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Neutron diffraction with isotopic substitution (NDIS) experiments and molecular dynamics (MD) simulations
have been used to characterize the structure of aqueous guanidinium carbonat€@gdsulutions. The

MD simulations found very strong hetero-ion pairing in G@I; solution and were used to determine the

best structural experiment to demonstrate this ion pairing. The NDIS experiments confirm the most significant
feature of the MD simulation, which is the existence of strong hetero-ion pairing between the &din

COs?” ions. The neutron structural data also support the most interesting feature of the MD simulation, that
the hetero-ion pairing is sufficiently strong as to lead to nanometer-scale aggregation of the ions. The presence
of such clustering on the nanometer length scale was then confirmed using small-angle neutron scattering
experiments. Taken together, the experiment and simulation suggest a molecular-level explanation for the
contrasting denaturant properties of guanidinium salts in solution.

Introduction (MD) simulations can be used to help interpret the complex

. . . neutron scattering seen in the diffraction experiments.
Electrolyte solutions are of fundamental importance in . . o
problems ranging from batteries to living cells. They are Previous studies have reported the combination of neutron

particularly important in biology, where most processes take diffrac'tion vv_ith isotopic substi_tution (NDIS) ex_periments and
place in salt solutions (e.g., blood plasma, cellular cytoplasm, MD simulations to characterize the structuring of agueous
etc.). Apart from governing the osmotic state of such systems, solutions of guanidinium chlorid&guanidinium thiocyanate,
it is well-known that some ions can significantly affect such and guanidinium sulfat®. The study of guanidinium sulfate
thermodynamic equilibria as protein folding and unfolding or found hetero-ion pairing of sufficient strength and extent for
the binding of ligands to proteins. The familiar Hofmeister the sulfate salt as to suggest the formation of nanometer-scale
series, first characterized more than a century ‘agmks the aggregates in ionic solutions. These studies found significant
various cations and anions in terms of their effects on protein solvent structuring around guanidinium ions (Ggmand
conformational stability and solubility. The mechanisms un- experimental evidence for strong hetero-ion pairing (even at
derlying the Hofmeister series have been the subject of muchmodest concentrations) as well as indirect and computational
investigatior?, but particularly for molecular ions there remain  evidence for homo-ionic guanidinium pairing in a manner that
unresolved questions about what governs their relative ordering.resembles hydrophobic stacking. The nature of these interactions
It has long been believed, however, that the way in which the yaries with the charge and shape of the ions and helps to explain
ions interact with each other and with water plays a major role the Hofmeister behavior of these species. In the case of the
and understanding the microscopic structure and dynamics Ofguanidinium sulfate, the strength and geometry of the interac-
such systems will be crucial to understanding their macroscopic ;5 < petween the Gdirand sulfate ions led to nanometer-scale
properties. o o o ) aggregation of the ions. The mode of interaction between these
Characterizing the structural organization of liquid solutions . ions involved mainly double hydrogen bonds between the
has proven to be a difficult problem. Most experimental 0—S—0 and the HN-C—NH motifs in ways that allowed each

ti;:hryqu%s_ prtO\{[|detonI|y |nd|r_ect [[nl‘lormetl)tléﬁ. Tge most i to participate in additional pairings, which led to networks of
etrective direct structural experimental probe nas been NEUlron , o« iated jons. On the basis of the anionic structure, it would
diffraction experiments. When combined with the technique of L g

seem reasonable to assume that similar ionic pairing could occur

isotopic substitution of specific atoms in paired or grouped in guanidinium carbonate solutions. Furthermore, the aggrega-
experiments, such studies have been extremely powetul. ngua i . ’ goreg
tion might be expected to be even stronger since-tBeharge

the case of complex molecular solutes with several different . .
atom types, however, the scattering data can be difficult to 'S spread over only three oxygen atoms rather than four as in

interpret. For such systems, the rich detail of molecular dynamics Sulfate. The present paper describes similar coupled NDIS
experiments and MD simulations of aqueous guanidinium

carbonate (GdrCOs) solutions designed to test this hypothesis.
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scale structures in the Gd@O; solution but their absence in TABLE 1: Scattering Prefactors
GdmCl solutions, as predicted by the MD simulations. A B C

