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Abstract

The measurement of reaction rate as a function of pH provides essential information about 

mechanism. These rates are sensitive to the pKa values of amino acids directly involved in 

catalysis that are often shifted by the enzyme active site environment. Experimentally observed 

pH-rate profiles are usually interpreted using simple kinetic models that allow estimation of 

“apparent pKa” values of presumed general acid and base catalysts. One of the underlying 

assumptions in these models is that the protonation states are uncorrelated. In the present work, we 

introduce the use of constant pH molecular dynamics simulations in explicit solvent (CpHMD) 

with replica exchange in the pH-dimension (pH-REMD) as a tool to aid in the interpretation of 

pH-activity data of enzymes, and test the validity of different kinetic models. We apply the 

methods to RNase A, a prototype acid/base catalyst, to predict the macroscopic and microscopic 

pKa values, as well as the shape of the pH-rate profile. Results for apo and cCMP-bound RNase A 

agree well with available experimental data, and suggest that deprotonation of the general acid and 

protonation of the general base are not strongly coupled in transphosphorylation and hydrolysis 

steps. Stronger coupling, however, is predicted for the Lys41 and His119 protonation states in apo 

RNase A, leading to the requirement for a microscopic kinetic model. This type of analysis may 
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be important for other catalytic systems where the active forms of implicated general acid and 

base are oppositely charged and more highly correlated. These results suggest a new way for 

CpHMD/pH-REMD simulations to bridge the gap with experiments to provide a molecular-level 

interpretation of pH-activity data in studies of enzyme mechanisms.

Acid-base catalysis is a common catalytic strategy in protein and RNA enzymes,1 and is 

employed in the cleavage of the RNA phosphodiester backbone by RNase A2,3 as well as 

small nucleolytic RNA enzymes.4 General base and acid catalysts facilitate nucleophile 

activation through proton abstraction, and promote leaving group departure through proton 

donation, respectively. The observed reaction rate is assumed to be proportional to the 

probability of finding the enzyme in a “catalytically active” state with the acid protonated 

(i.e., able to donate a proton), and the base deprotonated (i.e., able to receive a proton). This 

conditional probability will thus be a function of the pH, and the pH-rate curves will be 

sensitive to the pKa values of the general acid and base.5,6

The measurement of reaction kinetics as a function of pH provides vital information about 

mechanism; however, the interpretation of this data is not always straightforward.6 

Experimentally determined pH-rate curves are commonly fit to a simple equilibrium model 

where the apparent pKa values of the general acid and base appear as independent 

parameters. When protonation states are strongly coupled as they often are in enzyme active 

sites, irregular titration behavior occurs, requiring a more detailed theoretical analysis.5,7,8 

Recently, computational methods have emerged that allow molecular simulations in explicit 

solvent to be performed under constant pH conditions (CpHMD), and the conditional 

probabilities of correlated protonation events to be directly determined.9–16 CpHMD can be 

used in conjunction with replica exchange molecular dynamics in the pH dimension (pH-

REMD) in order to enhance sampling of important states while at the same time providing 

information over a range of pH values that can be used to predict complex titration 

curves.9,17 The present work reports the first application of the CpHMD/pH-REMD method 

to the prediction of the pH-rate curves for the apo and the 2′,3′-cyclic phosphate (2′O-

transphosphorylation product) bound RNase A, a prototype acid-base catalyst.

RNase A catalyzes a 2′O-transphosphorylation of a bound RNA substrate that involves 

cleavage of the phosphodiester backbone to form a 2′,3′-cyclic phosphate and 5′-hydroxyl 

termini.2,3 In a subsequent reaction RNase A catalyzes the hydrolysis of the cyclic 

phosphate to form a 3′ phosphate. Both transphosphorylation and hydrolysis involve general 

acid-base catalysis, and thus are strongly pH-dependent. The kinetics of RNase A have been 

extensively studied,18,19 including analysis of the roles of His12 and His11920 and the pH-

dependence of substrate association.21 In the present work, we examine the effect of pH on 

the acid-base catalytic step in RNase A 2′O-transphosphorylation and hydrolysis. We do not 

consider here the effect of pH on substrate association and binding, which is known to be 

important.21 Extension of the theoretical framework to take into account the added 

dimension of substrate binding is possible, but this requires technical details that are beyond 

the scope of this first application. Nonetheless, we note that very recent progress in this area 

has been reported.22

Dissanayake et al. Page 2

Biochemistry. Author manuscript; available in PMC 2015 May 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 1 illustrates the putative mechanism of RNA cleavage via transphosphorylation and 

hydrolysis of cytidyl-3′-5′adenosine (CpA) and 2′,3′-cyclic phosphate by RNase A.2,3 The 

