoms of β strands 1–3a.

Simulation θ (°) ϕ (°)

WT 7.7 ± 1.9 41.5 ± 1.8

T477A 10.5 ± 1.6 41.1 ± 1.8

F440A 6.0 ± 2.3 40.5 ± 2.2

F440A/T477A 10.2 ± 1.7 40.7 ± 1.6

E438N 7.2 ± 2.0 40.0 ± 1.8

E438N/T477A 10.0 ± 1.6 40.0 ± 1.9

a
The indicated error bars represent the standard deviation over each trajectory. Since there is a slow conformational change, we were unable to 

obtain a reliable estimate of the standard error from the block averaging approach 49.
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