Neutron diffraction with isotopic substitution experiments,
which exploit the differences in scattering cross sections for
different atomic isotopes, are limited to some extent in their
application to many biological solutes due to several circum-

stanhces. Tgle rr?odst problematic of these Idgf'?uét'ﬁs IS thr‘?t,the calculated pair correlation functions, weighted by the
exchangeable hydrogen atoms cannot be labeled due to t e"'scattering prefactors shown in Table 1. To test the sensitivity

Iab|I_e nature; all of the hydrogen atoms in the gganldlnlum 'ON" of the results this procedure was repeated but with a different
are in this category. The carbonate anion contains only carbonge ot siarting coordinates and velocity assignments, with the
and oxygen atoms, and neither of these elements exhibitSqinjation run as before for 2 ns. Another 2 ns simulation at
sufficient contrast in neutron scattering length to be used in a o6 third the concentration was conducted for 16 guanidinium

viable NDIS experiment. It is thus not possible to exploit NDIS - 5, g carbonate ions in 889 water molecules, for a concentration
techniques to probe the structuring of solvent around the .t o 50 M to test the concentration dependence.
carbonate ion. The same problem applies to the carbon atom of '

the guanidinium ion. The only atom type in G¢l@O; suitable

for this type of experiment is the nitrogen of the guanidinium.
Hydrogen and deuterium have coherent neutron scattering
lengths of —3.74 and 6.67 fm, respectively. For water itis  gample Preparation. All the light water used in this
therefore possible to make a mixture of isotopes such that theexperiment had a resistivity of 18 ® cm and is referred to
average coherent neutron scattering length of hydrogen is 0.00hgreafter as pure water. A 15 mm diameter column was loaded
fm (such a mixture will be hereafter referred to as “null water”). \ith 15 g of Dowex 1x 8 Cl ion-exchange resin. An 80 mL

In such a solution no correlations to hydrogen are visible. When aliquot of 10 M NaOH was eluted down this column, followed

this situation is exploited, it is possible to devise an experiment by a washing with 100 mL of pure water (such that no further
that probes the solution structure around the nitrogen atoms of NzOH was being eluted from the column). GdmCI (610 mg,

prefactor Ono(r) OIno(r) onn(r) den(r) total

"Gy(r) (D:0)  11.03  4.46 0.91 038  16.78
"Gy(r) (null) 4.46 0.91 0.38 5.75

Neutron Diffraction with Isotopic Substitution
Experiments

the guanidinium ions. 6.39 mmol) was dissolved into 3 mL of pure water and washed
onto the column. This was then eluted with pure water to directly
Methods and exactly fill a 50 mL volumetric flask. A 2.00 mL sample

of this guanidine solution was taken and diluted up to about 20

Computational Procedures.In the MD simulations a neutral 1 with pure water (the solution pH was 12.16) and was
periodic cubic system was created at Irbconcentration  potentiometrically titrated versus HCI (0.025012 M). This gave
containing a number of independent guanidinium cations and an overall yield for the conversion of GdmCI to guanidine of
carbonate counterions surrounded by explicit water molecules. 9304, Test runs of this experiment showed that yields in the
The simulations employed the same revised CHARMMZ22 1id-90% range were typical and that the eluant contained only
guanidinium potential energy function used in our previous enough chloride to produce a slight haze with Agh®lution.
studies}!® with the atomic partial charges assigned sym- Tg the remaining 48 mL of guanidine solution carbonated water
metrically (atom charges: C, 0.64; N;0.80; H, 0.46). The (75 mL,~0.045 M) was added to adjust the pH of the solution
atomic charges and structure for the carbonate ions weretg 6.2, This solution was stirred for an additional hour before
calculated using GAMESSat the MP2/6-311G** level using  the water was removed using a rotary evaporator, and the solid
Mulliken population assignment, giving partial charges of C, was well dried at 70C under vacuum. The Gdi@O; was then
0.676, and O;-0.892. Water molecules were represented using transferred to a glass ampule, and the water was removed under
the TIP3P model? All simulations were performed using the  high vacuum. Null water (3 mL) was added and again removed
CHARMM program;3with chemical bonds to hydrogen atoms  under high vacuum. This process was repeated a further two
kept fixed using SHAKE® and a time step of 1 fs. Arbitrary  times before the correct amount of null water was added. The
starting coordinates were generated by randomly placing andnull water in this experiment was composed of 84.506 g of pure
orienting 48 Gdm molecules and 24 carbonate ions in a cubic water and 52.595 g of f (99.9 at. % D). The correct amount
box with sides of 34 A. These coordinates were superimposedof null water was then added to effect a molar ratio of 1.5 mol
on a box of 1296 water molecules, and those that overlappedGdm,CO; to 55.555 mol of water (referred to in this paper as
any solute heavy atom were discarded. By design this procedurea 1.5m solution) while maintaining a high vacuum before the
produced a 1.3n solution (24 GdreCOs in 889 TIP3P water  ampule was sealed under high vacuum. The ampule was only
molecules, 1.500n). Finally, the box length was rescaled to opened immediately prior to the transfer of the solution to the
31.7840 A; this yielded the correct physical number density sample container used in this experiment. This method was also
(0.101 atoms A3). used for the production of thé®Ns-guanadinium carbonate

