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ABSTRACT: Ion-specific effects on peptides and proteins are
key to biomolecular structure and stability. The subtle roles of
the cations are far less understood, compared to the
pronounced effects of the anions on proteins. Most
importantly, divalent cations such as Ca2+ and Mg2+ are crucial
to several biological functions. Herein, we demonstrate that an
amide−iminolate equilibrium is triggered by the binding of the
divalent cations to the amide oxygen in aqueous solution. The
excellent agreement between the experimental and theoretical
results confirms the arrest of an unusual amide tautomer by the
divalent cations, which is a rarely known phenomenon that
might open up an array of applications in chemistry and
biology.

■ INTRODUCTION

The biological organization is controlled by a delicate balance
between noncovalent interactions, in particular those between
ions and biomolecules. Ions interact with peptides and proteins
through electrostatic forces and have a strong impact on
biomolecular structure and stability. The strengths of these
protein−ion interactions are regulated by the hydration
capacity of the ions. Hofmeister summarized these ion-specific
effects according to the capacity of cations and anions to “salt
in” and “salt out” the proteins.1,2 Proposed models to
understand the origin of the Hofmeister effect are mainly
based on either direct protein−ion interactions or an indirect
effect of the ions on the water molecules that solvate the
proteins.3,4 In the indirect interaction model, the ions that
enhance the water structure by strengthening the hydrogen-
bond network can effectively steal water from the protein and
show the salting-out effect. On the other hand, the ions that
break the water structure show the salting-in effect. However,
recent studies have reported a negligible effect of ions beyond
their immediate solvation shells.5−8 Moreover, pH-dependent
studies suggest that the effect of ions on the water hydrogen-
bond structure is not sufficient to understand the ordering of
the Hofmeister series and the direct protein−ion interactions
are important toward protein stabilization.9,10

In the recent decade, several experimental and computa-
tional studies have been performed using model amides to
obtain a deeper insight into ion-specific effects on proteins and
peptides.3,11−14 These studies reveal that the weakly hydrated
anions (e.g., NO3

−, SCN−) and the strongly hydrated cations

(e.g., Ca2+, Mg2+) have favorable interactions with the protein/
peptide backbone. The interactions of the cations with the
backbone, although less pronounced compared to that of the
anions, are far less understood. Among cations, divalent cations
such as Ca2+ and Mg2+ are the most commonly used ions in a
multitude of biological functions.15,16 An earlier study reported
that these strongly hydrated divalent cations bind to the
oxygen (O) atom of the amide carbonyl (CO) at a
moderate concentration, albeit through a weak interaction.11

On the other hand, another report proposed an indirect, water-
mediated interaction model between a divalent cation and the
peptide moiety.12 Despite the immense importance of the
divalent cations in biology, a general consensus on the
structural aspect of the peptide backbone upon binding of
the divalent cations is missing to date.
In this report, we employed N-methylacetamide (NMA),

one of the simplest molecules containing the peptide bond, as
a suitable proxy to model interactions at the protein backbone.
Using a combination of infrared (IR) absorption spectroscopy,
and molecular dynamics (MD) simulations followed by
quantum calculations, we show that an amide−iminolate
tautomerism is triggered by the direct binding of the divalent
cations to the amide carbonyl (CO) group. This finding was
further validated by additional experiments and two-dimen-
sional (2D) IR spectroscopy. This intriguing, yet unusual
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phenomenon, was only observed for divalent cations and might
open up an array of applications in chemistry and biology.

■ METHODS

IR Absorption Experiments. The carbonyl compounds
such as acetone, ethyl acetate (EtOAc), N-methylacetamide
(NMA), N,N-dimethylacetamide (DMA), urea, and p-nitro
acetanilide, were obtained from Sigma−Aldrich and used
without further purification. Aqueous salt solutions of CaCl2,
MgCl2, KCl, and NaCl were prepared with five different
concentrations (such as 1, 2, 3, 4, and 5 M) for each set of
experiments. All carbonyl compounds were separately
dissolved in different aqueous salt solutions and in pure
water (D2O) to prepare the final concentration of 40 mM for
IR study. We have also performed IR experiments in aqueous
HCl solution to study direct protonation. The Fourier
transform infrared (FTIR) absorption spectra were recorded
on a Bruker V70 FTIR spectrometer with 1 cm−1 resolution at
room temperature. For each sample, a sample solution of ∼60
μL was loaded into a demountable cell consisting of two
windows (CaF2, 3 mm thickness, Shenzen Laser Co., Ltd.),
separated by a Mylar spacer 56 μm thick.
Two-Dimensional Infrared (2D IR) Experiments. The

