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Amino acids exhibit their most important properties in aqueous environment in physiological conditions. These
properties are related to their structural changes in water. Although several studies have been performed earlier
for obtaining the structure of alanine in a solvent environment, an explicit consideration of the solventmolecular
system is still in need. This work uses a Free Energy Gradient method to obtain the structures of alanine with an
explicit consideration of the water environment. This is combined with a QM/MMmethod. Next, the electronic
and vibrational properties of L-Alanine in water solution at different pH scales are obtained. The equilibrium
structures of L-alanine are obtained in its neutral, anionic and cationic form. A systematic study of the solute-
solvent hydrogen bondswas performed to predict the stability of neutral and charged L-alaninemolecules. Quan-
tum mechanical calculations were also performed to obtain the infrared spectrum, pH induced changes and to
predict NMR parameters such as chemical shifts, magnetic shieldings and spin-spin coupling constants.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

In physiological conditions, most of biomolecules like amino acids,
peptides and proteins exist predominantly in the zwitterionic (ZW)
form. However, the zwitterionic amino acids are not stable in the gas
phase and this excludes the possibility of understanding their biological
functions [1,2] considering the isolated molecule. The stability and the
interaction with water molecules is the first step for understanding of
their structures, properties, and biological functions. On the other
hand, the structure of amino acids is sensitive to the pH regulation
which further affect the functionalities of living systems. Additionally,
the pH of the liquid solution leads to large differences in the stability
and electronic properties of amino acids, which implies that positively
charged forms are prevalent in acidic environments and anionic forms
prevail in basic solutions. Experimental NMR measurements [3–5] of
L-Alanine and L-Alanyl-L-Alanine at various pH aqueous environments
measured a strong interaction between aqueous solution andmolecular
flexibility of the solute. Furthermore, a detailed bandanalyseswasmade
in the IR spectra of experimental samples of different protonation states
of solid L-alanine [6,7]. These studies provided insights into the molec-
ular conformation of the close surrounding of a nucleus but also indi-
cated changes in their chemical environment.
To appropriately model the solute-solvent interactions in diverse
environments, the theoretical models should be able to detail local ef-
fects associated with hydrogen bonds as well as long-distance effects.
Significant deficiencies have been observed in current implicit solvent
models, since they simplify the interplay between solute and solvent
by describing the solvent with a simple dielectric constant [8]. An im-
provement of the description of local effects and hydrogen bonds may
be achieved through the micro solvation model [9], in which the solute
and a small number of solventmolecules are treated explicitly by quan-
tum mechanics. Hence, local effects are represented by explicit solvent
molecules, while long range effects are obtained by a dielectric constant.
However, this approach has several pitfalls such as the selection of the
number and positioning of solvent molecules may lead to artificial ef-
fects. In addition, it lacks the statistical characteristic of a liquid system.
Recent developments in models combining quantum mechanics and
molecular mechanics, namely QM/MM methods, have been more suc-
cessful in describing the solute-solvent interaction and significantly im-
proving the description of the properties compared to experiment
[10–13]. One of the recent strategies for studying the solute in a solvent
considers the free energy of the systemas a functionof the atomic solute
coordinates. Under these circumstances the free energy gradient
method combined with the QM/MM method has been proposed for
the optimization of stable structures in the condensed phase. In such a
model the normal modes and vibrational frequencies can be obtained
in solution by the diagonalization of the Hessian matrix elements.
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In this study, we investigated the solvation L-alanine in water sol-
vent, making a systematic analysis of the stabilization of neutral and
charged states. In the QM/MM method, we could have used any MM
method such as Molecular Dynamics [14,15] (MD) or Monte Carlo
[16–19] (MC) simulation techniques. In this work, we have favored
the MC classical simulation due its easily implemented in our code,
discussed below. We should note that, given the ergodic theorem, it is
not expected that the structures generated by MD or MC, for the subse-
quent QM calculations, will differ much as long as they are statistically
uncorrelated. The structure of the solute molecules in water is obtained
by minimizing the free energy. The gradient of the free energy consid-
ered here is the gradient of the distribution of solute-solvent configura-
tions sampled with the Boltzmann probability [20–22]. Thus, we
present in detail the equilibrium structure of these neutral and charged
alanine molecules in water. There are many studies of the structure of
alanine in different environments and this study differs from those by
an explicit consideration of the solvent in optimization process using
the free energy structures gradient implementation in a QM/MM
multiscale method. After that, important electronic proprieties such as
NMR chemical shifts, magnetic shieldings and spin-spin coupling con-
stantswere determined bymeans of sophisticated quantummechanical
methods.

