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Abstract 9 

 10 

Theoretical and quantitative prediction of pKa values at low computational cost is a 11 

current challenge in computational chemistry. We report that the isodesmic reaction 12 

scheme provides semi-quantitative predictions (i.e. mean absolute errors of 0.5-1.0 pKa 13 

unit) for the pKa1 (α-carboxyl) pKa2 (α-amino) and pKa3 sidechain groups) of a broad set 14 

of amino acids and peptides. This method fills the gaps of thermodynamic cycles for 15 

the computational pKa calculation of molecules that are unstable in gas phase or 16 

undergo proton transfer reactions or large conformational changes from solution to gas 17 

phase. We also report the key criteria to choose a reference species to make accurate 18 

predictions. This method is computationally inexpensive and makes use of standard 19 

density functional theory (DFT) and continuum solvent models. It is also conceptually 20 

simple and easy to use for researchers not specialized in theoretical chemistry 21 

methods. 22 
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1. Introduction 33 

Acid-base reactions are one of the most fundamental and ubiquitous reactions in 34 

chemistry, organic, inorganic or biological. In the last years great effort has been 35 

devoted by many groups, including ours, to develop computational protocols for the 36 

accurate prediction of pKa values [1-4 and references therein]. Our group in particular 37 

has tackled some “difficult” cases for pKa calculations. These include the pKa 38 

calculation of extremely weak carbon acids [5-7] pKas of simple amino acids [5] and the 39 

combined calculation of pKa of ligands and stability constants of metal complexes [8]. In 40 

all these works our approach pursued the maximum accuracy at the least 41 

computational cost. Nevertheless, the quantitative prediction of pKas is still a challenge 42 

in many cases and there is room for improvement for the current methodologies to 43 

become practical for general cases. 44 

The current protocols use continuum solvent models because they allow a coarse 45 

description of solvent effects at low computational cost. Typically, continuum solvent 46 

models are designed to reproduce the experimental solvation energies of a given set of 47 

molecules [9-13]. For this reason, the free energy associated to the acidity constant Ka 48 

has been typically calculated with a thermodynamic cycle that considers desolvation of 49 

the acid species, its deprotonation in gas phase and eventually solvation of the 50 

resulting products [1-4].  51 

The pKa calculation of amino acids is a paradigm of difficult cases for pKa 52 

calculations because the most stable protonation states in gas phase and solution 53 

differ. In fact, there are scarce studies reporting theoretical calculations of the α-54 

carboxylic (pKa1), α-amino (pKa2) and sidechain groups (pKa3). Kiani et al [14] 55 

determined the pKa1 and pKa2 of few amino acids and short peptides with non-polar 56 

sidechains with mean absolute deviation (MAD) values of 0.32 and 0.40 units. They 57 

used Density Functional Theory (DFT) calculations combined with the PCM continuum 58 

solvent model to calculate the free energies of deprotonation of the α-carboxyl and α-59 

amino groups against explicit water molecules. Gupta et al. [15] calculated the pKa1 60 

and pKa2 of 10 amino acids and also pKa3 of 2 amino acids by using the thermodynamic 61 

cycle 1 (See Scheme 1 in Theory section) with only continuum solvent models or with 62 

explicit water solvent for the first solvation shell and a continuum for the bulk solvent. 63 

The latter approach provided the best predictions with mean absolute deviations (MAD) 64 

of 3.2, 1.8 and 1.6 units respectively for pKa1, pKa2 and pKa3. 65 

An alternative method for pKa calculations that avoids gas phase calculations and 66 

the related problems is the isodesmic reaction. This method has been proven to 67 

provide very accurate pKa values for a variety of organic functionalities [1,5-8,16]. In a 68 

previous work, we used the isodesmic reaction to calculate the pKa1 and pKa2 of 69 

several nonpolar amino acids [5]. We reported that the isodesmic reaction provides 70 

MAD values as low as 0.2 units without needing explicit solvent molecules. Recently, 71 

Ho [17] also used the isodesmic reaction to calculate pKa1 and pKa2 of several nonpolar 72 

amino acids concluding that this approach performs better than thermodynamic cycles. 73 

The main objective of the present work is to provide an exhaustive assessment of 74 

the isodesmic reaction for the calculation of pKa values of the α-carboxylic (pKa1), α-75 

amino (pKa2) and the sidechain groups (pKa3) of any amino acid or peptide. For 76 

comparison purposes, thermodynamic cycles as well as the ChemOffice pKa prediction 77 

tool were also used when possible. 78 

 79 

  80 
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2. Theory 81 

Next, three of the most used thermodynamic cycles and the isodesmic reaction are 82 

introduced. In all the thermodynamic cycles, the free energy of deprotonation of a given 83 

acid species in solution (∆Gsoln) is obtained as the sum of the deprotonation free energy 84 

of such acid in gas phase (∆Ggas) and the solvation free energy difference between the 85 

products and reactants of the deprotonation reaction (∆∆Gsolv) 86 

 87 

   ∆G���� = ∆G�	� + ∆∆G	����     (1) 88 

 89 

If continuum solvent models are used, the solvation free energy of each species is 90 

calculated from equation 2, 91 

 92 

    ∆G���� = E���� −	E�	�     (2) 93 

 94 

 where  Esoln corresponds to the potential energy of the solute in the presence of the 95 

reaction field of the continuum solvent and Egas corresponds to the potential energy of 96 

the solute in gas phase. It is important to note that in this approach both Egas and Esoln 97 

are calculated from the geometry of the solute optimized in the gas phase. 98 

The two terms of equation 1 adopt different expressions according to the 99 

construction of each thermodynamic cycle. For example, the so-called “direct method” 100 

or cycle 1 in this paper (Scheme 1) considers the deprotonation of the acid species 101 

(AHq) in its conjugated base (Aq-1) and an isolated proton (H+). 102 

The free energy of deprotonation in the gas phase (∆Ggas) is given by equation 3. 103 

 104 

 ∆G�	� = G�	�(H�) + G�	�(A���) − G�	�	(AH�) +	∆n	RT	ln	24.46  (3) 105 

 106 

Gas phase free energies are calculated for a standard state of 1 atm but the 107 

standard state considered for solvation free energies is 1 M in both gas phase and 108 

solution. Therefore, the last term accounts for the free energy increment associated to 109 

the change of standard state from 1 atm to 1 M in the gas phase. The free energy of 110 

the proton in the gas phase (Ggas(H
+))  is -6.28 kcal/mol at 298 K and 1 atm. This value 111 

is the sum of the entropic contribution, 7.76 kcal/mol at 298 K and 1 atm obtained from 112 

the Sackur-Tetrode equation [18], and the enthalpy contribution given by the 113 

translational motion of a monoatomic particle in the gas phase, 5/2 RT or 1.48 kcal/mol 114 

at 298 K and 1 atm. 115 

The solvation free energy difference (∆∆Gsolv) is calculated as 116 

 117 

  ∆∆G���� = ∆G����(H�) + ∆G����(A���) − ∆G����	(AH�)  (4) 118 

 119 

Equation 4 makes use of the solvation free energy of the proton (∆Gsolv(H
+)). Several 120 

values of this term have been proposed [4] but currently the accepted value is -265.9 121 

kcal/mol, reported by Tissandier et al [19] and confirmed by Kelly et al [20]. Eventually, 122 

the pKa is calculated as 123 

 124 

     p 	 =
∆!"#$%
&.'('	)*

     (5) 125 

 126 

An inconvenience of cycle 1 is that the solvation free energy of the proton ∆Gsolv(H
+) 127 

introduces a large uncertainty. However this can be easily circumvented by using cycle 128 