details related to the experimental setup and analysis of 2D IR
data have been previously reported.17,18 The three successive
IR pulses with wave vectors k1, k2, and k3, having controlled
polarization and tuned to the amide CO stretching
frequency, were applied to the sample to induce the
subsequent emission of the vibrational echo. The vibrational
echo in the phase-matching direction (ks = −k1 + k2 + k3) is
detected by heterodyning it with a local oscillator (LO) pulse,
which preceded the echo signal by an interval of ∼1 ps. The
signal and LO are combined at the focal plane of a
monochromator (Model TRIAX-190) and detected by a 64-
element MCT IR array detector (IR Associates). The focal
length of the monochromator is 190 mm and the groove
density of the grating used in the experiment is 150 lines/mm.

All 2D IR spectra shown here, collected at room temperature,
represent the real part of the absorptive spectra. The 2D
spectra are displayed as the double Fourier transforms of the
(τ, t) data set with frequency arguments (ωτ, ωt).

Simulation Method. N-methylacetamide (NMA) was
optimized quantum mechanically using HF/6-31G* basis set
in GAUSSIAN03 software.19 Furthermore, restricted electro-
static potential (RESP) charges20 on the atoms of NMA were
calculated using ANTECHAMBER module of AmberTools
software.21 The general amber force field (GAFF) for NMA
was constructed using AmberTools software.21 The topology
and coordinates generated from AmberTools were converted
into GROMACS format using a perl program amb2gmx.pl.22

We have used the same protocol to create the methyl acetate
(MeOAc) force field and coordinates. A classical Drude
oscillator-based force field23 for ions, in conjunction with a
polarizable model of water (SWM4-DP),24 was shown to
reproduce a large set of thermodynamical parameters against
experiment.23 Therefore, we used the above combination of
force fields for ions and water. This combination was shown to
provide the correct concentration dependence (up to 7 M) of
dielectric permittivity, structure, and dynamics of aqueous
NaCl solution, which was not found in a nonpolarizable model
of water.25

System Preparation. We have prepared four systems: (i)
NMA in 5 M of CaCl2 solution, (ii) NMA in 1 M of CaCl2
solution, (iii) MeOAc in 5 M of CaCl2 solution, and (iv) NMA
in 5 M of NaCl solution. To create the NMA in 5 M CaCl2
system, we have taken 536 water molecules and 46 CaCl2
molecules in a cubic box with a length of 30 Å. To create the
NMA in 1 M system, 536 water molecules and 9 ions (NaCl or
CaCl2) were taken. With the same procedure, we have created
the MeOAc in 5 M CaCl2 solution system.
For all the four systems, we first performed energy

minimization using the steepest descent method,26 followed
by heating to 300 K for 100 ps by using a Berendsen
thermostat27 with a coupling constant of 0.4 ps. During the

Figure 1. IR spectra of NMA with different (a) CaCl2, (b) MgCl2, (c) KCl, and (d) NaCl concentrations. The spectrum without ion is also shown
for reference. All the spectra have been normalized to the area under the curve.
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heating, we restrained the heavy atoms of NMA/MeOAc
molecule with 25 kcal/mol/Å2. The harmonic restraint was
gradually reduced to 0.25 kcal/mol in six steps. In each step,
100 ps equilibration was performed at constant temperature
(300 K) and pressure (1 bar) using a Berendsen thermostat
and barostat,27 each with a coupling constant of 0.2 ps, which
was then followed by energy minimization using the steepest
descent method.26 All bonds were constrained using LINCS
algorithm.28 The Particle Mesh Ewald (PME) method29 was
used for the electrostatics with a 10 Å cutoff for the long-range
interaction. The cutoff for the van der Waals (vdW) interaction
was kept at 10 Å. Simulations were performed with a 2 fs time
step. At the final equilibration step, we performed the 10 ns
unrestrained equilibration by using the Berendsen thermostat
and barostat,27 each with a coupling constant of 0.2 ps. After
equilibration, we have performed 110 ns long production run
in an NVT ensemble. All the analyses have been performed on
the 110 ns long trajectory. All the simulations were performed
using GROMACS-4.5.5 version.30

