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Abstract

Renin is a pepsin-like aspartyl protease and an important drug target for the treatment of 

hypertension; despite three decades’ research, its pH-dependent structure-function relationship 

remains poorly understood. Here we employed the continuous constant pH molecular dynamics 

(CpHMD) simulations to decipher the acid/base roles of renin’s catalytic dyad and the 

conformational dynamics of the flap, which is a common structural feature among aspartyl 

proteases. The calculated pKa’s suggest that the catalytic Asp38 and Asp226 serve as the general 

base and acid, respectively, in agreement with experiment and supporting the hypothesis that 

renin’s neutral optimum pH is due to the substrate-induced pKa shifts of the aspartic dyad. The 

CpHMD data confirmed our previous hypothesis that hydrogen bond formation is the major 

determinant of the dyad pKa order. Additionally, our simulations showed that renin’s flap remains 

open regardless of pH, although a Tyr-inhibited state is occasionally formed above pH 5. These 

findings are discussed in comparison to the related aspartyl proteases, including β-secretases 1 and 

2, capthepsin D, and plasmepsin II. Our work represents a first step towards a systematic 

understanding of the pH-dependent structure-dynamics-function relationships of pepsin-like 

aspartyl proteases that play important roles in biology and human disease states.

Renin-angiotensin-aldosterone system (RAAS) is a critical regulator for blood pressure and 

systemic vascular resistance.1,2 As a part of the RAAS system, the aspartic protease renin 

cleaves a protein called angiotensinogen to generate an inactive decapeptide, angiotensin I, 

which is further cleaved by the angiotensin converting enzyme (ACE) to produce shorter 

peptides, including the octapeptide angiotensin II which binds and activates the angiotensin 

II type 1 (AT1) and type 2 (AT2) receptors. The primary effects of AT1 receptor activation 

include vasoconstriction and stimulation of aldosterone synthesis and release with 

subsequent sodium and fluid retention, which tend to elevate blood pressure.1 Because of its 

essential role in the function of RAAS and the high specificity for its only known substrate 

angiotensinogen, renin is an attractive drug target for the treatment of hypertension. Despite 
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the considerable efforts,3–8 Aliskiren is the only renin inhibitor that has reached the market 

for the treatment of hypertension. Interestingly, angiotensin-converting enzyme 2 (ACE2), 

which functions as a receptor for Severe acute respiratory syndrome (SARS) coronaviruses,9 

counters RAAS activation by processing angiotensin II10. Thus, the use of Aliskiren and 

other RAAS inhibitors in COVID-19 patients with hypertension is currently under debate.11. 

Select preclinical studies have suggested that RAAS inhibitors may increase ACE2 

expression, thus raising concerns regarding their safety for Covid-19 patients who have 

hypertension; however, it was also argued that abrupt withdrawal of RAAS inhibitors in 

high-risk patients may result in clinical instability and adverse health outcomes.11

Renin belongs to the A1 family of aspartic peptidases, which are also known as pepsin-like 

enzymes due to their structural similarity to pepsin.12,13 This subfamily also includes other 

monomeric aspartic proteases such as cathepsin D (CatD), β-secretases 1 and 2 (BACE1 and 

BACE2), and plasmepsin II (PlmII). Renin shares a sequence identity level of 46% with 

CatD, 33% with PlmII, 25% with BACE2, and 24% with BACE1, and the respective 

sequence similarity levels are 66%, 53%, 47%, and 43% (Figure 1). Similar to these other 

aspartic proteases, the active form of renin is a 340-residue monomer, which folds to a 

predominantly β-sheet structure, whereby a β-hairpin loop known as the flap (Thr80 to 

Gly90) is located over the active site comprised of an aspartic dyad (Asp38 and Asp226)14 

(Figure 2).

The catalytic activity of renin is pH dependent; however, unlike a typical pepsin-like aspartyl 

protease which has a bell-shaped pH profile with an acidic optimum pH, renin’s catalysis 

occurs in the pH range 5.5–8, with a peak near neutral pH.15–19 Interestingly, several 

experimental studies found that the peak of renin’s pH-activity profile shifts depending on 

the substrate.15–21 Based on the pH-activity measurements of renin with wild-type and 

mutant angiotensinogen, it was hypothesized that the active-site residues interact with the 

His residues at the P2 and P3′ positions, resulting in the unusual optimum pH of renin.
17,18,20,22

The catalytic function of an aspartyl protease is carried out by the catalytic aspartic acids, 

whereby the general base or nucleophile is deprotonated (lower pKa) while the general acid 

or proton donor is protonated (higher pKa) in the enzyme active pH range. Thus, a 

mechanistic understanding of the catalytic function starts with the knowledge of the dyad 

protonation states.23 However, existing theoretical and computational studies of renin either 

do not distinguish the dyad residues or assign protonation states to them in an ad hoc 

fashion.24–26 For example, Calixto et al.26 employed a quantum mechanical/molecular 

mechanical (QM/MM) method to study the catalytic mechanism of renin, but the 

protonation states of the dyad were assigned (protonated Asp38 and unprotonated Asp226) 

based on a proposed mechanism of HIV-1 protease. Note, renin and HIV-1 protease belong 

to different subfamilies of aspartyl proteases, and there is no experimental or theoretical 

evidence to support the same pKa order for the aspartic dyad.

In this work, we employed the hybrid-solvent continuous constant pH molecular dynamics 

(CpHMD) simulations with pH replica-exchange27,28 to determine the catalytic dyad 

protonation states of renin and characterize the possibly pH-dependent conformational 
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dynamics of the flap. The replica-exchange hybrid-solvent CpHMD method has been 

previously applied to study several pepsin-like aspartyl proteases BACE I,29,30 BACE II,31 

and CatD30 and obtained dyad pKa order in agreement with experiments. These studies and 

another work that examined also other enzymes,23 demonstrated that the general base or 

nucleophile forms more hydrogen bonds than the general acid or proton donor and some of 

the hydrogen bonds are absent in the crystal structure and emerge during proton-coupled 

conformational sampling. The present CpHMD simulations of renin confirmed this 

hypothesis. Interestingly, we found that the aspartic dyad residues in renin have opposite 

catalytic roles as the analogous residues in BACE1, BACE2, and CatD, despite the sequence 

and structural similarities. To corroborate the finding, we also performed a simulation for 

PlmII, which belongs to the same pepsin-like protease family. We found that the aspartic 

dyad residues in PlmII have the same acid/base roles as the analogous ones in renin. The 

simulation results allowed us to test the experimental hypothesis and understand why renin’s 

catalytic function occurs in a neutral pH despite the low pKa’s of the dyad residues. Finally, 

we found that renin’s flap is open regardless of pH; however, a Tyr-inhibited state due to the 

formation of a hydrogen bond between Tyr and Asp analogous to BACE1 is formed above 

pH 5. These findings enable us to systematically understand the pH-dependent structure-

activity relationships of pepsin-like aspartyl proteases which play important roles in biology 

and human disease states.

