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Abstract

Ribonuclease 6 (RNase 6) is one of eight catalytically active human pancreatic-type RNases that 

belong to a superfamily of rapidly evolving enzymes. Like some of its human homologs, RNase 6 

exhibits host defense properties such as antiviral and antibacterial activities. Recently solved 

crystal structures of this enzyme in its nucleotide-free form show conservation of the prototypical 

kidney-shaped fold preserved among vertebrate RNases, in addition to revealing the presence of a 

unique secondary active site. In this study, we determine the structural and conformational 

properties experienced by RNase 6 upon binding to substrate and product analogs. We present the 

first crystal structures of RNase 6 bound to a nucleotide ligand (adenosine 5’-monophosphate), in 

addition to RNase 6 bound to phosphate ions. While the enzyme preserves B2 subsite ligand 
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preferences, our results show lack of typical B2 subsite interactions normally observed in 

homologous ligand-bound RNases. Comparison of the dynamical properties of RNase 6 in its apo, 

substrate-, and product-bound states highlight unique dynamical properties experienced on time 

scales ranging from nano- to milliseconds. Overall, our results confirm the specific evolutionary 

adaptation of RNase 6 relative to its unique catalytic and biological activities.
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Introduction

Human ribonuclease 6 (RNase 6, also referred to as RNase K6) is one of the eight 

catalytically active pancreatic-type RNases identified in humans1. Like other canonical 

members of this superfamily, this enzyme primarily catalyzes the endonucleolytic cleavage 

of RNA with strict conservation of catalytic triad residues His15/Lys38/His122 and distinct 

phosphate/nucleotide binding subsites2. RNase 6 was detected in various human tissues, 

including the lung, heart, placenta, and kidneys3. The occurrence of RNase 6 in monocytes 

and neutrophils suggested its role in host defense, a hypothesis that was subsequently 

confirmed by identification of antimicrobial activity against uropathogenic bacterial 

strains4, 5. The mechanism of action of this antimicrobial activity was shown to be similar to 

that determined for human RNase 3, which involves the agglutination and bacterial 

membrane leakage of Gram-negative bacteria6. N-terminal residues Trp1 and Ile13 in RNase 

6 were shown to be essential for preservation of antimicrobial activity6. Recent studies also 

revealed that this enzyme is involved in the inhibition of HIV, confirming its role as an 

antiviral agent7.

Catalytic activity comparison of RNase superfamily members illustrates that RNase 6 is 10 

times faster than human RNase 3 and >200-fold slower than bovine RNase A at cleaving a 

model dinucleotide RNA substrate (UpA)8. Recent studies reporting crystal structures of 

RNase 6 also revealed the presence of a unique secondary active center clustered around 

residues His36, His39, and Lys878, 9. Mutations in the primary and secondary active sites 

highlighted the role played by the secondary site in the catalytic mechanism of RNase 69. 

Crystal structures further illustrated higher overall atomic flexibility for residues 1–5 (N-

terminus), 17–21 (loop 1), 34–39 (loop 2), and 85–90 (loop 7), which were inferred from the 

B-factors. The flexibility of the N-terminal region was proposed to promote anchoring of 

Trp1 to the bacterial surface to facilitate destabilization of the bacterial membrane9.

Ligand binding induces long-range conformational rearrangements in enzymes and was 

previously shown to alter the conformational exchange profiles of select RNases, including 

many human homologs10. Here, we characterize and compare the structural and dynamical 

properties of the ligand-free and ligand-bound states of RNase 6. We present the first holo 

crystal structure of human RNase 6—i.e. bound to mononucleotide product analog 5’-AMP

—in addition to the crystal structure of phosphate-bound RNase 6. Using a combination of 

NMR relaxation experiments and computational simulations, we also probe the effect of 
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substrate and product analog binding on the structural and dynamical properties of RNase 6 

on the nanosecond to millisecond timescales. Our results illustrate the distinctively unique 

conformational exchange properties experienced by RNase 6 relative to closely related 

RNase homologs. These observations indicate the unique evolutionary adaptations that may 

be associated with the specific catalytic and biological functions of RNase 6 in human.

Materials and Methods

Protein expression and purification

The Escherichia coli codon-optimized human sequence of RNase 6 was inserted into NdeI/

HindIII-digested expression vector pJexpress414 (ATUM, Newark, CA, USA). The DNA 

construct was transformed into E. coli BL21(DE3) cells for protein expression. The 

recombinant enzyme was expressed for 4.5 hours at 37 °C and observed within recovered 

inclusion bodies. The protein was properly refolded and purified according to a previous 

protocol11. Protein concentration was determined by UV-Vis.