DFT Method for IR Frequency Calculation. To
investigate the role of Ca2+ in the IR spectra of NMA/
MeOAc, we performed DFT calculation on the most probable
conformations. To choose the most probable conformations,
we have selected the frames around the each minima (MIN1,
MIN2, and MIN3) and performed cluster analysis based on
the Ca2+ distances to the molecule and picked up the more
populated structure. Thereafter, we performed quantum
mechanical ground-state optimization and frequency calcu-
lation using density functional theory (DFT) with B3LYP
functional and DZV2P basis set, previously used in ab initio
calculation.31

■ RESULTS AND DISCUSSION
Linear Absorption Spectroscopy. IR spectroscopy of the

amide vibration is a powerful technique to probe the
conformations of biomolecules in solution. A single IR peak
in the frequency range of 1600−1700 cm−1, arising from the
amide-I band, has been reported for NMA in aqueous (D2O)
solution.32 The amide-I band arises almost exclusively from the
CO stretch, with a small contribution from the NH bend
and the C−N stretch. In the presence of divalent cations such
as Ca2+ and Mg2+, an additional high-frequency shoulder is
observed in the IR absorption spectra (see Figures 1a and 1b).
The spectra, when fitted to two Gaussian profiles, identifies an
additional peak other than the amide-I band in water, blue-
shifted by 25 cm−1 (22 cm−1) in the presence of Ca2+ (Mg2+)
ions. The details of the fits are shown in Figure S1 and Table
S1 in the Supporting Information. An increase in the
concentration of the divalent cations increases the population
of the blue-shifted peak. This blue-shifted spectral signature
has been previously described to arise from the direct binding
of the divalent cations to the amide O,11 by displacing all water
molecules in the vicinity.14 However, the CO chromophore
being sensitive to the larger electrostatic field exerted by the
divalent cations, as compared to water, is expected to show a
red-shift, with respect to that found in neat water. Instead, the
presence of an additional blue-shifted peak is incongruent and
therefore intriguing, more so because this additional peak is
not observed in similar experiments using monovalent cations
(see Figures 1c and 1d).
Control experiments on other CO containing molecules

without a conjugating nitrogen (N) atom, i.e., ketones (Figure
S2 in the Supporting Information) and esters (Figure S3 in the

Supporting Information) validate that the blue-shifted
population is exclusively for the amides. The ester (ethyl
acetate) exhibits an opposite trend, where a blue-shifted
shoulder in neat water shows a decrease in population with an
increase in salt concentration. It has been previously reported
that the blue-shifted shoulder in ethyl acetate arises from
different extents of hydrogen bonding of the ester CO.17,18

Moreover, unlike NMA in the presence of divalent cations,
earlier reports demonstrated that the frequency shift in esters
can be explained from the perspective of the exerted
electrostatic field.33 Thus, the opposite trend seen in esters
can be explained from the change of CO hydrogen bonding
in the presence of divalent cations. The increase in the blue-
shifted population with increasing divalent ion concentration is
only observed for amides. This suggests a greater role of the N
lone pair in conjugation with the amide CO in biomolecules
than previously perceived upon binding of divalent cati-
ons.11,12,14 To investigate this further, IR absorption experi-
ments were performed on model amides with increased or
decreased electron density on the amide N (see Figures S4−S6
in the Supporting Information). In N,N-dimethylacetamide
(DMA), with an increased electron density on N, because of
the presence of an extra methyl group, we observe a larger
population of the blue-shifted peak (Figure S4 in the
Supporting Information). In urea, where two amine groups
are in conjugation with the CO group, an amplification of
the blue-shifted population is observed (Figure S5 in the
Supporting Information). In contrast, the blue-shifted peak is
not observed when an electron-withdrawing (p-nitrophenyl)
group is attached to the N atom (Figure S6 in the Supporting
Information). A probable explanation of these findings is that
the lone pair of N possibly stabilizes the negative charge
density on the O atom, which, in turn, helps to form the
previously described amide−divalent cation contact pair.14

However, this explanation is in contradiction with a blue-
shifted CO peak.