2 (Scheme 2) in which the proton is substituted by the water/hydronium pair H2O/H3O
+. 129 

In this case, the corresponding gas phase free energies and solvation free energies 130 

can be either taken from experiment or calculated [21, 22].   131 

In cycle 2 the gas phase deprotonation energy (∆Ggas) and the solvation free energy 132 

increment (∆∆Gsolv) are given respectively by equations 6 and 7 133 
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 134 

 ∆G�	� = G�	�(H'O�) +	G�	�(A���) −	G�	�(AH�) − G�	�		(H&O)  (6) 135 

 136 

∆∆G���� = ∆G����(H'O�) +	∆G����(A���) −	∆G����(AH�) − ∆G����		(H&O)(7)        137 

 138 

As shown in equation 6, the free energy term corresponding to the change of 139 

standard state from 1 atm to 1 M vanishes because the number of molecules in both 140 

sides of the reaction is equal in cycle 2. The free energy of the reaction in solution 141 

given by cycle 2 corresponds to the equilibrium constant of the proton transfer reaction, 142 

Keq, which is in turn related to the acidity constant Ka 143 

 144 

     ,- =
	./0123	.45673
.4/53	.	/813	

=	 	9:(;<
=)	

.	/813
   (8) 145 

  146 

Therefore the pKa can be calculated as 147 

 148 

    p 	 =
∆!"#$%
&.'('	)*

− log	.	H&O3    (9) 149 

 150 

The last cycle introduced here, cycle 3, is a variant of cycle 2 in which water and 151 

hydronium are substituted by another base (B) and conjugated acid (BH) pair (Scheme 152 

3). Cycle 3 allows B and BH to be chosen in a way that their formal charges equal 153 

those of A and AH respectively. This entails a significant advantage over cycles 1 and 154 

2 by improving the accuracy of the pKa predictions because the cancelation of errors 155 

between the solvation free energies increases [1,4,23]. 156 

Similar to cycle 2, the resulting free energy calculated with cycle 3 is related to the 157 

equilibrium constant of the acid base reaction, which can be expressed in terms of the 158 

pKa values of AH and BH. 159 

 160 

     @� =
A;=67B.C<D3
.;<=3.CD673

=	 9:	(;<
=)

9:	(C<D)
   (10) 161 

 162 

Hence cycle 3 provides pKa values of AH relative to BH. For this reason, BH is also 163 

known as reference acid species. 164 

 165 

    p 	(AH�) =
∆!"#$%
&.'('	)*

+ p 	(BHF	)  (11) 166 

 167 

In this cycle, the free energy of the proton transfer reaction is calculated again as 168 

the sum of ∆Ggas and ∆∆Gsolv, given by equations 12 and 13. 169 

 170 

∆∆G���� = ∆G����(BHF) + 	∆G����(A���) −	∆G����(AH�) − ∆G����	(BF��) (12) 171 

 172 

∆G�	� = G�	�(BHF) +	G�	�(A���) − 	G�	�(AH�) − G�	�	(BF��) (13) 173 

 174 

Because of the way solvation energies are calculated, thermodynamic cycles cannot 175 

be used for species that are not stable in gas phase or for species that undergo large 176 

conformational changes upon solvation. Recently our group proposed the calculation of 177 

pKa values by avoiding all gas phase calculations [1,5-8,16]. Our protocol is based on 178 

an isodesmic reaction, defined in the IUPAC’s Gold Book as a reaction in which the 179 

types of bonds that are made in forming the products are the same as those which are 180 

broken in the reactants (Scheme 4). 181 

This protocol has been successfully used in the pKa calculation of common organic 182 

acids like aliphatic alcohols, carboxylic acids, amines, phenols, benzoic acids and 183 

pyridines [1,5,16], weak acids like carbon acids [5-7] and organic groups of ligands in 184 

metal complexes [8]. In these studies it is shown that the pKa values calculated with the 185 
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isodesmic reaction are as accurate as the best results obtained with thermodynamic 186 

cycles. For example, the mean absolute deviation (MAD) of the predicted pKa values 187 

lies between 0.5 and 1.0 units for common organic acids [16]. Besides, the isodesmic 188 

reaction is more robust and good accuracy is obtained independently of the formal 189 

charge of the reference acid species and without using microsolvation of explicit water 190 

molecules [5]. 191 

Like cycle 3, the isodesmic reaction describes an acid base reaction whose 192 

equilibrium constant is given by equation 10 and the pKa of AH is calculated from 193 

equation 11 with the use of a reference acid species BH. However, the free energy of 194 

the reaction ∆Gsoln is calculated only with the free energies in solution of the reactants 195 

and products (equation 14). 196 

 197 

 ∆G���� = G����(BHF) +	G����(A���) −	G����(AH�) − G����	(BF��) (14) 198 

 199 

A rigorous calculation of the free energies requires knowledge of the partition 200 

functions. However, these are unknown for a species in solution. Therefore, the best 201 

approach would involve statistical methods to sample the relevant states under the 202 

given conditions of pressure and temperature. However doing so would also break the 203 

philosophy of minimal computational cost of the current protocols. Still it is desirable to 204 

include temperature effects in some fashion but it is also true that the partition functions 205 

of the harmonic and rigid rotor approximations do not represent the physics of a 206 

species in solution. As a compromise, our group proposed the introduction of thermal 207 

effects by assuming that the harmonic approximation is valid to represent the 208 

vibrational motions in solution and that accounts for the largest thermal effects. Also, 209 

we assume that all the remaining contributions from the nuclei motion are similar 210 

between reactants and products and do not contribute to ∆Gsoln as they cancel out in 211 

equation 14. Accordingly, the free energy in solution of each species Gsoln is calculated 212 

as 213 

 214 

    G���� = E���� +	G�@� +	∆GG�HH_����   (15) 215 

 216 

where Esoln is the potential energy of the solute at 0 K including the electrostatic 217 

interactions with the dielectric continuum, ∆Gcorr_soln corresponds to the thermal effects 218 

of vibrational motion at 298 K and Gnes includes all the non-electrostatic solute 219 

continuum interactions (i.e. dispersion, repulsion and cavitation). 220 

 221 

3. Computational details 222 

The calculations were performed with Density Functional Theory (DFT) methods by 223 

using the M052X [24], M062X [25] and B3LYP [26,27] exchange correlation 224 

functionals. The non-DFT PM6 semiempirical Hamiltonian was also used [28]. Solvent 225 

effects were introduced by using the SMD [13,29] continuum solvent model. 226 

In previous publications [5,16] we made use of composite methods like CBS-QB3 227 

and CBS-4B3* [26] for the calculation of deprotonation free energies and pKa values. 228 

From those studies we conclude that when used with continuum solvent models like 229 

