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ABSTRACT: RNase H is a prototypical example for two metal ion catalysis in enzymes. An RNase H activity cleaving the ribo-
nucleic acid (RNA) backbone of a DNA/RNA hybrid is present in important drug targets, such as the HIV-1 reverse transcrip-
tase but also in many other nucleases such as Homo sapiens (Hs), Escherichia coli (Ec) RNases H or, notably, in enzymes that 
are part of the CRISPR gene editing molecular machinery. Despite its importance, the reaction mechanism uncovering the 
proton transfer events are not yet understood. In particular, it is not known, which group is the proton donor for the leaving 
group. Moreover, several different proton acceptors were proposed, and the exact identity of the proton acceptor is also elu-
sive. Here, we revisit the mechanism for RNAse H, whereby we find that the highly conserved Glu residue of the DDE motif 
acts as a proton donor via a mechanism further stabilized by the 2’O atom of the sugar. Additionally, we also describe an 
alternative proton transfer mechanism via a conserved catalytic His residue to deprotonate the attacking water molecule. 
Furthermore, our quantum mechanics/molecular mechanics (QM/MM) calculations combining Hamiltonian replica exchange 
with a finite-temperature string method provide an accurate free energy profile for the reaction catalyzed by the HIV-1 RNase 
H. Our reported pathway is consistent with kinetic data obtained for mutant HIV-1, Hs and Ec RNase H, with the calculated 
pKa values of the DEDD residues and with crystallographic studies. The overall reaction barrier of ∼19 kcal mol-1, encountered 
in the phosphate cleavage step, matches the slow experimental rate of ∼1-100 min-1. Additionally, using molecular dynamics 
(MD) calculations, we sample the recently identified binding site for a third transient divalent metal ion in the vicinity of the 
scissile phosphate in the product complex. Our results account for the experimental observation of a third metal ion facilitat-
ing product release in an Aquifex aeolicus RNase III crystal structure and the Bh RNase H in crystallo reaction. Taken together, 
we provide a molecular mechanism of the nuclease catalytic reaction that is likely common for the broad family of two-metal 
ion catalytic phosphate cleaving enzymes with a DDE motif. 
 
Introduction  
The formation and cleavage of phosphodiester bonds are 
one of the most essential reactions carried out by en-
zymes to process the genetic material. The general mech-
anistic features of phosphodiester cleavage are univer-
sally conserved in ribozymes, polymerases, nucleases, 
and a wide variety of other nucleic acid processing en-
zymes such as integrases, transposases or topoisomer-
ases.1 
The phosphodiester cleavage generally follows an asso-
ciative mechanism due to the poor leaving group nature 
of the alkoxide group,2 however, controversially, dissoci-
ative mechanisms were also reported occasionally.3,4 It 
utilizes the well-established two-metal ion mechanism.5 
Two divalent ions are typically bound by one bridging as-
partate coordinating both metal ions, another aspartate 
and a glutamate, referred to as the DDE motif. While a 

more acidic aspartate residue with a shorter sidechain 
can clearly provide a moiety for Mg2+ binding, the role for 
the universally present glutamate residue in the DDE 
motif that is easier to protonate than Asp is as of yet un-
explained.  
Enzymes of the nuclease family are found in all branches 
of life. Amongst many processes conferred by the nucle-
ases are DNA replication, proofreading, RNA maturation 
and RNA interference.1 One of the particularly well-stud-
ied nucleases is RNase H. The RNase H fold is conserved 
in many enzymes with nucleolytic activity including 
transposases, the argonaute proteins, and the Cas9 en-
zyme.1,6–8  
RNase H is also an essential part of the HIV-1 enzyme ma-
chinery as HIV-1 reverse transcriptase (RT) depends on 
both a polymerase and a RNase H active site localized on 



 

two domains for its full functionality. The RNase H sub-
domain (residues 1021–1144 of the gag polyprotein, Fig-
ure 1B) is located on the p66 subunit of RT where it cat-
alyzes the removal of the RNA strand in the RNA/DNA 
hybrid generated by the polymerase.9 RNase H was 
found essential for proliferation of HIV-1.10 In higher eu-
karyotes RNase H1 is thought to be involved in generat-
ing RNA primers for replication and the prevention of ge-
nomic instability by removal of RNA nucleotides in R-
Loops.11,12  
Despite its importance, several key details about the re-
action mechanism are still unknown. These include pro-
ton transfer events that are often a disputed aspect of en-
zymatic phosphate cleavage or transfer studies.13 The 
identity of the general base deprotonating the nucleo-
philic water and the protonation of the leaving group 
leading to a stable product are still elusive. One possible 
pathway is the transfer of the proton from the attacking 
group to the leaving group, mediated by the phosphate 
undergoing the substitution.14,15 However, this scheme 
may not explain many of the experimental studies.16,17,18 

 

Figure 1: A) Superposition of Bh RNase H in crystallo reactant 
after 40ns (PDB 6DMV19, olive cartoon), HIV-1 QM/MM reac-
tant model (gray cartoon, model based on PDB 
1RTD20/1ZBL6)) and Hs RNase H (PDB 2QKK21, light cyan car-
toon). The inset shows positioning of the nucleophile and the 
active site geometry. Respective residues were colored in ma-
genta (Asp), blue (Glu), cyan (His) and green (Mg2+). B) Com-
parison of the selected RNase H family members and their cat-
alytic sites. Binding of DNA/RNA hybrid is supported by a hy-
brid binding domain (HBD) or basic protrusion (dark gray). 
Residues shown in italic, indicate reduced activity when substi-
tuted Residues shown in bold, indicate no activity for the E→Q, 
D→N or H→A mutation. *partially active in Mn2+, HBD hybrid 
binding domain, GAG group specific antigen. 

Kinetic experiments indicate a crucial role of a catalytic 
histidine in the HIV-1, human (Hs) and E. coli (Ec) RNase 
H reaction (H539, H264, H124 in Figure 1).17,18  Earlier 
computational studies of the RNase H catalytic reaction 

