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Abstract
The molecular structure and strength of a model salt bridge between a guanidinium cation—
side chain group of arginine—and the acetate carboxylic group in an aqueous solution is characterized by a combination of neutron diffraction with isotopic substitution and molecular
dynamics simulations. The present neutron scattering experiments provide direct information about ion pairing in the solution. At the same time, these measurements are used to
assess the quality of the force field employed in the simulation. We show that a standard
non-polarizable force field overestimates the strength of salt bridges. In contrast, accounting
for electronic polarization effects via charge scaling allows to quantitatively reproduce the
experiment. Such simulations are used to quantify the weak character of a fully hydrated salt
bridge. Finally, on top of the canonical hydrogen-bonding binding mode, we uncover another
interaction motif involving an out-of-plane hydrophobic contact of the acetate methyl group
with the guanidinium cation.
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Salt bridges, i.e., electrostatic interactions between oppositely charged amino acid side
chains, are among the key factors considered to be responsible for protein structure stability.
However, there has been an ongoing discussion in the literature about the strength of the salt
bridges that form between arginines, lysines, or N-termini of proteins on one side and glutamates, aspartates, or C-termini on the other side. 1,2 While early studies suggested that salt
bridges may be among the main driving forces behind protein folding, 3 later investigations
rather pointed to their minor effects on folding and overall protein stability. 4–7 Nevertheless,
salt bridges can still contribute significantly to fine tuning of specific protein structures. 8,9
They have also been suggested to be important for life at high temperatures, 10 as well as
for conformational specificity and positioning of critical functioning groups. 11,12 Even if their
contribution to overall protein stabilization is small, salt bridges may still in many cases play
a critical role being essential for specific biological functions of proteins. 13–15
The principle question is how do we reliably and accurately assess the strength of a
particular salt bridge teasing it out from the plethora of interactions that keep a protein
in shape. On the experimental side, NMR measurements combined with pH titration or
single point mutations come closest to answering the question, but fall short of providing
the stabilization free energies of salt bridges. 16–19 While structural studies, 12,20,21 potentiometric titration, 4,22 fluorescence measurements, 23 and calorimetric experiments 24,25 provide
additional useful data, they cannot directly answer the question posed in the beginning of
the paragraph either. Here, we conduct technically challenging Neutron Diffraction with
Isotopic Substitution (NDIS) experiments that allow us for the first time to quantify directly
the ion pairing between guanidinium and acetate ions in an aqueous solution as a proxy
for arginine-based salt bridges (Fig. 1). Simultaneously, we employ molecular dynamics
simulations with a newly developed scaled charge force field—that accounts for electronic
polarization in a mean field way—to fully characterize the molecular details of the interaction
patterns relevant for ion pairing between these two molecular ions.
Directly probing the guanidinium-acetate ion pair formation was made possible by tech-
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Figure 1: Chemical structure of the arginine–aspartate salt bridge, together with the
guanidinium–acetate proxy ion pair. The guanidinium nitrogen atoms and acetate hydrogen atoms substituted in the neutron scattering experiment are colored in blue and green,
respectively.

nically challenging NDIS experiments 26,27 that use four chemically identical 3 m guanidinium
acetate (GdmOac) aqueous solutions with varying isotopic compositions. A different combination of isotopes is used for guanidinium nitrogen atoms (nat N or
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N, colored in blue

in Fig. 1) and for the acetate hydrogen atoms (H or D, colored in green) in the four solutions (see Methods and Table 1). This yielded the four neutron scattering patterns provided
in Figure 2A. While their general shapes are very similar, the small differences between
them are directly due to varying isotopic compositions, that assign a different weight to
particular correlations in the solution. Subtracting pairs of solutions that differ only by the
isotopes of the guanidinium nitrogen atoms yields the first order differences ∆SN
h3 -OAc (Q) and
∆SN
d3 -OAc (Q) (Fig. 2B), which reflect the structural correlations between the guanidinium N
atom and any other atom in the solution (see Supporting Information).
Taking the difference between these two first order patterns eventually yields the second
N
order difference ∆∆SOAc
(Q) (Fig. 2C). The second order difference reflects the single cor-

relation, in the reciprocal space the correlation, between the guanidinium N atoms and the
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Figure 2: A) Raw total structure factor for four isotopically different 3 m guanidinium acetate
solutions: (a) GdmOAc(h 3 , nat N), (b) GdmOAc(h 3 , 15 N), (c) GdmOAc(d 3 , nat N), and (d)
N
GdmOAc(d 3 , 15 N). B) First order differences (e) ∆SN
h3 -OAc (Q) and (f) ∆Sd3 -OAc (Q). C)
N
Second order difference ∆∆SOAc
(Q). D) Second order difference in direct space ∆∆GN
OAc (r),
obtained by back-Fourier transform of the Q-space second-order difference. All neutron
signals are in units of barns str−1 atom−1 .
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acetate non-exchangeable H atoms:

N
∆∆SOAc
= ∆SdN3 -OAc (Q) − ∆ShN3 -OAc (Q) = 1.04SNHsubs (Q) .