His119/His12 pair is generally accepted general acid/base pair in transphosphorylation 

(although other mechanisms have been proposed and discussed3). His12 abstracts the proton 

from O2′ to facilitate the nucleophilic attack on the adjacent phosphorus atom. His119 act as 

the general acid to donate a proton to the O5′ leaving group, resulting in a 2′,3′-cyclic 

phosphate. Subsequent hydrolysis occurs by the action of His119 as the general base to 

abstract the proton from a water molecule in order to facilitate nucleophilic attack. The 

His12 residue acts as the general acid to donate a proton to O2′ and leads to the 3′-

phosphomonoester final product. Note that some reports in the literature23,24 have suggested 

that Lys41, rather than His12, may play the role of the general base in transphosphorylation. 

Although this mechanism is not widely accepted, we nonetheless consider it for comparison.

Methods

Interpretation of pH-rate data for general acid-base catalysis

Scheme 2 illustrates a microscopic kinetic model for general acid-base catalysis used to 

interpret pH-activity data. The underlying kinetic assumption is that the catalytic rate is 

proportional to the active species, AH+EB−, which has the general base deprotonated (B−) so 

as to be able to accept a proton and activate the nucleophile, while the general acid (AH+) is 

protonated so as to be able to donate a proton to the leaving group.

The pH-dependent probabilities for each of the four micro-states illustrated in Scheme 2 can 

be described by the partition function Q

(1)

from which the probabilities (fractions) for each state can be determined as:

(2)

(3)

(4)

(5)

Note that the reference energy in the partition function is taken as that of the active state 

AH+EB− (set to zero energy). The microscopic pKa values can be determined from fitting to 

these four fractions simultaneously under the constraint that their related free energy values 

sum to zero in accord with the thermodynamic cycle shown in Scheme 2. The plots of the 

data used in deriving microscopic pKa values can be found in supporting information.
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A common assumption in the interpretation of pH-rate profiles is that the protonation/

deprotonation events are uncorrelated; i.e., an equivalence is assumed between microscopic 

pKa values  and , or equivalently that 

, where  and 

(for more complete discussion, see reference 6). Fitting of the pH-rate data under these 

constraints leads to apparent pKa values for the general acid and base, and we will 

henceforth refer to this model as the “apparent pKa model” to distinguish it from the 

“microscopic pKa model” which allows this coupling parameter to be optimized. 

Alternatively, direct determination of the macroscopic pKa values of the individual acid and 

base sites involves fitting to each of the corresponding independent acid and base fractions

(6)

(7)

using the Hill equation

(8)

where f(d) is the deprotonated fraction of the residue of interest (either f(AH) or f(B−)) and n is 

the Hill coefficient.

Molecular dynamics simulations at constant pH

The starting structures for the simulations were prepared by modifying the crystallographic 

structure of apo RNase A (PDB ID:1KF5)25 and RNase A complexed with deoxycytidyl-3′,

5′-deoxyadenosine [(d(CpA))] (PDB ID:1RPG)26 solved at 1.15 Å and 1.4 Å resolution, 

respectively. Two separate sets of explicit solvent constant pH replica exchange molecular 

dynamics (CpHMD/pH-REMD)9 simulations were performed using developmental version 

of Amber 1227 molecular dynamics package on apo RNase A and the product state, 2′,3′-

cyclic phosphate (cCMP) bound RNase A. The apo and complexed RNase A structures were 

each placed in a cubic box of TIP4PEw28 water molecules having a buffer of at least 10 Å 

on each side, and neutralized by chloride counterions for the expected charge of the systems 