were either conducted without the histidine included in 
the QM region,14,22 or using the Bacillus halodurans (Bh) 
sequence that lacks this crucial histidine.23 In similar nu-
cleases with nucleolytic activity, such as CRN-4, TREX1, 
3’hExo, or RNase T1,24–27, a conserved histidine residue 
(part of the conserved DEDDh motif28) has already been 
suggested from experimental studies to deprotonate the 
water nucleophile. For the 𝜖𝜖-subunit of Ec DNA pol III29, 
QM/MM calculations support this claim.30  
More importantly, the identity of the general acid that 
protonates the leaving O3’ is elusive for RNase H, simi-
larly to other proton transfer steps involving the high-
energy sugar alkoxide intermediates in other two-metal 
ion catalytic phosphate cleavage reactions, including pol-
ymerases.31 Our previous work suggested the protona-
tion of Asp132 in Bh RNase H.23 Water and/or the 
cleaved phosphate mediated proton transfer from the at-
tacking nucleophile was also suggested.14,22 Interest-
ingly, the E116 Glu from the DDE motif of the Hs Pol η 
was observed in two conformations, likely due to its pro-
ton acceptor role that would enable it to eventually ob-
tain the proton from the 3′-OH group of the sugar.32  
The key role of the two essential divalent metal ions in 
the catalytic mechanism of Bh RNase H19,22,23,33 and Hs 
RNase H14 was previously elaborated. Interestingly, Sa-
mara and Yang19 recently suggested that a third  transi-
ent Mg2+ ion participates in the catalytic reaction, simi-
larly to polymerases during the reverse reaction.19,32,34 
Additionally, Samara and Yang19 also implicate monova-
lent ions in the Bh RNase H catalysis.  
To address several of the outstanding questions regard-
ing the HIV-1 RNase H catalytic mechanism: the nature 
of the general base, the identity of the proton donor for 
the leaving group, and the role of the third metal ion, we 
employed classical molecular dynamics (MD) simula-
tions and quantum mechanics/molecular mechanics 
(QM/MM) calculations utilizing the 6-31+G(d)/B3LYP 
density functional level of theory. We determined the 
multidimensional free energy surface underlying the cat-
alytic reaction of HIV-1 RNase H with two metal ions 
bound in the active site by combining Hamiltonian rep-
lica exchange (RE),35 umbrella sampling (US),36 and the 
finite-temperature string method.37 In addition, we stud-
ied the cleavage product resulting from the action of 
RNase H using classical MD simulations to investigate the 
role of a third metal ion. Our simulations showed a reac-
tion pathway that differs from earlier computational 
studies but are consistent with kinetic and thio-substitu-
tion experiments for Ec RNase H and Hs RNase H.16 We 
found that the fully conserved Glu residue in the DEDD 
motif acts as the proton donor for the protonation of the 
leaving group. Our suggested mechanism therefore pro-
vides a general functional explanation for the role of the 
Glu residue in two-metal ion catalytic enzymes. Addi-
tionally, in our mechanism we find that the conserved 
His in the DEDDh motif is the proton acceptor base that 
deprotonates the nucleophilic water molecule. Based on 



 

our MD simulations we propose that a third divalent cat-
ion, necessary for the displacement of the cleaved RNA 
strand, is recruited from the bulk potentially with the aid 
of the His. Using a structural comparison with the cata-
lytic motifs of several nucleases, we suggest that a con-
served histidine plays a dual role in many nucleolytic re-
actions, irrespective of the exact metal ion coordination 
of the two central Mg2+ ions in the active site.  

Materials and Methods 

Initial coordinates: The crystal structure of the catalyt-
ically trapped HIV-1 RT DNA/RNA complex by Huang et 
al,20  (PDB: 1RTD) with 3.2 Å resolution was used as a 
starting model. The active site of RNase H was modeled 
with SWISS-MODEL38 based on the higher resolution 
structure of D192N Bh RNase H catalytic domain by 
Nowotny et al.6 with 2.2 Å resolution (PDB: 1ZBL) to 
achieve appropriate coordination of the metal ions and 
proper orientation of the substrate. The obtained model 
was compared with the recently published catalysis-
ready structure of RNase H in HIV-1 RT (PDB 6BSH).39 
Our template, thus our model, is in very good agreement 
with the 6BSH structure, especially considering the 
metal coordination (Figure S1). 
The DNA/RNA hybrid of the crystal was replaced with 
the polypurine tract (PPT) sequence.40 The RNase H re-
action has a pH profile with maximum activity at  
pH 7.5.18  All carboxylate active site residues were there-
fore considered deprotonated at first and H539 was 
modelled as 𝜀𝜀-protonated, while standard protonation 
states were used for all the remaining titrable residues. 
MD simulations: MD simulations for the reactant state 
were setup using CHARMM-GUI41 and the model was 
subject to 20 ns equilibration with the NVT ensemble 
and the CHARMM27 force field.42 The system was solv-
ated in a cubic water box with 138 Å in each dimension 
and 10 Å distance to the protein. The phosphate groups 
were modelled as completely deprotonated. Periodic 
boundary conditions were applied. The system was neu-
tralized with 150 mM potassium chloride which has been 
shown to be optimal for catalysis in Hs RNase H.18 The 
Particle Mesh Ewald method was used to evaluate long 
range electrostatic interactions and the system was cou-
pled to a Langevin thermostat at a temperature of 
303.15 K. Non-bonded interactions were modeled with 
scaled 1-4 parameters using NAMD 2.943 and a cutoff of 
12 Å with switching distance of 10 Å. 
Subsequently, QM/MM minimizations were carried out 
to relax the active site before the reaction coordinate 
(RC) energy minimization scans to produce a product 
state. The product state with an added proton on the 
leaving group and deprotonated scissile phosphate was 
modelled based on the QM/MM minimized structure. Ad-
ditionally, either 0 mM, 6 mM or 50 mM MgCl2 was added. 
The concentration of 6 to 10 mM MgCl2 has been shown 
to be optimal for catalysis in vitro18,44 and the concentra-
tion of 50 mM is considered inhibitory.6 After minimizing 