(1)

N
∆∆SOAc
is thus a direct measure of the ion pairing propensity between acetate and

guanidinium ions, which serve as a proxy for the salt bridges formed between glutamate or
aspartate and arginine side chains in proteins. Such simple model molecules were chosen not
only because of the availability of the isotopically substituted compounds, but also because
their simple structure and the symmetry of the guanidinium ion were expected to give rise
to a signal simple enough to allow its comprehensive interpretation. In reciprocal space, the
second order difference is mainly featureless beyond 4 Å−1 but exhibits a broad peak around
2 Å−1 and a characteristic sharp fall below this value. Measuring this structural correlation
was a technically challenging experiment, because the expected contrast for the double difference was only ∼ 1 mbarns, i.e. ∼ 0.3 % of the total scattering signal. Comparison of two
independent sets of data confirmed the reliability of our procedure (see Supporting Information). The success of our experiment was possible only thanks to a very careful preparation
of the samples and to the very high signal to noise performance of the 7C2 instrument at
the Orphee reactor (Saclay, France). 28
The corresponding signal in direct space (r-space) is obtained by Fourier transform of
the Q-space signal, after applying a window function to limit ringing artifacts (Fig. 2D). It
exhibits a very broad split first peak between 3 and 4 Å, a second peak just above 5 Å, and
a third very shallow hump at 7 Å. This signal represents the first direct characterization of
the real-space correlation between the two ions. However, further interpretation of the data
and peak assignment is only possible with the help of molecular modeling.
Hence, we used force field molecular dynamics to simulate a guanidinium chloride solution at the same concentration as the experiment, i.e., 3 m, and calculated the corresponding
N
second order difference signal in Q-space, ∆∆SOAc
(Q). The simulated signal can be directly
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compared to the experimental second order difference without any assumptions (Fig. 3).
However, results from molecular simulations can be only as good as is the underlying interaction potential and, indeed, recent comparative studies show that existing force fields tend
in general to overestimate the strength of salt bridges. 29,30 Attempts to track the origin of
this artifact point primarily to the neglect of electronic polarization effects in standard (nonpolarizable) MD simulations, which typically leads to excessive pairing of oppositely charged
ions or charged groups in aqueous solutions. 31,32 By comparison to structures obtained from
neutron diffraction these studies have also shown that a simple, accurate, and physically well
justified way for accounting for electronic polarization lies in scaling of charges of aqueous
ions or charged groups by the inverse square root of the high frequency dielectric constant of
water, i.e., by a factor of approximately 0.75. 32–34 Hence, simulations were performed with
two different force fields—we compared a standard non-polarizable force field ("full charges")
with its scaled-charge, ECC, variant (see Methods).
The depletion at low-Q and the presence of a broad peak around 2 Å−1 in the second
order difference signal (Fig. 3) is captured by both simulations, but the amplitude of the
depletion at 1 Å−1 is much better described by the scaled charge simulations. In addition,
the full charge force field clearly leads to too sharp peaks around 2 Å−1 compared to the
experimental data. This reflects stronger ion-pairing in the solution when using full charge
force fields (Fig. 3). While the experimental signal only shows a very broad peak around
2 Å−1 , the computed double difference with the ECC force field exhibits a double peak
structure around 2 Å−1 , with a first peak at 1.7 Å−1 and a second at 2.7 Å−1 . However,
given the experimental noise level and the weak intensity of the peaks, the signal computed
with the ECC force field is compatible with the experiment within noise level. Hence, the
scaled charge (ECC) simulation is used for all further analyses.
We can now use our simulations to obtain a more detailed picture of the structure of the
solution at the molecular level. The acetate is found to interact with guanidium primarily in
two different modes (Fig. 4a). The first mode of interaction is a formation of two hydrogen
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Figure 3: Comparison between the experimental second order difference in Q-space
N
∆∆SOAc
(Q) (black) and that calculated (red) from a simulation performed with either a) full
charges or b) ECC (scaled charges) force fields. A snapshot of each simulation (right hand
side) is provided to illustrate the difference in pairing. All the ions involved in a H-bonded
ion pair (NGdm -OAc distance lower than 3.5 Å) are colored in red, the others in blue. All the
simulation snapshots in this paper have been prepared using VMD. 35