We performed the pH replica-exchange hybrid-solvent CpHMD simulations starting from 

the X-ray crystal structure of the apo human renin (PDB: 2ren14). 24 independent pH 

replicas in the pH range 1–9 underwent constant NPT simulations, with a total sampling 

time of 672 ns. To substantiate the statistical significance of our results, another set of 

replica-exchange CpHMD simulations was performed starting from the X-ray structure of 

renin in complex with an inhibitor (PDB: 3sfc32) but the inhibitor was removed. The total 

sampling time was 648 ns. The pKa’s of the dyad residues in both sets of simulations were 

well converged (Figure S1). The data from the first 4 ns (per replica) was discarded in the 

analysis.

Asp38 is the general base and Asp226 is the general acid.

We first examine the pH titration of the aspartic dyad Asp38 and Asp226 in renin. By fitting 

the residue-specific unprotonated fractions as a function of pH to the generalized 

Henderson-Hasselbalch equation, we obtained the microscopic pKa’s of 3.7 and 5.2 for 

Asp38 and Asp226, respectively (Figure 3a, Table 1). Like many other catalytic aspartyl 

dyads,23 the carboxylate sidechains of Asp38 and Asp226 are hydrogen bonded to each 

other in the crystal structure (a minimum oxygen-oxygen distance of 2.9 Å in PDB: 2ren14). 

Therefore, to characterize the coupled titration, we calculated the macroscopic stepwise 

pKa’s by fitting the total number of protons of the dyad as a function of pH to a coupled 

two-proton model (Eq. 2), which resulted in the pKa’s of 3.2 and 5.3 (Table 1, Figure S2). 

Compared to the microscopic pKa’s, the splitting between the stepwise pKa’s is increased by 

0.6 pH units, indicating a small degree of coupling between the titration of Asp38 and 

Asp226.
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In order to understand the sequence of titration events, we calculated the pH-dependent 

probabilities of the four possible protonation states of the dyad. As pH decreases from 7 to 

4, the probability of the doubly deprotonated state D38−/D226− decreases to nearly zero, 

while that of the singly protonated state D38−/D226H increases to a maximum of about 75% 

and that of the alternative singly protonated state D38H/D226− increases to about 10% 

(Figure 3b). As pH further decreases to 2, the probabilities of both singly protonated states 

decrease to nearly zero, while that of the doubly protonated state D38H/D226H increases to 

almost one (Figure 3b). This data indicates that Asp226 accepts a proton first as pH 

decreases, which is in agreement with its macroscopic pKa (5.3) being higher than Asp38 

(3.2).

To corroborate the results, we performed another set of replica-exchange CpHMD 

simulations starting from a different crystal structure (PDB ID: 3sfc,32 inhibitor removed). 

These simulations gave similar results. The residue-specific pKa’s are 3.5 and 5.8 for Asp38 

and Asp226, respectively, and the stepwise pKa’s are 3.3 and 5.9 attributable to Asp38 and 

Asp226, respectively (Table 1, Figure S2). Thus, our data suggest that Asp38 is the general 

base and Asp226 is the general acid in renin, which is opposite to what was suggested by 

Calixto et al. based on the analogy to HIV-1 protease.26

Number of hydrogen bonds is the major determinant of the dyad pKa order.

Solvent accessibility, hydrogen bonding, and Coulomb interactions are three major factors 

contributing to the pKa shift of an amino acid sidechain relative to the solution or model 

value. Catalytic residues are typically buried in the protein interior which lacks other 

charged/titratable residues. Our previous work based on CpHMD simulations of several 

enzymes, BACE1/BACE2, capthepsin D, hen egg lysozyme, and Staphylococcal nuclease 

showed that solvent accessibility and hydrogen bonding are the determinants of the pKa 

order for the catalytic dyad.23,30,31 We found that both dyad residues are acceptors to a 

number of hydrogen bonds formed during the MD simulations, and the general base (or 

nucleophile) which has a lower pKa forms a significantly larger number of hydrogen bonds 

than the general acid (or proton donor).23,30,31 We also found that the nucleophile is more 

solvent exposed as compared to the proton donor.23,30,31 These two observations can be 

rationalized, as the formation of hydrogen bonds stabilizes the deprotonated aspartate, while 

solvent exclusion stabilizes the protonated form.

To test the hypothesis that the general base Asp38 is more solvent accessible than Asp226, 

we calculated the number of water (hydration number) surrounding each dyad residue as a 

function of pH. As expected, the hydration number for both Asp38 and Asp226 increases 

with pH, indicating that water enters the active site as the degree of deprotonation increases 

(Figure 3c). Closer examination revealed that the hydration increase starts at around pH 4 

and plateaus at pH 6–7, which coincides with the decrease in the fraction of the singly 

protonated state D38−/D226H and with the increase in the fraction of the doubly 

deprotonated state. In roughly the same pH range, the number of bridging water between the 

two residues increases from one and then plateaus at about 1.5 (Figure 3c). In the entire pH 

range, the hydration number for Asp226 is slightly larger than Asp38, although the 
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difference is very small. Thus, the data of renin does not support the hypothesis that the 

general base is more hydrated.