for 10 000 steps, the system was re-equilibrated for 5 ns 
with restrained protein backbone atoms to allow for the 
relaxation of side chains and to heat up the system in 
NVT conditions with identical simulation parameters as 
the reactant state, but using the CHARMM36 force field. 
Note that longer equilibrations already took place using 
both MD and QM/MM calculations, as described above. 
The restraints were then lifted and the trajectories for 
analysis were collected over 100 ns in NPT conditions. A 
time-step of 2 fs was used coupled to a Langevin barostat 
at standard pressure. All systems were run in triplicates.  
QM/MM energy minimizations: To carry out the 
QM/MM calculations, we used the CHARMM 27 force 
field45 and interfaced with Q-Chem 4.4. 46 The system was 
trimmed to a sphere of 20 Å centered on the scissile 
phosphate group. Atoms further than 15 Å away from 
that group were kept frozen throughout the simulations. 
We used full electrostatic coupling between the QM and 
MM regions47 and standard link atom treatment for the 
bonds cut across the MM and QM regions48 as described 
in previous work.23,49 The region treated with molecular 
mechanics was 4164 atoms in size. The QM region con-
tained 116 atoms including two Mg2+ ions, the RNA back-
bone of the active site adenosine, the guanosine in 3’ di-
rection of the RNA strand and the side chains of residues 
Q475, D443, E478, D498, D549 and H539. The hydrogen 
link atoms were placed between the Cβ and Cα bonds for 
the aspartates, glutamine and histidine or the Cγ and Cβ 
bonds for the glutamates. Link hydrogens were re-
strained between the original bond partners and their 
bond length was scaled by a factor of 0.7261. Twelve wa-
ter molecules were included in the QM region of which 
three coordinate MgA. To probe for the different proton 
transfers proposed in the literature,14,22,50  we also in-
cluded all water molecules that make hydrogen bonds to 
the scissile phosphate, to the Bh D132 equivalent D498, 
to the O2’ and the Q475 amide oxygen (Figure 1A). The 
charge of this QM region was -2. To probe for a possible 
new protonation pathway, a water molecule in the sol-
vent channel egressing from the O2’/Q475 into the bulk 
solvent was protonated. The total number of atoms 
therefore was 117 and total charge of the QM region was 
-1 for the string calculation.   
All calculations were carried out with the 6-31+G(d) ba-
sis set. Density functional theory calculations and the 
B3LYP51 exchange-correlation functional were used. The 
RC was defined by the bond distances between reactive 
atoms. The RC included the proton transfer (Qp) and elec-
tron transfer (Qe). Qep is taken as 𝑄𝑄𝑒𝑒𝑒𝑒 = 𝑄𝑄𝑒𝑒 + 𝑄𝑄𝑒𝑒 .  The Qe 
coordinate includes r2-r1 (WATnuc:OH2 - RNA:P - 
RNA:O3’) . The Qp coordinate includes r4-r3 (H539:NE2 
- WATnuc:H - WATnuc:O, and r6-r5 (RNA:O3' - RNA:H2' - 
E478:OE1). 
String calculations: To determine the reaction free en-
ergies and the corresponding minimum free energy 
pathway of the mechanism, we performed finite temper-
ature string calculations.37 We selected 19 coordinates 
that define the space for the reaction mechanism (Table 



 

S2), which include all bond breaking and forming dis-
tances for the proton transfers and phosphate cleavage. 
We performed 69 iterations during the string free energy 
calculations, running 100 steps of QM/MM dynamics at 
each iteration using Langevin dynamics with a timestep 
of 1 fs using CHARMM40b2 as the MD engine.52 Each co-
ordinate was restrained using a force constant of 150 
kcal mol-1 Å2.23 The pathway was defined via 26 windows 
obtained from the QM/MM minimizations. After each it-
eration, a new pathway was calculated by fitting a poly-
nomial of order 8 at each coordinate, and dividing the re-
sulting 1 dimensional path within the 19 dimensional co-
ordinate space into 26 equal arclengths.50 For validation, 
further 500 steps of QM/MM dynamics were run in 12 
windows equally spaced between the 18th and the 23rd 
windows to check if a finer resolution is required for cap-
turing the profile during the second proton transfer. The 
initial coordinates were swapped using a Metropolis 
Monte Carlo Hamiltonian replica exchange algorithm af-
ter each iteration.50 The free energy profiles and surfaces 
of reaction were obtained using the weighted histogram 
analysis method (WHAM).53,54 The set of strings were di-
vided into four equal sections, and the projected free en-
ergies were calculated by WHAM. The standard error of 
these subset-based free energies represents the uncer-
tainty of the calculation. 

Results 
General scheme of the reaction: We found, in accord-
ance with previous works, that the reaction proceeds via 
an associative mechanism. The nucleophilic water 
(WATnuc) is bound to MgA: polarized to ease deprotona-
tion and oriented for nucleophilic attack on the phos-
phate. The O3’ leaving group is bound to MgB (Figure 2A). 
The reaction proceeds via the formation of a pentavalent 
phosphorane transition state (TS1, Figure 2B) after, in 
the same reaction step, WATnuc is deprotonated. The sys-
tem then reaches a high energy intermediate state (INT, 
Figure 2C) followed by a second transition state (TS2, 
Figure 2D), where the leaving group is protonated to fi-
nally arrive at the stable product state (Figure 2E). 
Deprotonation of WATnuc by H539: The order of events 
for the water deprotonation and the phosphodiester 
cleavage process was determined with extensive energy 
minimizations of the QM/MM system followed by finite 
temperature string free energy calculations. The geome-
try was optimized along the Qep RC driving the system 
from reactant to product (Figure 3A-B). 𝑄𝑄𝑒𝑒𝑒𝑒 = 𝑄𝑄𝑒𝑒 + 𝑄𝑄𝑒𝑒 . 
The Qe coordinate corresponds to the phosphate cleav-
age, while the Qp coordinate describes the proton trans-
fer (Error! Reference source not found.A). The geom-
etry minimized path was used in the first iteration to de-
termine the minimum free energy pathway in subse-
quent string free energy calculations. Initially, the first 
coupled proton transfer and phosphate cleavage step un-
til the formation of the intermediate was probed during 
minimizations. The 𝑄𝑄𝑒𝑒  reaction coordinate alone was 
used to drive the phosphate cleavage via the O3’ leaving 

oxygen, the phosphorous atom and the WATnuc oxygen. 
We did not specify a priori the WATnuc deprotonation 
mechanism that facilitates the nucleophilic attack. The 
QM region included the potential proton acceptors: the 
3’ downstream pro-Rp oxygen, the Nε of H539 and the 
pro-Rp oxygen of the scissile phosphate.  
We consistently found that the Nε of H539 acted as a pro-
ton acceptor. Additionally, a hydrogen bond was formed 
between the 3’ downstream pro-Rp oxygen and the other 
WATnuc proton.  
To determine the effect of the 3’ downstream pro-Rp ox-
ygen, H539 was excluded from the quantum mechanical 
treatment. In QM/MM minimizations with the smaller 
QM region, deprotonation was carried out via the 3’ 
downstream pro-Rp oxygen. This is consistent with ear-
lier simulations of Bh RNase H50 that lacks the histidine 
residue. To verify that the histidine is the stronger gen-
eral base the product state of the reaction was modelled 
by moving the WATnuc proton pointing towards H539 to 
the O3’ leaving group yielding a product complex with 
cleaved phosphodiester bond and a monoprotonated 
phosphate with the hydrogen pointing towards the 3’ 
downstream pro-Rp oxygen. In the subsequent unre-
strained QM/MM energy minimization of this system, 
the WATnuc proton jumped to the Nε of H539. This clearly 
demonstrates the higher basicity of H539 compared to 
the 3’ downstream pro-Rp oxygen.  
Protonation of the leaving O3’ via E478: The product 
of the first reaction step is a cleaved phosphodiester 
bond with the O3’ leaving oxygen tightly bound to MgB 

(Figure 2C). In earlier studies this intermediate has also 
been observed and found to be highly unstable,50 and the 
protonation of the leaving oxygen was found to be essen-
tial for the stabilization of the cleavage product.50 How-
ever, the source of the proton was not established. As we 
will show below, we found that protonation via the E478 
is an energetically feasible pathway.  
Initially, we tested whether the O3’ leaving oxygen could 
be protonated via a file of water molecules in channel C1 
passing under the substrate to the bulk solvent. Based on 
evidence from kinetic experiments with mutated O2’,16 
we assumed that the proton could be shuttled to the O3’ 
via the O2’ as there is evidence for a role of the O2’ in the 
reaction.16 