Protein crystallization and data collection

The pure, wild-type RNase 6 enzyme was dissolved in milliQ water to a final concentration 

of 20 mg/mL (1.31 mM). Crystallization was carried out using the sitting drop method, 

using a reservoir solution of 70 μL containing 0.2 M sodium phosphate buffer at pH 7.0 with 

20% (w/v) polyethylene glycol (PEG) 3350. Each well contained 1 μL of protein with a 

similar volume of buffer. The plate was sealed with Crystal Clear tape and incubated in a 

polystyrene box at room temperature in a non-vibrating environment. RNase 6 crystals took 

5–7 days to grow to completion. A cryo-protectant was prepared by supplementing the 

crystallization solution reservoir with 25% glycerol. Diffraction data for the ligand-free 

RNase 6 structure were collected at the LS-CAT Sector 21 of the Argonne National 

Laboratory (IL, USA).

For the ligand-bound crystal structure, the pure RNase 6 and 5’-AMP ligand were dissolved 

in milliQ water to final concentrations of 15 mg/mL (0.98 mM) and 21.8 mM, respectively. 

The mixture was incubated at 4°C for 2 hours before being plated. The reservoir solution 

consisted of 35 μL of 0.2 M sodium malonate buffer with 20% (w/v) PEG 3350 (Solution 2–

12, PACT premier kit MD1–29, Molecular Dimensions). The crystallization well was filled 

with 1 μL of the RNase 6/5’AMP mixture and 1 μL of the reservoir solution. The plate was 

sealed with Crystal Clear tape and incubated in a polystyrene box at room temperature in a 

non-vibrating environment. Crystals started to appear after 14 days, but were allowed to 

grow for 2 months. They were then carefully washed with paratone for data collection. 

Diffraction data were collected on a Rigaku rotating copper anode X-ray generator.

Data processing and structure refinement

For the free RNase 6 structure, data processing and scaling were carried out using 

HKL200012. Molecular replacement using PDB number 1GQV (human RNase 2), a 

structural homolog of RNase 6, was performed with CCP4 Phaser MR13, 14. The model was 

improved by alternate cycles of refinement and manual rebuilding using refmac515, 16 and 

Coot17. For the ligand-bound RNase 6 crystal data, molecular replacement was carried out 
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using Phenix18 using the crystal structure of RNase 6 in the presence of sulphate anions 

(PDB 4X09). Multiple refinement cycles were performed using Phenix18 and Coot17. The 

3D structures were validated using MolProbity4 (http://molprobity.biochem.duke.edu/). 

Bond lengths and angles were evaluated by Ramachandran scoring. Final data collection and 

refinement statistics are listed in Table 1.

NMR spectroscopy
15N- or {15N, 13C}-labeled protein samples were analyzed on Varian (Agilent) 500 and 800 

MHz NMR spectrometers equipped with a triple-resonance cold probe. All experiments 

were recorded at 298 K on samples containing 160–600 μM enzyme in 15 mM sodium 

acetate buffer, pH 5.0 or 5.3, with 10% D2O. All spectra were processed using NMRPipe19, 

and CcpNmr Analysis20. Two- and three-dimensional {1H-15N}-HSQC, HNCACB and 

CBCA(CO)NH spectra were recorded to perform backbone resonance assignments of the 

protein. Titration experiments were performed using 5’-AMP or deoxyribopentanucleotide 

d(ACACA) dissolved in the NMR buffer. {1H-15N}-HSQC spectra were recorded in the 

presence of 0, 0.174, 0.393, 0.691, 1.31, 2.71, 6.0, 12.0 and 18.0 molar equivalents of 5’-

AMP, or 0, 0.84, 1.68, 2.52 and 3.36 molar equivalents of d(ACACA), as further additions of 

d(ACACA) led to precipitation in the NMR tube. Compounded chemical shifts (Δδ) were 

calculated using equation 1.

Δδ =
ΔδH

2 + 0.2ΔδN
2

2
[1]

The dissociation constant (Kd) was determined by calculating a shared value for all residues 

that displayed compounded chemical shifts greater than 0.05 ppm. The Kd corresponds to 

the ligand concentration at which 50% of the chemical shift variations are observed. While 

we observed saturation curves for the titration of d(ACACA), we were unable to fit the data 

using the estimated ligand ratios. This suggested a potential scaling inaccuracy for the initial 

bulk concentration of d(ACACA). We therefore applied a scaling factor to equation 2 21 for 

each of the [L]/[P] instances, and fitted the data using a shared value for all datasets, 

providing the ligand ratios listed above:

Δδobs = 1
2Δδmax 1 + [L]

[P ] + Kd
[P ] − 1 + [L]

[P ] + Kd
[P ]

2
− 4[L]

[P ] [2]

Backbone amide 15N-Carr-Purcell-Meiboom-Gill (15N-CPMG) relaxation dispersion 

experiments were recorded on the apo, 5’-AMP-, and d(ACACA)-bound enzyme forms. 