Next, we tested the hypothesis that the deprotonated Asp38 forms a larger number of 

hydrogen bonds than the proton donor Asp226. Below pH 7, Asp38 forms up to one more 

hydrogen bond than Asp226, while above pH 7 when both residues are fully deprotonated, 

the number of hydrogen bonds is comparable (Figure 3d). Importantly, the pH profile of the 

hydrogen bond count for each residue matches the corresponding titration curve. As Asp38 

deprotonates in the pH range 2–5, its hydrogen bond count increases from 1 to 1.5; as 

Asp226 deprotonates in the pH range 4–8, its hydrogen bond count increases from 0.5 to 

1.5. This data supports the hypothesis that the Asp38 forms more hydrogen bonds than 

Asp226, suggesting that it is the driving force for the lower pKa of Asp38 relative to 

Asp226.

Detailed hydrogen bond environment of the aspartyl dyad.

To further understand the physical origin of the different proton affinities of the dyad 

residues, we examined the specific hydrogen bonds (Figure 4). The carboxylate groups of 

Asp38 and Asp226 are within hydrogen bonding distance of each other in the crystal 

structure (PDB: 2ren14). Simulations showed that the D38–D226 hydrogen bonds are 

formed in a pH-dependent manner in the pH conditions where at least one of the two 

residues samples the protonated state (pH < 6), indicating that it serves as the proton donor 

while the other serves as the proton acceptor.

In addition to the interaction with Asp226, the carboxylate of Asp38 accepts hydrogen 

bonds from several other residues, including Gly40, Ser41, Tyr83, and Gly228 (Figure 4a 

and b). Asp38 maintains a stable hydrogen bond with the backbone amide of Gly40 in the 

entire simulation pH range, and forms hydrogen bonds with the backbone amide and 

sidechain hydroxyl of Ser41. Interestingly, while the hydrogen bond with the backbone 

Ser41 becomes more stable with pH (probability increases), the hydrogen bond with the 

sidechain Ser41 is most stable between pH 4 and 7 and the probability reaches a maximum 

around pH 5.5.

In addition to the interaction with Asp38, the carboxylate of Asp226 is a hydrogen bond 

acceptor to Gly228 and Ala229 (Figure 4c and d). Interestingly, Gly228 can form hydrogen 

bonds with both dyad residues. While the pH profile for the Gly228–Asp38 hydrogen bond 

is bell shaped with a maximum round pH 4, the pH profile for the Gly228–Asp226 hydrogen 

bond has an inverted bell shape with a minimum at the pH 4. This behavior can be readily 

understood from the difference in the titration pH range for the two residues. In the pH range 

2–4, the probability for the Gly228–Asp38 hydrogen bond increases with pH due to the 

increasing deprotonation of Asp38 while Asp226 remains fully protonated. Above pH 4, the 

probability for the Gly228–Asp226 hydrogen bond increases due to the increasing 

deprotonation of Asp226 while Asp38 remains fully deprotonated. Above pH 4, Asp226 also 

accepts a hydrogen bond from the backbone amide of Ala229, and the probability increase 

with pH.
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Comparison to the pH-activity measurement.

The experimental pKa’s of the apo renin dyad are unknown. However, the order of the 

calculated macroscopic pKa’s of 3.2(3.3) and 5.3(5.9) attributable to Asp38 and Asp226 in 

the apo renin, respectively, is in agreement with the pH-dependent activity measurements of 

renin cleavage reaction with two substrate peptides, the porcine tetradecapep-tide PTDP and 

the mutant HP2Q.20 PTDP which represents the amino terminus of the wild-type porcine 

angiotensinogen (P1–P4 sequence identical to the human form) has the sequence Asp-Arg-

Val-Tyr-Ile-His-Pro-Phe-His-Leu*-Leu-Val-Tyr-Ser, whereby asterisk denotes the scissile 

peptide bond, while the mutant HP2Q contains a His-to-Gln substitution at the P2 position. 

The macroscopic pKa’s of 5.3 and 6.3 were obtained in the presence of PTDP, and the pKa’s 

of 4.4 and 7.4 were obtained in the presence of HP2Q.20 The authors suggested20 that both 

Asp38 and Asp226 in the apo renin are deprotonated at physiological pH, and during 

catalysis unprotonated Asp38 is the base that abstracts a proton from the nearby catalytic 

(nucleophilic) water, while Asp226 forms a charged hydrogen bond (salt bridge) with the P2 

His, allowing the pair to form the “surrogate” acid (proton donor) at physiological pH.

The simulation data of the apo renin are consistent with the above experiment. In the 

simulations, a bridging water between the dyad residues is always present (Figure 3c), which 

is consistent with presence a catalytic water as proposed by experiment.20 The lower pKa of 

Asp38 relative to Asp226 is in agreement with the respective roles of general base and acid 

as suggested by the experiment.20 Our calculated dyad pKa’s of 3.2(3.3)/5.3(5.9) are lower 

than the experimental estimate of 4.4/7.4 (without interaction with the P2 His) for the apo 

renin. This discrepancy is consistent with our previous CpHMD titration studies of aspartyl 

proteases which showed a systematic underestimation of 1–1.5 pH units,23,29 likely due to 

the limitation of the hybrid-solvent method. The lower pKa’s compared to experiment may 

also be attributed to the fact that the active site in the simulations is more hydrated than the 

substrate-bound state observed in experiment.

Conformational dynamics of the flap.

A common structural feature of aspartyl proteases is a β-hairpin loop that covers the active 

site, commonly known as the flap.33,34 Our previous CpHMD simulations showed that the 

flap in BACE1 is flexible and can open and close in a pH-dependent manner.29 At low and 

high pH, the flap in BACE1 is closed, while at intermediate pH where the enzyme is active 

(pH 3.5–5.5), the flap is open.29 In contrast, CpHMD simulations showed that the flap in 

CatD is rigid and remains open in a broad pH range 2.5–6, consistent with the pH activity 

profile.30 Thus, we were curious about the conformational dynamics of renin’s flap and 

whether it is pH dependent. To examine the position of renin’s flap relative to the dyad, we 

used two distances, the distance between Tyr83:OH and Asp38:CG (R1) and the distance 

between Ser84:CB and Asp226:CG (R2, Figure 5a). Tyr83 is a conserved residue among all 

pepsin-like aspartyl proteases16 and is capable of forming a hydrogen bond with the dyad in 

BACE1 to prevent substrate access.29,35 Ser84 is located near the tip of the flap and other 

aspartyl proteases have a similar amino acid at the same location (Figure 2).
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The free energy surface as a function of R1 and R2 was calculated for different pH 

conditions (Figure 5b–d and Figure S3). At all pH conditions, renin’s flap samples a broad 

free energy minimum region with R1 between 5 and 7.5 Å and R2 between 7 and 12 Å, 

which will be referred to as the most probable state (black box in Figure 5c). At pH greater 

than 5.5, however, two additional minima appear with R1 located at 3.5 Å and R2 located at 

8 or 13 Å. Close examination revealed that these two minima represent the conformations in 

which the hydroxyl group of Tyr83 donates a hydrogen bond to the carboxylate of Asp38. 