 

 
Figure 2: Calculated catalytic mechanism of the HIV-1 RNase H reaction. A) Reactant state B) Phosphorane transition state (TS1) 
after WATnuc deprotonation C) Intermediate state with the O3’ leaving oxygen bound to MgB  D) Proton transfer from E478 to the O3’ 
at TS2  E) Product of the HIV-1 RNase H cleavage, the remaining proton of WATnuc can be abstracted by H539 after shuttling the first 
proton to the bulk solvent via sidechain flipping  F) Hypothesized substrate release inferred from Aa-RNAse III crystal structure55 
(major conformation scissile phosphate in olive sticks, Mg2+ in dark grey spheres, PDB 2NUG) and MD simulation of HIV-1 RT/RNase 
H product complex at 50 mM Mg2+ at 30 ns in replicate 1 (light grey spheres, white sticks). The Mg2+ ion C bends the scissile phos-
phate and the pro-Sp oxygen is replaced with a solvent water (sphere in magenta). U is upstream nucleotide, S is the nucleotide 
directly in the active site containing the scissile phosphate, D is the 3’ downstream nucleotide. pro-Sp and pro-Rp oxygen are abbre-
viated as Sp and Rp. An interactive version with 3D view of the reaction (Panels A-E) together with Figure 4 is available online.    
 

https://dev.simonduerr.eu/interactive/hiv/


 

QM/MM simulations with added proton: To test the 
hypothesis of protonation via solvent channel C1 a hy-
dronium ion was placed in the channel. Energy minimi-
zations showed that the proton is transferred to the ter-
minal water molecule in the solvent channel close to the 
O2’, where it is coordinated by a conserved serine (S499) 
and a conserved glutamine (Q475) (see Seq. alignment 
Figure S2). However, with using only energy minimiza-
tions, the proton does not directly transfer to the E478, 
suggesting some energy barrier for this transfer, which 
we estimated to be below 16 kcal mol-1 using minimiza-
tions. 
With restrained energy minimizations including the dis-
tances between the terminal water proton, the O2’, the 
H2’ and the O3’ distance and the restraints from the 
above simulations we tried to obtain a potential energy 
estimate of this pathway. However, we consistently 
found that the proton was not directly transferred to the 
O3’ but via E478, which was not included in the re-
straints. We therefore concluded that E478 could store 
the proton and then transfer it to the O3’. The proton is 
received from the water channel egressing from S499 to 
the bulk solvent. The restraints in the QM/MM minimi-
zations to generate the initial path for the string calcula-
tions were modified to account for this pathway by in-
cluding only the distances between E478:H, O3’, P, Onuc, 
Hnuc and H539:𝑁𝑁𝜀𝜀  in the RC. With this final reaction coor-
dinate a good starting string was constructed conducting 
iterative QM/MM energy minimizations along the RC. 
Therefore, in our string calculations, a protonated E478 
was modelled as the most likely state of the protein.  
To support the possible role of E478 as a proton transfer, 
we calculated its pKa using PROPKA 3.156 obtaining a 
value of 7.80, significantly larger than its model pKa of 
4.5, which suggests that E478 could accept a proton 
throughout the catalytic cycle at no free energy cost (at 
pH ~7), similarly to our finding in the QM/MM energy 
minimizations (Table S1).  
Therefore, considering the pKa estimates, the protona-
tion of E478 occurs with a negligible free energy penalty. 
Initially, we performed minimizations using the deproto-
nated form. Subsequently, we showed that there is a via-
ble path for the protons to reach E478, with a free energy 
barrier less than 16 kcal/mol. This implies that the inter-
conversion between the glutamate and the glutamic acid 
forms is significantly faster than the reaction itself. 
Hence whichever protonation state is more favorable for 
the reaction to proceed, it is readily available under nor-
mal conditions. Thus, our main QM/MM free energy cal-
culations were carried out with the protonated E478, 
and in the MD simulations of the product the proton is 
already transferred to the leaving group. 
Free energy profile of the reaction: The calculated free 
energy profile and key RCs are depicted in Error! Refer-
ence source not found.. To assess the convergence of 
the string calculations, we compared the constraint posi-
tions during the second half of the string iterations and 
found that they only exhibit a minor average variation of 

0.0097 Å and a maximum variation of 0.017 Å, implying 
a good convergence of the final minimum free energy 
path. To additionally confirm the convergence of the free 
energies, we split all the QM/MM calculations into four 
sections and determined the statistical error for the free 
energy profile (Figure 3C, shaded area), demonstrating 
small uncertainties. 

 

Figure 3: A) Scheme of the catalytic site of the HIV-1 RNase H 
in the reactant state. Residues in brackets are Bh equivalent 
residues. B) Distance plot of the distances specified in A. Aver-
age of distance in the last 1ps in each window is plotted. The 
shaded rectangles represent RS reactant state, TS1 transition 
state 1, INT intermediate, TS2 Transition state 2 and PS prod-
uct state. C) Free energy reaction profile from string calcula-
tions projected onto Qep RC with fitted curve. Red shades depict 
the estimated variation of the profile along the energy axis. 

We obtained two local maxima in the one-dimensional 
energy profile projected onto the Qep RC, corresponding 
to the two transition states (Figure 3C). The formation of 
the phosphorane TS (TS1) was the highest point in the 



 

free energy profile with ~19 kcal mol-1. The intermediate 
state was ~4 kcal mol-1 lower in energy compared to TS1. 
To form the product via TS2 another energy barrier with 
~3 kcal mol-1 had to be surmounted to protonate the 
leaving group.  From Figure 3B and the plot of the free 
energy surface on the Qe and Qp coordinates (Figure 4) it 
can be seen that first a proton transfer, then an electron 
transfer and then again a proton transfer occurs. 

Figure 4: Free energy profile of the reaction from the string 
simulations with RS reactant state, transition state 1 (TS1), in-
termediate (INT), transition state 2 (TS2) and product state 
(PS). Starting string in green, optimized final string in black. 
Colorbar indicates 𝚫𝚫G in kcal mol-1.  