bonds with the guanidinium moiety, as expected for salt bridges in proteins. The second
mode of interaction is via the acetate hydrophobic methyl group, which can lie on top of the
guanidinium central carbon. These two modes are apparent in the density maps of hydrogen
or oxygen acetate atoms around guanidinium (Supporting Information and Fig. 4). The
density clouds in the guanidinium plane (Fig. 4b) clearly show the direct hydrogen-bonding
interaction between the two moieties, while the out-of-plane density clouds correspond to the
second interaction mode, with the acetate methyl group on top of the guanidinium plane.
This structural analysis allows us to identify the molecular origin of the peaks present
in the simulated double difference signal ∆∆GN
OAc (r) (Fig. 4b). The first small peak around
3.2 Å clearly originates from the second interaction mode, where acetate CH3 groups are
positioned directly on top of the guanidinium plane. In contrast, the two peaks around 5.4
and 7.2 Å can be assigned to the direct hydrogen bond interaction between the guanidinium
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Figure 4: a) Snapshot from the molecular dynamics simulation illustrating the two possible
interaction modes of acetate with guanidinium. b) Pair correlation functions in real space
gN-Hsubs (Q) calculated from a simulation performed with either full charges (black) or scaled
charges (ECC, red) force fields. The correlation responsible for each peak is identified on
the HAc density maps around guanidinium, plotted for a low (2.2 times bulk density) density
cutoff value.

NH groups and the acetate oxygen atoms. The origin of the peak or shoulder around 4.6 Å is
more elusive and seems to originate from the second interaction mode. While the first peak
corresponds to the NH correlation with the closest H from the CH3 group, this second one
would reflect the position of the other hydrogen atoms, further away from the guanidinium
plane (see Supporting Information for details).
It is interesting to note that while the peaks related to the direct H-bond interaction are
found at the exact same position in the simulation (Fig. 4) and in the Fourier transform
of the experimental data (Fig. 2D), both peaks related to the second interaction mode are
somewhat shifted. The first peak is shifted to slightly lower distances in the simulations
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compared to the experimental data, while the second peak is found at a significantly shorter
distance in the experimental signal. This suggests that, while the qualitative picture from
the MD simulations of two interaction types is correct, the details of the hydrophobic outof-plane interaction are probably not fully captured by our simulation setup. This is not
unexpected, as no terms in the employed force field specifically describes the interaction with
aromatic groups.
Both our NDIS measurements and MD simulations show that the salt bridge between
fully hydrated guanidinium and carboxylate charged moieties is weak, thus lending support
to previous interpretations of measurements of protein and model systems. 4,17,22,24 We note
in this context that while NMR studies probing salt bridges involving lysines in biological
systems exist, 17 no such investigation of salt bridges involving arginines has been done so far.
Nevertheless, the binding free energy of the guanidinium – acetate ion pair from the present
simulations can be related to earlier potentiometric measurements, 22 that monitor ion pairing
via the induced pKa shift, which is a significantly less direct measure of the interaction than
that presented here. Still, our association constant KA = 0.53 computed with the ECC
force field from the fraction of acetates involved in ion pairing with guanidinium ions (see
Supporting Information) is in good agreement with the experimentally estimated value of
KA = 0.37, 22 both pointing to a weak association between the two molecular ions. In
contrast, the association is strongly overestimated by a standard full charge non polarizable
force field, as also found from the comparison with neutron scattering data.
The present study is the first direct measurement of the molecular structure of a model
salt bridge between a guanidinium cation and the carboxylic moiety of an acetate anion.
Combined with molecular simulations, it highlights the two interaction modes between acetate and guanidinium. While the first one—the electrostatic hydrogen-bonding salt bridge
interaction—is the canonical one, the additional hydrophobic interaction of the acetate CH3
group above and below the guanidinium plane is rather unexpected. Nevertheless, a similar
interaction taking place out of the guanidinium plane with hydrophobic side chains (e.g., of
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leucine) had been evidenced from a Protein Data Bank (PDB) search previously. 21 Additionally, based on our own analysis of a subset of 2265 relevant protein structures from the
PDB (see Supporting Information), we find that 25–55 % of the structures (depending on
the employed distance criterion) present at least one out-of-the-plane contact between the
hydrophobic part of an aspartate or glutamate residue side chain and the guanidinium side
chain of an arginine residue. This shows that our findings can be generalized beyond our very
simple model of salt bridge and stresses the biological relevance of this newly highlighted
interaction, even if it is less common than the canonical hydrogen-bonding salt bridge.