Van der Waals interactions were smoothly truncated on an solution.
atom-by-atom basis using switching functibhfom 10.5 to Data Analysis. The difference methods of NDIS are well
11.5 A, while electrostatic interactions were treated using the established in the literatufe6only those parts that are relevant
Ewald metho# with a real space cutoff of 12.5 A,= 0.333, to the present work are reproduced here. The main tenet of the
and aKma? Of 27. Initial velocities were assigned from a method is that there is complete isomorphism between isoto-
Boltzmann distribution (300 K) followed by 5 ps of equilibration  pically labeled samples of the same chemical compound. Total
dynamics with velocities being reassigned every 0.1 ps. The neutron scattering patterns were obtained for rb€blutions
simulation was then run for 4.5 ns with no further velocity of 1°N3-Gdm,CO; and "®N3-Gdm,CO;, (in null water) on the
reassignment. The first 1.5 ns of this were taken as equilibration, DAC diffractometer at the Institut Laue-Langevin (ILL), Greno-
and the remaining 3 ns were used for analysis. Subsequentlyble, France, corrected for multiple scattering and absorpfion,
experimentally measurable values were obtained by summingand normalized versus a standard vanadium rod to givE(@p
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values of the respective solutiof(Q) can be written as

FQ =3 3 coibSi — 1) (1)

wherec, is the atomic concentration of speciesvhose neutron
coherent scattering lengthlig, and the sums are over all four
atomic species in the solution, which in order of concentration
are H, O, N, and CS(Q) is the partial structure factor of
atoms o and 8 and is directly related to the radial pair
distribution functionges(r) through Fourier transformation

1 .
Gus(r) — 1= P J (S4(Q — 1)Qsin@QnN dQ  (2)

Through the use of the first-order difference method of NDIS
upon these two patterns, the difference functia(Q)nu was

obtained. This function provides information associated with 12 a
correlations between nitrogen atoms and all other atom types ) b c
other than hydrogen (which has a prefactor of zero due to the . /\/W
average coherent scattering length of H in null water being zero) 104 —_—
and can be written as :
ASo(Q) + BS(Q) + CS(Q) et
nAN((g)null = A+B+C -1 (3)

The superscriph indicates that this function is dimensionless,

having been normalized by division by the sum of the scattering
prefactors, in this casa + B + C. The prefactors themselves Nk
(Table 1) are composed of a productogtsb,Abn, whereAby N
= bisy — bray. The Fourier transform of this functioAGy- e

(Nnun, provides information on the pairwise structural correla- 2
tions between nitrogen atoms and all atoms other than hydrogen b '
atoms in the system. Specifically sl A [\
04—t T Y T T
"Gy (o = Adyo(r) + Baun(9) + Coyel(r) 1 @ 0 1 2 3 4 5 6 7
N A+B+C /A

. Figure 1. Upper panel: Contour map of the density of £0around
"Gn()nui @s measured by experiment and calculated from the thg Gdnt ioﬁtzredpand green for O aF:\d Con carbct)):late, respectively,

