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The hydrogen bonding ability of the amino acid glutamine 
revealed by neutron diffraction experiments 
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Abstract  
Hydrogen bonding between glutamine residues has been identified as playing an important 
role in the intermolecular association and aggregation of proteins. To establish the molecular 
mechanisms of glutamine interactions, neutron diffraction coupled with hydrogen/deuterium 
isotopic substitution in combination with computational modelling has been used to 
investigate the structure and hydration of glutamine in aqueous solution. The final structures 
obtained are consistent with the experimental data and provide insight into the hydrogen 
bonding ability of glutamine. We find that the backbone of glutamine is able to coordinate 
more water molecules than the side chain, suggesting that charged groups on the glutamine 
molecule are more successful in attracting water than the dipole in the side chain. In both the 
backbone and the side chain we find that the carbonyl groups interact more readily with water 
molecules than the amine groups. We find that glutamine!glutamine interactions are present, 
despite their low concentration in this dilute solution. This is evidenced through the 
occurrence of dimers of glutamine molecules in the solution, demonstrating the effective 
propensity of this molecule to associate through backbone!backbone, backbone!side chain 
and side chain!side chain hydrogen bond interactions. The formation of dimers of glutamine 
molecules in such a dilute solution (30 mg/ml glutamine) may have implications in the 
aggregation of glutamine!rich proteins in neurological diseases where aggregation is 
prevalent.  
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1.� Introduction 

L!glutamine1 is the most abundant naturally occurring, non!essential amino acid in the human 
body where it is found circulating in the blood as well as in the brain 1. It is synthesised in the 
body by the enzyme glutamine synthetase, from glutamate and ammonia 2, and plays an 
important role in metabolism 3. In proteins homopolypeptide (HPP) repeat regions of 
glutamine can exist, which are comprised of neighbouring, repeating glutamine residues. HPP 
regions of glutamine residues can be found in the amino acid sequence of many proteins, and 
are most commonly found in proteins responsible for DNA and RNA synthesis 1. While their 
importance is yet to be elucidated, the uncontrolled genetic expansion of HPP regions has 
been associated with the development of a number of serious and debilitating human diseases 
1�4. In particular, polyglutamine (polyQ) regions have been associated with nine 
neurodegenerative diseases. For example, Huntington’s disease (HD) is linked to the 
insertion of extra glutamines in the protein huntingtin, resulting in a longer HPP region, 
known as a polyQ expansion 5. PolyQ expansions in diseased proteins are thought to self!
associate to form ordered aggregates and postmortem examinations of HD patients identify 
large aggregates deposited within brain neurons 6, 7. Products of proteolysis are rich in polyQ 
and their aggregation appears to be essential for toxicity 8, 9. Given its presence in 
neurological diseases, polyQ is currently the subject of intense scientific research 10!16.  
 
While the aggregation propensity of glutamine!rich proteins has been the subject of many 
studies 11, 15, 17!19, less is known about the specific interactions between glutamine molecules 
which might be important for polyQ association. One approach to understanding the stability 
and aggregation propensity of polyQ is to uncover the molecular mechanisms of the 
glutamine molecule’s interactions with itself, both as an individual molecule and as part of a 
polyQ chain or protein. Experimental and computational studies have shown that single 
polyQ chains form collapsed globules in aqueous solutions 20, 21. Recent experimental studies 
have also demonstrated that disease associated polyQ stretched preferentially adopt compact 
conformations 22. This is surprising given glutamine’s ability to hydrogen bond through both 
the backbone and side chain of the molecule, which might suggest that glutamine!water 
interactions would be favourable. However, the presence of a collapsed polyQ chain suggests 
that water is a poor solvent for this HPP chain and glutamine would prefer to minimise any 
glutamine!water interactions 20. Indeed, studies have suggested that the stability of collapsed, 
globular polyQ chains results from an extensive hydrogen bonding network between 
glutamine molecules, where glutamine!glutamine hydrogen bond interactions outweigh 
interactions with the surrounding solvent environment 21. As well as studies on single polyQ 
chains work has focused on polyQ disease!related proteins. A recent small angle neutron 
scattering study on a truncated version of the Huntingtin protein containing a polyQ chain 
with 42 residues found that dimers and trimers formed by the truncated protein were smaller 
than would be expected if they were random coils. Instead they were spherical and compact, 
again suggesting water is a poor solvent for a polyQ chain 16.  