Role of third ion for product release: A third divalent 
ion was also implicated in the mechanism by Samara and 
Yang.19 However, as they deduce importance of the third 
divalent ion from the in crystallo reaction further inves-
tigation into the dynamics of the ion recruitment for the 
real reaction in solution and in the presence of the histi-
dine is still needed. Experimentally, it has been observed 
that at high Mg2+ concentrations (>50mM in Bh RNase H) 
the reaction stalls18,19,57–59, which has led to the hypothe-
sis that a third metal ion could bind to the product or dis-
turb the nucleophilic attack even before it was detected 
in the in crystallo reaction. In their recent work Samara 
and Yang19 have shown that the third divalent metal ion 
coordinates to the scissile phosphate and to the 3’ down-
stream phosphate and that product release can only take 
place after its departure. Interestingly, H→A mutation in 
Hs or Ec RNase H removes the attenuation of the reaction 
at high Mg2+ concentrations, suggesting that the catalytic 
histidine plays an important role in the recruitment and 
displacement of the third metal ion.18,57 We therefore in-
vestigated the product complex of the cleavage reaction 
in HIV-1 RT/RNase H at the catalytic (6mM), zero and 
high (50mM) MgCl2 concentrations with classical MD 
simulations.  In multiple 100 ns long MD simulations we 
found two prominent binding sites for cations in the 
product complex. The term “binding site” used in this 
context refers to the ion sampling a small region of space 
for some extended period of time close to the active site 

and shall not be indicative of first shell binding via dis-
placement of one of the first shell water ligands of the 
solvated K+ or Mg2+ ions. While it would be important to 
access longer timescales where first shell metal ion coor-
dination changes can be observed, this is beyond the lim-
its of current simulation times. 
One of the sites (F in Figure 5, Figure S3) was located 
close to D498, MgA and MgB and was populated mostly by 
potassium ions. This binding site was also occupied dur-
ing the reaction for Bh RNase H crystal structure and was 
probably populated because of the double negative 
charge of the scissile phosphate.  

 

Figure 5: Alignment of MD (gray) to 600 s product structure of 
Bh RNase H (yellow, PDB 6DOG19). Water channel C1 with wa-
ter molecules from MD (as sticks) and from crystal (red 
spheres) structures reaches E478. Mg2+ ion binding sites are 
also labelled from MD (magenta sphere, location C), from crys-
tal structures (yellow spheres, locations A, B, C, F), and in 
QM/MM and MD calculations (gray spheres, locations A and B). 
S499 keeps the terminal water molecule in place with a hydro-
gen bond (O-O distance in 6DOG, 2.7 Å) 

The second binding site (ion C in Figure 2F, Figure 5, Fig-
ure S3) was located between the scissile phosphate and 
the 3’ downstream phosphate, and was populated by 
Mg2+ and K+ ions alike. While no direct first-shell coordi-
nation was observed with the protein residues in our MD 
simulation, in a RNase III crystal structure the Mg2+ ion 
in site C directly coordinates the scissile phosphate (Fig-
ure 2F).55 Site C was also found to be occupied in the 
product state of the in crystallo reaction.19 The length of 
the binding events for the ions varied within the repli-
cates of the MD simulations from very short binding 
(~5ns) to quite stable association with the scissile phos-
phate with retention times of up to 80 ns in binding site 
C. The relation of potassium vs. magnesium binding is bi-
ased towards more potassium ions as they were more 
abundant in the simulation (150 mM K+ vs 50 mM Mg2+). 
As is expected from the classical description of the ions, 
we do not observe loss of the first solvation shell during 
the relatively short simulation time. Instead, we observe 
coordination to the phosphate oxygens mediated via sec-
ond shell interactions.  
The simulations show that the binding of a metal ion in 
site C causes conformational changes in the RNA strand 
of the hybrid that disrupt the interaction of the RNA with 
the DNA strand (Figure S3). Complete dissociation could 
not be observed likely due to the length of the simulation, 



 

the length of the hybrid and/or due to the limitations of 
the nucleic acid force field. Nevertheless, a general trend 
for destabilization is visible (measured in terms of RMSD 
of the active site nucleotide and the two nucleotides in 
the 3’ direction of the RNA strand, Figure S3).  
As suggested for the H→A mutation in Hs RNase H,18 the 
catalytic histidine H539 placed on a flexible loop next to 
the active site seemed to participate in the binding of the 
third ion. We measured the position of the histidine us-
ing its Nα-Cα-Cβ-Cγ dihedral angle, which varied from -
45° to 60° for the inwards facing position ready for the 
catalysis and from -170° to -180° for the outwards posi-
tion ready for metal ion recruitment and shuttling of the 
abstracted proton to the solvent (Figure S4). When a 
third metal ion was in the binding site MgC, we found the 
H539 to be almost exclusively facing inwards as a second 
shell ligand of the third ion (Figure S5). The metal ion 
dissociated from the binding site shortly after the histi-
dine changed its conformation from in- to outwards in 
several of the replicas. 

Discussion 
Dual functional role of the histidine: Alla and Nichol-
son18 have proposed a dual functional role of H264 in Hs 
RNase H acting both as a proton acceptor and a facilitator 
of the product release congruent with the findings of our 
QM/MM and classical simulations. The mutation of the 
catalytic histidine in Hs RNase H (H264A) reduces the kcat 
100-fold18 but has no effect on the Km. A similar effect of 
the H→A mutation in RNase H can be seen in Ec, where 
the H124A substitution decreases the kcat 50-fold and in-
creases Km only by 4-fold.17 The H539F mutation in HIV-
1 RNase H renders the enzyme inactive.60 In addition, 
Tisdale et al.10 showed that even the conservative H539N 
mutation makes the virus non-infective, corroborating 
the crucial role of H539 for RNase H in the virus life cycle. 
It is likely that the replication of the viral genome is se-
verely impacted by a slower RNase H catalytic rate. 
The pH profile of the reaction18,61 with maximum activity 
at pH 7.5 and low activity at low pH is also consistent 
with the role of the histidine which is protonated at low 
pH, diminishing the catalytic activity.  
Our QM/MM calculations explain all the aforementioned 
experimental evidence, evincing that H539 is likely to act 
as the proton acceptor in contrast to previous calcula-
tions for which the conserved histidine was not included 
in the QM region.14 This also underlines the importance 
of careful selection of the QM region.62 
As previously argued,22,50 the effect of the 3’ downstream 
pro-Rp oxygen (with sulfur substitution 86% kcat de-
crease63) is most likely an indirect effect, where the 3’ 
downstream pro-Rp oxygen increases the catalytic rate 
by correctly positioning the nucleophile. Another cause 
of the rate diminishing effect of the 3’ downstream pro-
Rp thio substitution is likely the hindered ability to stabi-
lize a third metal ion.  