(standard amino acid protonation states) at pH 7 with the exception of His12 and His119 

treated as fully protonated. Note that the net number of explicit ions are constant in all the 

simulations, so the net charge of the system does vary as titratable residues change 

protonation state. This point was addressed specifically with regards to the titration process 

in Swails et al.9 and shown not to affect the titration since the sampling of protonation states 

occurs using an implicit solvent model based on the conformations generated with explicit 

solvent simulation. After initial minimization and equilibration with molecular dynamics, 

pH-REMD simulations in explicit solvent9 were performed at 300K and 1 bar using a total 

of 24 replicas corresponding to different pH values between 2 and 13. During these 

simulations, His12, Lys41 and His119 were treated as titratable. Long range electrostatics 

were computed using the smooth particle-mesh Ewald (PME) method.29,30 Note that the 

PME method implicitly introduces a background term that neutralizes the system 
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(sometimes referred to as a “neutralizing plasma”) that is further corrected for finite size 

effects31 with a volume-dependent term. Other corrections can be made to remove pressure 

and free energy artifacts for charged periodic systems,32 but in previous studies9 these were 

not found to be necessary and were not used here. Simulations were performed using a 2 fs 

integration step, with exchanges between adjacent replicas attempted every 200 fs, and 

carried out to 74 and 104 ns for each replica of apo and cCMP-bond RNase A. The 60 ns of 

production simulation was analyzed and reported for both systems. A full description of the 

simulation protocol, pH-activity curves, convergence tests on the sampled protonation states, 

and details about the side-chain conformations, hydrogen bonding networks in the active site 

and binding of cCMP at different pH values can be found in the supporting information.

Results and Discussion

Simulations accurately predict the macroscopic pKas for apo and cCMP-bound RNase A

Analysis of the pH-REMD simulations provides values for the fractions f(AH+/B−), f(AH++/

BH), f(A/BH), and f(A/B−) described in Eq. (2)-Eq. (5), and hence via Eq. (6) and Eq. (7) the 

overall acid and base fractions, f(AH+) and f(B−). The titration curves for His12, His119 and 

Lys41 for both apo and cCMP-complexed RNase A can be found in Figure 1. Each fraction 

is observed to exhibit near-ideal Henderson-Hasselbalch behavior. Fitting the acid and base 

fractions to the Hill equation (Eq. (8)), allows direct evaluation of the simulated 

macroscopic pKas. Comparison of the simulated and experimental pKa values are listed in 

Table 1 for both apo and cCMP-complexed RNase A. In the case of apo RNase A, the 

simulated pKa values for His12, His119 and Lys41 (5.95, 6.23 and 9.26) are within 

approximately 0.3 units of the corresponding experimental values.33,34 The simulations of 

RNase A complexed with cCMP predict shifted pKa values for His12, His119 and Lys41 to 

7.95, 7.17 and 9.65, respectively and are in reasonable agreement with the experimentally 

estimated values 8.0,7.4 and 9.11, respectively.34,35 In the course of the simulations over the 

pH range 2-8, the integrity of the active site is maintained. Beyond pH 8, the interaction 

between Asp121 and His119 that form the His-Asp catalytic dyad begins to become 

displaced.36 At high pH values, the cCMP becomes more loosely bound37 in the binding 

pocket, leading to larger fluctuations and greater difficulty sampling. Details about the key 

structural features of the simulations at each pH are provided in the supporting information.

Simulated protonation states can be interpreted using a microscopic pKa model

The microscopic model illustrated in Scheme 2 was fit to the simulated fractions of His12 as 

the general base/acid and His119 as the general acid/base for apo/cCMP-RNase A (Figure 

2). The model, which has three independent parameters, fits the simulation data extremely 

well. This general trend is that the curves for the cCMP-complex shift to higher pH values 

relative to those for the apo enzyme. This trend is primarily due to the existence of the 

negatively charged cyclic phosphate on cCMP that is in fairly close proximity to the 

titratable residues in the active site. Further, the microscopic pKa values derived from the 

fitting are in very good agreement with those measured from NMR experiments36 for the 

apo enzyme (Table 2). For the cCMP-bound complex, to our knowledge, there currently 

does not exist experimental microscopic pKa values that would allow a direct comparison. 