2. Methodology

First we considered the alaninemolecule isolated and optimized the
geometries using the second-order Moller-Plesset MP2/aug-cc-pVDZ
level. An initial consideration of the solvent effects in the geometries
was considered by adopting the Polarizable Continuum Model (PCM)
[23] and again M2/aug-cc-pVDZ level. The structural and electronic
properties of alanine molecule were investigated from theoretical
point of view in gas phase and in aqueous solution at the MP2/aug-cc-
pVDZ level, optimizing its rotamers and the zwitterionic structure. In
addition, the charged species were also optimized in aqueous environ-
ment. Frequencies calculations ensured that these critical points corre-
spond to true minima. More accurate structures are aimed by using a
free energy gradient (FEG) consideration. In this case we have used
the ASEC-FEG method [20,24]. This approach uses the sequential QM/
MM (s-QM/MM) methodology [25] combining the Free Energy Gradi-
ent Method (FEG) [21,22] and an average solvent electrostatic embed-
ding (EE) field (ASEC) [12] that represents the same electrostatic
interaction obtained by the statistical average using all configurations
sampled from the Monte Carlo simulation.

The ASEC-FEG approach allows to relax the geometry and simulta-
neously the atomic charges of the solute by adopting an iterative proce-
dure of MC simulations and QM calculations. More details about the
theory and computational process may be consulted in elsewhere
[13,24].

TheMC simulationswere done employing the traditionalMetropolis
samplingmethod as implemented in the Dice package [26]. The alanine
molecule was placed in a cubic box containing 1000 water molecules.
Periodic boundaries conditions were applied by using the minimum
image technique. The classical interaction was modeled by the
Lennard-Jones (LJ) plus Coulomb potential. Initially, the LJ parameters
for alaninewere extracted from the all-atomoptimized potential for liq-
uid simulation parameters (OPLS-AA) [27], whereas Coulomb potential
was described by a set of atomic charges obtained from an iterative pro-
cedure that brings the solute to an electrostatic equilibrium with the
solvent. The CHELPG fit [28] is used at each step of the iteration
employing the MP2/aug-cc-pVDZ level. These atomic charges were up-
dated as well as the structure of alanine at each simulation step. For
watermolecules, the TIP3P [29] forcefieldwas adopted. The simulations
were run in the NPT ensemble in normal conditions (P=1bar and T=
297.15K) with a total number of 6 × 108 MC steps.

Using the energy autocorrelation function [17] at each optimization
step, we select 400 solute-solvent configurations separated by less than
13% of statistical correlation to generated the ASEC mean field [12]. The
forces and hessian matrix were calculated with respect to the alanine
coordinates. With first and second derivatives, we are able to apply
the Newton-Raphson technique to search the nearest stable configura-
tion of the solute in solvated environment, although in the optimization
procedure was adopted an approximate hessian.

The NMR calculations of the alanine molecule in water were carried
out through the Gauge-Including Atomic Orbital (GIAO) [30] approach
at the B3LYP/6–311++G(d,p) level of theory. The infrared spectrum
was also computed via frequency calculations employing the same
DFT functional and atomic basis set. In both calculations are required
the evaluation of the full second-derivatives of the energy with respect
to the atomic coordinates of the system. However, these hessian ele-
ments were estimated by taking into account just the atomic coordi-
nates of the solute. All the QM calculations were performed with the
Gaussian 09 program [31].

3. Results

3.1. Equilibrium geometry in water solvent

First, multiple minima of L-alanine were obtained in gas phase. It
was identified 5 distinct stable structures, with all of them exhibiting
positive frequencies. Illustration of the gas phase geometries of alanine
are depicted in Fig. 1. In Table 1 are displayed the relative energies of
these conformations. According to our results, themost stable structure
is the AI2, which is in agreement with previousworks [32–35]. The next
stable structure is the AIII, located 0.43 kcal/mol above the AI2. It is
worth mentioning that two rotations on the carboxylixc group is
needed to reach the AIII from the AI2, which means that either AII1 or
AII2 will be accessed firstly. Moreover, no zwitterionic structurewas de-
termined, which is in accordance with our previous work about glycine
molecule [36]. These findings show that the hypersurface of alanine is
quite complex, containing several minima and transition states.