CPCM or SMD such methods provide similar precision for relative free energies, from 230 

which pKa values are calculated, than DFT methods at higher computational cost. 231 

The SMD solvent model was parametrized by using M05-2X/6-31+G(d,p) and M05-232 

2X/cc-pVTZ calculations [13,29]. In the present work we used the 6-31+G(d,p) basis 233 

set. 234 

All structures were optimized and characterized as energy minima by the absence of 235 

imaginary frequencies. All calculations were performed with the Gaussian09 software 236 

[30]. 237 

  238 
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4. Results and discussion 239 

 240 

4.1. pKa calculation of αααα-carboxylic (pKa1) and αααα-amino groups (pKa2). The 241 

isodesmic reaction scheme was used to calculate the pKa of the α-carboxylic and α-242 

amino groups of 19 of the proteinogenic amino acids. Alanine in the full protonated 243 

state was used as a reference species for the calculations of the α-carboxylic group 244 

whereas alanine in the zwitterionic state was used as a reference species for the 245 

calculations of the α-amino group (Scheme 5). 246 

Table 1 and Table 2 show the absolute errors, mean absolute deviation (MAD) and 247 

standard deviation (SD) of the calculated pKa1 and pKa2 with respect to the 248 

experimental values. In terms of absolute errors, most predictions of pKa1 and pKa2 249 

have errors lower than 1.0 pKa units for all the DFT functionals and the PM6 250 

Hamiltonian. For pKa1 and pKa2 the MAD values are approximately 0.5 pKa units with 251 

the exception of the predictions of pKa2 with PM6, which shows a higher MAD value of 252 

0.9 units. 253 

The pKa1 and pKa2 were also calculated for a series of peptides. In this case two 254 

reference species were used: the alanine amino acid and the glycylglycine dipeptide. 255 

Table 3 and Table 4 show the absolute errors, MAD and standard deviations of pKa1 256 

and pKa2 calculated with the glygylglycine reference with respect to the corresponding 257 

experimental values. 258 

When glycylglycine is used as a reference, the absolute errors of 46 predictions of 259 

pKa1 are lower than 0.5 pKa units and 29 are between 0.5 to 1.0 pKa units. For pKa2, 81 260 

predictions show absolute errors lower than 1.0 pKa units. 261 

If alanine is used as a reference, the MAD value of pKa1 shows little difference with 262 

the MAD obtained with glycylglycine as reference species (i.e. ~0.85-1.61 pKa units, 263 

Table S1). However the MAD values of pKa2 increase by ~0.5 pKa units when using 264 

alanine and DFT methods (Table S2). Instead, in the case of alanine as a reference the 265 

PM6 Hamiltonian improves the MAD by ~0.7 pKa units (Supporting Information). 266 

In the case of glycylvaline and glycylphenylalanine there are calculated values in the 267 

literature to compare with. We find that our calculations show similar errors than those 268 

reported by Kiani et al. [14]. 269 

The pKa prediction tool of the ChemOffice software [31] was also used for pKa1 and 270 

pKa2 of the same amino acids and peptides. The MAD and SD of ChemOffice 271 

predictions are 3-4 times lower than those of the isodesmic reaction results for pKa1 272 

(Table 1, Table 3). For pKa2, the MAD and SD of ChemOffice predictions are similar for 273 

amino acids (Table 2) but better for peptides (Table 4). This case shows that well-274 

parametrized methods can provide very good pKa estimations. However, the isodesmic 275 

reaction does not require explicit parametrization. In fact, in the isodesmic reaction, the 276 

parametrization is performed in situ by the inclusion of the reference species. Therefore 277 

any pKa of any molecule can be calculated, provided that a suitable reference species 278 

is chosen.  279 

 280 

4.2. Influence of the reference species in pKa1 and pKa2. A key point in the pKa 281 

calculation with the isodesmic reaction is the choice of reference species. It is 282 

particularly important to show how dependent is the accuracy of the calculations on the 283 

reference species. 284 

The calculation of pKa1 and pKa2 of amino acids were repeated by systematically 285 

using all of them one by one as reference species. In most cases the obtained MAD 286 

values fall between 0.5 and 1.0 pka units (Table S3). Note that the MAD of pKa1 when 287 

using histidine as reference species is significantly higher than for the other amino 288 

acids (Table S3). 289 

Then, acetic acid and ethylamine were used as, arguably, the simplest reference 290 

species for carboxylic acids and amines. The obtained MAD for pKa1 and pKa2 of amino 291 

acids were ~2.6 and ~1.5 pKa units respectively, while the MAD for pKa1 and pKa2 of 292 

peptides were ~2.1 and ~0.8 pKa units respectively (Table 5). 293 
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To explain these results it should be considered that a good reference species 294 

should have similar solute-solvent interactions than the studied acid. Actually, and 295 

following the notation of Scheme 5, the interaction of BHm with the continuum solvent 296 

should be as similar as possible to that of AHq, and likewise for Bm-1 and Aq-1. For this 297 

reason an amino acid reference species yields absolute errors of ~0.75 pKa units for 298 

the calculation of pKa1 and pKa2 of other amino acids (Table S3). On the other hand, if 299 

the reference species contains the same functional group but shows significantly 300 

different charge distribution, the calculated errors raise. Such is the case when acetic 301 

acid and ethylamine are used as reference species for the calculation of pKa1 and pKa2 302 

of amino acids (Table 5). 303 

It should be noted that we refer to the charge distribution of the reference species 304 

because it has been shown that the electrostatic interaction with the continuum model 305 

is the major source of error in these calculations. However, the chemical environment 306 

should not be neglected. In fact, the large errors obtained for the pKa1 of histidine and 307 

aspartic acid can be attributed to that factor. In both cases, the sidechain functional 308 

group is close enough to interact with the α-carboxyl and, or the α-amino groups. Since 309 

these interactions are absent in the alanine reference species and are not constant 310 

upon deprotonation of the α-carboxyl group of aspartic acid and histidine, the 311 

cancelation of errors is worsened.  312 

In the case of peptides, the use of glycylglycine dipeptide as a reference leads to a 313 

decrease of MAD down to .091 and 0.81 units for pKa1 and pKa2 (Table 5). 314 

If acetic acid is used as a reference for the calculation of pKa1, the MAD of peptides 315 

doubles but that of amino acids dramatically multiplies by 5 (Table 5). In the present 316 

case, in which the peptides are short and the chosen conformations are extended, this 317 

is attributable to the larger separation between the α-carboxylic and α-amino groups in 318 

peptides so, the acetic acid reference is a better descriptor of the solute-solvent 319 

interactions for a peptide than for an amino acid. For the same reason, ethylamine 320 

yields lower errors of pKa2 for peptides than for amino acids. 321 

We also analyzed the errors (MAD and SD) of the calculated pKa1 and pKa2 322 

depending on the global charge and separation between the α-carboxyl and α-amino 323 

groups (Table S4). The clearest result is that alanine and glycylglycine are better 324 

reference species for amino acids and peptides respectively. Regarding the effect of 325 

the global charge, the MAD values of pKa1 or pKa2 fluctuate around 1 pKa unit, without 326 