Interleaved spectra were recorded with τCPMG inter-refocusing pulse delays of 0.625, 0.714 

(x2), 1.000, 1.125, 1.667, 2.000, 2.500 (x2), 3.333, 5.000 and 10.000 ms, using a total 

relaxation period of 40.0 ms. Relaxation parameters were extracted by fitting the 800 MHz 

CPMG relaxation data to the fast exchange CPMG equation22 using GraphPad Prism 6. The 

apo protein was also submitted to a 15N-Chemical Exchange Saturation Transfer (15N-

CEST) experiment23 using a 15 Hz B1 irradiation field on the 800 MHz magnet at 25°C. A 

set of 114 2D datasets was acquired, corresponding to 15N offsets interspaced by 0.25 ppm 
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(~20 Hz) spanning the whole resonance array of the analyzed protein. ZZ exchange 

experiments for apo RNase 6 were run at 800 MHz and 25°C, using mixing times of 20, 300 

and 500 ms24.

Microscale thermophoresis (MST)

RNase 6 and RNase A (BioBasic, Canada) were labeled using the RED-NHS labeling kit 

(Nanotemper Technologies, Germany) in accordance with the manufacturer’s protocol. 

Unreacted dye was removed using the provided purification columns. Binding affinity 

assays between these labeled proteins and ligands 5’-AMP and d(ACACA) were performed 

in 20 mM MES (2-(N-morpholino)ethanesulfonic acid) buffer, 150 mM NaCl, 20mM L-

Arginine at pH 6.4, supplemented with 0.05% (v/v) Tween 20. A series of 16 1:1 dilutions 

(protein:ligand) were prepared to determine Kd values, using labeled proteins at a final 

concentration of 5 nM and ligands at concentrations ranging from 2 μM to 75 mM for 5’-

AMP, and from 3 nM to 100 μM for d(ACACA). Samples were loaded into standard 

Monolith NT.115 capillaries and microscale thermophoresis was measured using a Monolith 

NT.115 Pico instrument (Nanotemper Technologies, Germany) at ambient temperature. Data 

of 3 independently pipetted experiments were analyzed with the MO.Affinity software, 

version 2.3 (Nanotemper Technologies, Germany) using MST-on time between 5 s and 10 s 

to determine Kd values.

System preparation for computational simulations

Crystal structure coordinates of RNase 6 determined in this study (PDB 6MV6) were used 

for the simulations of the apo, 5’-AMP, and ACAC bound states of RNase 6. The ACAC-

bound form represents the substrate bound state and is used to characterize the 

conformational changes associated with substrate binding. The 5’-AMP bound form of 

RNase 6 represents the product bound state. The coordinates of the tetranucleotide ligand 

were obtained through superposition of the three dimensional structure of RNase 6 with that 

of RNase A bound to DNA ligand d(ATAA) (PDB 1RCN). Protonation states of histidine 

residues in the ligand-bound state were determined based on pKa values, in addition to 

structural interactions of histidines with other residues of the protein and the ligand. System 

preparation and MD simulations were performed using AMBER v14 and the ff14SB force 

field25. Two independent simulations, each 500 ns long, were performed for the apo and 

ligand-bound RNase enzymes for a total of 1 μs for each state. Simulations were performed 

under constant energy (NVE) conditions using a 2 fs timestep. The enzyme (enzyme-ligand) 

systems were solvated using the SPC(E) water model in a rectangular box with periodic 

boundary conditions. The systems were neutralized through the addition of counter ions (Cl
−). The pre-processing steps were followed by equilibration steps, as described previously26. 

All simulations were performed using the GPU-enabled version of AMBER’s simulation 

engine pmemd. A Particle Mesh Ewald (PME) cut-off of 8 Å was used, as suggested for 

GPU-enabled simulations27.

Computational analyses

All-atom root mean square fluctuations (RMSFs) were computed using the cpptraj 

program28 by analyzing all conformational snapshots collected during the MD simulations 

for the apo and ligand bound states of RNase 6. All conformations were first aligned to a 
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common structure to remove rotations and translations over the course of the simulation. 

The top ten modes were used to identify global motions on the slower timescales of the MD 

simulations. The dynamic cross-correlation maps (DCCMs) were generated using Gnuplot 

v5.0 [http://www.gnuplot.info/].