The minimum structure optimization of alanine in water started
from the gas phase geometries structures obtained previously. In addi-
tion to optimizing the zwitterionic (Fig. 1a), also the anionic (Fig. 1b)
and cationic (Fig. 1c) conformationswere also optimized in aqueous en-
vironment. The zwitterionic structure has a net charge equal zero, but
there is a migration of charge between the amino and carboxyl groups.
This amplifies the polarization of the charge density, becoming it the
most stable structure in aqueous solution. The AZW structure was stabi-
lized by more than 78 kcal/mol in the ASEC-FEG method, while PCM
model predicts that AIII structure is more stable than zwitterionic struc-
ture (around 1 kcal/mol above). This contrast between both methods
could be related to the weakness of the PCM in dealing with specific in-
teractions, for instance, hydrogen bonds. Our results with the ASEC-FEG
method have the same tendency foundpreviously by Takahashi et al. for
glycine molecule [37]. These results indicate that the ASEC-FEG values
are in better agreement with the recent experimental and theoretical
work of Roggatz et al [4].

To obtain a better understanding into the minimum energy struc-
tures, it was examined the most relevant changes on the geometric pa-
rameters of alanine due to effects of water. All the bond distances and
angles for the optimized structure in water may be consulted in table
S1 of the Supplementary Material. In Fig. 2 is presented a schematic
view of the C\\C, C\\N and C\\O internal chemical bonds of the alanine
molecule in gas and solvent phases. Our results employing the
ASEC-FEG model were also compared with the experimental [38] data
of neutron diffraction on crystal alanine samples in the neutral and
zwitterionic forms. The zwitterionic structure optimized from the
ASEC-FEG model always exhibits slightly higher values for all the dis-
tances in relation to experimental data, with the largest variation of
0.04 Å for C2-N3 bond. In the case of the PCM model, most distances
were larger than the experimental data, but the largest discrepancy
was of 0.025 Å for C2-N3 bond. It is important to mention that our



Fig. 1. The most stable optimized structure of alanine in its (a) zwiterrionic, (b) anionic and (c) cationic conformation in water solvent employing ASEC-FEG method. In addition,
illustration of the gas phase structures of L-alanine. In both cases the MP2/aug-cc-pVDZ level was used for the optimization. Atom numbering is adopted in the text.

Table 1
Relative energies ΔE in kcal/mol for the optimized structures in gas and aqueous solvent phases. AI2 was assumed as the reference structure.

ΔE[X − (AI2)] AI1 AI2 AII1 AII2 AIII AZW

Gas 1.46 0.00 1.81 1.10 0.43 –
Water (PCM) 0.97 0.00 1.55 1.08 −2.49 −1.38
Water (ASEC-FEG) −4.33±1.38 0.00±1.44 −5.48±1.51 −0.57±1.51 3.01±1.19 −78.38±1.51
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simulations and the experimental data were carried out in distinct
environments.

Except for the C10-O12 bond, there is a stretch of the bond length
from gas phase to water. For the charged optimized structures com-
pared to ZW structure, the smallest variation were found for C\\C
bonds. On the other hand, the largest deviations appears on the C2-N3
for anionic molecule (difference of 0.035 Å) and C\\O bond for cationic
structure. These differences could be attributed to solute-solvent hydro-
gen bonds, which will be detailed below.
Fig. 2. Scheme of the calculated bond distances values for L-alanine molecule in gas and solve
neutron diffraction on crystal L-alanine samples in the neutral and zwitterionic form are exhib
The average numbers of hydrogen bonds on the atomic sites of each
molecule were estimated by analyzing the statistics of acceptor and do-
nors bonds of the solute and solventmolecular structures. In Table 2 are
displayed the average number of hydrogen bonds and their associated
energies. As we can see, the AZW structure makes 9 hydrogen bonds
with the solvent, in average, with approximately 6 on the carboxylic
group and 3 on the amino (NH3

+) group. For cation formA+, the average
number of hydrogen bonds drops to ~ 4.5, with less than 2 hydrogen
bonds on the carboxylic group and around 3 on the amino group. The
nt phases at different protonation states using the ASEC-FEG model. Experimental data of
ited for comparison [38].