clear trend. 327 

These results are in agreement with previous works of our group, which show that 328 

rather than the global charge, the local charge distribution of the acid and the reference 329 

species are key to obtain low errors [1,5,16]. This is due to the fact that when using 330 

continuum solvent models, the electrostatic is the largest solute-solvent interaction and 331 

such interactions are computed locally [9-13,29]. The isodesmic reaction scheme 332 

exploits the local design of continuum solvent models. This is why there is a clear 333 

distinction between the MADs of amino acids and peptides but no clear trend between 334 

dipeptides and tripeptides or between differently charged species. 335 

In summary, the two main criteria to consider when choosing the reference acid 336 

species are the functional acid group and its neighboring charge distribution as well as 337 

other important interactions like hydrogen bonds. 338 

 339 

4.3. pKa calculation of sidechain    groups (pKa3). The isodesmic reaction was also 340 

used to calculate the pKa of acid functionalities in the sidechains of peptides (i.e. pKa3), 341 

namely: ε-amino of lysine, guanidinium of arginine, sulfhydryl of cysteine, phenol of 342 

tyrosine, imidazole of histidine and carboxyl of glutamic and aspartic acids. In these 343 

cases the reference species was the acid group of the sidechain in the isolated amino 344 

acids lysine, arginine, cysteine, tyrosine, histidine and glutamic acid respectively. 345 

Table 6 reports the absolute errors, MAD and SD of the calculated pKa3 with respect 346 

to the experimental values. The resulting MADs are below 1.0 pKa units for all residues 347 
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but histidines, for the DFT calculations. The PM6 Hamiltonian performs somewhat 348 

worse for lysines, cysteines and tyrosines but better for histidines. The absolute error is 349 

lower than 1.0 pKa units for 47 cases independently of the residue type. The remaining 350 

15 cases, in which the errors are larger than 1.0 pKa unit, are mostly predictions for 351 

histidines and then a few lysines, arginines, tyrosines and aspartic acids. Therefore, 352 

with the exception of histidines, the isodesmic reaction performs satisfactorily (i.e. 353 

errors lower than 1.0 pKa unit) for all types of residues. 354 

In these cases, the ChemOffice software [31] was also used for the prediction of 355 

pKa3 (Table 6). The pKa prediction tool of this software cannot calculate imidazole and 356 

thiol groups. However, for the remaining functionalities, the obtained errors are similar 357 

to the ones obtained for the Isodesmic reaction scheme for lysines, tyrosines and 358 

aspartic or glutamic acids but much worse for arginines. 359 

 360 

4.4. Influence of the reference species in pKa3. To evaluate the influence of the 361 

reference species in pKa3, non-amino acid references were used for each kind of 362 

residue sidechain. The pKa3 of lysines, arginines, histidines, cysteines, tyrosine and 363 

glutamic or aspartic acids were calculated by using ethylamine, ethylguanidinium, 4-364 

methylimidazole, ethanethiol, phenol and acetic acid respectively. The absolute errors, 365 

MAD and SD are reported in Table 7. 366 

For lysines, arginines, tyrosines and glutamic or aspartic acids the MAD values with 367 

the amino acid and non-amino acid references differ in less than 0.5 pKa units. For 368 

cysteines, the MAD increase dramatically but given that there are only this two values, 369 

it is difficult to make conclusions about the change of reference species in this case. 370 

The case of histidines is worth mentioning as an example in which the reference 371 

species is non-intuitive. As can be seen from the absolute errors, MAD and SD in Table 372 

7, 4-methylimidazole is a better reference species than histidine for pKa3 of other 373 

histidine residues in peptides. We attribute this effect to interactions established 374 

between the imidazole ring and the neighboring α-carboxyl group in the histidine 375 

reference that are not present in other peptides. In fact, the lowest errors are obtained 376 

for those dipeptides in which the histidine is C-terminal and, therefore, such 377 

interactions can be also established. Oppositely, when the histidine residue is N-378 

terminal or internal, the obtained errors are higher. 379 

 380 

4.5. Thermodynamic cycles for the calculation of pKa3. The use of thermodynamic 381 

cycles implies inconveniences for chemical species that are unstable in gas phase or 382 

undergo large conformational changes during solvation/desolvation. In a previous work 383 

we reported that the thermodynamic cycle approach is not practical for the calculation 384 

of pKa1 and pKa2 of amino acids because the zwitterionic species are unstable in gas 385 

phase and there are spontaneous proton transfers between the α-amino and α-386 

carboxyl groups [5]. Our purpose here is to compare the isodesmic reaction with some 387 

of the thermodynamic cycles introduced in the theory section for the calculation of pKa3. 388 

The calculation of pKa3 was unfeasible for many peptides due to one or more of the 389 

following events: a) proton transfer involving the functional group for which pKa3 is 390 

being calculated. Typically proton transfers from the protonated lysine, histidine, 391 

arginine sidechains to the deprotonated α-carboxylate group; b) proton transfer 392 

involving other groups than the object of study; c) large conformational changes 393 

between gas phase and solution. 394 

Table 8 shows the experimental values of pKa3 and the absolute errors, MAD and 395 

SD of the peptides for which the calculation was possible with thermodynamic cycles. 396 

As can be seen in Table 8, only the isodesmic reaction systematically provides low 397 

errors (i.e. approximately 1 pKa unit on average). Oppositely, none of the 398 

thermodynamic cycles is a real alternative for the calculation of pKas in peptides. 399 

 400 

  401 
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4.6. Conformational sampling and pKa calculations. An important aspect of 402 

peptides is their capability to adopt an enormous range of conformations at room 403 

temperature by rotations of the backbone dihedrals and the sidechain dihedrals. This 404 

entails that each acid functional group in the peptide sequence can potentially establish 405 

many intramolecular interactions. For the same reason, the folding state of the peptide 406 

also modulates the degree of solvent exposure of the acidic groups. These effects can 407 

be major contributions to the pKa shifts of each residue. 408 

These effects are also expected to gain importance in long peptides and proteins. 409 

However, we performed a conformational search on each protonation state of some 410 

amino acids and recalculated their pKa1, pKa and pKa3 values. In these cases, the pKa 411 

values were calculated as 412 

 413 

    p 	(4/) = p 	()@J/) − log
KLKMNOP
KLPKMNO

   (16) 414 

 415 

Where Qi stands for the partition function of the species i. 416 

 417 

   QR = ∑exp	(−V/XYZ)    (17) 418 

 419 

Between 10 and 18 initial conformations were generated for each protonation state 420 

of each molecule with the OpenBabel 2.3.1 software [40]. The conformational search 421 

was performed to optimize the root mean square deviation (RMSD) diversity [40]. The 422 

resulting conformers were subsequently minimized with the PM6 Hamiltonian in 423 

aqueous solution modeled with the SMD method [13, 29]. In some cases, the starting 424 

geometry was poor and the geometry optimization lead to a chemical chimera or did 425 

not converge. The final number of conformations employed for each amino acid is 426 

reported in Table 9. As can be seen in Table 9, using a conformational ensemble also 427 

leads to good predictions but does not entail a systematic improvement of pKa1, pKa2 428 

and pKa3. 429 

The variations of the potential energies (E) within the conformational ensemble, 430 

measured as standard deviation, are of ~0.5-1 kcal/mol in most cases. Comparison 431 

with the experimental pKa values, suggest that these fluctuations cancel out in equation 432 