An analogous hydrogen bond was found for BACE129,35 and other aspartyl proteases,37,38 

and its formation is linked to the flap closure, leading to the so-called Tyr-inhibited state. 

Our analysis shows that the occupancy of the Tyr83–Asp38 hydrogen bond in renin 

increases between pH 5 and 7.5 and plateaus at about 20% (Figure S4a), which is 

significantly lower than the analogous Tyr-Asp hydrogen bond in BACE1.29 It is worth 

noting that, despite the Tyr-Asp hydrogen bond, the tip of renin’s flap can sample two 

positions, with the R2 value of 8 and 13 Å, respectively, suggesting that the flap remains 

flexible. This is in stark contrast to the flap of BACE1, as the analogous Tyr is near the tip of 

the flap, and its hydrogen bonding with the catalytic Asp forces the flap into a closed state. 

We also note that the pH-dependent formation of the Trp45-Tyr83 hydrogen bond which is 

conserved in pepsin-like proteases12 correlates well with the pH-dependent probability of 

the most probable state of renin (Figure S4); a similar observation was made for BACE1.29

Comparison of the flap conformation with that observed in the X-ray crystal 

structures.

We compare renin’s flap dynamics observed in the simulations with the available crystal 

structures of renin in complex with substrate or inhibitor. A scatter plot of 86 PDB entries 

(165 subunits) of human renin structures (pH conditions vary from 3.0 to 8.5) shows that in 

a majority of structures, the R1 distance falls into the range of 5.8–7.5 Å and the R2 distance 

falls into the range of 7.4–12 Å (Figure S5). Thus, the free energy minimum region from the 

simulations is in agreement with the majority of the X-ray structures (Figure 5c, black box). 

Curiously, some crystal structures show a widely open flap, with the R1 distance above 8.9 

and the R2 distance above 13 Å (Figure S5). This “diffuse” state29 is often found among X-

ray structures bound with larger inhibitors, and is correlated with the absence of the Trp45-

Tyr83 interaction (Figure S6). We hypothesize that the latter may increase the flexibility of 

the flap, allowing it to open further. Interestingly, this flap conformation is occasionally 

sampled at pH 4 (Figure 5b) but missing at higher pH (Figure 5c–d). It is worth noting that 

the Tyr-inhibited state observed in the simulations is not represented by any crystal 

structures (Figure 5c and Figure S5), which is perhaps due to the fact that most crystal 

structures except for two are inhibitor/substrate-bound complexes.

Comparison of the dyad protonation states with other pepsin-like aspartyl 

proteases.

We compare the calculated dyad pKa’s of renin with those of the homologous pepsin-like 

aspartic proteases BACE1,29 BACE2,23,31 and CatD,30 which share a sequence similarity 

level of 43%, 47%, and 66%, respectively, with renin (Figure 1). Surprisingly, the pKa order 
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of renin’s catalytic dyad is opposite to that of BACE1, BACE2, and CatD. According to the 

CpHMD simulations and experiment,23,29–31 the residue homologous to Asp38 in renin, 

Asp32 in BACE1, Asp48 in BACE2, or Asp33 in CatD, has a higher pKa than the residue 

homologous to Asp226 in renin, Asp228 in BACE1, Asp241 in BACE2, or Asp231 in CatD 

(Table 1). The relative pKa’s suggest that Asp32, Asp48, and Asp33 are protonated serving 

the role of a general acid, while Asp228, Asp241, and Asp331 are deprotonated serving the 

role of a general base in the catalytic reactions of BACE1, BACE2, and CatD, respectively.

Interestingly, the relative pKa’s of renin is identical to those of the pepsin-like protease 

PlmII which shares 53% sequence similarity with renin (Table 1). The CpHMD titration 

showed that Asp34 and Asp214 in PlmII, which are analogous to Asp38 and Asp226 in 

renin, have the stepwise pKa’s of 3.4 and 4.3, and thus serving the roles of general base and 

general acid, respectively. We note, a detailed study of PlmII will be published in a future 

work. Taken together, the comparison shows that the catalytic roles of the dyad are not 

conserved among the pepsin-like proteases.

CpHMD simulations have been performed on the apo renin to understand the roles of the 

catalytic dyad and conformational dynamics of the flap. The calculated macroscopic pKa’s 

attributable to Asp38 and Asp226 from two sets of CpHMD simulations are 3.2(3.3) and 

5.3(5.9), respectively, suggesting that Asp38 serves as a general base and Asp226 serves as a 

general acid during renin catalysis. Interestingly, the relative pKa order of the catalytic dyad 

in renin is opposite to BACE1, BACE2, CatD, but identical to PlmII, suggesting that the 

acid/base roles are not conserved among pepsin-like aspartyl proteases. We also note that the 

acid/base roles of the aspartyl dyad in HIV-1 protease are opposite to those in renin. Thus, 

assigning protonation states for renin based on HIV-1 protease26 is incorrect. The analysis of 

CpHMD trajectories shows that the deprotonated carboxylate of Asp38 forms more 

hydrogen bonds than Asp226, consistent with our previous finding that the general base (or 

nucleophile) of a catalytic dyad accepts more hydrogen bonds than the general acid (or 

proton donor) and that some of the hydrogen bonds are absent in the X-ray crystal structure 

but emerge during the proton-coupled conformational sampling in the simulation.23