Table 2
Statistical analyses of the averagenumber of hydrogenbonds and their associated energies
obtained from MC sampling.

Specie H Bonds 〈HB〉 〈E〉HB

AZW C=O ⋯ H–O 3.13 −28.58±4.68
C–O ⋯ H–O 2.84 −25.98±3.93
3×(N\\H ⋯ O\\H) 1.00 −41.67±3.67
C–N ⋯ O–H 0.00 0.00
sum 8.97 −96.23

A+ C–O ⋯ O–H 0.16 −1.51±1.05
C=O ⋯ H–O 0.60 −1.74±1.31
O–H ⋯ O-H 1.00 −15.97±1.51
3×(N\\H ⋯ O\\H) 1.00 −18.85±2.87
C–N ⋯ O-H 0.00 0.00
sum 4.46 −38.07

A− 2×(C_O ⋯ O\\H) 3.39 −15.53±2.57
N–H4 ⋯ O-H 0.99 −14.04±5.21
N–H5 ⋯ O–H 0.60 −3.54±2.57
C–N ⋯ H–O 1.86 −9.61±3.66
sum 10.83 −42.72
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anionic alanine is the system which makes more solute-solvent hydro-
gen bonds, with 7 hydrogen bonds on the carboxylic group and almost 4
on the amine group. During the iterative procedure only the atomic
charges of the solute are updated keeping the LJ parameters fixed
throughout the optimization procedure. This may lead to some slight
changes in the number of computed hydrogen bonds but a previous
study byMartín and coworkers showed that the correction is not signif-
icant [39].

We also evaluated the energy of the hydrogen bonds. For the anionic
form, with the largest number of hydrogen bonds on average, the en-
ergy due to these bonds is lower than those observed in the neutral
form. In order to judge the most stable structure of alanine in water,
we look the total average energy related to the hydrogen bonds:
−96.23, −38.07 and − 42.72 kcal/mol respectively for AZW, A+ and
A− states. Therefore, the cationic form A+, with the less number of
solute-solvent hydrogen bonds, was less stabilized in water solvent. It
is interesting to note that the zwitterionic structure is the most stable,
Table 3
Infrared frequencies of zwitterionic (AZW) and charged A+ and A− structures in aqueous soluti

Assignments AZW

Exp. ASEC

ν (OH) – – –
ν(ass) (NH2) – – –
ν(ass) (NH3) 3072 [41] 3080 [6] 3095.9

3013.3
ν(ass) (CH3) 2991 2940 3064.9

3042.7
ν(s) (NH3) 3014 2988 2912
ν(s) (NH2) – – –
ν (CH) 2929 2997.2
ν(s) (CH3) 2884 2951.7
ν(ass) (OCO) 1644 1620 1533.6
δ(sc) (NH2) – – –
δ(ass) (NH3) 1590 1655.6

1648.1
δ(s) (NH3) 1620 1519–1507 1555.5
δ(ass) (CH3) 1455 1455 1426.2

1429.7
δ(s) (CH3) 1412 1361.7
δ (CH) 1306 1307 1314.6

δ(OH) – – –
ρ (NH3) 1150 1152 1201.5
ρ (NH2) (CC) – – –
ρ (NH3) (CC) 1114 1114 1143.2
ρ (CH3) (CN) 1014 1015 1073.3
δ (OCO)inplane 850 849 792.3
δ (OCO)outofplane 646 649 740.1
τ (NH3) 482 486 622.8
even though it is not the onewithmore hydrogen bonds. From the anal-
yses of the average hydrogen binding energy and the number of bonds
we found larger average energy for the AZW, of about 11 kcal/mol, for
each hydrogen bond. For the charged structures this relative energy
was lower. For the A+ structure the medium energy was about
8.5 kcal/mol and for the A− this energy reduces to 4 kcal/mol. As we
can observe from these values, the highest binding energy value was ob-
tained for the AZW and the lowest medium energy was calculated for A−

with the highest number of hydrogen bonds. Besides, the statistical anal-
ysis of hydrogen bonds on the amino and carboxyl groups of L-alanine re-
veals a decrease of 45% in the average hydrogen bond energy for the
amino group of the A+ state compared to the neutral situation (AZW). A
pronounced decrease of 75% is calculated for the average hydrogen
bond energy connected to the carboxyl group in the A− state compared
to the neutral case. Thereby, the effect of an acidic medium is to weaken
the hydrogen bonds in the amine group, while the effect of a basic me-
dium is to weaken the hydrogen bonds of the carboxyl group.