Nonetheless, there are microscopic pKa values reported for a 3′-UMP inhibitor.36 The 
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microscopic pKa values for His12 and His119 in the 3′-UMP bound RNase A indicate a 

different trend than the experimental pKa values for 3′-CMP and cCMP- bound RNase A 

complexes19,35,38 and the simulated values reported here (Table 1); nonetheless, we can 

compare the magnitude of the coupling (ΔpKa values in Table 2) between protonation states.

The experimental microscopic pKa values suggest that the His12 and His119 protonation 

states are weakly coupled in both the apo enzyme and the 3′-UMP bound RNase A (ΔpKa,B 

values of 0.31 and −0.1 pKa units, respectively). The calculated microscopic pKa values are 

in reasonable agreement, and predict the apo and cCMP-bound RNase A have ΔpKa,B values 

of 0.17 and −0.21 pKa units, respectively. Overall, the experimental and calculated coupling 

between His12 and His119 protonation states is fairly weak. The observed weak coupling 

can be explained by the fact that the acid and base protonation sites are fairly far apart in the 

active site, and in the catalytically active state, involve interactions between a neutral and a 

positively charged residue (as opposed to oppositely charged residues). A fairly striking 

result is that the experimental ΔpKa,B value for the 3′-UMP bound RNase A is negative, 

suggesting that protonation of one of the active-site histidine residues favors protonation of 

the other. This observation has been made experimentally36 and has been explained as a 

result of enhanced interactions with the phosphate when both sites are protonated. The 

simulation results reported here are completely consistent with this interpretation (see SI for 

additional details), and as indicated in Table 2, suggest that only in the phosphate-bound 

systems does such cooperative coupling occur. The fact that the simulation results (both for 

the apo and cCMP-complex enzymes) can be precisely fit to all four fractions by the 3-

parameter microscopic kinetic model lends credence to its validity.

“Apparent” (uncorrelated) pKa model for His12/His119 is justified for the catalytic steps in 
RNase A

The experimental analysis of pH-rate data involves fitting the observed rate curve to a 

simple kinetic model with apparent pKa values for the presumed general acid and base. The 

correspondence of directly measured macroscopic pKa values of presumed general acid and 

base residues with the apparent pKa values is often interpreted as indirect evidence 

supportive of their catalytic roles. The computational analog of this procedure would be to 

fit only the active fraction, f(AH+/B–), to the thermodynamic cycle shown in Scheme 2, but 

with only two free parameters, pKa,A and pKa,B (or alternatively, under constraints that 

 and ). The fitted apparent pKa curve for His12 and His119 

as the general acid and base, respectively, is shown in Figure 3, and the values for the 

apparent pKas are shown in Table 1. Note that although the apparent pKa values only 

consider the active fraction in the fitting, as would be the procedure used to fit experimental 

curves, these parameters also determine the fractions of the other protonation states in 

accord with the partition function in Eq. (1). Unlike experiment, these non-active fractions 

are available from the simulations, and thus available for comparison. The fit to the active 

fraction (red line in Figure 3) is excellent; however, model curves for the other fractions, 

particularly f(A−/BH), are somewhat worse than for the curves shown in Figure 2 that 

involved fitting the microscopic model to all of the fractions simultaneously. Nonetheless, 

the apparent pKa values fitted to the active fraction are in remarkably close agreement 

(within 0.07 pKa units) to the macroscopic pKa values that were derived from fitting the 
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protonation fractions to the Hill equation (Table 1). This is a direct consequence of the very 

weak coupling between the His12 and His119 protonation states. Under these conditions, the 

assumptions of independent protonation events and the interpretation of the apparent pKa 

values used to gain insight into general acid-base mechanism is a valid one. Note, however, 

the present discussion assumes that the only protonation events that are affecting the 

catalytic activity are those of the general acid and base, and in many cases this may not be 

true.

Coupling of protonation states for His119 and Lys41 is significant

The above example of general acid-base catalysis in apo RNase A, with His12 and His119 

as the presumed general acid and base, respectively, indicates that treatment of the 

protonation states as uncorrelated within the framework of the “apparent pKa” model is 

justified. However, it should not be assumed that this is a general phenomena. In order to 

demonstrate this point, we consider the scenario whereby the role of general base is replaced 

by Lys41 in the kinetic model for the apo RNase A enzyme. Evidence suggests this is likely 

not the biological role of Lys41 in catalysis by RNase A, but for the purposes of 

demonstration, it is still instructive to examine.