Results

Three-dimensional structure of RNase 6 in the free and 5’-AMP bound states

We determined the first crystal structure of holo RNase 6, i.e. bound to mononucleotide 

ligand 5’-AMP (PDB 6MV7). The crystal was resolved to 2.6 Å (Figure 1A) and belonged 

to the P212121 space group (Table 1). The overall structure of RNase 6 showed a kidney-

shaped fold, preserving the prototypical fold observed for other structurally resolved 

members of this family. The quality of the omit map (Figure 1) enabled the unambiguous 

placement of the 5’-AMP ligand in the RNase 6 structure. The position of the ligand in the 

B2 nucleotide binding subsite was similar to that observed for other members of this 

superfamily, including bovine RNase A2,29. We observed polar contacts between the purine 

base and loop 4 residues Asn64 and Asn68, while the ribose moiety showed interactions 

with Lys7 of α-helix 1. In addition, water-mediated interactions were observed with residues 

Lys63, Asn64 in loop 4, and Asp124 of the C-terminal β-strand. Other RNase homologs 

(including human RNases 2, 3, and bovine RNase A) show interactions between the 

phosphate group of the ligand in the B2 subsite with active-site residues. For instance, 

phosphate interacts with residues Gln11, His12, and Phe120 in RNase A. In contrast, RNase 

6 does not display any hydrogen bonding or electrostatic interactions between the phosphate 

group of 5’-AMP and residues in the vicinity of the catalytic triad.

In addition to the 5’-AMP bound state, we determined the crystal structure of RNase 6 in the 

presence of phosphate ions (PDB 6MV6). The final refined model contained 127 residues 

and 108 water molecules. The structure was resolved to 1.5 Å and belongs to the 

orthorhombic crystal system and the P22121 space group (Table 1). The phosphate-bound 

structure of RNase 6 displayed a root mean square deviation of 0.3 Å and 0.54 Å with the 

sulfate and phosphate bound crystal structures reported previously for this enzyme8, 9. 

Interactions of the three phosphate ions in RNase 6 are shown in Figure 1B. All phosphates 

displayed interactions similar to the recently reported phosphate bound structure of RNase 

6:9 P1 showed interactions with the catalytic His15 and His122, in addition to Gln14 and 

Leu123 (Figure 1B(i)), while P2 displayed interactions with residues Arg66 and His67 of 

loop 4 (Figure 1B(ii)). The third phosphate ion (P3, Figure 1B(iii)) displayed interactions 

with residues Gln110 and Lys111 of loop 7. However, our structures do not show phosphate 

binding interactions with residues of loop 2 reported by Prats-Ejarque et al.8, 9. Crystal 

structures of both phosphate and 5’-AMP bound RNase 6 showed large B-factors for 

residues in the N-terminal region and loop 1 (residues 17–21), in addition to loop 6 (residues 

85–91), suggesting large atomic fluctuations in these regions (Figure S1).

NMR assignments and population of RNase 6 conformers in solution

The {1H-15N}-Heteronuclear Single Quantum Coherence (HSQC) spectrum of RNase 6 

showed nicely dispersed resonances, corresponding to a well-folded protein (Figure 2). 
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Resonance assignments were performed using a combination of two-dimensional 

({1H-15N}-HSQC) and three-dimensional (HNCACB and CBCA(CO)NH) experiments. We 

assigned 114 out of an expected total of 116 residues, excluding proline residues and the N-

terminal Trp1, corresponding to 98.28% of non-proline residues. Resonance assignments 

were achieved for 95.28% of the Cα and 94.4% of non-glycine Cβ peaks, respectively. 

Unassigned residues were localized to loop 2 and correspond to Lys38 and His39. Line-

broadening observed for residues belonging to the primary and secondary catalytic residues, 

respectively, indicated exchange of these residues on an intermediate timescale. An 

interesting feature of this assignment is the consistent and reproducible presence of two 

conformers in all prepared samples of this protein, which could not be separated by standard 

purification methods. We successfully assigned both the major and the minor conformers, 

and determined that only 70 atoms out of the 470 assigned peaks were split between the two 

conformers. By calculating the occupancy of each peak from a pair, we determined the 

population of the major (minor) conformation to be 76.93% (23.07%). With the exceptions 

of His122, Ala105 and six residues of α-helix 3, the majority of double-peaked atoms were 

located in the V2 β-sheet (Figure S2). Chemical shifts of both conformers, including the 

peak occupancy for each atom, was deposited in the Biological Magnetic Resonance Bank, 

under accession number 27659.