MD simulation is shown in Figure 1. at density contours of 65 times the number density of each atom). From
SANS Experiments.Small-angle neutron scattering experi- the density map the double hydrogen bond form of the interaction
ments were performed on the NG3 30 m SANS instruffett between Gdmand CQ?" is clear. Shown as red and green concentric
the National Institute of Standards and Technology Center for fings are the correlations from the substituted nitrogen to ion-paired
Neutron Research in Gaithersburg, MD. (The SANS reduction ncgrt(’r(;“ate_r;]%”:t'n';&‘gg é’li{‘oer'; %’;ﬁ‘ﬂgggm% ?cr)]da’\rﬂeD- Egﬂ;ﬁ:'oé‘lzggr
angl analysis software are freely available at http://wwv_v.ncn- thg Mnlgulprediction fOr"Gy(r)mar; bottom, gray, tphe e-xperimer,nally ’
r.nist.gov/programs/sans/manuals/red_anal.html.) Solutions of jetermined'Gy(r)uu; lower-middie, same as the bottom plot except
3 M GdmCI (Aldrich 99%+%) and 1.5 M GdrgCO;s (Aldrich that the experimental resolution has been applied to the MD data;
99%) were prepared by direct dissolution of the natural- middle, green, the NC component@n(r)nu; Upper-middle, red, the
abundance salts into,D (99.9% D, Cambridge Isotope Labs, total NO component ifiGn(r)nur (This has been further split into the
Cambridge, MA; the mention of trade names does not imply components for NGxer(gray) and NQunona(black). This split clearly
endorsement by NIST). Note that all of the hydrogen atoms in Nighlights that despite the fact that only 7% of the oxygen atoms are
. on the carbonate ion, they constitute the dominant nuclei surrounding
these systems are exchangeable. To remove dust the so_lutlon§1e Gdnt ion.): upper, the NN component 6Gu(r)uu.
were filtered through surfactant-free cellulose acetate filters
(Nalgene) of 0.2«m pore size. Neutrons of wavelength= 6 that the data ultimately does not achieve the theoretically
A with a distribution ofAA/A = 15% were incident on samples  expected low® limit, this is not a significant factor since the
held in 5 mm path length quartz cells. The sample-to-detector incoherent scattering is structureless (flat), so that the correction
distance was chosen to give an ovecpibnge of 0.014 Al < to these data is also structureless. Furthermore, it should be
q < 0.44 A1, whereq = (4n/A) sin(@/2) is the magnitude of  stressed that any such correction would be almost identical for
the scattering vector. Sample scattering was corrected forboth solutions, given the nearly identical atomic composition
background and empty cell scattering, and the sensitivity of of these two solutions. It is therefore not possible to ascribe
individual detector pixels was normalized. The corrected data the qualitatively very different SANS results for these two
sets were circularly averaged and placed on an absolute scalesolutions, described below, to multiple scattering.
of cm™! using direct beam transmission measurements. The measured small-angle signal is dependent upon the
Since there is no accepted literature method for making number of clusters, the difference in scattering length density
multiple scattering corrections on the incoherent portion of the between those clusters and the solvent, and the size and shape
data, such corrections were not attempted. While this meansof the clusters. In the current case the scattering lengths of both
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Figure 2. Snapshot of the MD simulation of 1rf Gdm,CO; and 3m GdmCI (both containing identical concentrations of GdnClearly visible
in the right panel is the long-range aggregation of Gdamd CQ?~ ions.

the water and ions are similar (5.4 fm for water and 6.9 and 6.5 since there was no tendency for the cluster to become more
fm for GAmCI and GdmCO;, respectively). However, the  spherical, with an interior composed of the new phase segregated
molecular ions have high local number densities (for instance, from the water. The extent of the aggregation was almost total;
the Gdnt ion has 10 nuclei in a relatively small volume averaged over the final 3 ns, 100% of the carbonate ions were
compared to the volume occupied by 10 water nuclei), and it is bound in such clusters, using a 4.4 A cutoff radius (the position
expected that this will be the most significant contribution to of the first minimum in the guanidinium carbewarbonate

the differential scattering length density observed in the gdm carbon radial distribution function). Similarly, only 0.7% of the

CO;3 solution. guanidinium ions were not bound in the clusters during the
simulations.
Results and Discussion Although the simulation results seem reasonable on geometric

As had been expected, the guanidinium and carbonate ionsdounds, there has been little or no previous experimental
in the MD simulations were found to pair strongly. The ion ewdencg to suggest tha’g such mesoscopic-scale structuring
pairing results in ion clusters in the solution on the 1.5 nm length OCCU'S 1IN aqueous solutions. The results thus stand as a
scale. From the trajectory coordinate sets the predicted functionPrédiction to be tested by experiment. To test this prediction a
"Gn(F)nun Was calculated and is displayed in Figure 1. An set of NDIS experiments on Gd@O; was also performed.
advantage of simulations over experimental determination of ~ Two different experiments were examined for their feasibility
this function is that the calculate®Gy(r).u can be resolved — and usefulness in characterizing ion structure in Goi@y
into its component correlations, NC, NO, and NN, which are solutions. One involved performing the NDIS\/"aN substitu-
also displayed in Figure 1. In addition, the explicit knowledge tion in 1.5m Gdm,COs in water where exchangeable hydrogen
of positions of all atoms in the simulations allows the calculation atoms are deuterium’Gn(r)p,o, Figure 3), and the other
of the complete anisotropic atomic distribution function for involved performing the same experiment on a solution where
carbonate around the guanidinium ions, which is shown in the average coherent scattering length of hydrogen is zero
Figure 1. This figure also illustrates the origin of each ("Gn(M)nui, Figure 1). The scattering prefactors (the weighting
intermolecular peak in the atomic pair radial distribution factors for theg(r) values measured in this experiment) for both
functions in terms of the geometric relationship between regions experiments, as calculated from the coherent scattering lengths
of high atomic density and the guanidinium atomic positions. of the nuclei in question and their atomic concentrations, are