The microscopic model is able to fit the simulation data very well for all fractions (Figure 

4). However, considerably stronger protonation state coupling (ΔpKa,A=ΔpKa,B=0.97) is 

observed between Lys41 and His119 relative to that of His12 and His119 (Table 2). The 

apparent pKa values for Lys41 and His119 are 8.81 and 6.17, which differ somewhat from 

the macroscopic pKa values obtained from the Hill equation (9.27 and 6.23, respectively). 

Moreover, the “apparent pKa model” does not closely reproduce the protonation state 

fractions (Figure 5), including the active fraction that was used in the fitting. Although the 

slopes of the higher and lower pH-regimes of the pH-rate curve is not influenced by the 

interactions between the residues, the maximum probability is observed to be approximately 

3 times larger. However, the predicted pKa from the microscopic model illustrates that the 

“apparent pKa model” has limitations with regard to mechanistic interpretation in the regime 

where key protonation states are more strongly coupled. This may be particularly relevant 

for some RNA enzymes where the active form of the general acid and base are oppositely 

charged species that can be expected to exhibit stronger electrostatic interactions.

Summary and Perspective

Recently, advances in computational methods have allowed simulations of biological 

molecules to be performed in explicit solvent under constant pH conditions. These 

simulations allow conformations and protonation states to be sampled together across a 

range of pH conditions. This enables the prediction of pH-rate curves from molecular 

simulation, as well as tools to provide atomic-level interpretation of pH-activity data. More 

importantly, this method allows one to quantify the probability of finding an enzyme system 

in a catalytically active protonation state from which it is capable to go on to react with a 

pseudo first-order rate constant in the catalytic chemical step. Together with other methods, 

such as combined quantum mechanical/molecular mechanical simulations that can be used 

to map the free energy landscape for the catalytic chemical steps of the reaction, a complete 

description of catalysis can be obtained and compared directly with experimental data. The 
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results described here demonstrate promise for theory and experiment to work together to 

understand enzyme mechanisms.
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Scheme 1. 
The putative mechanism of transphosphorylation (left) and hydrolysis (right) by RNase A. 

The generally accepted view is that H119/H12 acts as the general acid/base pair in 

transphosphorylation, and their roles are reversed in hydrolysis. However, there has been 

some debate in the literature that alternatively, K41 might act as general base in 

transphosphorylation, although this is less widely accepted.
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Scheme 2. 
Microscopic general acid-base protonation state model used to interpret pH-activity 

data: AH+EB–, AH+EBH, AEBH, AEB– are four microstates. E stands for “enzyme” and 

subscripts A and B indicate the acid and base, respectively. The pKa shifts discussed in the 

text are defines as , and . Note the 

constraint of the thermodynamic cycle ensures ΔpKa,A,+ΔpKa,B=0, and a positive value for 

ΔpKa,B indicates anticooperative coupling of protonation states (i.e., protonation of the acid 

site disfavors protonation of the base), whereas a negative value of ΔpKa,B indicates 

cooperative coupling (i.e., protonation of the acid site favors protonation of the base). The 

“apparent pKa” model discussed in the text involves fitting of pH-rate data under the 

constraint that ΔpKa,A=−ΔpKa,B=0 (see text). This scheme does not consider the pH-

dependence of substrate binding, which is also important for a complete kinetic 

characterization.
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Figure 1. 
Titration curves (lines) fitted to simulation data (points) with the Hill equation [Eq. (8)]. The 

upper panel represents the apo enzyme and the lower panel represents the cCMP-bound 

enzyme. The Hill coefficients for His119, His12 and Lys41 are 0.94, 0.94, 0.98 for the apo 

enzyme and 1.04, 1.09, 1.10 for the cCMP-bound enzyme, respectively.
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Figure 2. Microscopic pKa model results with H12/H119 acting as the general acid and base
The plots of the logarithm of protonated fractions, log(f), versus pH of each microstate for 

apo (top) and cCMP-bound RNase A (bottom) were obtained by fitting the simulation data 

for all fractions to the equations derived from the microscopic model (Scheme 2) with 