Molecular Dynamics Simulations. To obtain the
molecular understanding of the phenomenon, we resorted to
MD simulation (see the Supporting Information for simulation
details). We constructed a system of NMA in 5 M Ca2+

concentration and ran a 110 ns simulation to obtain the
volume-corrected distance distribution of cations, with respect
to the amide O and N (Figure 2a), which shows three
maximaMIN1, MIN2, and MIN3 (correspond to minima in
free energy). In MIN1, Ca2+ interacts directly with the amide
O (distance is 2.3 Å) and is located 4.3 Å from the amide N
(Figure S7a in the Supporting Information). In MIN2, the
most stable state under this condition, Ca2+ is 4.5 and 6.3 Å
away from the amide O and N, respectively, and makes water-
mediated interaction with the O atom (Figure S7b in the
Supporting Information). In MIN3, Ca2+ is farther away (6.5
Å) from both the amide O and N (Figure S7c in the
Supporting Information). However, NMA at the lower Ca2+

concentration (1 M) (Figure 2b) does not show the contact
minimum (MIN1). Therefore, the contact minimum obtained
in the computational result at moderate concentrations of the
divalent cations corroborates with the experimental observa-
tions of the blue-shifted population under the same conditions.
Furthermore, control simulations either on an ester with 5 M
Ca2+ (Figure S8a in the Supporting Information) or on NMA
with 5 M Na+ (Figure S8b in the Supporting Information)
confirmed the absence of the contact minima in such scenarios.
Distribution of chloride ions is uniform in all the systems (see
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Figures S9a−S9d in the Supporting Information), indicating a
rather passive role played by the anion.
A recent ab initio umbrella sampling simulation on NMA

predicted the contact geometry between CO and Ca2+, in
terms of free energy, to be the most stable configuration.14

However, this would contradict the experimental result where
the blue-shifted peak appears as a shoulder to the original
amide-I band upon the addition of Ca2+ ion (Figure 1a). The
discrepancy could originate from either overestimation of the
interaction between CO and Ca2+ in the ab initio treatment
or statistical sampling error associated with a shorter ab initio
study.
Quantum Chemical Calculations. To investigate the

reason for the above corroboration, we looked into the
electronic characteristics of these minima, in terms of their
vibrational spectra using density functional theory (DFT) on
the most representative structure of the particular minimum
(see the Supporting Information for details). Figure 3a shows
the vibrational spectra of CO and C−N stretching
frequencies of the amide moiety for all three minima. When
Ca2+ is away from O (MIN3), C−N stretch appears to be red-
shifted, compared to the CO stretch. As the cation gets

closer to O (MIN2 and MIN1), the stronger electrostatic field
of Ca2+ causes a red-shift to the CO frequency and,
interestingly, a concomitant blue-shift to the C−N frequency.
The frequency shift in the opposite direction is large enough in
MIN1, where Ca2+ is in direct contact with O, to result in a
crossover of the CO and C−N frequencies. Moreover, our
calculations predict that the C−N stretch has a high molar
extinction coefficient (ε), compared to the CO stretch
(black curve in Figure 3a). Coincidentally, the C−N peak at
MIN1 appears at a blue-shifted frequency adjacent to the
original amide-I peak, thus giving a false impression that CO
has blue-shifted, as presumed in earlier reports.11,12 The peak
frequencies are given in Table S2 in the Supporting
Information.
As MIN2 is more stable than MIN1, the experimental

infrared spectra will be a weighted average of the spectra
shown in Figure 3a with the weights associated with the
stability of the minima. Therefore, the C−N stretch is observed
as a blue-shifted shoulder of the original amide-I band in the
ensemble-averaged experimental spectrum. No frequency
crossover was observed in similar frequency calculations on
either a nonamide control system (Figure S10a in the
Supporting Information) with 5 M Ca2+ or on NMA with 5
M Na+ (Figure S10b in the Supporting Information). Thus,
computations suggest that the additional peak originates from
the C−N stretch of the amide moiety, and not from the CO
stretch. Quite naturally, the subsequent question is why the
blue-shift is observed in the C−N stretch at moderate divalent
ion concentrations. To obtain an explanation, we performed
natural bond orbital (NBO) analysis of NMA in 5 M Ca2+. We
found that the bond order of CO, at MIN1 (Figure 3b),
changed from double to single, whereas that of C−N changed
from single to double (see Figure S11 and Table S3 in the
Supporting Information). At the other minima (MIN2 and
MIN3), CO retains its partial double-bond character, as
evident from the bond lengths (Figures 3c and 3d). The
calculations, repeated with more water molecules, show no
significant change in the vibrational frequencies (Table S4 in
the Supporting Information).