Methods
Experimental details We prepared four chemically identical solutions of guanidinium
acetate with different isotopic compositions and very accurate concentrations. The below
method was designed specifically to obtain this high level of accuracy. First, a 50:50 wt%
solution was prepared from 100 g KOH (85 % Sigma Aldrich) and 100 g of 18 MΩ water
(Millipore). 30 g of Dowex 1x8 50-100 mesh ion exchange resin were added to 100 g of this
solution. The resulting solution was stirred before being loaded as an ion exchange column.
The column was then washed with an additional 100 g of the KOH solution, before being
repeatedly washed with 18 MΩ water until the eluted water exhibited a pH lower than 9.
1.5 g of natural guanidinium chloride (Sigma >=99% for molecular biology) was dissolved in
5 mL of water and gently eluted onto the column, followed by three 5 mL washings by H2 O.
The column was then run in 20 mL fractions with monitoring of the pH. All the fractions with
a pH higher than 10 were collected and combined (about 135 mL). This solution was split
into two identical fractions of exactly 60.000 g. Each of these fractions was gravimetrically
titrated until pH = 6.3 using either hydrogenated HOAc(h3) or deuterated DOAc(d3) acetic
acid. The water was then removed via evaporation in a custom made closed circuit where
the air was circulated first over the sample, then over a condenser. This method is preferable
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to vacuum methods as it reduces the risk of the sample spluttering. Once almost all the
water was removed, D2 O (6 g) was added, and removed via the closed circuit apparatus.
This procedure was repeated 3 times to ensure that all the exchangeable hydrogens on the
guadininium ion were exchanged for deuterons. D2 O was then added to each solution to
reach the desired concentration. This procedure was then repeated with
chloride (Sigma-Aldrich, 98 atom%) to prepare

15

15

N guanidinium

N guanidinium acetate solutions. The

isotopic composition of the four solutions is summarized in Table 1.
Table 1: Isotopic composition of the four guadinium acetate solutions.
Solution index Concentration Acetate Guanidinium
nat
N-Gdm
a
3m
h3 -OAc
15
b
3m
h3 -OAc
N-Gdm
nat
c
3m
d3 -OAc
N-Gdm
15
d
3m
d3 -OAc
N-Gdm

Water
D2 O
D2 O
D2 O
D2 O

The total neutron scattering patterns were then recorded for each of these four samples
on the 7C2 instrument 28 at the Orphee nuclear reactor of the Laboratoire Léon Brillouin in
Saclay, France. They were corrected for multiple scattering and absorption effects 36 prior
to being normalized versus a previously characterized scattering sample of known geometry
(a ∼6 mm vanadium cylinder). This produced the total structure factors (S(Q)) for each
solution (Figure 2A). The first order difference was then taken between pairs of solution with
the same acetate isotope but different guanidinium isotopes,

15

N-Gdm and

14

N-Gdm. The

N
structure factors corresponding to these first order differences, ∆SN
h3 -OAc (Q) and ∆Sd3 -OAc (Q),

can be expressed as a sum of pairwise structure factors (see Supporting Information), and
differ only in the prefactor associated with the correlation between the non-exchangeable
hydrogen atoms on the acetate (Hsubs ) and the guanidinium nitrogen atoms (N). Hence, the
N
structure factor for the second order difference ∆∆SOAc
, obtained by the direct subtraction of

the two first order differences, only depends on the correlation between the non-exchangeable
hydrogen atoms on the acetate (Hsubs ) and the guanidinium nitrogen atoms (N). It is thus a
direct measure of the pairing between these two ions:
12

N
= ∆SdN3 -OAc (Q) − ∆ShN3 -OAc (Q) = 1.04SNHsubs (Q) .
∆∆SOAc

(2)

Computational details We performed force field molecular dynamics simulations of a 3 m
guanidinium acetate aqueous solution using the Gromacs 5.1.1 software. 37 The simulation
box was composed of 100 guanidinium cations, 100 acetate anions, and 1852 water molecules.
The SPC/E 38 force field was used to describe water molecules, and two different force fields
were compared for the ions. First, we used a previously developed full charge force field 34 for
acetate based on the Amber ff99 force field. 39 Consistently, we designed an AMBER-based
force field for the guanidinium cations, using the same charges as in the AMBER ff99 for the
NH2 moieties, and adjusting the charge of the central carbon atom so that the guanidinium
total charge is +1. We then used a scaled charge force field–using the electronic continuum
correction (ECC) 33,40 –for both for acetate 34 and for guanidinium. In such ECC force fields,
electronic polarization is taken into account in a mean field way through scaling the total
charge of the ions by a factor 0.75. This correction has been shown to improve ion pairing
properties in many different ionic aqueous solutions. 34,41,42 The detailed guanidinium force
fields (Table S1) and further simulations details are provided in Supporting Information.
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