Figure 2 illustrates the ion association in a typical snapshot shown in Table 1.
taken from the trajectory, which is also shown in a movie  The results of the MD simulations were used to predict the
included in the Supporting Information. The clustering observed usefulness of these two experiments with respect to their ability
in these simulations was not an accident of the initial starting to detect the strong ion pairing suggested by the modeling.
conditions, since the repeat of the simulation with different Traditionally NDIS experiments have been performed so as to
starting positions for the ions and different assignments of initial provide the best contrast (in this case the experiment,{®)D
velocities produced the same clustering. As in a related sdm However, the MD simulations show that for the current case
SO, simulatiort? the time scale required for this aggregation the extra contrast obtained by performing the experiment® D
was on the order of 1 ns. The results were also not strongly simply diminishes or helps to conceal the signal due to the ion
concentration-dependent, since the repeat of the simulation atpairing (Figure 3). Specifically, the intramolecular peaks in
0.50 M also produced ion aggregation. Also as in the @dm gnu(r) at 2.5 and 3.1 A conceal the two key signatures of ion
SO, case, the structure of these aggregates did not suggest th@airing, namely, the peaks gno(r) andgne(r) at 2.8 and 3.3
formation of a new phase, and all ions in the cluster remained A, respectively. Thus, for comparison with the MD results, the
in direct contact with the aqueous solvent (that is, there is no more challenging null water NDIS experiment with the lower
interior). This behavior differed from incipient phase separation, contrast is of more use than the higher contra€d Bxperiment.
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Figure 3. Function"Gn(r)p,0 and its components as calculated from
the MD simulation of 1.5n Gdm,CO;s. The bottom curve i8Gn(r)o,o.
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wavelength of 0.7 A. This fact means that the experimental
structure obtained for the intramolecular correlations will be
somewhat resolution-limited. The longer-range structure is
manifested by much more severely damped, higher-frequency
oscillations in§Q) (which have decreased to essentially 0 by
5 A-1), although this is convoluted by molecular correlations
that also have significant frequency components in this range.
The larger ther-space structure that is represented, the more
severe the damping, and the higher the frequency of the
oscillations in§Q). The comparison between the experimental
measurement and the MD prediction in the regierb0A 1 is
good, but most significantly, the experimental structure shows
signs of a significant small-angle peak below the IQveutoff

of the DAC diffractometer~0.55 A-1). The most significant
feature of these data is that the key signature of mesoscopic

The upper four curves are the contributions to this function from (bottom structuring of ions in the solution is presentfin(Q)nui.

to top) the NH, NC, NO, and NN correlations. The key features that

demonstrate ion pairing and nanometer-scale structure are the peak
in the NC and NO components at 3.3 and 2.8 A, respectively, and the

augmentation in the functioiGy(r)p,o in the region about 3.5 A. Both

S The Fourier transformation d-space data to-space data
involves a compromise between the resolution and the reduction
of “ringing”. If the entire data range is transformed, then the

of these features are obscured by the NH correlation, making this best resolution is obtained, giving the best representation of the
experiment a poor choice for the demonstration of ion pairing in £dm  data (Figure 1). However, while the intermolecular correlations
CO; despite having 3 times the contrast of the same experiment are defined at the experimental limit, the data tends to exhibit

performed in null water.