3.2. IR spectral characterization of the alanine conformers

In the ASEC-FEG methodology, effective equilibrium structures of
the alanine molecule in solution were obtained and the normal modes
and the vibrational frequencies in solution can be calculated. For the
purpose to obtain the normal modes and vibrational frequencies of
charged and neutral states of analine molecule in water solution, a vi-
brational study has been carried out for AZW, A+ and A− states. The
pH-induced changes were estimated for the vibrational spectra. Exper-
imental results for vibration spectra using diffuse reflectance infrared
spectroscopy (DRIFT) [6,40] suggest strong intermolecular hydrogen
bonds involving specific groups of L-alanine conformers at different
pH scale. Likewise, experimental IR and Raman in solids and solution
[41], and new samplemethod namedDSD (dissolution, spray and depo-
sition) [42] confirmed the role of solute-solvent hydrogen bonds in the
IR spectra of L-alanine.

Theoretical and experimental data are displayed in Table 3 for the
three states of L-alanine. A scaled factor of 0.96 [43] was adopted for
on.

A+ A−

Exp. [6] ASEC Exp. [6] ASEC

3109 3049.6 – –
– – 3322 3327.7
3203 3027.5

2980.6
– –

2910 3067.8
3047.7

2975 3037.2
3031.4

2979 2995.2 – –
– – – 2984.4
– 2996.9 – 2984.4

2957.5 2938 2937.4
1720 1702 1581 1500.8
– – 1581 1606.3
1602–1582 1654.4

1641.8
– –

1493 1557.4 – –
1468 1431.8

1425.1
1461 1431.8

1416 1350.3 1415 1330.1
1310 1329.2

1298.5
1305 1272.6

1382–1346 1409.7 – –
1132 1148.9 – –
– – 1110–1071 1023.3
1115 1197.8 – –
1005 1066.4 1023 983.9

828 804.6
611 704.9 778 753.7

643.5



Fig. 3. Difference in the isotropic shielding values between the AZW and A− structures.

Fig. 4. Difference in the isotropic shielding values between the AZW and A+ structures.
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all the vibrational modes in order to take indirect account of the
anharmonic effects. For these calculations, we considered only the
ASEC model, which means that no explicit water molecule is included
in the Infrared frequencies calculations.

Our theoretical result for the O\\H stretching mode in the cationic
structure is assigned at 3050 cm−1, which is in good agreement with
the experimental value reported by Garcia et al. [6]. For the asymmetric
amino stretching, large variations in the frequencieswere found in the ex-
perimental data: 3072, 3203 and 3322 cm−1 for AZW, A+ and A−, respec-
tively. Except for A+, our results are close to experiment (3052 and 3327
cm−1 for AZW, A−, respectively). For A+, our findings were down shifted
calculated at 3000 cm−1. A frequency of 2995 cm−1 was obtained for
the symmetric amino stretching for A+, which is little overestimated in
relation to the available experimental data (2980 cm−1).

For asymmetric CH3 vibration, our calculated values are 3055, 3057
and 3035 cm−1 for AZW, A+ and A− respectively, which are overestimated
in relation to experimental data (2965, 2910 and 2975 cm−1). For sym-
metric methyl group, we found an overestimated result for AZW and a
very close value of 2937 cm−1 for A− compared to the experimental
value of 2938 cm−1. At the asymmetric (OCO), our results are slightly
below the experimental values but follow the variation for the three
cases studied.

In lower frequencies, bending vibrations modes of the amino group
were little overestimated, with the greatest discrepancy of only about
60 cm−1. Vibrational modes related to the out of plane and in planemo-
tion of the carboxylic group were obtained. A good accordance was
achievedwith the experiment. Theworst results were achieved formo-
tion outside of plane.