16, as a result of the isodesmic scheme. On other hand, such energy differences fall in 433 

the accuracy limit of the employed DFT and semiempirical Hamiltonians and the typical 434 

continuum solvent models. The positive message drawn from our results is that for 435 

amino acids and other small molecules there is no need of an exhaustive search for the 436 

absolute lowest energy conformation. 437 

However, the conformational space of peptides grows rapidly as more residues are 438 

in the polymer chain. A conformational search was carried out on the peptide structures 439 

to evaluate the effect of the employed conformation on the pKa calculations. In this 440 

case, the OpenBabel 2.3.1 [40] software and the mmff94 force field [41] were 441 

employed to generate an ensemble of conformations and choose the most stable one 442 

for each protonation state of each peptide. Then, the geometries of the resulting 443 

conformers were optimized with the PM6 Hamiltonian and the SMD solvent model. 444 

The mean absolute deviations (MAD) and standard deviations (SD) of pKa1, pKa2 and 445 

pKa3 calculated by using the most stable conformers as initial configurations are 446 

reported in Table 10. Comparison with the pKa values calculated with PM6 on manually 447 

generated initial structures shows that the conformational search improved the 448 

predictions of pKa2 by ~0.2 units but the predictions of pKa1 and pKa3 worsened by ~1 449 

unit (Table10). The predictions of pKa3 worsened for all sidechain functional groups. 450 

While the errors for lysines, cysteines and tyrosines increased moderately (i.e. 0.21, 451 

0.25 and 0.7 units respectively), the errors of glutamic/aspartic acids, histidines and 452 

particularly arginines increased significantly (i.e. 1.05, 1.42 and 2.49 units) (Table 10). 453 

A deeper analysis of the individual pKa3 values of each peptide (Table S5) shows 454 

that the errors increase for the largest and more flexible peptides. For instance, the 455 
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error on the pKa3 of the lysine residue in the LysGlu dipeptide is 0.44 pKa units while 456 

the corresponding error on the GlyGlyLysAla is 5.48 pKa units. Similar trends are 457 

observed for histidines, tyrosines, arginines and, although in a less extent, aspartic and 458 

glutamic acids (Table S5). 459 

Examination of the peptide structures shows that the most stable generated 460 

conformations of large peptides tended to be packed. In this way the non-covalent Van 461 

der Waals, Coulomb and H-bond interactions were maximized because OpenBabel 462 

performs the conformational search in the gas phase. Therefore, this conformational 463 

study cannot validate the peptide structures generated manually as representative 464 

conformers in solution. However, it clearly indicates that using a structure that is a bad 465 

representative of the most populated conformation in solution can lead to large errors 466 

in the pKa calculations (Table 10). The fact that the pKa values predicted for peptides 467 

(Tables 2-6) show errors similar to those of small molecules (i.e. amino acids) in which 468 

conformations are less important, suggests that the structures generated manually are 469 

decent representatives of the solution conformations.  470 

We intend to perform further investigations to include solvent effects and 471 

conformational sampling for pKa calculations. 472 

 473 

5. Conclusions and further challenges 474 

We have shown that the isodesmic reaction scheme shows significant advantages 475 

with respect to thermodynamic cycles, mainly due to the inconveniences resulting from 476 

gas phase calculations. 477 

The isodesmic reaction provides accurate results for the pKa calculation of the α-478 

carboxylic, α-amino groups and sidechains of amino acids and peptides, resulting 479 

mean absolute deviations (MAD) of 1 pKa unit or lower. 480 

The accuracy shows to be robust regarding the choice of the DFT functional. In fact, 481 

simpler semiempirical calculations also provide good results. The achieved accuracy in 482 

the isodesmic reaction is similar to that of available empirical pKa estimators. So, even 483 

though using a quantum method is slower than other estimators, it is much less limited 484 

regarding the chemical composition and structure of the acid of interest. 485 

The choice of the reference species is important for the precision of the pKa 486 

calculations. However, the cancelation of errors intrinsic to the isodesmic reaction 487 

allows more flexibility for the choice of such species. As in previous works, we confirm 488 

that it is key to choose a reference species for which the local charge distribution 489 

neighboring the acid group is similar to that of the studied species. In most cases, this 490 

is fulfilled by choosing a molecule with the same functional acid group. 491 

Conformational sampling is not a major source of error in the prediction of pKa 492 

values of small molecules like the amino acids but it can have a large impact on the 493 

pKa calculations as the peptide size increases. 494 

As a final remark, we would like to mention that this scheme is applicable to the 495 

calculation of non-aqueous solvents in a simple manner as long as there is an available 496 

reference species with a known pKa value in such solvent. The solvent environment 497 

can be changed in many continuum models simply by setting the correspondent static 498 

dielectric constant of the desired solvent. However, for this reason dealing with solvent 499 

mixtures can be more challenging. 500 

We conclude that the isodesmic reaction is a suitable methodology for the 501 

theoretical calculation of pKa values, especially in those species implying difficulties for 502 

thermodynamic cycles. We expect that in the near future this work can be expanded to 503 

address more of the current difficulties. 504 
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 599 

Scheme 1. Thermodynamic cycle 1 in which an acid species AHq is dissociated in its 600 

conjugated base Aq-1 and a proton. ∆Ggas, ∆Gsoln and ∆Gsolv are respectively the free 601 

energies of deprotonation in gas phase, in solution and the free energy of solvation. 602 

The formal charge of the acid AH is represented by q. 603 

 604 

 605 
Scheme 2. Thermodynamic cycle 2 in which an acid species AHq donates a proton to a 606 

water molecule to yield its conjugated base Aq-1 and a hydronium cation. ∆Ggas, ∆Gsoln 607 

and ∆Gsolv are respectively the free energies of deprotonation in gas phase, in solution 608 

and the free energy of solvation. The formal charge of the acid AH is represented by q. 609 

 610 

 611 

Scheme 3. Thermodynamic cycle 3 in which an acid species AHq donates a proton to a 612 

base Bm-1 to yield the conjugated base Aq-1 and acid AHm. ∆Ggas, ∆Gsoln and ∆Gsolv are 613 

respectively the free energies of deprotonation in gas phase, in solution and the free 614 

energy of solvation. The formal charge of the acids AH and BH are represented by q 615 

and m. 616 

 617 

 618 

  619 
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 620 
 621 

Scheme 4. Isodesmic reaction employed for the calculation of pKa (AH). ∆Gsoln is the 622 

free energy of the acid-base reaction in solution. The formal charge of the acids AH 623 

and BH are represented by q and m. 624 

 625 

 626 

 627 
Scheme 5. Isodesmic reaction for the pKa calculation of pKa1 (top) and pKa2 (bottom) 628 

with alanine as reference. 629 

 630 

  631 
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Table 1. Mean absolute deviation and standard deviation of pKa1 of amino acids 633 