Effect of ligand binding to RNase 6

To identify residues perturbed by ligand binding, we performed NMR titrations on 15N-

labeled RNase 6 using two ligands, 5’-AMP and d(ACACA), mimicking single-nucleotide 

product and deoxypentanucleotide substrate analogs, respectively. Figure 3 shows the 

mapping of compounded chemical shift changes experienced upon binding of 5’-AMP and 

d(ACACA) to RNase 6 on the three-dimensional structure of RNase 6 using a tube 

representation. Our results show that binding of both ligands induce large changes in loop 4 

(residues 62–66 and 68) and the C-terminal β-strand (residues 121–126). Additional changes 

were observed in the N-terminal region (residues 3–20), residues 43–45 (β1 strand), and a 

number of loop 2 residues. Recent studies revealed a secondary active center in RNase 6 

involved in its ribonucleolytic activity and located near residues His36, His39, and Lys878, 9. 

Our results show that binding of both ligands induced small yet notable changes near loop 2. 

We note that residues near the secondary active center (including His39) showed significant 

NMR line broadening, and thus ligand binding effects on these residues could not be 

determined.

To determine the binding affinity of the 5’-AMP and d(ACACA) ligands to RNase 6, we 

calculated the dissociation constants (Kd) by fitting compounded chemical shift as a function 

of ligand concentration for each of the residues displaying Δδ > 0.05 ppm using equation 

121. By calculating a shared value for all affected residues exhibiting straight resonance 

displacements typical of a fast exchange regime (Figure S6), we obtained a measured Kd = 

154 ± 5 μM for 5’-AMP binding to RNase 6, similar to ITC values previously reported for 

RNase A with the same ligand (105 ± 1 μM30 and 124 ± 4 μM31). These values suggest 

similar properties for 5’-AMP binding to the B2 purine subsite of RNase 6 and RNase A. In 

contrast, Kd for the d(ACACA) analog was measured at 8 ± 2 μM, indicating strong affinity 

for this longer substrate analog. Since ligand concentrations required for NMR titration 
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experiments are much higher than the calculated binding affinity of d(ACACA), in addition 

to the fact that simplified treatment of spectral titrations can be deceptive when only linear 

peak shifts are analyzed32, we also used microscale thermophoresis (MST) to measure 

binding affinities between RNase 6 and ligands 5’-AMP and d(ACACA) (Figure S7). Using 

this technique, we measured a Kd = 12 ± 10 μM for substrate analog d(ACACA), confirming 

the low micromolar affinity observed by NMR. However, MST experiments could not 

adequately reproduce the NMR and ITC binding affinities measured with product analog 5’-

AMP, instead yielding a much lower affinity toward RNase 6 (Kd = 8.76 ± 4.2 mM). 

Although MST can overcome many shortcomings of many other biophysical techniques 

(namely with respect to protein sample concentration), it requires fluorescent labeling of the 

target protein. This labeling is performed using a fluorescent dye carrying a reactive NHS-

ester group that primarily modifies amines on lysine residues33. Since Lys38 lies in the 

vicinity of the 5’-AMP binding sub-site in RNase 6, we believe that chemically modifying 

this lysine residue negatively impacts binding affinity of this mononucleotide product 

analog. In contrast, additional sub-site interactions conferred by the longer d(ACACA) 

substrate most likely overcome this detrimental effect observed with the single nucleotide. 

These results suggest that additional enzyme-ligand subsite interactions decrease binding 

entropy and contribute to increased binding affinity.

Conformational exchange experienced by RNase 6

The role of conformational motions have been shown to be essential for enzyme function in 

a variety of systems34–36, including bovine RNase A37–40. Recent studies further revealed 

the conservation of dynamical patterns across homologous RNases grouped into 

phylogenetic subfamilies that share similar biological functions41. NMR relaxation 

dispersion and/or 15N-Chemical Exchange Saturation Transfer (15N-CEST) experiments 

performed on free, ligand-bound, and/or working enzyme states provide atomic-scale 

dynamic information on a per-residue basis, illuminating residues that experience 

conformational exchange on a timescale that correlates with enzyme function. These 

methodologies thus offer means to identify and allocate potential motional and/or allosteric 

network interactions experienced by an enzyme in its apo state and/or subjected to distinct 

functional perturbations (ligand binding, mutation, etc.)43. Here, we performed 15N-CPMG 

relaxation dispersion experiments to probe the overall conformational exchange experienced 

by RNase 6 on the catalytically relevant millisecond timescale for the apo and ligand-bound 

states (Figure 4A–C). Few residues exhibited conformational exchange on the millisecond 

timescale in the apo state (Figure 4A). These include residues primarily localized in the V2 

domain (such as Gln14, Asn31) and residues within loop 6 (Ser85, Lys87, Tyr88). 