In summary, the ASECmodelwas able to obtain good insights for the
vibrational frequencies, and these results could be improved by the in-
clusion of anharmonic effects. Unfortunately, there is not an easy form
to insert explicit molecule from the theoretical point of view in the cal-
culation by virtue of the existence of mix in the frequencies involving
solute and solvent molecules. In addition, the IR spectrum is sensitive
to changes in pH in the environment. We can mention the asymmetric
stretching (OCO) vibration that suffers a red-shift in basic pH environ-
ment, in comparison with neutral pH, while a blue-shift is observed in
acidic pH environments. Our model is able to describe these variations
on the asymmetric (OCO) vibration mode. The number of hydrogen
bonds in the carboxyl group, at least 7 for the (A−) and less than 2 for
the (A+) state, can be used to explain these changes.

3.3. NMR Properties: shielding, chemical shift and spin-spin coupling of al-
anine in water solvent

The analysis of theNMRpropertieswas focused on themost stable L-
alanine structures in water, which encompass the AZW, A+ and A− con-
formations. Shielding and coupling constants were computed using the
structures sampled from the ASEC-FEG methodology in two distinct
ways. In the first approach, the solvent is represented by the corre-
sponding point charges in the atomic position employing an average
electrostatic embedding (ASEC), and in the second one, some water
molecules are added explicitly in the calculation, i.e., the quantum me-
chanical system is composed of the solute and some surrounding sol-
vent molecules. In the latter approach is converged the statistic
average of the property under consideration. In fact, we included here
12 explicit water molecules in our model, coined as 〈12W + P. C.〉
model. This number of explicit solvent molecules was defined based
on the average number of solute-solvent hydrogen bonds, and the selec-
tion of thesewatermoleculeswas carried out viaminimumdistance cri-
terion [44]. For comparison, these properties were also computed using
the PCM continuous solvent model.

The difference in the isotropic shielding between the neutral, zwit-
terionic and charged molecules was determined and the respective re-
sults are depicted in the Figs. 3 and 4. The positive and negative
variations are associated with either increase or decrease of the
property for charged alanine with respect to the AZW. For the anion
case, as shown in Fig. 3, an increase in the shielding values were ob-
served for the amino group, on the N3, H4 and H5 atoms. The same pro-
file was also identified for O11 atom of the carboxylic group, but using
explicit solvent molecules model it becomes more negative
(~12ppm). A negative sign of around 10 ppm was also observed for
the C6, C10 and O12 atoms. Except for the O11 atom, the PCM model
leads to a difference in the chemical shift with the same sign in relation
to the approaches adopted here.

For the cationic case, large variations on the oxygen atoms were in-
duced by the protonation of the alanine molecule on the carboxylic
group. A remarkable decrease of about 90 ppm in the shielding was
seen for O11 atom, while the O12 atom exhibits opposite behavior.
The PCM model gives the highest absolute values for shielding on the
oxygen atoms. The insertion of 12 water molecules provides distinct
trends, which could be related to organization of the closest solvent
molecules around each oxygen atom. Besides, the deviation for other
atoms is small (<10ppm). Absolute values of the isotropic and aniso-
tropic shielding can be seen in the Supplementary Material.

Chemical shifts were also evaluated and they can be compared directly
with the experimental data employing reference standard values [5] for
the atoms (H=31.83ppm, N = − 180.16ppm, C=183.45ppm and O=
336.15ppm related to DSS (Sodium trimethylsilylpropanesulfonate),



Table 5
One bond spin-spin coupling constants (Hz) for the PCM and the ASEC-FEG relaxed geom-
etries for the zwitterionic AZW and the charged forms A+ and A−.

Specie Spin-spin coupling pairs PCM ASEC 〈12W + P. C.〉 Exp. [3,45]

AZW Cα − N −3.02 −3.71 −3.62 −5.7
Cα − Cβ 34.37 33.90 32.93 34.9
Cα − C 50.33 56.03 55.13 54.0
Cβ − Hβ 119.87 123.51 123.85 127.6
Cα − Hα 146.70 142.39 140.56 145.1
Cβ − Hβ 119.95 125.87 125.50 129.7
N − Hα −1.37 −1.09 −0.77 0.0
N − Cβ −0.45 −0.61 −0.42 0.0
N-C −0.06 0.02 −0.06 0.0
Cα − Hβ −3.10 −3.24 −3.25 −4.4
Cβ − Hα −2.97 −4.22 −4.25 −4.6
C − Cβ −1.11 −1.14 −0.96 −1.2
C − Hα −3.73 −4.26 −3.84 −5.0
N − Hβ −3.27 −3.32 −2.70 −3.1
C − Hβ 3.59 4.11 4.40 4.2
Hα − Hβ 6.46 6.64 7.00 7.3
ΔJ 1.71 1.10 1.80 –