calculated with the Isodesmic reaction compared to the experimental values. 634 

Alanine was used  as the reference species. 635 

 636 

 
pKa1 

(exptl.a) 
∆pKa1 

(M052X) 
∆pKa1 

(M062X) 
∆pKa1 

(B3LYP) 
∆pKa1 

(PM6) 
∆pKa1 

(ChemOffice) 
Alanine (Ref) 2.34 - - - - 0.08 

Glycine 2.34 0.42 0.18 0.42 0.09 0.03 

Valine 2.32 0.40 0.64 0.26 0.48 0.14 

Iso-Leucine 2.35 0.28 0.11 0.13 0.36 0.06 

Leucine 2.33 0.02 0.02 0.35 0.29 0.04 

Methionine 2.28 0.37 0.13 0.04 0.15 0.04 

Proline 1.99 0.37 0.10 0.36 0.43 0.53 

Phenylalanine 1.83 0.08 0.03 0.33 0.62 0.38 

Tryptophan 2.38 0.26 0.28 0.32 0.11 0.29 

Serine 2.21 0.67 0.60 0.31 1.37 0.05 

Threonine 2.09 0.57 0.49 0.87 1.35 0.09 

Asparagine 2.01 0.76 0.97 0.16 1.70 0.09 

Glutamine 2.17 0.44 0.28 0.19 0.27 0.02 

Tyrosine 2.18 0.06 0.08 0.12 0.09 0.16 

Lysine 2.18 0.36 0.44 0.63 0.49 0.11 

Arginine 2.17 0.92 1.06 0.46 0.04 0.02 

Cysteine 1.96 0.28 0.70 0.21 0.02 0.14 

Histidine 1.82 2.34 2.78 2.48 1.89 0.38 

Aspartic acid 1.89 1.35 1.31 0.85 1.09 0.03 

Glutamic acid 2.19 0.75 0.71 0.28 0.34 0.04 

MAD  0.56 0.57 0.46 0.59 0.14 

SD  0.54 0.65 0.54 0.59 0.14 
 

637 
aExperimental values taken from Reference [32]. 638 

 639 
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Table 2. Mean absolute deviation and standard deviation of pKa2 of amino acids 641 

calculated with the Isodesmic reaction compared to the experimental values. 642 

Alanine was used  as the reference species. 643 

 644 

 
pKa2 

(exptl.a) 
∆pKa2 

(M052X) 

∆pKa2 

(M062X) 

∆pKa2 

(B3LYP) 

∆pKa2 

(PM6) 
∆pKa2 

(ChemOffice) 
Alanine (Ref) 9.69 - - - - 0.5 

Glycine 9.6 1.13 0.10 0.61 0.17 0.45 

Valine 9.79 0.63 0.74 0.30 0.30 0.6 

Iso-Leucine 9.68 0.64 0.69 0.56 0.63 0.54 

Leucine 9.6 0.14 0.04 0.26 0.59 0.62 

Methionine 9.21 0.03 0.87 0.00 1.20 0.85 

Proline 10.60b 2.13 1.79 1.55 2.36 0.78 

Phenylalanine 9.12 0.06 0.14 0.21 0.00 0.81 

Tryptophan 9.39 0.22 0.10 0.20 0.56 0.62 

Serine 9.15 0.71 0.75 1.36 1.24 0.22 

Threonine 9.1 0.90 0.99 0.89 0.84 0.35 

Asparagine 8.8 0.22 0.50 0.29 0.40 1.35 

Glutamine 9.13 0.30 0.41 0.19 1.40 0.38 

Tyrosine 9.11 0.06 0.18 0.48 0.84 1.56 

Lysine 8.94 0.32 0.71 0.08 0.52 0.84 

Arginine 9.04 0.36 0.55 0.05 0.84 1.14 

Cysteine 10.28 0.69 0.82 0.65 1.28 0.44 

Histidine 9.16 0.49 0.39 0.15 0.83 0.82 

Aspartic acid 9.6 0.62 0.85 0.82 1.06 0.55 

Glutamic acid 9.67 0.31 0.77 0.01 1.13 0.52 

MAD  0.52 0.60 0.46 0.85 0.70 

SD  0.49 0.42 0.44 0.53 0.34 

 645 
aExperimental values taken from Reference [32]. bRef. [33] 646 
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Table 3. Absolute errors of pKa1 of peptides calculated with the Isodesmic 648 

reaction compared to the experimental values. GlycylGlycine was used as 649 

reference species. 650 

 651 

 
pKa1 

(exptl.
a
) 

∆pKa1 

(M052X) 
∆pKa1 

(M062X) 
∆pKa1 

(B3LYP) 
∆pKa1 

(PM6) 
∆pKa1 

(ChemOffice) 

GlyGly 3.13 - - - - 0.17 
GlyVal 3.18 0.16 0.40 0.29 0.20 0.12 
GlyPhe 3.23 0.33 0.47 0.10 1.70 0.39 
GlyAla 3.15 0.85 0.72 0.64 1.45 0.10 
AlaGly 3.16b 0.10 0.43 0.34 0.93 0.22 
AlaAla 3.32 2.08 1.95 1.01 0.35 0.29 
AsnGly 2.90b 0.97 0.68 0.18 2.34 0.24 
ValGly 3.23 1.37 1.56 1.22 1.12 0.24 
SerGly 3.10b 0.31 0.63 0.26 0.80 0.07 
SerLeu 3.08 0.87 1.94 0.45 3.32 0.01 
AlaHis 2.64c 2.45 2.23 2.13 0.44 0.16 
GlyTyr 2.93 2.39 2.39 0.25 1.31 0.28 
HisGly 2.40 1.04 0.57 0.21 0.36 0.42 
GlyAsp 2.81 0.78 0.76 0.55 1.54 0.27 
CysAsn 2.97 0.60 0.63 1.68 0.83 0.37 
PheArg 2.66 0.37 0.14 0.53 1.01 0.06 
LysAla 3.22b 2.26 1.87 1.89 0.91 0.20 
LeuTyr 3.46 1.90 1.37 0.73 1.53 0.85 
TyrGly 2.98d 0.28 0.97 0.33 0.52 0.11 
LysGlu 2.93 2.93 1.29 1.86 2.33 1.10 
TyrArg 2.65 0.15 0.12 0.54 0.66 0.07 
HisLys 2.50e 2.13 2.12 1.08 1.21 0.28 
AspHis - - - - - - 
GlyHis - - - - - - 
GlyLys 2.96e 0.01 0.07 0.31 0.47 0.04 
AspGly 2.10b 0.08 0.01 0.20 0.35 0.42 
AlaGlyGly 3.19b 0.12 0.18 0.07 4.26 0.42 
GlyAlaAla 3.38 1.61 2.44 0.64 1.97 0.30 
GlySerGly 3.32 0.41 0.35 0.96 0.21 0.36 
GlyGlyGly 3.23 0.09 0.20 0.71 1.69 0.39 
CysGlyGly 3.13b 0.14 0.05 0.80 2.79 0.47 
AlaLysAla 3.15b 0.24 0.69 1.32 1.47 0.52 
PheAlaArg 2.60b 0.27 0.02 0.81 1.01 0.83 
GlyHisLys - - - - - - 
MAD  0.91 0.91 0.74 1.30 0.32 
SD  0.89 0.79 0.57 0.96 0.25 