The catalytic roles of the renin dyad residues assigned by the CpHMD simulations are in 

agreement with those inferred from the pH-activity measurement of the renin cleavage 

reaction with two peptide substrates.20 The latter yielded Asp38/Asp226 pKa’s of 5.3/6.3 in 

the presence of the wild-type substrate and 4.4/7.4 in the presence of a mutant substrate, in 

which the P2 His was substituted by Gln. The differences in the pKa’s were hypothesized to 

originate from a charged hydrogen bond between Asp226 and the P2 His, which allows the 

Asp226–His ion-pair to act as a general acid in catalysis at neutral pH.20 The Asp226–His 

interaction was also hypothesized to raise the pKa of Asp38, thus shifting the enzyme 

optimum pH higher to the neutral range.20 Considering the known systematic 

underestimation of 1–1.5 pH units for the aspartyl protease dyad pKa’s by hybrid-solvent 

CpHMD,23,29 our calculated pKa’s of 3.2(3.3)/5.3(5.9) for Asp38/Asp226 are consistent 

with the experimental estimate of 4.4/7.4 for the apo renin, thus supporting the hypothesis 

that renin’s higher optimum pH relative to other pepsin-like proteases is due to the effect of 

substrate interactions. To directly test the hypothesis of substrate-directed catalysis, future 

simulations will be carried out using the substrate-bound renin structure.
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The CpHMD simulations also revealed the distinctive flap dynamics in renin. Unlike the flap 

in BACE1 which displays pH-dependent dynamics, renin’s flap is open regardless of pH, 

similar to BACE2 and CatD. However, the Tyr-inhibited state, in which the conserved Tyr83 

forms a hydrogen bond with Asp38, is occasionally sampled above pH 5 and the population 

increases to 20% at pH 7.5; this state is not sampled by BACE2 and CatD. Interestingly, 

while the analogous hydrogen bond in BACE1 prevents the flap from opening, the flap in 

renin remains open, as Tyr83 is positioned lower on the flap and not on the tip as in BACE1. 

Aspartyl proteases are an important class of enzymes; our work demonstrates that CpHMD 

simulations is a powerful tool for advancing the detailed knowledge of their pH-dependent 

structure-function relationships which remain poorly understood.

METHODS and PROTOCOLS

System preparation.

The coordinates of the X-ray crystal structures of human renin (PDB: 2ren,14 apo) and an 

inhibitor-bound complex (PDB: 3sfc,32 subunit B) were retrieved from the PDB. The 

positions of the missing residues 53–55, 166–170, and 287–295 in the apo renin structure 

(2ren) were built by superimposing the backbone atoms onto those of the holo structure 

(3sfc) which has coordinates for all residues. The root-mean-square deviation (RMSD) of 

the backbone atoms between the two structures was 0.84 Å. For PlmII, the X-ray crystal 

structure (PDB: 1sme39) was used with the ligand being removed. The hydrogen atoms were 

added using the HBUILD facility in CHARMM.40 To remove unfavorable contacts, the apo 

renin structure was first minimized 100 steps using the Adopted Basis Newton-Raphson 

(ABNR) method, and the PlmII structure was energy minimized using 10 steps of steepest 

descent (SD) and 10 steps of Adopted Basis Newton-Raphson (ABNR) method. The protein 

was then solvated in an octahedral water box with a heavy-atom distance of at least 10 Å 

between the protein and the edge of the water box. Following solvation, the water positions 

were energy minimized in several stages. First, 50 steps of SD followed by 50 steps of 

ABNR minimization was performed, with the protein heavy atoms fixed. Next, a five-stage 

restrained minimization was performed, where the harmonic force constant on the backbone 

heavy atoms was 100, 50, 25, 5, and 0 kcal·mol−1·Å−2. Each stage included 50 steps of SD 

and 100 steps of ABNR, except for the first stage which included 50 steps of SD and 10 

steps of ABNR minimization.

Two simulations of renin were performed; run 1 started from the apo structure and run 2 

started from the holo structure with the inhibitor removed. Only one simulation was 

performed for PlmII. All simulations were performed with the CHARMM program c36a2.40 

The protein was represented by the CHARMM22/CMAP all-atom force field,41,42 and water 

was represented by the modified TIP3P water model.40 The system was gradually heated 

from 100 K to 300 K over the course of 120 ps. The system was subsequently equilibrated 

for 280 ps in four stages, where the harmonic force constant for the protein heavy atoms was 

5 (40 ps), 1 (40 ps), 0.1 (100 ps), and 0 (100 ps) kcal·mol−1·Å−2 (100 ps). The system was 

further equilibrated for 580 ps without any restraint. In the heating and equilibration stages, 

constant pH functionality (PHMD module in CHARMM) was turned on and pH was set to 
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the crystal pH conditions (pH 4.7 for the renin simulation run 1, pH 4.5 for the renin 

simulation run 2, and pH 6.5 for the plmII simulation).

Replica-exchange CpHMD simulations.

Following equilibration, hybrid-solvent CpHMD simulations with the pH replica-exchange 

protocol were performed. Detailed methodology can be found in the original work27 and a 

review.28 24 replicas were placed in the pH range 1–9 (1–8.5 for plm II). Each replica was 

simulated in the NPT ensemble at 300 K and 1 atm. The particle mesh Ewald method43 was 

used to calculate long-range electrostatic interactions, with a real space cutoff of 12 Å and a 

sixth-order interpolation with a 1-Å grid spacing. The SHAKE algorithm was used to 

constrain bonds involving hydrogen atoms to enable a 2-fs timestep. A Generalized Born 

(GB) calculation was invoked every 10 molecular dynamics (MD) steps to update the 

titration coordinates. Every 500 MD steps (1 ps), the adjacent pH replicas attempted to swap 

conformational states based on the Metropolis criterion.27 All sidechains of Asp, Glu, and 

His residues were allowed to titrate. Each replica ran for 28 and 27 ns in the renin simulation 

run 1 and 2, with the aggregate sampling time of 672 ns and 648 ns, respectively, In the 

PlmII simulation, each replica ran for 29 ns, with the aggregate time of 696 ns. To verify 

convergence, the time series of the cumulatively calculated pKa values of the catalytic dyad 

were examined (Figures S1). For analysis, the data from the first 4 ns per replica was 

discarded for renin and the first 9 ns was discarded for PlmII.

pKa calculations.