A− Cα − N −2.16 −1.84 −1.05 −4.3
Cα − Cβ 30.58 30.72 29.79 35.2
Cα − C 53.97 55.90 53.68 52.7
Cα − Hα 135.16 137.01 136.76 138.4
Cβ − Hβ 119.87 123.51 123.85 127.6
N − Hα −5.33 −4.76 −4.34 −2.2
N − Cβ 1.35 1.10 −0.63 0.0
N-C −1.12 −1.11 −1.07 0.0
Cα − Hβ −2.90 −3.09 −3.06 −4.3
Cβ − Hα −1.17 −2.83 −3.20 −4.7
C − Cβ −1.11 −0.73 −0.62 0.0
C − Hα −5.16 −5.14 −4.78 −4.3
N − Hβ −0.87 −1.16 −1.00 −3.0
C − Hβ 3.63 4.11 4.41 4.3
Hα − Hβ 6.53 6.16 6.48 7.3
ΔJ 2.28 1.87 1.70 –

A+ Cα − N −5.56 −5.67 −4.82 −6.6
Cα − Cβ 33.49 33.29 33.20 34.1
Cα − C 61.48 62.38 60.14 59.6
Cα − Hα 144.22 142.03 139.80 146.6
Cβ − Hβ 125.85 127.08 125.89 131.0
N − Hα −0.32 −0.19 −0.13 0.0
N − Cβ −0.33 −0.51 −0.39 0.0
N-C −0.41 −0.35 −0.39 0.0
Cα − Hβ −3.42 −3.32 −3.37 −4.6
Cβ − Hα −4.05 −4.34 −4.23 −4.9
C − Cβ −1.27 −1.15 −0.95 −1.3
C − Hα −5.83 −5.12 −4.78 −6.0
N − Hβ −3.46 −3.38 −2.70 −3.0
C − Hβ 3.63 4.11 4.41 4.6
Hα − Hβ 6.66 6.67 6.48 7.3
ΔJ 1.05 1.21 1.37 –
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nitromethane and water). Experimental data were extracted from mea-
surements of di-alanine at room temperature taken from the reference
[3]. Our theoretical results are showed in the Supplementary Material.

Since the chemical shifts are dependent on the choice of reference
values, we focus our efforts in the differences of chemical shift of the
charged and neutral forms. These results give pH-induced changes in
chemical shifts and can be compared to experimental data as well as
other previous theoretical works. As we can see in the experimental
values [3], a negative sign is obtained for the hydrogen and nitrogen
atoms for A− molecule, whereas this behavior was observed in carbon
and nitrogen atoms for A+. Our theoretical results obtained from ASEC
model reproduce satisfactorily the experimental trends for negative
charged alanine, with high accuracy for hydrogen atoms. Explicit solvent
molecules lead to a better agreement with the experiment, for instance,
the electrostatic embedding ASEC wrongly predicts an negative sign on
the carbon C2 atom, which is corrected with the 〈12W+ P. C.〉model.

For cationic alanine molecule, we reach good accordance with the
experiment considering the solvent as point charges. A better agree-
ment is achieved by means of inclusion of explicit water molecule. De-
pending on the atom, the PCM model also provides a good result,
however, in some situations it is less accurate than the other ap-
proaches, itmay even obtain an opposite sign regarding the experiment.
Neither ASEC nor 〈12W + P. C.〉 methods are able to characterize the
negative sign on the N3 atom.

For a general view, we compute the average absolute difference of
the calculated and experimental data. They are presented in the last
line of the Table 4. As we can see, our values significantly improve
with the addition of explicit water molecules in the calculation, for
which the absolute deviation drops from 1.81 ppm to 0.53 ppm for A−

molecule. On the other hand, similar amountswere achieved employing
the three models for A+, but a little bit smaller using 〈12W + P. C.〉
model. Dracínský and Bour predicted values of 0.44 ppm and
0.76 ppm respectively for A+ and A− molecules using Car-Parrinello
molecular dynamics [46].