As H539 was very flexible in the MD simulations and was 
shown to be able to also deprotonate the monoproto-
nated phosphate in the product complex in QM/MM min-
imizations, it is likely that H539 shuttles both protons 
from WATnuc to the solvent and acts as the general medi-
ator for proton transfers to and from the solvent. It could 
also play a role in attracting the active site Mg2+ ions to 
the active site, similarly to the role of E188 in Bh.19  
An alternate proton acceptor could be the pro-Rp oxygen 
of the scissile phosphate, however mutational studies 
showed that thio substitution of the pro-Rp oxygen does 
not decrease the catalytic rate16 which is why it was not 
considered as a possible proton acceptor, 
The flexibility of H539 and the coupled occurrence of a 
metal ion in site C and the histidine pointing inwards 
(Figure S4) further support the role of the histidine in re-
cruitment of a third ion similarly to that suggested by 
Alla and Nicholson18 experimentally. This effect is most 
likely electrostatic, as first shell coordination of a Mg2+ or 
K+ by the histidine is not observed in our simulations. 
This is congruent with findings of low affinity of nitro-
gens for earth alkali metals 64 but might also be related 
to the timescale for exchange of water ligands on Mg2+ 

and the known deficiencies of the Mg2+ force field. 
In the Bh in crystallo reaction, the residue K196 placed at 
the C-terminus on a flexible loop stabilizes the scissile 
phosphate. In HIV-1 RNase H a lysine (K550) is present 
as well, which, as the C-terminus of the HIV-1 protein ex-
tends further, is placed in an alpha helix of HIV-1 RNase 
H instead of the C-terminal loop of Bh RNase H. K550 in 
HIV-1 RNase H points away from the active site and is too 
far away to stabilize the cleaved phosphate (Figure S6).  
A possible hypothesis for the function of the third diva-
lent ion in the catalysis and product release can be in-
ferred from Aa-RNase III55 and from the in crystallo study 
of the Bh RNase H mechanism.19 Aa-RNase III performs a 
similar 3’-5’ endonucleolytic cleavage like RNase H with 
the help of two metal ions but the architecture of its ac-
tive site is slightly different (DDEE motif). In the crystal 
of the product complex of Aa-RNase III (res. 1.7 Å, PDB: 
2NUG), two conformations of the scissile phosphate 
were observed with different occupancies. The minor 
conformation with occupancy 0.3 closely resembles the 
product state of the HIV-1 RNase H reaction from the 
QM/MM with the scissile phosphate pro-Sp oxygen coor-
dinating both MgA and MgB. However, the major confor-
mation in the crystal with an occupancy of 0.7 has the 
scissile phosphate out of the active site, bent away from 
MgA and MgB and closer to MgC (Figure 2E). In the major 
conformation, the scissile phosphate is a first shell ligand 
of MgC and the scissile phosphate O𝑠𝑠𝑒𝑒  between MgA and 
MgB is replaced by a water molecule. Gan et al.55 have 
proposed that the minor conformation is a model of the 
complex directly after the reaction took place and the 
major conformation is the first step towards product re-
lease in Aa-RNase III. Thus, the product release is facili-
tated by MgC.  



 

Interestingly, the main binding site for the third ion (site 
C) and the scissile phosphate in the HIV-1 RNase H MD 
simulations are in the same position as in the minor con-
formation of the Aa-RNase III crystal, suggesting similar-
ity between the Aa-RNase III and RNase H product re-
lease mechanism. The stabilization through the third ion 
likely has stabilized this state in Aa-RNase III enough in 
order to be detected by conventional crystallography.  
Attempts to crystallize the Bh RNase H product complex 
with 100% occupation of a third Mg2+ have not been suc-
cessful59 and in the in crystallo reaction the third ion was 
only detectable in 500mM Mn2+ or in 5mM Mg2+/ 200mM 
Li+ buffer. It was found that the concentration of Mg2+ 
needed for optimal catalysis is higher than the concen-
tration to fully occupy the A and B sites.19 In analogy to 
our observations, Samara and Yang found the third ion 
to bind to the product state.19 In the crystal it can be seen 
that with MgC  the 5’ phosphate product is shifted by 
1 Å.19 
The suggested role of the histidine in the recruitment of 
the third ion is consistent with the observation that for 
H→A mutation the attenuation of RNase H activity at 
high Mg2+ concentration is lost.18,57 Bh E188A mutant, 
which has a lower activity, also displays no attenuation 
at high Mg2+ concentrations.6  Nowotny and Yang59 have 
attributed the lower activity of Bh E188A to an abnor-
mally high affinity to the cleavage product which sup-
ports the interpretation that a third metal ion is im-
portant for the product release. In Hs RNase H264A mu-
tation increases the rate constant for the product release 
12-fold which further supports the role of histidine in re-
cruitment of the third ion.18 
Role of monovalent ions: Samara and Yang19 implicate 
monovalent potassium ions in the catalysis based on the 
in crystallo analysis of the reaction mechanism in Bh 
RNase H. In Bh RNase H, K+w (site F in Figure 5) coordi-
nates the scissile phosphate and K+U (site C in Figure 5) 
together with a transiently bound Mg2+C activates the nu-
cleophile. Bh RNase H likely relies on the cation traffick-
ing to activate the nucleophile because it lacks the histi-
dine residue, which is present in other members of the 
RNase H family. Therefore, HIV-1, Hs and Ec RNase might 
be less reliant on monovalent ions as the histidine acti-
vates the nucleophile and therefore possibly replaces the 
function of the monovalent ions. This is also related to 
the slightly different active site architecture with Bh 
K197 able to point inwards stabilizing the intermediate, 
which is not possible for HIV-1 K550 (Figure S6). 
Activation free energy of the reaction: The calculated 
barrier height of ~19 kcal mol-1 is in good agreement 
with experimentally determined barriers calculated 
from kinetic experiments to 16.7 to 20.5 kcal mol−1 in 
Ec63,65 and Hs RNase H.18,66 The measured kcat with 
modified substrate in HIV-1 RNase H is 1.01 to 0.11 min−1 
corresponding to a barrier of 19.8 to 21.2 kcal mol−1.67 
The modified substrate is, however, likely to have nega-
tively impacted the kcat for the measurement of HIV-1 
RNase H.22 The kcat values measured with the human and 