In CpHMD simulations,28 the continuous variables λ and x are used to represent the titration 

coordinates and tautomer interconversion, respectively. A protonated state was defined as 

those with λ < 0.2, and x < 0.2 or x > 0.8, while an unprotonated state was defined as those 

with λ > 0.8, and x < 0.2 or x > 0.8. Accordingly, the fraction of unprotonated state (S) was 

calculated for each titratable site at each simulation pH. The microscopic residue-specific 

pKa was calculated by fitting S at different pH to the generalized Henderson-Hasselbalch 

(modified Hill) equation,

S = 1
1 + 10n pKa − pH , (1)

where n is the Hill coefficient that represents the slope of the transition region in the titration 

curve. To compare with experiment, we also calculated the macroscopic stepwise pKa’s by 

fitting the total number of bound protons to the catalytic dyad (Nprot) to the following 

statistical mechanics based two-proton model:44,45

Nprot  = 10pK2 − pH + 2 × 10pK1 + pK2 − 2pH

1 + 10pK2 − pH + 10pK1 + pK2 − 2pH (2)

where pK1 and pK2 are the macroscopic pKa’s of the dyad, and the denominator represents 

the partition function.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgement

Financial support from the National Institutes of Health (GM098818) is acknowledged. S. Ma would like to thank 
Drs. Cheng-Chieh (Kevin) Tsai, Zhi Yue, and Robert Harris for their help in setting up CpHMD simulations and 
data analysis.

References

(1). Zaman MA; Oparil S; Calhoun DA Drugs targeting the renin–angiotensin–aldosterone system. 
Nat. Rev. Drug Disc 2002, 1, 621–636.

(2). Ghazi L; Drawz P Advances in Understanding the Renin-Angiotensin-Aldosterone System 
(RAAS) in Blood Pressure Control and Recent Pivotal Trials of RAAS Blockade in Heart Failure 
and Diabetic Nephropathy. F1000Research 2017, 6, 297.

(3). Holsworth DD et al. Ketopiperazine-based renin inhibitors: Optimization of the “C” ring. Biorg. 
Med. Chem. Lett 2006, 16, 2500–2504.

(4). Imaeda Y; Tokuhara H; Fukase Y; Kanagawa R; Kajimoto Y; Kusumoto K; Kondo M; Snell G; 
Behnke CA; Kuroita T Discovery of TAK-272: A Novel, Potent, and Orally Active Renin 
Inhibitor. ACS Med. Chem. Lett 2016, 7, 933–938. [PubMed: 27774132] 

(5). Tong L; Pav S; Lamarre D; Simoneau B; Lavallée P; Jung G Crystallographic Studies on the 
Binding Modes of P2–P3 Butanediamide Renin Inhibitors. J. Biol. Chem 1995, 270, 29520–
29524. [PubMed: 7493993] 

(6). Lorthiois E; Breitenstein W; Cumin F; Ehrhardt C; Francotte E; Jacoby E; Ostermann N; Sellner 
H; Kosaka T; Webb RL; Rigel DF; Hassiepen U; Richert P; Wagner T; Maibaum J The Discovery 
of Novel Potent trans-3,4-Disubstituted Pyrrolidine Inhibitors of the Human Aspartic Protease 
Renin from in Silico Three-Dimensional (3D) Pharmacophore Searches. J. Med. Chem 2013, 56, 
2207–2217. [PubMed: 23425156] 

(7). Maibaum J; Stutz S; Göschke R; Rigollier P; Yamaguchi Y; Cumin F; Rahuel J; Baum H-P; Cohen 
N-C; Schnell CR; Fuhrer W; Gruetter MG; Schilling W; Wood JM Structural Modification of the 
P2’ Position of 2,7-Dialkyl-Substituted 5( S )-Amino-4( S )-hydroxy-8-phenyl-
octanecarboxamides: The Discovery of Aliskiren, a Potent Nonpeptide Human Renin Inhibitor 
Active after Once Daily Dosing in Marmosets. J. Med. Chem 2007, 50, 4832–4844. [PubMed: 
17824680] 

(8). Staessen JA; Li Y; Richart T Oral renin inhibitors. Lancet 2006, 368, 1449–1456. [PubMed: 
17055947] 

(9). Hoffmann M; Kleine-Weber H; Schroeder S; Krüger N; Herrler T; Erichsen S; Schiergens TS; 
Herrler G; Wu N-H; Nitsche A; Müller MA; Drosten C; Pöhlmann S SARS-CoV-2 Cell Entry 
Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell 
2020, 181, 271–280.e8. [PubMed: 32142651] 

(10). Zisman LS ACE and ACE2: A Tale of Two Enzymes. Eur. Heart J 2005, 26, 322–324. [PubMed: 
15671047] 

(11). Vaduganathan M; Vardeny O; Michel T; McMurray JJ; Pfeffer MA; Solomon SD Renin–
Angiotensin–Aldosterone System Inhibitors in Patients with Covid-19. N. Engl. J. Med 2020, 
382, 1653–1659. [PubMed: 32227760] 

(12). Andreeva NS; Rumsh LD Analysis of Crystal Structures of Aspartic Proteinases: On the Role of 
Amino Acid Residues Adjacent to the Catalytic Site of Pepsin-like Enzymes. Protein Sci. 2001, 
10, 2439–2450. [PubMed: 11714911] 

(13). Mitchell AL et al. InterPro in 2019: improving coverage, classification and access to protein 
sequence annotations. Nucl. Acids Res 2019, 47, D351–D360. [PubMed: 30398656] 

Ma et al. Page 11

J Chem Inf Model. Author manuscript; available in PMC 2021 February 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(14). Sielecki A; Hayakawa K; Fujinaga M; Murphy M; Fraser M; Muir A; Carilli C; Lewicki J; 
Baxter J; James M Structure of recombinant human renin, a target for cardiovascular-active 
drugs, at 2.5 Å resolution. Science 1989, 243, 1346–1351. [PubMed: 2493678] 

(15). Nasir UM; Takahashi K; Nagai T; Nakagawa T; Suzuki F; Nakamura Y Two Peaks in pH 
Dependence of Reninangiotensinogen Reaction. Biosci. Biotech. Biochem 1998, 62, 338–340.