Given a number of studies suggest that water is a poor solvent for polyQ chains and 
glutamine!glutamine interactions are more favourable than glutamine!water interactions, it is 
interesting to consider how glutamine interacts with other glutamine molecules. Recent work 
has implicated a major role for hydrogen bonding in the side chains of glutamine in the 
irreversible aggregation of a protein 23. The protein Ataxin!3 consists of a globular domain 
and a stretch of consecutive glutamines that are thought to trigger the neurodegenerative 
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disorder spinocerebellar ataxia type 3, when it is expanded beyond a critical threshold. This 
work suggested that side chain!side chain hydrogen bonding between glutamine residues was 
responsible for irreversible aggregation of the protein Ataxin!3. The importance of glutamine 
side chain hydrogen bonding has also been identified in a density functional theory study 
where the formation of glutamine!rich aggregates were examined 24. This work proposed that 
hydrogen bonding between side chains of glutamines contribute to the stabilising energy and 
formation of β!sheets in the aggregates and the lowering of distortion energy. This study also 
proposed that side chain – side chain hydrogen bonds between glutamine are more 
cooperative than backbone !backbone hydrogen bonds. This is in agreement with molecular 
dynamics simulations of polyQ chains have demonstrated that the association of glutamine 
residues is driven by glutamine side chain hydrogen bond interactions, resulting in the 
formation of larger aggregates. 25  
 
The prevalence and importance of glutamine!glutamine interactions in all of these studies 
highlights the need to obtain direct, structural insight into the hydrogen bonding ability of 
glutamine. An extensive study of hydrogen bonding motifs involving glutamine in the solid 
state has been completed, using a data set of 1370 protein crystal structures, revealing 
common structural motifs determined by the hydrogen bonding between the glutamine 
residue side chain and backbone 26. However, no such experimental, structural study has been 
completed in the liquid state for the single glutamine molecule in aqueous solution. Further 
insight is needed into the structural conformation of the glutamine molecule in the liquid state 
and its ability to hydrogen bond both with itself and the surrounding liquid environment. This 
information is important for evaluating the length scales and magnitude of intra! and inter!
molecular hydrogen bonds in the system. An understanding of the solvation properties of 
glutamine in the liquid state is the necessary first step in building a molecular level 
framework to structurally characterize polyQ expansion diseases. The availability of new and 
detailed experimental structural information on glutamine will provide a fundamental 
benchmark for spectroscopic and computational studies aimed at characterising the properties 
of systems involving glutamine. 
  
In the present study we use experimental and computational methods to allow for the 
determination of a complete set of partial radial distribution functions for glutamine 
molecules in the liquid state. Neutron diffraction is a suitable probe for the structural study of 
aqueous solutions due to the large scattering cross section of deuterium and the high contrast 
achievable using H/D selective substitution on specific hydrogen sites in the molecule. 
Previous work on small biological molecules in solution has demonstrated that this is a 
powerful approach for elucidating hydration and association behaviour 27!35. The main goal of 
this work was to obtain high quality structural data of glutamine in aqueous solution at 297 K 
to allow determination of the conformation of the molecule and investigation of the hydration 
of glutamine by water. The combination of isotopic substitution neutron diffraction and 
computational modelling was employed to obtain the average structural interactions of 
glutamine in solution on a local length scale (1!10 Å). Specifically, the modelling is a three!
dimensional molecular reconstruction using the Empirical Potential Structure Refinement 
(EPSR) method which is constrained by experimental neutron diffraction data, described in 
the following section. In addition, we have completed small!angle neutron scattering 
experiments of glutamine in solution to determine if any long!range structures (25 – 800 Å) 
are formed in the solutions.  
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2.� Methods 
 