 652 
aExperimental values taken from Reference [32] unless otherwise noted. bRef. 653 

[33], cRef. [34], dRef. [35], eRef. [36] 654 

 655 

 656 

 657 

 658 

 659 
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Table 4. Absolute errors of pKa2 of peptides calculated with the Isodesmic 661 

reaction compared to the experimental values. GlycylGlycine was used as 662 

reference species. 663 

 664 

 
pKa2 

(exptl.) 
∆pKa2 

(M052X) 
∆pKa2 

(M062X) 
∆pKa2 

(B3LYP) 
∆pKa2 

(PM6) 
∆pKa2 

(ChemOffice) 
GlyGly 8.25 - - - - 0.71 
GlyVal 8.18 0.34 0.22 0.59 1.68 0.61 
GlyPhe 8.11 1.64 1.52 1.54 0.77 0.58 
GlyAla 8.33 0.03 0.37 0.08 2.14 0.77 
AlaGly 8.24b 0.27 0.16 0.53 2.17 0.57 
AlaAla 8.13 1.24 0.99 0.92 1.47 0.43 
AsnGly 7.25b 0.10 0.65 0.16 2.15 0.98 
ValGly 8.00 0.91 1.17 1.61 0.49 0.31 
SerGly 7.33b 0.49 0.76 1.04 0.64 0.47 
SerLeu 7.45 0.34 0.51 0.61 2.59 0.55 
AlaHis 9.40c 0.16 0.21 0.45 4.26 0.37 
GlyTyr 8.45 0.72 0.11 0.17 0.18 0.91 
HisGly 7.82 0.51 0.80 2.56 3.74 0.36 
GlyAsp 8.60 0.68 0.64 0.39 1.34 1.04 
CysAsn 8.47 2.43 3.02 3.31 0.66 1.25 
PheArg 7.57 0.14 0.15 0.25 2.20 0.16 
LysAla 8.47b 0.41 0.69 0.47 2.70 1.18 
LeuTyr 7.84 1.05 0.73 1.32 0.03 0.14 
TyrGly 8.00d 0.12 0.18 0.32 1.44 0.56 
LysGlu 7.75 0.88 0.47 0.08 0.82 0.64 
TyrArg 7.39 0.54 0.77 0.26 0.89 0.05 
HisLys 7.41e 0.23 0.45 0.70 2.01 0.07 
AspHis 7.98b 2.49 2.43 1.23 3.60 0.64 
GlyHis 8.20 2.49 2.43 1.23 3.60 0.32 
GlyLys 8.01e 1.35 1.56 1.29 0.56 0.46 
AspGly 9.07b 1.69 1.84 1.93 4.28 1.43 
AlaGlyGly 8.15b 0.36 0.47 0.55 3.29 0.83 
GlyAlaAla 8.10 0.33 1.03 1.29 1.24 0.89 
GlySerGly 7.99 0.04 0.28 0.46 2.49 0.87 
GlyGlyGly 8.09 0.29 0.18 0.13 3.31 0.9 
CysGlyGly 6.95b 4.43 4.71 4.58 0.46 0.04 
AlaLysAla 7.65b 0.50 0.62 0.49 1.53 0.32 
PheAlaArg 7.54b 0.12 0.49 0.20 2.25 0.46 
GlyHisLys 8.06f 0.84 0.09 0.23 0.96 0.85 
MAD  0.81 0.88 0.92 1.76 0.61 
SD  0.91 0.96 0.99 1.12 0.35 

 665 
aExperimental values taken from Reference [32] unless otherwise noted. cRef. 666 

[33], dRef. [34], eRef. [35], fRef. [36], gRef. [37] 667 

 668 

 669 
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Table 5. Mean absolute deviation (MAD) of pKa1 and pKa2 of amino acids and 671 

peptides calculated with M05-2X with various reference species. 672 

 673 

 pKa1  pKa2 
Reference Amino acids Peptides Reference Amino acids Peptides 
Alanine 0.56 1.02 Alanine 0.52 1.44 
GlyGly 0.87 0.91 GlyGly 2.10 0.81 
Acetic acid 2.63 2.06 Ethylamine 1.46 0.81 

 674 

  675 
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Table 6. Absolute errors of pKa3 calculated with the Isodesmic reaction 676 

compared to the experimental values. 677 

 pKa3 

(exptl.) 

∆pKa3 

(M052X) 

∆pKa3 

(M062X) 

∆pKa3 

(B3LYP) 
∆pKa3 

(PM6) 
∆pKa3 

(ChemOffice) 
Lysine       
Lys (ref.) 10.53a - - - - 0.24 
LysGlu 10.50a 0.38 0.58 0.60 2.13 0.36 
GlyLys 10.50b 0.24 0.27 0.06 0.00 0.35 
HisLys 10.49b 0.02 0.28 0.58 0.50 0.34 
LysAla 10.70a 0.14 0.05 0.95 2.14 0.55 
AlaLys 10.70b 0.26 0.39 0.03 1.00 0.36 
AlaLysAla 10.30c 0.29 0.39 0.48 2.18 0.30 
LysD-Ala 10.63b 0.65 0.78 0.59 1.78 0.48 
GlyHisLys 10.71d 1.68 1.10 1.30 2.71 0.57 
GlyGlyLysAla 11.10e 2.28 1.08 0.38 3.54 1.10 
MAD  0.66 0.55 0.55 1.78 0.47 
SD  0.78 0.37 0.40 1.11 0.25 

Arginine       
Arg (ref.) 12.47a - - - - 3.88 
PheArg 12.40a 0.00 0.00 0.00 0.00 3.76 
TyrArg 11.62a 1.64 2.20 0.71 1.42 2.98 
PheAlaArg 12.43c 0.38 0.31 2.29 0.59 3.79 
MAD  0.78 1.66 0.72 0.73 3.60 
SD  0.93 1.39 1.24 0.92 0.42 

Histidine       
His (ref.) 6.00a - - - - - 
AlaHis 6.72f 1.10 1.81 2.31 0.78 - 
HisGly 5.80a 1.38 2.51 4.58 2.84 - 
HisLys 5.91b 1.93 2.73 2.18 2.45 - 
AspHis 6.82a 0.52 0.98 1.01 0.02 - 
GlyHis 6.77a 0.48 0.99 0.64 0.70 - 
GlyHisLys 6.60d 2.00 2.23 2.54 0.89 - 
GlyHisGly 6.62d 1.93 2.24 2.69 0.13 - 
GlyGlyHisAla 7.00e 1.51 1.01 2.71 0.38 - 
TyrHisOMe 6.41f 2.17 2.59 3.05 1.95 - 
GluHisOMe 6.44f 2.34 2.94 2.76 1.81 - 
MAD  1.53 2.00 2.45 1.19 - 
SD  0.66 0.76 1.08 1.00 - 

Cysteine       
Cys (ref.) 8.18a - - - - - 
CysAsn 7.09a 0.24 0.20 0.09 1.49 - 
CysGlyGly 6.36c 0.88 1.24 1.06 0.93 - 
MAD  0.56 0.72 0.57 1.21 - 
SD  0.45 0.73 0.69 0.39 - 