Experimental Validation. To validate the theoretical
prediction of the formation of iminolate ions, we have
performed additional independent experiments. The first
experimental evidence of iminolate formation comes from
the IR spectrum obtained upon addition of 1 M HCl to the
aqueous solution of NMA. O-protonation of amides, stabilized
by the resonance structure containing CN, is well-accepted.

Figure 2. Volume-corrected distance distribution of cations Ca2+

around amide O and N atoms of NMA in (a) 5 M CaCl2 and (b) 1 M
CaCl2 solution. The maximum of each distribution corresponds to the
free-energy minimum, as represented by MIN1, MIN2, and MIN3.

Figure 3. (a) C = O and CN IR frequencies at different Ca2+ distances (MIN1 (black), MIN2 (red), and MIN3 (green)). Optimized geometry
with the bond length of CO and CN in (b) MIN1, (c) MIN2, and (d) MIN3 conformations, respectively. The molecules (NMA and water) are
shown in ball-and-stick model (red = O, white = H, blue = N, green (large) = Ca2+, green (small) = Cl−). The extinction coefficient of CN is
greater than that of CO at MIN3 and less than that of CO otherwise.
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We have indeed observed a new blue-shifted population in the
presence of the added acid (Figure 4a).
It is well-known that ε is related to the square of the

transition dipole strength (μ⃗). 2D IR spectroscopy is more
sensitive to structural changes than Fourier transform infrared
(FTIR) spectroscopy as 2D IR signals are proportional to |μ⃗4|,
unlike |μ⃗2| in FTIR.34,35 The 2D IR spectrum in Figure 4b
consists of two diagonal peak pairs, at 1619 and 1645 cm−1,
showing an excellent agreement with the peak positions
obtained from the Gaussian profile fits (see Table S1 in the
Supporting Information). Moreover, the 2D IR spectrum
shows that the blue-shifted peak (1645 cm−1) is more intense
than that arising from amide-I (1619 cm−1). This validates the
theoretical prediction that the CN mode has a higher ε value
than the CO stretch. The time evolution of the intensity at
the cross peak regions between the two populations in Figure
S12 in the Supporting Information probably indicates a
population transfer between MIN1 and MIN2. Because of
the overlap of the two diagonal peaks and the small diagonal
anharmonicity, both time-dependent 2D IR spectra and
numerical fitting of the 2D IR spectra will be necessary to
comment on the nature and time scale of the population
transfer. However, the ultrafast population transfer dynamics is
beyond the scope of this work and will be studied separately,
supported by statistically significant MD simulations.

■ CONCLUSION
Numerous studies have implicated Ca2+ dysfunction in
Alzheimer’s disease, demonstrating the bidirectional relation-
ship between Ca2+ signaling and the amyloidogenic path-
way.36,37 A recent study has reported that Aβ(1−40) forms
oligomers at moderate Ca2+ concentrations, as opposed to
fibrils in the absence or at low concentrations of Ca2+.38

However, the mechanism of such a shift in the aggregation
pathway in the presence of Ca2+ is not known. As backbone
hydrogen-bonding (between CO and NH) is crucial for
aggregation,39 our results indicate Ca2+-bound iminolate
tautomers might disrupt the backbone hydrogen bonds to
favor the oligomers. However, it is important to note that the
Ca2+ concentrations used in our studies are substantially higher
than the physiological concentration. The variation in the
water exposure of the amides in a crowded protein environ-
ment (dielectric ∼4) is known to be different from the amide
moiety in NMA in aqueous solution (dielectric ∼80). IR
experiments of NMA in 1:1 acetonitrile (ACN)/water
(dielectric ∼55)40 apparently shows a 3-fold increase (Figure

S13 in the Supporting Information) in the relative population
of the contact ion pair when the Ca2+ concentration is kept
unchanged (2 M). As NMA was immiscible in ACN/water
solutions with larger fractions of ACN, the hypothesis could
not be tested at a physiological Ca2+ concentration.
Furthermore, to examine amide/peptide aggregation, we
looked into the effect of Ca2+ in aggregated NMA (see Figures
S14a and S14b in the Supporting Information).41 Nevertheless,
this complete swap of bond orders, arising from amide−
iminolate tautomerism, triggered in the presence of divalent
cations, is quite unexpected and was never reported in earlier
studies. Therefore, the present study throws light into an
interesting role of divalent cations in the modulation of the
bonding characteristics of the amide group, which might have
plausible consequences in biology.
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