(16). Nasir UM; Suzuki F; Nagai T; Nakagawa T; Nakamura Y Tyrosine-83 of Human Renin 
Contributes to Biphasic pH Dependence of the Renin-Angiotensinogen Reaction. Biosci. 
Biotech. Biochem 1999, 63, 1143–1145.

(17). Iwata H; Nakagawa T; Nishiuchi K; Hiratsuka T; Satou R; Yoshioka Y; Fukui Y; Suzuki F; 
Nakamura Y Ser84 of Human Renin Contributes to the Biphasic pH Dependence of the Renin-
Angiotensinogen Reaction. Biosci. Biotech. Biochem 2007, 71, 1279–1285.

(18). Iwata H; Nakagawa T; Yoshioka Y; Kagei K; Imada K; Nakane C; Fujita H; Suzuki F; Nakamura 
Y The Coexistence of Ser84 in Renin and His13 in Angiotensinogen Brings a pH Profile of Two 
Separate Peaks to the Reaction of Human Renin and Sheep Angiotensinogen. Biosci. Biotech. 
Biochem 2008, 72, 179–185.

(19). Wu Z; Cappiello MG; Scott BB; Bukhtiyarov Y; McGeehan GM Purification and characterization 
of recombinant human renin for X-ray crystallization studies. BMC Biochem. 2008, 9, 19. 
[PubMed: 18582379] 

(20). Green DW; Aykent S; Gierse JK; Zupec ME Substrate specificity of recombinant human renal 
renin: effect of histidine in the P2 subsite of pH dependence. Biochemistry 1990, 29, 3126–3133. 
[PubMed: 2186807] 

(21). Holzman TF; Chung CC; Edalji R; Egan DA; Martin M; Gubbins EJ; Krafft GA; Wang GT; 
Thomas AM; Rosenberg SH; Hutchins C Characterization of Recombinant Human Renin: 
Kinetics,pH-Stability, and Peptidomimetic Inhibitor Binding. J. Protein Chem 1991, 10, 553–
563. [PubMed: 1799412] 

(22). Nabi AHMN; Uddin MN; Nakagawa T; Orihashi T; Ebihara A; Iwasawa A; Nakamura Y; Suzuki 
F Roles of His9 (P2 Subsite) and His13 (P3’ Subsite) in Angiotensinogen for Catalytic Reaction 
of Renin. Int. J. Mol. Med 2005, 16, 103–107. [PubMed: 15942685] 

(23). Huang Y; Yue Z; Tsai C-C; Henderson JA; Shen J Predicting Catalytic Proton Donors and 
Nucleophiles in Enzymes: How Adding Dynamics Helps Elucidate the Structure–Function 
Relationships. J. Phys. Chem. Lett 2018, 9, 1179–1184. [PubMed: 29461836] 

(24). Brás NF; Ramos MJ; Fernandes PA The catalytic mechanism of mouse renin studied with 
QM/MM calculations. Phys. Chem. Chem. Phys 2012, 14, 12605. [PubMed: 22796659] 

(25). Brás NF; Fernandes PA; Ramos MJ Molecular dynamics studies on both bound and unbound 
renin protease. J. Biomol. Struct. Dynam 2014, 32, 351–363.

(26). Calixto AR; Brás NF; Fernandes PA; Ramos MJ Reaction Mechanism of Human Renin Studied 
by Quantum Mechanics/Molecular Mechanics (QM/MM) Calculations. ACS Catal. 2014, 4, 
3869–3876.

(27). Wallace JA; Shen JK Continuous Constant pH Molecular Dynamics in Explicit Solvent with pH-
Based Replica Exchange. J. Chem. Theory Comput 2011, 7, 2617–2629. [PubMed: 26606635] 

(28). Chen W; Morrow BH; Shi C; Shen JK Recent development and application of constant pH 
molecular dynamics. Mol. Simulat 2014, 40, 830–838.

(29). Ellis CR; Shen J pH-Dependent Population Shift Regulates BACE1 Activity and Inhibition. J. 
Am. Chem. Soc 2015, 137, 9543–9546. [PubMed: 26186663] 

(30). Ellis CR; Tsai C-C; Lin F-Y; Shen J Conformational dynamics of cathepsin D and binding to a 
small-molecule BACE1 inhibitor. J Comput. Chem 2017, 38, 1260–1269. [PubMed: 28370344] 

(31). Henderson JA; Harris RC; Tsai C-C; Shen J How Ligand Protonation State Controls Water in 
Protein–Ligand Binding. J. Phys. Chem. Lett 2018, 9, 5440–5444. [PubMed: 30188715] 

(32). Scheiper B; Matter H; Steinhagen H; Böcskei Z; Fleury V; McCort G Structure-based 
optimization of potent 4- and 6-azaindole-3-carboxamides as renin inhibitors. Biorg. Med. Chem. 
Lett 2011, 21, 5480–5486.

(33). Mahanti M; Bhakat S; Nilsson UJ; Söderhjelm P Flap Dynamics in Aspartic Proteases: A 
Computational Perspective. Chem. Biol. Drug Des 2016, 88, 159–177. [PubMed: 26872937] 

Ma et al. Page 12

J Chem Inf Model. Author manuscript; available in PMC 2021 February 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(34). Yuan J; Venkatraman S; Zheng Y; McKeever BM; Dillard LW; Singh SB Structure-Based Design 
of β-Site APP Cleaving Enzyme 1 (BACE1) Inhibitors for the Treatment of Alzheimer’s Disease. 
J. Med. Chem 2013, 56, 4156–4180. [PubMed: 23509904] 

(35). Gorfe AA; Caflisch A Functional Plasticity in the Substrate Binding Site of β-Secretase. 
Structure 2005, 13, 1487–1498. [PubMed: 16216580] 

(36). Scherer MK; Trendelkamp-Schroer B; Paul F; Pérez-Hernández G; Hoffmann M; Plattner N; 
Wehmeyer C; Prinz J-H; Noé F PyEMMA 2: A Software Package for Estimation, Validation, and 
Analysis of Markov Models. Journal of Chemical Theory and Computation 2015, 11, 5525–
5542. [PubMed: 26574340] 