His12/His119 acting as the general base/acid for apo RNase A (transphosphorylation model) 

and the general acid/base for cCMP-bound RNase A (hydrolysis model), respectively, as 

depicted in Scheme 1. The simulation data fits well with RMS errors of 0.22 (apo) and 0.17 

(cCMP) for the log(f) values. The log(f) maximums (−0.45 and −0.30) for the curve of the 

active fraction, f(AH+/B–), are at 6.1 (apo) and at 7.5 (cCMP), respectively.
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Figure 3. Apparent pKa model results with H12/H119 acting as the general acid and base
The plots of the protonated fractions, log(f), versus pH of each microstate for apo (top) and 

cCMP-bound RNase A (bottom) were obtained by fitting the simulation data to ONLY the 

ACTIVE FRACTION (f(AH+/B–), shown in red) with His12/His119 acting as the general 

base/acid for apo RNase A (transphosphorylation model) and the general acid/base for 

cCMP-bound RNase A (hydrolysis model), respectively, as depicted in Scheme 1. The 

model assumes no coupling of the microstates, and although only the active fraction is 

considered in the fitting (as would be the case experimentally), the parameters nonetheless 

are able to determine the other fractions which can be compared with the simulation data. 

The upper panel represents the apo RNase A and the lower panel represents the cCMP 

bound RNase A. The RMS errors for the log(f) values are 0.25 (apo) and 0.18 (cCMP) 

respectively. The log(f) maximums (−0.43 and −0.30) for the curve of the active fraction, 

f(AH+/B–), are at 6.1 (apo) and at 7.5 (cCMP), respectively.
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Figure 4. Microscopic pKa model results with K41/H119 acting as the general acid and base
The plots of the logarithm of protonated fractions, log(f), versus pH of each microstate for 

apo (top) and cCMP-bound RNase A (bottom) were obtained by fitting the simulation data 

for all fractions to the equations derived from the microscopic model (Scheme 2) with 

Lys41/His119 acting as the general base/acid for apo RNase A (transphosphorylation model) 

and the general acid/base for cCMP-bound RNase A (hydrolysis model), respectively. This 

is not the generally accepted mechanism depicted in Scheme 1, but has nonetheless received 

some support in the literature24,40 and so is considered here for comparison. The RMS errors 

for the log(f) values are 0.31 (apo) and 0.44 (cCMP) respectively. The log(f) maximums 

(−2.09 and −0.05) for the curve of the active fraction, f(AH+/B–), are at 7.7 (apo) and at 8.4 

(cCMP), respectively.
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Figure 5. Apparent pKa model results with K41/H119 acting as the general acid and base
The plots of logarithm of protonated fractions, log(f), versus pH of each microstate for apo 

(top) and cCMP-bound RNase A (bottom) were obtained by fitting the simulation data to 

ONLY the ACTIVE FRACTION (f(AH+/B–), shown in red) with Lys41/His119 acting as the 

general base/acid for apo RNase A (transphosphorylation model) and the general acid/base 

for cCMP-bound RNase A (hydrolysis model), respectively. This is not the generally 

accepted mechanism depicted in Scheme 1, but has nonetheless received some support in the 

literature24,40 and so is considered here for comparison. The model assumes no coupling of 

the microstates, and although only the active fraction is considered in the fitting (as would 

be the case experimentally), the parameters nonetheless are able to determine the other 

fractions which can be compared with the simulation data. The upper panel represents the 

apo RNase A and the lower panel represents the cCMP bound RNase A. The RMS errors for 

the log(f) values are 0.33 (apo) and 0.48 (cCMP) respectively. The log(f) maximums (−2.69 

and −0.11) for the curve of the active fraction, f(AH+/B–), are at 7.5 (apo) and at 8.4 (cCMP), 

respectively.
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Table 1

Comparison of experimental and simulated macroscopic pKas for apo and cCMP-RNase A using the Hill 

equation and the “apparent pKa” model.