the Ec RNase H are therefore considered to be closer to 
the real value in HIV-1. 
Glutamate as conserved proton donor in nucleases: 
Various experimental evidence supports the role of E478 
in the proton transfer. Firstly, the homologous Ec E48D 
mutant is substantially less active with a 95% decrease 
in kcat.17 This decrease is most likely connected with 
suboptimal positioning and change in pKa. Secondly, it 
was found that Ec E48 is less important for Mg2+ binding 
compared to the three other aspartates as the Mg2+ dis-
sociation constant for the Ec E48Q mutant is 1.1 mM 
compared with 0.71 mM for the wild type but 18.8 mM 
for Ec D70N.68 As a result of the latter, Kanaya et al.68 pro-
posed that the glutamate of the DEDD motif should play 
an additional role in the catalysis. Our results support 
that hypothesis, showing the role of E478 as a mediator 
in the proton-transfer reaction needed for the stabiliza-
tion of the leaving group and competition of the cleavage 
reaction.  
Uchiyama et al.16 have measured kinetics of Ec RNase H 
with modified substrates at the O2’ position of the nucle-
otide immediately upstream of the scissile bond, which 
also supports the pathway via E478. Substitution of the 
O2’ into an amino, fluoro or methoxy group or removal 
of the O2’ did not affect the affinity for the substrate but 
greatly reduced the reaction rate.16 E478 interacts with 
the O2’ through a hydrogen bond both in the crystal and 
in simulations. Altogether this supports a dual role of 
E478 in recognizing the RNA strand in the DNA/RNA hy-
brid via the hydrogen bond and then by shuttling the 
proton to the leaving O3’. 
Also consistent with this hypothesis is the 50% decrease 
in catalytic activity in Ec by mutation of a serine close to 
the active site (Ec S71A, HIV-1 S499).17 This serine is con-
served in Bh, Hs, Ec and HIV-1 RNase H (Figure S2).  In 
our simulations, we found that the terminal water mole-
cule in channel C1 is bound to S499 (Figure 5). The bind-
ing site for this terminal water is favorable as can be in-
ferred from its presence in multiple crystal structures 
(e.g. 1ZBL, 2G8I, and 2R7Y, 6DOG) of Bh RNase H (Figure 
5).50 It is therefore likely that the water channel and the 
serine form part of a conserved replenishing mechanism 
to reconstitute the protonated state of the glutamate in 
the DEDD motif in RNases H. 
Protonation of D498, which was previously considered 
as the most likely protonation pathway for Bh RNase H,50 
was not attempted as the pathway via E478 is more 
likely. Our pKa calculations show that E478 (pKa 7.80) is 
more susceptible to get protonated than D498 (pKa 2.71), 
with the latter incurring an additional free energy cost at 
pH 7.0. Thus, E478 can better stabilize the proton ulti-
mately donated to the O3’ alkoxide after the intermedi-
ate has formed, because of its higher pKa value. Another 
contributing factor is that the energetic cost of rotating 
the D498 necessary for protonation is not necessary if 
protonation occurs via the pre-positioned E478.  



 

The protonation pathway via the pro-Rp oxygen of the 
scissile phosphate is not consistent with available exper-
imental findings therefore it was not considered in our 
calculations. Uchiyama et al.16 demonstrated that sulfur 
substitution of the pro-Rp oxygen of the scissile 
phosphate does not decrease activity. A decrease would 
however be expected for sulfur substitution of the pro-Rp 

oxygen because the phosphorothioate is a weaker base. 
It can therefore be concluded that protonation via E478 
is the most likely route for the protonation of the leaving 
group in HIV-1 RNase H and possibly in the other mem-
bers of the family (Bh E109, Ec E48, Hs E186) in contrast 
to earlier findings. 
Role of catalytic histidine and glutamate in other nu-
cleases: The RNase H topology is shared between many 
catalytic cores of enzymes that process nucleic acids. We 
therefore strategically mined the protein data bank for 
similar catalytic motifs to obtain a picture of the general-
ity of the catalytic mechanism using the histidine and a 
third ion in cleaving nucleic acids.  We used VMD to au-
tomatically select structures based on certain criteria.69 
As criteria we used the presence of a histidine within 5 Å 
of two Mg2+, Ca2+ or Mn2+ ions in all structures with reso-
lution better than 2.5 Å and manually inspected the re-
sulting structures.  From our analysis, we could deter-
mine that indeed catalytic sites of various nucleases are 
similarly composed of glutamates, aspartates and histi-
dines as has been described before,1,70 but we were able 
to further reason the positioning of some of the residues 
based on the results presented in this article and the re-
cently available in crystallo study of the reaction19 as well 
as the QM/MM dynamics of the Cas9 active site.71 All of 
the identified enzymes belong to the RNHL superfam-
ily.70 

While the DEDD motif is common among nucleases,1,72 we iden-
tified three different subclasses of this catalytic motif with his-
tidine based on the PDB mining. Two with Glu bound to metal 
B (RNase H-like, RuvC-like, Figure 6AC) and the other with Glu 
bound to metal A (RNase T-like, Figure 6B).  Both the RNase H-
like motif as well as the RNase T-like motif have been com-
monly referred to as DEDD motifs. The RuvC-like motif is re-
ferred to as DDE motif.71 For the RNase T-like structures,  Zuo 
and Deutscher28 established the DEDDh nomenclature to dif-
ferentiate DEDD nucleases that have histidine from those with 
a tyrosine (DEDDy) in their active site.  It is well known that the 
catalytic mechanism of these nucleases is strongly related to 
the coordination of the catalytic magnesium ions,21,50 therefore 
the RNase H-like and RNase T-like motifs are not the same 
DEDDh motifs even though the position of the histidine is very 
similar (Figure 6). In both types, the histidine is placed on a 
loop segment coordinating the nucleophile (Figure S4).27  

Differences in the catalytic mechanism are mainly asso-
ciated with MgB, which is penta-coordinated in the RNase 
H-type and hexa-coordinated in the RNase T-like, most 
likely due to different specificities for DNA and RNA sub-
strates.  In contrast, in the RNase T-like enzymes MgA is 
penta-coordinated.30 For the first two types, the pKa of 
the glutamate is high (pKa 7.5-9 as calculated with 
PROPKA 3.1, see Table S1) due to the relatively nonpolar 

micro environment around the pocket with the proto-
nated oxygen. The high pKa for the active site Glu sup-
ports the role of the glutamate as proton donor (RNase 
H-like, RuvC like) or in stabilizing the WATnuc (RNase T-
like) as it is significantly more basic than a standard Glu 
(pKa ~4.5).  In QM/MM simulations of the mechanism of 
the 𝜖𝜖-subunit of DNA pol III it was shown that the Glu in 
the RNase T-like motif can pick up the second proton 
from the WATnuc after cleavage of the scissile bond.30 
We found that in the RNase H-like enzymes protonation 
likely occurs via the Glu coordinated to MgB. The excep-
tion within the canonical DEDDh motif are the RNase T-
like enzymes due to the different position of the Glu (Fig-
ure 6).  In QM/MM simulation of the RNase T-like 𝜖𝜖-sub-
unit of the pol III the protonation of the leaving O3’ re-
mained elusive, but pathways via the scissile phosphate 
were ruled out based on the calculated energy barriers 
of >30 kcal mol-1.30 In the RNase T-like enzymes, there is 
an Asp exclusively coordinated to MgB via a water mole-
cule but its pKa likely is much closer to a standard Asp 
(pKa ~3, see Table S1), making protonation via this resi-
due less likely, but possible.  The proton for the protona-
tion of the leaving group thus possibly originates from 
the Asp or any of the up to three water molecules of the 
first solvation shell of  MgB.74 For example in the RNase T 
structure solved by Hsiao et. al.74 MgB is solvated with 3 
water ligands as opposed to zero water ligands in the 
RNase H-like and in the RuvC-like structures.71 This 
mechanism is also consistent with the lowering of pKa of 
Mg associated water molecules.75  
In the RuvC-like enzymes the DEDD motif is not observed 
(only DDE) and the last Asp of the DEDD motif is possibly 
replaced by a His (e.g in S. pyogenes (Spy) Cas9 RuvC 
H983). This is supported by the fact that H→D mutation 
in Tth RuvC is shown to activate the enzyme,8 which 
would reconstitute the DEDD motif of RNase H. This in-
dicates the strong similarity of the RuvC-type and the 
RNase H-type. In contrast to this finding, other studies 
report that the affinity of nitrogen (e.g., in histidine or 
imino side chains of nucleic acids) for Mg2+ is low64 and 
in the QM/MM ab initio MD of the Cas9 active site it can 
be seen, that the stable distance of H983 to MgA is around 
4.2 Å, which is not directly coordinating. We can repro-
duce the same distance if we align our QM/MM reactant 
structure to the inactive Spy Cas9 (PDB 4UN3) RuvC ac-
tive site (Figure S7). H983 has recently been shown to be 
the general base in the RuvC reaction in Spy Cas9.71,76 
 