"Ax(0Q)

44

-3 d
Figure 4. Directly measured experimental functidin(Q)nui (gray)
and the same function calculated from the MD simulation (black). It is
demonstrable that virtually all of this function above 5%As due to
intramolecular correlations within the Gdmion (the NC and NN

a ringing at higher-values due to termination errors in the
Fourier transform (FT). It is therefore common to reduce the
high-Q limit of the data range used in the FT. This approxima-
tion has the positive effect of reducing the ringing at the cost
of lowering the maximum obtainable resolution. The experi-
mental"Gy(r)nui has a significantly smaller value in the range
3—20 A than the MD function. This is due in part to the la@v-
cutoff of the experimental data (0.55A. The more relevant
comparison between the experimental and the MD functions,
where theQ-space MD data was Fourier transformed using the
sameQ-range as the experimental data (imposing the experi-
mental resolution limits on the MD data), is also shown in Figure
1. Itis important to note the very good agreement between the
MD and the NDIS data, when both data sets are transformed
with the experimental limits, and the significant difference that
exists between the two when the experimental limits are not
forced on the MD data. This latter observation particularly
applies to the peak due to the NO correlation at 2.8 A. This
difference is an intrinsic problem with the NDIS data, which

correlations). The nanometer-scale structure observed in the MD does not have a sufficiently larg&range to accurately represent

simulation is represented by the very large increas$aiQ)nu below
0.5 A1, While this is below the range of the current experimental data,

the sharp rise in the data just before this cutoff is suggestive that there
may indeed be a large small-angle signal present. The fact that the

MD shows that there are significant features above 16reans that
the intramolecular correlation in the experimental measurement will
be somewhat resolution-limited.

Figure 4 displays the difference functiéAn(Q)nun defined

a molecular correlation. The FT of this peak will contain rippling
on either side of the peak. This rippling interferes with the NO
correlation at 2.8 A. It should be noted that given certain
Q-ranges it may not be physically possible to describe the
r-space data accurately, most specifically when interpreting
features adjacent to intramolecular correlations. In general, all
of the peaks associated with hetero-ion pairing are observed in

in eq 3 as calculated from the experimental data and the MD the experimental function (the peaks at 2.8, 3.2, and 4.8 A),
simulations. This is perhaps the most useful comparison thatalthough they do not appear to be as strong in the NDIS
can be made between the experimental and the simulationmeasurement as they do in the MD prediction. TGR(r)nun
results. To interpret this comparison it is useful to recall several function calculated from the previous MD simulations of

general features of the relationship between @hspace and

GdmcCI? where the hetero-ion pairing is much weaker, does

the r-space functions. The intramolecular correlations seen in not display any features above 2.9 A (Figure 5). The peaks in

Figure 1 at 1.3 and 2.3 A (due to the NC and NN correlations
within the guanidinium ion) are manifested in tQespace data
as relatively lightly damped sinelike functions with wavelengths
of ~4.0 and 2.3 A% These intramolecular correlations demon-
strably account for almost all of the functidAn(Q)nur above
about 5 A1, where the fit between the experimental data is
good to excellent. It should further be noted that in the MD
results there are oscillations fn(Q)nur above 16.5 AL, the
experimental limit of the D4C diffractometer using a neutron

the regions 2.8, 3.2, and 4.8 A are descriptive and characteristic
of strong hetero-ion pairing between the guanidinium and
carbonate ions. Furthermore, the NO correlation observed at
2.8 A is significantly shorter than that measured in the
experiment. This observation is important and reflects the van
der Waals radius for the oxygen atoms in the carbonate ions
being too small by about 0.1 A. This observation would also
explain why the hetero-ion pairing is substantially stronger in
the MD simulations than in the experimental measurement. More
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Figure 5. To highlight the clarity with which these measurement Q.r‘/-’(l
represent ion pairing, the functid®n(r)nu shown as calculated from ) )
MD simulations of 3m GdmCl solution (gray)and 1.5m Gdm,CO;s Figure 6. Small-angle neutron scattering of 1.5 M Ggd®s; (upper

(black), with hetero-ion pairing being relatively weak in the former gray line) a 3 M GdmClI (black line). Also for comparison the SANS

and greatly stronger in the latter. Both solutions have the identical data for pure BO (lower gray line) are shown. The flatness of the

concentration of Gdm GdmCl data shows that there is no coherent structure in this solution,
while the GdmCO; data are consistent with 1.6-nm-sized spherical