Interestingly, line-broadened residues Lys38 and His39 are also located in the vicinity of the 

exchanging residues of loop 6, suggesting a potential coupling of millisecond timescale 

motion between these exchanging residues and the two residues of the primary and 

secondary catalytic sites.

Binding of the product analog 5’-AMP resulted in a modest gain of conformational 

exchange for Phe11, Glu12, Gln90, and Leu118, while a decrease in exchange was observed 

for Gln14 and Ser85 relative to the apo state (Figure 4B). However, binding of the substrate 

analog d(ACACA) led to a dramatic increase in the number and location of residues 
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experiencing millisecond timescale exchange. These residues are located within and beyond 

the active site, and include the catalytic His122, α-helix 1 residues (Thr6, His9, Phe11), and 

residues from loop 2 (Cys37), loop 4 (Cys69), loop 6 (Gly86, Lys87, Tyr88), and loop 7 

(Ser112) (Figure 4C). Interestingly, Lys87, identified as forming part of the secondary active 

center8, 9, experiences conformational exchange in the ligand-free and ligand-bound states, 

and was observed to display one of the highest B-factors outside the N-terminal tail in both 

crystal structures (Figure S1). In fact, the electron density of this side-chain could not be 

resolved, further highlighting the flexibility of this residue. A comparison of RNase 6 

(Figure 4A–C) with RNase 3 (Figure 4D–F) and RNase 2 (Figure S3) showed the distinctly 

different localization of residues exhibiting conformational exchange. While RNases 2 and 3 

predominantly show conformational exchange in the V1 domain, RNase 6 displays 

conformational exchange in the V2 domain.

Fast timescale motions experienced by RNase 6

To complement the slow timescale conformational motions observed by NMR and to further 

characterize potential interactions involved in ligand binding and stabilization in this 

enzyme, we also performed nanosecond-to-microsecond timescale MD simulations of 

RNase 6 in its free and bound states (Figures 5 and S4). Although fast enzyme turnovers 

prevent experimental NMR investigation of conformational exchange using ribonucleotide 

substrates (hence the use of a non-hydrolyzable d(ACACA) analog), MD simulations allow 

for dynamical characterization using real RNA substrates. As a result, we modeled the 

RNase 6-ACAC complex based on a previously crystallized tetranucleotide-bound RNase A 

structure45. We characterized the dynamical properties of RNase 6 using root mean square 

fluctuations (RMSFs), which represent a measure of the average displacement of an atom 

relative to a reference structure. Previous studies demonstrated that the slowest ten modes 

(RMSF10) account for nearly 80% of the fluctuations observed in proteins, and allowed 

characterization of slower dynamics by removing faster stochastic motions in proteins46. A 

comparison of the top ten modes of the apo and ligand-bound RNase 6 showed notable 

changes upon ligand binding. The apo form of the enzyme showed the largest fluctuations 

for residues in loop 4 (residues 61–68) and loop 7 (residues 108–118) (Figure 5A). Binding 

of both substrate and product ligands led to reduced dynamics in loop 4 (Figure 5B–C). 

Substrate binding further led to reduced motions for residues in loop 7 (Figure 5C).

To characterize the degree of correlation between the dynamics observed in the different 

regions of the enzyme, we constructed the dynamical cross-correlation maps (DCCMs) of 

RNase 6 in the free and ligand-bound states (Figure 5 D–F). Correlated motions (positive 

values) between two residues corresponds to motions in the same direction while 

anticorrelated motions (negative values) between residues indicates motions in opposite 

directions. The apo form of RNase 6 (Figure 5D) showed transient anticorrelated motions 

throughout the protein. Correlated motions were observed between residues near the 

catalytic His15 and residues 41–43, corresponding to the conserved (CKXX)NTF signature 

motif47. Additional correlated motions were observed between residues around loop 6 

(residues 86–91) and loop 2 (residues 36–39), a region that encompasses residues forming 

the secondary active center8, 9. Interestingly, these correlated motions between residues 

around loop 6 and loop 2 were also observed upon binding of the two ligands (Figure 5E–F). 
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Overall, binding of 5’-AMP led to fewer (anti)correlated motions in RNase 6. The ACAC-

bound state showed transient correlated motions between different regions of the protein. In 

addition to correlated motions near loops 2 and 6, correlated motions were also observed 

between residues of α-helix 1 (residues 6–16), residues near loop 7 (105–110), and residues 

near the catalytic His122.