(37). Andreeva N; Dill J; Gilliland GL Can Enzymes Adopt a Self-Inhibited Form? Results of X-Ray 
Crystallographic Studies of Chymosin. Biochem. Biophys. Res. Commun 1992, 184, 1074–1081. 
[PubMed: 1575726] 

(38). Gustchina A; Li M; Phylip LH; Lees WE; Kay J; Wlo-dawer A An Unusual Orientation for 
Tyr75 in the Active Site of the Aspartic Proteinase from Saccharomyces Cerevisiae. Biochem. 
Biophys. Res. Commun 2002, 295, 1020–1026. [PubMed: 12127998] 

(39). Silva AM; Lee AY; Gulnik SV; Maier P; Collins J; Bhat TN; Collins PJ; Cachau RE; Luker KE; 
Gluzman IY; Francis SE; Oksman A; Goldberg DE; Erickson JW Structure and inhibition of 
plasmepsin II, a hemoglobin-degrading enzyme from Plasmodium falciparum. Proc. Natl. Acad. 
Sci. USA 1996, 93, 10034–10039. [PubMed: 8816746] 

(40). Brooks BR et al. CHARMM: The biomolecular simulation program. J. Comput. Chem 2009, 30, 
1545–1614. [PubMed: 19444816] 

(41). MacKerell AD et al. All-Atom Empirical Potential for Molecular Modeling and Dynamics 
Studies of Proteins †$. The Journal of Physical Chemistry B 1998, 102, 3586–3616. [PubMed: 
24889800] 

(42). MacKerell AD; Feig M; Brooks CL Improved Treatment of the Protein Backbone in Empirical 
Force Fields. J. Am. Chem. Soc 2004, 126, 698–699. [PubMed: 14733527] 

(43). Essmann U; Perera L; Berkowitz ML; Darden T; Lee H; Pedersen LG A smooth particle mesh 
Ewald method. J. Chem. Phys 1995, 103, 8577–8593.

(44). Ullmann GM Relations between protonation constants and titration curves in polyprotic acids: a 
critical view. J. Phys. Chem. B 2003, 107, 1263–1271.

(45). Wallace JA; Shen JK Charge-Leveling and Proper Treatment of Long-Range Electrostatics in All-
Atom Molecular Dynamics at Constant pH. J. Chem. Phys 2012, 137, 184105. [PubMed: 
23163362] 

Ma et al. Page 13

J Chem Inf Model. Author manuscript; available in PMC 2021 February 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Sequence alignment of renin, cathepsin D, plasmepsin II, BACE1 and BACE2.
Conserved and similar residues are highlighted in cyan and gray, respectively. The catalytic 

aspartic residues are colored red and the sequence of the flap region is indicated in bold font 

and labeled.
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Figure 2. The overall structure of human renin and its substrate binding site.
The X-ray crystal structure of human renin (PDB: 2ren14), with the flap (residues Thr80 to 

Gly90) and dyad (Asp38 and Asp226, in surface rendering) colored green and red, 

respectively. A zoomed-in view of the substrate binding site and flap region is shown. 

Residues discussed in the main text are labeled.
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Figure 3. Proton titration and pH-dependent properties of the catalytic dyad residues in renin.
a) Unprotonated fractions of Asp38 (red) and Asp226 (blue) as a function of pH. The lines 

are the best fits to the generalized Henderson-Hasselbalch equation. b) Probabilities of the 

doubly deprotonated (P0, orange), singly protonated (P1, magenta and green), and doubly 

protonated (P2, purple) states. c) Hydration number of Asp38 (red) and Asp 226 (blue) as 

well as bridge water (black) between the catalytic dyad residues as a function of pH. d) Total 

number of hydrogen bonds formed by Asp38 (red) and Asp226 (blue) as a function of pH. 

The number of hydrogen bonds is calculated as the sum of the occupancies of individual 

hydrogen bonds (see Figure 4). Data from the simulation run 1 was used.
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Figure 4. Hydrogen bond formation of the catalytic dyad in renin.
a), c) Probabilities of forming specific hydrogen bonds with the carboxylates of Asp38 (a) 

and Asp226 (c) as a function of pH. Proton donors are indicated in different colors and 

shown in the legend. b), d) Snapshots showing the hydrogen bond environment of Asp38 (b) 

and Asp226 (d). Data from the simulation run 1 was used.

Ma et al. Page 17

J Chem Inf Model. Author manuscript; available in PMC 2021 February 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Conformational dynamics of the flap in renin.
a) Zoomed-in view of the flap region. The two distances used to calculate the free energy 

surface are indicated as grey dashed lines with the the hydrogen bond between Y83 and 

W45 being shown with a black dashed line. b–d) Free energy surface as a function of the 

distance between Tyr83:OH and Asp38:CG (R1) and the distance between Ser84:CB and 

Asp226:CG (R2) from the simulations at pH 4 (b), 6 (c), and 8 (d). The black box indicates 

the distances sampled by the majority of the crystal structures (see Figure S5). Data from the 

simulation run 1 was used. Free energy surface as a function of R1 and R2 was calculated 

and plotted using PyEMMA,36 which builds a two-dimensional histogram from the scatter 

data and plots −kTlnP(R1, R2), where P is the probability computed from the histogram 

count, k is the Boltzmann constant, and T is the temperature 298 K. 100 bins were used for 

each variable.
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Table 1.

Calculated pKa’s of renin’s catalytic dyad in comparison to those of homologous pepsin-like aspartic proteases

Enzyme Catalytic dyad Residue-specific pKa’s Stepwise pKa’s

Renin
a D38/D226 3.7/5.2 3.2/5.3

3.5/5.8 3.3/5.9

BACE1
b D32/D228 4.1/1.9 4.1/1.8

BACE2
b D48/D241 3.4/2.1 3.7/1.8

CatD
b D33/D231 4.4/3.3 4.7/2.9

Plmll D34/D214 3.7/3.9 3.4/4.3

a
Renin’s calculated pKa’s based on the simulation run 1 (PDB: 2ren14) are listed in the first row and those based on the run 2 (PDB: 3sfc32) are 

listed in the second row.

b
The calculated pKa’s for BACE1, BACE2, and CatD are taken from our previous work.23,29–31
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