Additionally, spin-spin coupling constants for each equilibrium ge-
ometry AZW, A+ and A− respectively were also calculated and are avail-
able in Table 5. Previous results evidenced a pH dependence on the
spin-spin coupling constants of alanine. A large conformational analysis
has been done by Sychrovský et all [3] on the alanine dipeptide under
pH changes. At the same study, they claim for improvements of the
computational model, which is desirable by the reason ofmore accurate
theoretical constants can drive to a better description of the peptide
conformers. Our calculated resultswere directly compared to the exper-
imental data as well as the mean absolute difference between theoreti-
cal and experimental data for each method. Considering all the possible
spin-spin couplings of the alanine molecule, the mean absolute differ-
ence calculated with all approaches were less than 2 Hz. In regard to
neutral zwitterionic system, the mean values obtained were 1.71 Hz
and 1.80 Hz respectively for PCM and 〈12W + P. C.〉 models, while
Table 4
Relative chemical shift in ppm of the charged forms. AZW structure was used as reference poin

Atoms Δσ(A− − AZW)

PCM ASEC 〈12W + P. C.〉 Exp. [3]

H1 −0.72 −0.48 −0.31 −0.48
C2 1.84 −0.46 1.08 0.93
N3 −7.63 −10.50 −4.88 −6.60
H4 −4.09 −3.44 −3.86 –
H5 −4.10 −4.47 −6.84 –
C6 11.11 7.54 5.40 4.25
H7 −0.12 −0.21 −0.09 −0.26
H8 −0.12 −0.24 −0.23 −0.26
H9 −0.10 −0.33 −0.34 −0.26
C10 13.97 11.05 9.69 8.94
O11 3.96 −22.96 −9.12 –
O12 15.07 5.53 11.69 –
Δσ 1.81 1.35 0.53 –
ASEC model gives the smallest value (1.1 Hz). For the anionic system,
little bit better values were obtained by means of the 〈12W + P. C.〉
model, whereas the PCMmodel provides better values for A+ system.
t.

Δσ(A+ − AZW)

PCM ASEC 〈12W + P. C.〉 Exp. [3]

0.56 0.34 0.52 0.37
−0.30 −1.08 −1.13 −1.77
−3.35 1.93 1.42 −2.20
0.34 0.01 0.29 –

−1.62 0.49 0.62 –
−0.76 −3.30 −1.93 −0.83
0.65 0.06 0.15 0.08
0.48 0.14 0.23 0.08
0.66 −0.09 −0.01 0.08
3.26 −7.02 −4.48 −3.11

106.85 97.27 66.15 –
−105.22 −81.96 −92.68 –

1.06 1.42 0.90 –
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Overall, these results point out that models with explicit water mol-
ecules do not give much gains for the coupling constants. Same findings
were reported in the study of NMR properties of water in liquid envi-
ronment [20].

4. Conclusions

In the present work we performed a systematic study of the liquid
water and pH induced polarization effects on L-alanine molecule. The in-
vestigation was performed by modeling the structure, NMR chemical
shift and spin-spin coupling constants, and vibrational spectra. The struc-
tureswere obtained by using a free energy gradientmethod implemented
in a sequential QM/MM method. The detailed intermolecular hydrogen
bonding effects described herein have important consequences on the sta-
bility of zwitterionic and protonated and deprotonated L-alanine struc-
tures. Our results predict that the structure of the AZW is more stabilized
with almost 9 hydrogen bonds with an average binding energy of
10 kcal/mol. For the deprotonated A− the average binding energy reduces
to 4 kcal/mol. The local effects and hydrogen bonds were also very impor-
tant in the NMR chemical shieldings and shifts. Values obtained with ex-
plicit water molecules reduce the calculated and experimental chemical
shift differences and compared well with the experimental results. The
far-ranging bulk solvent influence has main effect for the spin-spin cou-
pling constants, a property in which the continuous solvent and average
solvent models best describe compared to the explicit solvent models. In
addition the results of the IR-spectra of the zwitterionic and protonated
structures in water solvent show values with differences between the cal-
culated and the experimental one of amaximumof 70 cm−1 for the region
of the vibrational stretching modes. Although we have shown here only
one application in estimating the stable ground state structure in aqueous
solution, the present research protocol can be straightforwardly applied to
processes in excited states allowing the study of photophysical properties.
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