unclear is the origin of the splitting of the peak around 3.5 A aggregates in the solution.
:Cn thﬁ NDIS da;q, since ﬁ.nI); a single brc:)ad fgatl;re IS obs:jarved These simulations predict that almost all of the ions in the &dm
or the MD prediction. This feature is robust in the NDIS data - ¢, gojytion exist in nanometer-sized clusters held together by
(it is not an artifact of the FT) and can be demonst_rated not to very strong hetero-ion pairing, even at the relatively modest
be a consequence of trte-ra_nge of the data obtalne_d. IF 'S concentration of 1.5n. This simulation was used to design the
possible that this difference is due to some shortcoming in the ¢ appropriate neutron scattering measurement to test the
force fields used in the mo_dellng. . . ) reliability of this predicted very strong ion pairing, uncluttered
Although the NDIS experimental evidence is compelling that , the ‘uninteresting correlations that tend to dominate the
strong ion pairing occurs in GdBO; and GdmaSQ, solutions, neutron scattering measurement. The parallel NDIS experiment

these studies produced no direct experimental evidence t0q,hfirme that there is indeed very strong pairing in this system,
demonstrate that this pairing produced nanoscale ion clustersg;iiar to that found in the MD simulation

as was seen in the MD simulations. However, SANS is awidely  \1oreover. the NDIS results imply both from indicative
.used9‘23.and rpbust techniqug for gnambigugusly identjfying smaller-angle scattering @ A1 in "An(Q)aur) and from
intermediate-size structures since it is sensitive to regions of ,nq|ogical reasoning that nanometer-sized ion clusters exist in
differing coherent scattering length density of approximately 1 s sojution. In strong agreement with the predictions of the
nhm and Iarger. . MD simulations and the NDIS data, the SANS experiments
f Tg q“";‘]”“fY thle avferag(fa cluster S'ZZ{ the SANﬁé;:riata WEr€ girectly confirm the presence of nanometer-sized structures in
itted to the simplest form factor, monodisperse spher@ie  — 54,60us guanidinium carbonate solutions but not in solutions
to the unknown composition and density of clusters, a multi- o' g janidinjum chloridé. Similar nanometer-scale ion ag-
plicative scale factor and a flat, incoherent background were regates have been suggested recently from dynamic light
free parameters along with the sphere radius. The structureles cattering experiments for solutions of (bSO, and sodium
incoherent scattering is effectively constant between these tWOcitrate25 Dielectric relaxation studies of aqueous MgS&@so
samples because they have nearly identical constitutions. SinCgq g contact ion pairs and the possibility that such pairing may
it is nearly impossible to calculate or measure this incoherent ;.\ Jie larger aggregatés.Cluster formation was also sug-
scattering, it has not been corrected for in these data. Instru-gested in conductivity measurements for (NHPQ, as early
mental smearing was included in the model fitting by smearing ;¢ the 196328 and from Raman spectroscopy of (WH2-
the model function but was not significant. The limited signal PO2° and NaNQ.® Given that the present study confirms the
strength and scattering range precluded the use of more detalleq)resence of mesoscale ion clusters in GA®s solutions from
models. . N both simulations and two additional experimental methods and
The results of the SANS experiments are presented in F'gurethat other studies find nanometer-scale clusters in S@p
6. These measurements demonstrate that structures on the 1.5, tions as well® the case for such aggregates in many
nm length scale exist in the GA@®O; solution, while no such electrolyte solutions appears to be quite strong. The case is even

structures exist in the GdmClI solution. Furthermore, itis unlikely ¢, thar strengthened by the observation that aggregates do not
that this marked difference in structuring behavior is an artifact ...,r in all such solutions again in agreement with the

of the di_ff_erent constitution of Fhese solutions, as their. atomic ;- ation predictions.
compositions are extremely similar (Gdm&l H, 0.646; O, The presence of ion clusters in some electrolyte solutions

0'27gf N, 0'045;_C’ 0.015; Cl, 0.015; GdmEO H, 0'637; O, . and not in others may also provide a mechanistic explanation
0.296; N, 0.044; C, 0.022). These results are consistent with ¢, o ordering of the ions in the Hofmeister sefiehile

those found from the NDIS experiments and MD simulatidns. the Hofmeister ranking for monatomic cations correlates with
surface charge density and solution surface tension, for complex
polyatomic ions the underlying mechanisms for the Hofmeister
The MD simulations reported here find a significant tendency series are less apparéafor example, the guanidinium cation
for guanidinium and carbonate ions to pair in aqueous solutions. is an effective protein denaturant, while among anions, thiocy-

Conclusions
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anate is a strong denaturant while sulfate stabilizes proteins.  (6) Max, J.-J.; Chapados, Q. Chem. Phys2001, 115, 2664.