Tyrosine       
Tyr (ref.) 10.60a - - - - 1.25 
GlyTyr 10.49a 2.45 1.97 0.23 0.63 1.08 
TyrArg 9.36a 1.10 1.32 0.81 0.82 0.17 
LeuTyr 10.09a 0.86 1.02 0.71 1.82 0.69 
TyrGly 10.51g 0.18 0.01 0.12 1.43 0.97 
GlyGlyTyrAla 10.30e 0.80 0.22 0.33 2.03 0.88 
D-LeuTyr 10.35a 0.62 0.30 1.00 1.01 0.95 
TyrHisOMe 9.69f 0.20 0.17 0.74 0.13 0.16 
MAD  0.89 0.72 0.56 1.13 0.77 
SD  0.77 0.74 0.34 0.67 0.41 

Glu/Asp       

Glu (ref.) 4.25a - - - - 1.20 
Asp 3.65a 1.07 1.76 0.42 0.60 1.79 
LysGlu 4.47a 0.14 0.74 0.16 0.42 0.44 
GlyGlyGluAla 4.30e 0.22 0.56 0.27 0.31 0.06 
GlyAsp 4.45a 1.58 2.15 1.33 0.14 0.80 
GlyGlyAspAla 3.90e 0.53 1.70 1.83 0.87 0.24 
GluHisOMe 3.79f 0.04 0.18 1.03 0.93 0.66 
AspGly 4.53c 0.84 0.27 0.93 0.21 2.76 
MAD  0.63 1.05 0.85 0.50 0.99 
SD  0.56 0.80 0.61 0.31 0.90 

All       

MAD  0.94 1.13 1.16 1.17 1.11 
SD  0.75 0.87 1.05 0.89 1.14 
aRef. [32], bRef. [36], cRef. [33], dRef. [37], eRef. [38], fRef. [39], gRef. [35] 678 
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Table 7. Mean absolute deviations and standard deviations of pKa3 calculated 679 

with the Isodesmic reaction and simple organic molecules as reference 680 

speciesa. 681 

 ∆pKa3 

(M052X) 

∆pKa3 

(M062X) 

∆pKa3 

(B3LYP) 
∆pKa3 

(PM6) 
Lysine     
MAD 0.59 0.48 0.48 1.54 
SD 0.76 0.49 0.35 1.13 
Arginine     
MAD 1.52 0.99 1.67 0.69 
SD 0.89 0.84 1.28 0.54 
Histidine     
MAD 0.63 0.77 0.92 1.90 
SD 0.43 0.52 0.81 1.04 
Cysteine     
MAD 2.34 2.46 1.94 2.58 
SD 0.46 0.66 0.59 0.75 
Tyrosine     
MAD 1.46 0.71 0.77 2.17 
SD 0.61 0.71 0.47 1.25 
Glu/Asp     
MAD 0.70 1.22 0.89 2.24 
SD 0.42 0.87 0.52 0.53 
All     
MAD 0.98 0.91 0.93 1.87 
SD 0.77 0.79 0.75 1.05 
aOrganic molecule reference species (i.e. ethylamine, ethylguanidinium, 4-682 

methylimidazole, ethanethiol, phenol and acetic acid). 683 

 684 

Table 8. Absolute errors of pKa3 calculated with thermodynamic cycles or the 685 

isodesmic reaction compared to the experimental values. 686 

 pKa3 

(exptl.) 

C1 C2 C3 Isodesmic 
reaction 

Tyr 10.60c 5.15 6.09 - - 
GlyTyr

b 10.49c 1.12 2.06 4.03 2.46 
LeuTyr 10.09c 3.81 2.87 8.96 0.86 
TyrGly 10.12d 5.09 6.03 0.06 0.21 
GlyGlyTyrAla 10.30e 3.32 4.26 1.83 0.80 
D-LeuTyr 10.35c 2.23 1.28 7.37 0.62 
TyrHisOMe 9.69f 0.37 0.57 5.52 0.19 
PheArg 12.40c 22.43 21.48 -a 1.65 
PheAlaArg 12.43g 31.10 30.15 -a 0.79 
TyrHisOMe 6.41f 0.98 1.93 -a 2.18 
MAD  7.56 7.67 4.63 1.08 
SD  10.46 9.95 3.35 0.82 
aOmitted values because restraints to one or more species in the gas phase 687 

calculations were required. bResidues of which pKa are calculated are shown in 688 

bold. cRef. [32], dRef. [35], eRef. [38], fRef. [39], gRef. [33]. 689 
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Table 9. Absolute errors of pKa1, pKa2 and pKa3 calculated with the Isodesmic 691 

reaction and PM6 by considering a conformational ensemble. 692 

 693 

 Na 
pKa1 

(exptl.d) 

∆pKa1 

(PM6) 
pKa2 

(exptl.d) 
∆pKa2 

(PM6) 
pKa3 

(exptl.d) 
∆pKa3

b
 

(PM6) 
Alanine 25 2.34 - 9.69 -   
Aspartic acid 38 1.89 1.17 9.6 1.21 3.65 1.94 
Glutamic acid 57 2.19 0.16 9.67 2.25 4.25 2.50 
Histidine 67 1.82 0.18 9.16 0.81 6.0 0.93 
Lysine 61 2.18 0.36 8.94 0.17 10.53 0.57 
Arginine 60 2.17 0.03 9.04 0.18 12.47 0.12 
Tyrosine 46 2.18 0.30 9.11 0.84 10.6 1.71 
Cysteine 40 1.71 0.07 10.78 2.49 8.18 2.65 
MAD   0.33  1.14  1.49 
SD   0.39  0.92  0.97 

MAD
c
   0.59  0.9  1.87 

SD
c
   0.59  0.62  1.05 

aTotal number of conformations used in the calculation. bOrganic molecules 694 

were used as reference species for the calculation of pKa3. 
cMAD and SD 695 

values calculated with a single structure for each protonation state. d Ref. [32]. 696 

 697 

 698 

Table 10. Mean absolute deviations and standard deviations of pKa1, pKa2 and 699 

pKa3 of peptides calculated with the Isodesmic reaction and PM6 by using the 700 

minimum energy conformer as an initial structure. 701 

 702 

 PM6 
PM6 

minimum energy 
conformer in vacuum 

∆pKa1
a 1.30 ± 0.96 2.40 ± 1.77 

∆pKa2 1.80 ± 1.18 1.62 ± 1.51 
∆pKa3 totalb 1.17 ± 0.89 2.13 ± 1.51 
∆pKa3 lys. 1.78 ± 1.11 1.99 ± 1.75 
∆pKa3 arg. 0.92 ± 0.44 3.41 ± 2.97 
∆pKa3 his. 1.19 ± 1.00 2.61 ± 1.15 
∆pKa3 cys. 1.21 ± 0.39 1.46 ± 1.57 
∆pKa3 tyr. 1.13 ± 0.67 1.83 ± 1.09 
∆pKa3 glu./asp. 0.50 ± 0.31 1.55 ± 1.27 
aErrors reported as the mean absolute deviations (MAD) ± standard deviation 703 

(SD). bAmino acids were used as reference species for the calculation of pKa3. 704 
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