To characterize the changes in atomistic interactions upon ligand binding, we computed the 

average hydrogen bonding occupancy between the enzyme and ligand molecules. Hydrogen 

bonding occupancy was defined as the fraction of structures (in percentage) of the MD 

trajectory that display interactions within a distance less than 3.3 Å and an angle of 135° 

between the donor and acceptor atoms. Our results show that substrate ACAC is stable in the 

binding pocket of RNase 6 throughout the simulation, consistent with the higher affinity 

(smaller Kd) determined experimentally with ligand d(ACACA). High occupancies were 

observed between the adenine base in the B2 subsite and residues Gln14 (86% occupancy), 

Asn68 (85%), Trp10 (80%), while the cytidine in the B1 subsite showed moderate 

interactions with Leu123 (47%) and Thr43 (21%) of RNase 648. In contrast to the substrate, 

5’-AMP did not exhibit stable interactions with residues of the B2 subsite and exited the 

binding pocket after 10 ns, suggesting a relatively lower affinity for this ligand, consistent 

with experimental observations. Interestingly, binding of both ligands led to changes in the 

intramolecular hydrogen bonding patterns in RNase 6. A comparison of the hydrogen 

bonding interactions of loop 4 residues in the apo and ligand-bound state showed formation 

of new intramolecular interactions between Cys62 and Arg65, and loss of interactions 

between Asn64 and Asp124 upon binding of both ligands.

Discussion

In this study, we characterized the structural and dynamical properties of human RNase 6 in 

the ligand-free and ligand-bound states. We report the crystal structure of phosphate-bound 

RNase 6 and the first crystal structure of a ligand-bound RNase 6, i.e. in the presence of 

mononucleotide product analog 5’-AMP. Our observations show that while RNase 6 

preserves nucleotide preference in the B2 subsite and displays binding affinity in the same 

range as that reported for bovine RNase A, the interaction pattern of the product analog is 

distinct from that observed in other RNases (Table S1). The crystal structure of RNase 6 in 

the presence of phosphate ions is very similar to the sulphate and phosphate bound 

structures previously reported by Prats-Ejarque et al. (RMSD of 0.3 Å and 0.54 Å)8, 9. 

However, our structure does not show interactions of phosphate ions with residues of the 

recently identified secondary active center8, 9, nor do our NMR titrations identify residues 

from this secondary active center as affected by binding of either ligand. The reason for such 

lack of phosphate binding interaction in this region remains unclear, and may perhaps be 

attributed to differences in crystallization conditions and/or large motions observed for 

residues involved in binding with phosphate ions in this region (Figure 4). Further 

experiments are necessary to identify the factors contributing to this difference. However, 

the lack of binding to the secondary active site might be explained by its activity towards 

longer substrates identified by Prats-Ejarque et al.8. Indeed, given the position of this 

secondary catalytic triad on the surface of the enzyme rather than in a cleft or groove, it 

could be possible that this additional nucleotide-binding subsite cannot properly position and 
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stabilize short ligands in this position. Thus, binding to the primary active site groove, along 

with the stabilizing interactions in the B1, B2, B-1, p-2, and p-3 subsites8, might be necessary 

for proper binding and positioning of a multiple-nucleotide ligand in the secondary active 

site, which would also explain why our short ligands did not affect residues of the secondary 

active site.

NMR characterization of RNase 6 revealed the presence of two distinct conformers of the 

apo enzyme in solution, corresponding to 77% and 23% of the population, respectively. 

Interestingly, residues exhibiting minor populations were predominantly localized in the V2 

domain of RNase 6 (Figure S1). The presence of two separate peaks for a single residue on a 

{1H-15N}-HSQC is often due to slow exchange between two conformations occurring on the 

millisecond-to-second timescale. However, characterization of slower timescale motions 

using ZZ-exchange and 15N-CEST NMR experiments showed no detectable changes for any 

of the double-peaked residues observed on the {1H-15N}-HSQC. This does not necessarily 

suggest an absence of exchange, but rather that if these conformations are exchanging 

between themselves, they do so on a slower timescale. Alternatively, the required in vitro 
glutathione refolding protocol that was found to be critical to obtain stable folded samples of 

all human and bovine pancreatic-type RNases of this superfamily11, 40, 41, 49 could have 

reproducibly generated two subtly distinct yet stable RNase 6 folds that we were unable to 

separate using standard chromatography procedures. Analogously, we note that human 

RNase 5 (angiogenin) also displays two peaks for multiple residues on its {1H-15N}-

HSQC50, possibly due to a similar phenomenon than the one we observe in RNase 6.