The differing effects of ions on proteins have long been (g) 'l\flnflierbyéJ-V:/EC&em- SIODC-ERBR1995 2‘; 129"_ s, T
attributed to changes that they were thought to induce in the o S(o)c. L%'nsé’gr']’ S'er."zogjs,ogég (17'65)6,‘?2?5. - Suliivantos. Trans.
collective structure of liquid water, with some ions Ia_beled (9) Mason, P. E.; Neilson, G. W.; Enderby, J. E.; Saboungi, M.-L.;
structure makers, or kosmotropes, and others described a$empsey, C. E.; MacKerell, A. D.; Brady, J. . Am. Chem. So®004
structure breakers, or chaotropes. Although vague and nonde-126 11462. _

scriptive, such terms are still in use, even though recent S‘”diesph(ylso)cﬁ";ic’réch’dsEibgeﬂ?Z?‘ C. E.; Neilson, G. W.; Brady, J.JW.
_have not necessarily supported this simple pictré Instead _ (11) Schmidt, M. W.: Baldridge, K. K.; Boatz, J. A Elbert, S. T

it appears that solutes structure those water molecules withgordan, M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.;
which they directly interact in their hydration shetfs3®36put Su, S.; Windus, T. L.; Dupuis, M.; Montgomery, J. A. Comput. Chem.
the effects on more distant bulk water molecules appear to be1993 14, 1347. _ _ _ _
much I_ess significz_ari’é% Considering the very diff_erent clustering Kle(i%f)MJ.oLr.ginsCehnér}/]\'/ .;_Hyglhg%n;%s’egkzhgr, J-; Madura, J. D.; Impey, R. W.;
behavior of the thiocyanate and sulfate ions it may be that the  (13) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; Swaminathan, S.;
ordering of these ions in the Hofmeister series has little do with Karplus, M.J. Comput. Chenil983 4, 187.

the structuring that the ions impose upon water and instead is _(14) van Gunsteren, W. F.; Berendsen, H. JMal. Phys.1977 34,

; ; : ; : 1311.
2ltwgrsgrle(;]t\;\r/ﬁlk¥tﬂ:ep:8tg:r$ interactions of the ions with each (15) Darden, T.; York, D.; Pedersen, L.Chem. Phys1993 98, 10089.

! ) . . (16) Squires, G. Llintroduction to the Theory of Thermal Neutron
The carbonate ion is not usually incorporated into the scattering Cambridge University Press: Cambridge, U. K., 1978.

Hofmeister series, since unlike many other salts, carbonate tends (17) Barnes, A. C.; Hamilton, M. A.; Beck, U.; Fischer, H.E Phys.:
to have a strongly basic character that is the dominant factor in Condens. Matte200q 12, 7311.

- PR ; ; ; (18) Glinka, C. J.; Barker, J. G.; Hammouda, B.; Krueger, S.; Moyer,
its behavior in protein solutions. Nonetheless, the observatlonl 3. Orts, W. 3. Appl. Crystallogr 1998 31, 430.

of nanome'ter-sized clusters .in Gm solution, similar to (19) Mangiapia, G.; Berti, D.; Baglioni, P. Teixeira, J.; Paduanal.L.
those predicted by the MD simulations of both the G&X@; Phys. Chem. R004 108 9772.
and the Gdns8Q; solutions!O reinforces the argument that ien (20) McLeish, T. C. B.; Allgaier, J.; Bick, D. K.; Bishko, G.; Biswas,

i i i i i P.; Blackwell, R.; Blottiere, B.; Clarke, N.; Gibbs, B.; Groves, D. J.; Hakiki,
|on.|nteract|orlls may be the key to understanding the HofmelsterA.; Heenan, R. K.. Johnson. J. M.. Kant, R.. Read. D. J. Young, R. N.
series. The discovery of ion clusters of comparable length scaleyjacromoleculest999 32, 6734.

to the proteins themselves is surprising and in addition may  (21) Finney, J. L.; Bowron, D. T.; Daniel, R. M.; Timmins, P. A.;
account for much of the nonideal behavior of electrolytes for Roberts, M. A.Biophys. Chem2003 105, 391.

properties such as density, conductivity, diffusion, etc. (22) Almasy, L.; JancspG. J. Mol. Biol. 2004 113 61.
(23) Sullivan, D. M.; Neilson, G. W.; Fischer, H. E.; Rennie, A.R.

Phys.: Condens. Matte200Q 12, 3531.
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