His12 His119 Lys41

Apo RNase A

Expt.
5.8

a
6.2

a
9.0

b

Hill Eq. 5.95 (0.14) 6.23 (0.07) 9.27 (0.07)

Expt. (“Apparent” pKa estimate)
c 4.9-5.2 6.3-6.9 -

“Apparent” pKa model with H12(B)/H119(A) 5.88 (0.14) 6.27 (0.08) -

“Apparent” pKa model with K41(B)/H119(A) - 6.17 (0.21) 8.81 (0.21)

cCMP-RNaseA

Expt. (3′-CMP)
8.0

d
7.4

d
9.11

e

Hill Eq. 7.95 (0.15) 7.17 (0.12) 9.65 (0.16)

Expt. (cCMP “Apparent” pKa)
f 8.10 6.30 -

Expt. (cCMP “Apparent” pKa)
g 9.0 6.25 -

“Apparent” pKa model with H119(B)/H12(A) 7.92 (0.16) 7.16 (0.12) -

“Apparent” pKa model with H119(B)/K41(A) - 7.18 (0.13) 9.64(0.16)

The calculated macroscopic pKa values using the Hill equation [Eq. (8)] and the “apparent pKa” model for the apo and cCMP-bound RNase A 

were compared with the experimental macroscopic and kinetic pKa (Expt.) values from the literature. Statistical error estimates, shown in 

parentheses, were obtained as standard deviations derived from values computed from data in 5 ns intervals over the 60 ns of production.

3′-CMP, cCMP are the substrates: 3′-cytidine monophosphate, 2′,3′-cyclic phosphate

a
Taken from Ref. 33

b
Taken from Ref. 34

c
Range of values estimated from values reported in Ref. 21,39

d
Taken from Ref. 35

e
Taken from Ref. 34

f
Taken from Ref. 38

g
Taken from Ref. 19;

Biochemistry. Author manuscript; available in PMC 2015 May 23.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Dissanayake et al. Page 19

Table 2

Comparison of experimental and simulated microscopic pKas using the microscopic model illustrated in 

Scheme 2 for apo and cCMP-bound RNase A.

pKa,B
AH + pKa,B

A ΔpKa,B pKa,A
BH

pKa,A
B − ΔpKa,A

Apo-RNase A with His12(B )/His119(A)

Expt.
a 5.87 6.18 0.31 6.03 6.34 −0.31

Microscopic model 5.88 (0.14) 6.05 (0.15) 0.17 6.13 (0.05) 6.30 (0.10) −0.17

Apo-RNase A with Lys41(B )/His119(A)

Microscopic model 8.29 (0.14) 9.26 (0.07) 0.97 6.23 (0.07) 7.21 (0.21) −0.97

cCMP-RNase A with His119(B )/His12(A)

Expt. (3′-UMP)
a 7.95 7.85 −0.1 6.45 6.35 0.1

Microscopic model 7.20 (0.12) 6.99 (0.20) −0.21 8.12 (0.17) 7.92 (0.16) 0.21

cCMP-RNase A with His119(B )/Lys41(A)

Microscopic model 7.17 (0.12) 7.41 (0.40) 0.24 9.40 (0.18) 9.64 (0.16) −0.24

The calculated microscopic pKa values are derived from the thermodynamic cycle illustrated in Scheme 2, which contains three free parameters 

that were fit to the acid/base fractions f(AH+/B-), f(AH+/BH), f(A/BH), and f(A/B-). The pKa shifts are defines as 

, and . Note the constraint of the thermodynamic cycle in Scheme 2 ensures 

ΔpKa,A+ΔpKa,B=0, and a positive value for ΔpKa,B indicates anticooperative coupling of protonation states (i.e., protonation of the acid site 

disfavors protonation of the base), whereas a negative value of ΔpKa,B indicates cooperative coupling (i.e., protonation of the acid site favors 

protonation of the base). Statistical error estimates, shown in parentheses, were obtained as standard deviations derived from values computed from 
data in 5 ns intervals over the 60 ns of production. Results were compared with the experimental (Expt.) values obtained from NMR

a
Taken from Ref. 36 in order to validate the model. In order to explore the degree to which this weak coupling persists with other plausible general 

base and acid pairs, the general base was replaced by Lys41 for each case and the resulting microscopic pKa values were determined.
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