2.1 Neutron diffraction experiments 

Neutron diffraction experiments were completed on the SANDALS time!of!flight 
diffractometer at the ISIS pulsed neutron facility at the Rutherford Appleton Laboratory, 
United Kingdom. The instrument SANDALS is a total scattering neutron diffractometer 
optimised for the study of liquids and amorphous samples containing hydrogen 34, 35. The 
physical quantity measured by the diffractometer is the differential scattering cross section 
dσ/dC as a function of the exchanged wave vector Q (defined as the difference between the 
incident and the scattered neutron wave vectors). The SANDALS instrument collects data 
with a Q range of 0.1 – 50 Å!1. Through the theory  of neutron scattering 36, it is possible to 
relate dσ/dC to the static structure factor S(Q), which is the Fourier transform of the atomic 
pair distribution function g(r). The function g(r) provides information on how atomic 
densities vary as a function of radial distance, r, from any particular atom 37. Neutron 
diffraction experiments are combined with isotopic substitution to allow labelling of 
individual atomic sites in a molecule and the extraction of g(r) 

38. 

Deuteriated samples of water and protiated samples of L!glutamine were obtained 
from Sigma!Aldrich. The deuterated water (> 99.99 % purity) was molecular biology grade 
and the protiated glutamine sample was molecular biology grade (≥ 99.5 % purity). Partially 
deuterated samples of L!glutamine, where the methyl hydrogens are deuterated, were 
obtained from Cambridge Isotope Laboratories (> 97 % purity).  Ultrapure H2O was obtained 
from a Millipore purification system. A total of 4 isotopically distinct samples were measured 
at standard temperature and pressure (297 K and 1 bar) and are listed in Table 1. Each sample 
had a concentration of 30 mg/ml, close to but below the solubility limit of glutamine 39. The 
samples were prepared by weight and then placed in flat cells made from a titanium!
zirconium alloy which gives negligible coherent scattering signal. The cells were mounted on 
an automated sample changer to cycle through the samples. The typical collection time for 
each sample is ~ 8 hours. The differential scattering cross!section for each sample was 
obtained by normalising to a vanadium standard. Corrections for attenuation and multiple 
scattering were made using the Gudrun program suite which has been detailed previously 40. 
A further correction for inelastic scattering was made and has been described in detail 
elsewhere 41. Neutron diffraction on solutions yields the quantity, F(Q), which is the total 
interference differential scattering cross section, and which is the sum of all partial structure 
factors Sαβ(Q) present in the sample each weighted by their composition c and scattering 
length b,  

F(Q) = Σ αβ cαcβbαbβ (Sαβ (Q) 41) 

where Q is the magnitude of the change in momentum vector by the scattered neutrons (Q = 

(4π//λ) sin θ). Fourier transform of Sαβ(Q) gives the respective atom!atom radial distribution 
functions (RDFs) gαβ(r), and integration of gαβ (r), gives the coordination numbers of atoms α 
around atoms β between two distance r1 and r2. 
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2.2 Computational modelling 

In this paper we refer to 2 distinct atomic components in water and 11 distinct atomic 
components in glutamine molecules (see Figure 1). For glutamine the carbon atoms are 
labelled Cb, Cs, Cm and Ca, the oxygen atoms Ob and Os, the nitrogen atoms Nb and Ns and 
amine hydrogen atoms, Hb and Hs, and the methyl hydrogen atoms, H. Glutamine is a polar 
amino acid and contains the backbone (CO2CHNH3) and an uncharged side chain 
(CH2CH2CONH2). The backbone of glutamine consists of charged groups, whilst the side 
chain amide group is a dipole system. In aqueous solution glutamine is in the zwitterionic 
form with the amine group deprotonating the carboxylic acid group on the backbone, 
resulting in a charged backbone. In Figure 1 the glutamine molecule is shown in its 
zwitterionic form where the amine group is protonated to form a NH3

+ group and the 
carboxylic acid group has been deprotonated to form a COO! or carboxylate group to be 
consistent with the average structure of glutamine in solution. The side chain contains an 
amide group, constituting a carbonyl (CO) and amine portion (NH2). This amide group can 
hydrogen bond via two lone pairs on the carbonyl oxygen, and one on the amine nitrogen, as 
well as two hydrogen atoms on the amine section. The amine and carbonyl parts of the side 
chain amide group will be analysed separately in this work. The water oxygen (Figure 1) is 
labelled Ow and the water hydrogen Hw. A full structural characterization of the system 
requires the determination of 91 RDFs, which is well beyond the capability of any existing 
diffraction techniques by themselves. 