The role of conformational motions occurring over functionally relevant timescales to 

preserve optimal catalytic activity has been reported for a number of enzyme systems, 

including for the bovine RNase A structural homolog37–40. Recent studies also showed that 

conserved dynamical traits within three-dimensional regions of structurally similar RNases 

are evolutionarily conserved to preserve functional integrity44, while conservation of global 

dynamical patterns was shown to cluster into phylogenetic subfamilies41. Our results 

illustrate the unique conformational exchange properties experienced by RNase 6 in its free 

form, which primarily exhibits conformational exchange in the V2 domain (Figure 4A). This 

is in contrast to the most closely related human RNase 2 (Figure S3) and RNase 3 (Figure 

4D), which primarily display conformational exchange in the V1 domain41, 51. Binding of 

the substrate analog led to major changes on the millisecond exchange profile experienced 

by RNase 6, suggesting a binding mechanism distinct from other related RNases. This is in 

contrast with human RNases 2 and 3, which displayed subtle changes while preserving the 

localization of residues exhibiting conformational exchange to the V1 domain (Figures 4 and 

S3). Millisecond timescale motions were observed in the vicinity of the primary and 

secondary active sites (Figure 4A–C). In addition to regions important for catalytic activity, 

RNase 6 residues involved in membrane binding and antimicrobial properties (such as 

Trp1)6 also exhibited significant motions within this region in the apo and ligand-bound 

states (Figures S1 and S4). These observations highlight a potential impact of the 

conformational dynamics in these regions on the biochemical and biological functions of 

RNase 6. Further experiments are necessary to characterize the potential impact of the 

unique structural, dynamical, and functional features of RNase 6 relative to its numerous 

structural homologs found in human and vertebrates.
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Figure 1. 
Crystal structures of (A) 5’-AMP bound, and (B) apo RNase 6 with bound phosphate ions. 

Catalytic residues His15, Lys38, and His122 are represented as cyan sticks on the top left 

panel. Details of ligand interactions (represented as sticks) and phosphate ions (labeled P1-

P3) in the phosphate-bound state are shown using dashed lines in panels below each 

structure. The omit map for the 5’-AMP ligand is shown as a blue mesh structure with 

neighboring residues below panel A.
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Figure 2. 
{1H-15N}-HSQC spectrum of 15N labeled apo RNase 6 in a buffer containing 15 mM 

sodium acetate at pH 5.0 and 298 K. A close-up view of the central region of the spectrum is 

shown in the panel below. Resonances differing between the major and minor conformers 

are linked by dashed lines.
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Figure 3. 
Effect of ligand binding to RNase 6. Compounded chemical shifts (Δδ) experienced upon 

binding of (A) 5’-AMP (single nucleotide product analog), and (B) d(ACACA) 

(deoxypentanucleotide substrate analog) to RNase 6 are plotted as a function of residue 

number. Δδ are calculated as the difference between the ligand-bound state (at the highest 

protein:ligand ratio) and the apo form using equation Δδ=((ΔδNH
2 + (0.2 ΔδN)2)/2)½.42 

Compounded chemical shifts are mapped on the 3D structure of RNase 6 to the right of the 

plots, with the blue and red ends of the spectrum corresponding to 0 and 0.3 ppm 

respectively. Thickness and blue-to-red spectrum coloring of the tube are used to represent 

chemical shift changes. Thicker tubes colored in the red end of the spectrum correspond to 

larger chemical shift changes, while thinner tubes colored in the blue end of the spectrum 

correspond to smaller chemical shift changes.
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Figure 4. 
Millisecond timescale conformational exchange experienced by RNase 6 and RNase 3 in the 

free and ligand-bound states. 15N-CPMG relaxation dispersion experiments were performed 

on the apo (A, D), 5’-AMP- (B, E) and d(ACACA)-bound (C, F) states of 15N-labeled 

RNase 6 and RNase 3. Residues identified as undergoing conformational exchange on the 

millisecond timescale (ΔR2,eff (1/τcp) > 1.5 s−1, as previously described44) are depicted 

using a space-filling representation. Representative relaxation dispersion curves for residues 

in the apo and ligand-bound states are shown in Figure S5.
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Figure 5. 
Dynamical properties of RNase 6 on the nanosecond timescale. (A-C) Root mean square 

fluctuations (RMSFs) of the ten slowest modes are shown for apo (A), 5’-AMP (B), and 

ACAC (C) bound states of RNase 6. (D-F) Dynamical cross-correlation maps for apo (D), 

5’-AMP (E), and ACAC (F) are shown with regions exhibiting relatively large 

(anti-)correlated motions highlighted using boxes. Positive (blue end of the spectrum) and 

negative (red end of the spectrum) values respectively correspond to correlated and anti-

correlated motions observed between different regions of the protein. Residues of the N-

terminal region, which showed large RMSFs (see Figure S4), are hidden for clarity.
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