 

 

Figure 6: Comparison of the three main types of catalytic motifs 
identified in the PDB search and from literature. A) In RNase H-
like, Glu coordinates a solvent excluded MgB and stores proton 
for leaving group protonation. His abstracts the proton and fa-
cilitates product release. Example PDBs: 1RTD, 2QKK, 6BSH.  B) 
In RNase T-like enzymes, the Glu is shifted to MgA aiding in 
WATnuc positioning. MgB is coordinated by three water mole-
cules73 of which one is indirectly coordinated by an Asp. Exam-
ple PDBs: 4KAZ, 1W0H, 1J53, 3NH1, 2O4G, 3CG7. C) In RuvC-
like enzymes, an additional Lys/Arg is present which we con-
sider to be atypical for a general RNase H but present in Bh 
RNase H (K196). MgA is coordinated by a backbone (bb) oxy-
gen.71  Example PDBs: 4LD0, 4EP4, 4UN3, 1HJR, 3HVR. See 
more details in Table S1. 

 
For RuvC-type enzymes, neither H982 nor H983 is 
placed on a flexible loop as is the histidine in the RNase 
H-type or the RNase T-type.27 These histidines therefore 
would likely be able to abstract the proton and act as 
general base but not as third ion recruiter or facilitator 
of product release. However, there is a conserved lysine 
(Spy K974, Tth K112) and a conserved arginine (Spy 
R976) in close vicinity of the active site. This lysine 
(2-4 residues in direction of the N-terminus from the ar-
ginine) and the arginine are conserved among various 

Cas9 family members such as from Staphylococcus Au-
reus, Francisella Novicida, Actinomyces naeslundii and 
Campylobacter jejuni (Figure S8). The lysine is very mo-
bile (no sidechain density for Tth RuvC K112 PDB 4LD0) 
and most likely carries out a similar task such as K196 in 
Bh.19 In Gaussian Accelerated MD simulations of the acti-
vated Cas9 complex it has also been shown that R976 is 
more stable in a down conformation pointing in the ac-
tive site.71,76 K196 in Bh stabilizes the negatively charged 
cleaved product until arrival of the third Mg2+ which then 
possibly facilitates the product release.19 We postulate 
that one positively charged residue (K or R) is needed to 
facilitate catalysis and removal of the product in the 
RuvC-like type. 
Combinations of these general motifs are also possible 
such as in Bh RNase H. Here, the leaving group protona-
tion most likely is RNase H-like, but the histidine, which 
is missing, is partly replaced by the substrate and transi-
ent metal ions19,50 and partly by the lysine as in the RuvC-
like motif. 

Conclusion 
HIV-1 RNase H catalyzes the cleavage of the DNA/RNA 
hybrid bound to the HIV-1 RT enzyme dependent on a 
non-canonical DEDDh motif for coordination of two cat-
alytic Mg2+ ions. Our QM/MM calculations, in agreement 
with prior work, found that the reaction proceeds via 
two transition states that separate the two protonation 
events: (i) deprotonation of the nucleophilic water and 
(ii) protonation of the leaving group. Beyond this, here 
we identified a new proton transfer mechanism, both for 
the deprotonation of the nucleophilic water and for the 
protonation of the leaving group, that is able to account 
for the multitude of experimental results not only in 
RNase H but in many other nucleases. We identified a 
conserved histidine residue, which has a dual role as ac-
tivator of the nucleophile and recruiter of a third divalent 
metal ion in the product complex. The histidine is struc-
turally and functionally conserved across several other 
enzymes with a RNase or DNase function, and homolo-
gous mutational and computational studies in nucleases 
with a different positioning of the same active site resi-
dues (i.e the canonical DEDDh motif) support our mech-
anistic results. We highlight differences and similarities 
of the canonical DEDDh motif in 3’-5’ exonucleases such 
as the 𝜖𝜖 subunit of polymerase III or RNase T with the 
non-canonical motif found in various RNases H in the dis-
cussion of our results. 
Here, we revisited the protonation of the leaving group 
by assessing the possible path of the proton donor. We 
identified a conserved water channel and demonstrated 
that by carefully selecting the QM region,62 we are now 
able to observe that the proton preferably reaches the vi-
cinity of the sugar leaving group. 
We also identified a highly conserved glutamate residue 
as the most likely proton donor for the leaving group 
phosphate O3’, providing evidence why a glutamate and 
not a fourth aspartate is present in the DEDD motif in 



 

RNase H. Our pKa calculations are consistent with this 
mechanism showing that the pKa of the Glu residue is 
strongly upshifted in several available crystallographic 
structures. We therefore suggest that this residue acts as 
the proton donor in RNase H and RuvC-like nuclease cat-
alytic reactions, and likely participates as proton accep-
tor or donor for other two-metal ion catalytic enzymes 
such as polymerases. 
Furthermore, to shed light on the post-reaction product 
release process, we performed MD simulations to iden-
tify the role of active-site metal ions and the conserved 
histidine residue. We sampled the possible metal ion 
binding sites of the cleaved product state for transiently 
bound mono- and divalent cations in multiple MD simu-
lations. Our simulations show that a third metal cation is 
recruited from the bulk finding two potential cation 
binding sites that are consistent with those identified ex-
perimentally by Samara and Yang19 and Gan et. al.55 Our 
results suggest that the third MgC binding site plays a key 
role in the product release based on the cleaved product 
stability in our MD simulations, aided also by the con-
served histidine. Our results confirm that this mecha-
nism is likely more general for other nucleases, based on 
structural similarity with Bh RNase H, HIV-1 RNase H 
and Aa-RNase II crystallographic data.  
Through the novel understanding of structural and 
mechanistic roles of key conserved residues, we provide 
a number of key insights to help understanding the nu-
cleic acid processing reaction mechanism in a wide array 
of biomedically important enzymes possessing a DDE 
motif, aiding structural and functional understanding 
into these ubiquitous biochemical processes.  
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