To build a model of glutamine and water liquid structure, the experimental data are 
used to constrain a computer simulation. In the simulation the empirical potential is obtained 
directly from the diffraction data. This potential drives the structure of the three!dimensional 
model toward molecular configurations that are consistent with the measured partial structure 
factors from the neutron diffraction experiments. The diffraction data were interpreted via a 
computer simulation procedure, Empirical Potential Structure Refinement (EPSR) 42. EPSR 
aims to produce a model with a simulated differential scattering cross section (Di(Q)) which 
fits the experiment results as closely as possible. Given that in this case there are more site!
site radial distribution functions than diffraction data sets, extra information is required to 
define the structure. This is achieved by forcing the glutamine molecules in the simulation 
box to adopt the expected molecular geometries. A reference interaction potential is used 
which serves to generate hydrogen bonding between the relevant atom sites and to prevent 
atomic overlap at unrealistic distance ranges. The combined empirical and reference 
potentials do not guarantee the final reconstruction of the structure is unique, but they do 
ensure it is consistent with the diffraction data as well as being physically plausible.  

For the simulations, a total of 25 glutamine molecules and 6725 water molecules were 
contained in a cubic box of the appropriate dimension to give the measured atomic number 
density of 0.099511 at 297 K. The intra!molecular structure of the glutamine molecule has 
been defined using the crystal structure determination of glutamine 43. Table 2 shows the 
intra!molecular geometry for the glutamine molecules in the EPSR simulation. A three!
dimensional computer model of the solution is constructed and equilibrated using relevant 
interaction potentials. The water molecules were produced using the SPC/E model 44 and the 
OPLS potentials have been used for glutamine 45. The charges and Lennard!Jones constants 
are shown in Table 3.  Periodic boundary conditions were imposed and the Coulomb 
interactions are truncated by means of a derivative of the reaction field method 46, and other 
interactions are truncated as described previously, using a radial cut!off of 12 Å in both cases 
47. Information from the diffraction data is then introduced as a constraint whereby the 
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difference between observed and calculated partial structure factors enters as a perturbation 
potential to drive the computer model (via Monte Carlo updates of atomic positions) towards 
agreement with the measured data. The perturbation is refined in successive iterations of the 
procedure until a satisfactory fit is obtained. The ESPR simulations were run under the same 
conditions and equilibrated for ~10 000 Monte Carlo cycles. In this way an ensemble of 
three!dimensional molecular configurations of the mixture is generated which exhibit average 
structural correlations that are consistent with the diffraction data.  

Small angle neutron (SANS) measurements were also taken on protiated  glutamine in 
D2O at standard temperature and pressure (298 K and 1 bar) using the LOQ instrument at the 
ISIS pulsed neutron facility at the Rutherford Appleton Laboratory, UK 48. Experiments were 
completed at the same concentration measured by neutron diffraction (30 mg/ml). Samples 
were prepared by weight and transferred into Hellma fused silica spectrophotometry cuvettes 
with a 1 mm path length. The samples were measured for ~ 2 hours on LOQ. As a 
background, a similar cuvette filled with pure D2O was measured and was subsequently 
subtracted from the glutamine!water data. After accounting for detector efficiency and pixel 
solid angles, sample transmission, illuminated volume and the incident flux, the differential 
cross!section was determined 49.  

 
3.� Results  

The experimental structure factors Fi(Q) (black circles) and the fits obtained with the EPSR 
method Di(Q) (solid line) for all solutions are shown in Figure 2. Minor discrepancies are 
observed in the low Q region and are caused by difficulties in removing the effect of nuclear 
recoil from the measured data. However, this recoil effect is expected to have a monotonic 
dependence on Q and so does not influence the model structure to any significant extent. The 
simulated structure factors in Figures 2 show very good agreement with the experimental 
data. For a simulation where M data sets have been refined simultaneously, the quality of the 
fit R is defined as  

[ ]∑∑ −=
Q iii

Q

QFQD
inM

R
2)()(

)(

11
 

where Di(Q) is the experimental interference differential cross section, Fi(Q) is the simulated 
structure factor the ith dataset and nQ(i) is the number of Q values within the ith dataset. An R!
factor close to zero denotes a good fit. The R!factor we obtain is 2.2 x 10!3. The quality of fit 
for the EPSR simulation can be compared visually by plotting residuals squared ([Di(Q)4

Fi(Q)]
2
) for all datasets as a function of Q (Figure 2 B).  

Below we focus on some of the RDFs associated with water structure, the glutamine!water 
interactions with both the backbone and side chain of glutamine, as well as the interactions 
between glutamine molecules. Figure 3 shows the RDFs for the water!water interactions for 
the aqueous glutamine solution taken from the EPSR analysis of neutron diffraction data. The 
site!site partial radial distribution functions shown are gOw4Ow (A) and gOw4Hw (B) (solid lines). 
Using previously published neutron diffraction data50 we have completed an EPSR 
simulation of pure water (dashed lines) for comparison. In each case the RDFs are similar to 
those for pure water indicating that there is no dramatic change in the bulk water structure 
upon the addition of small quantities of glutamine. The position of the 1st peak in the RDFs 
for each function shows little change between aqueous glutamine and pure water (see Table 
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4). Inspection of the coordination numbers for the first shell for aqueous glutamine solution 
and pure water, also shown in Table 4, indicate a small reduction in coordination number in 
aqueous glutamine. For gOw4Ow(r) the coordination number is 4.8 for aqueous glutamine as 
compared with 5.2 for pure water. While larger changes to the first coordination shell in 
water have been observed for other amino acids and dipeptides in solution at higher 
concentrations 29!32, there is no strong effect on water structure in the present study. The 
second peak in the gOw4Ow(r) function of aqueous glutamine is slightly flattened compared to 
the same peak in pure water (Figure 3A). This peak corresponds to the second nearest 
neighbour distance for water molecules and its flattening in aqueous glutamine may indicate 
a reduction in available water molecules available to form a second coordination shell, 
although this is not seen in the measured coordination numbers in Table 5, where the 
coordination number slightly increases from 18.9 in pure water to 19.4 in aqueous glutamine. 
Interestingly, similar studies of glutamic acid showed that the addition of glutamate to 
solution resulted in a marked disruption to the bulk water structure at concentrations of 1:28 
glutamic acid!water 31. However, it is worth noting that in this study the solution also 
contained Na+ ions, which are known to have a marked effect on water structure 51, 52.  

Next we consider hydrogen bonding between glutamine and water. The glutamine molecule 
is capable of forming hydrogen bonds through the carbonyl groups and the amine groups. 
The carbonyl groups include the backbone carboxylate anion COO!, labelled atoms Cb and 
Ob in Figure 1, and the amide carbonyl on the side chain CO, labelled atoms Cs and Os. To 
understand the hydrogen bonding ability of glutamine with water we first examine the site!
site partial radial distribution function gO4Ow. Figure 4 shows the RDF for the backbone gOb4Ow 
(dashed line) and side chain gOs4Ow (solid line). The first peak in the gO4Ow (r) occurs at 2.63 Å 
for the backbone and 2.76 Å for the side chain indicating the backbone!water hydrogen bond 
interactions are more strongly correlated than the side chain!water hydrogen bond 
interactions. The coordination numbers for the RDFs are shown in Tables 6!7 showing the 
coordination numbers of backbone gOb4Ow is 2.9 while for the side chain gOs4Ow the 
coordination is only 2.5 

The first coordination shell distances measured for glutamine!water interactions are also 
slightly shorter than the equivalent correlation for the water!water interaction, namely gOw4Ow 

(r) (Figure 3). These shortened distances between water and the glutamine molecule indicate 
a strong correlation between water and the carbonyl groups in glutamine. However, the 
intensities of the peaks in gO4Ow (r) (Figure 4) are slightly reduced compared to the analogous 
water!water correlation gOw4Ow. This reduction in intensity is also observed in the 
coordination numbers for gO4Ow (r) (Table 6!7), where the backbone and side chain oxygen 
atoms accept 2! 3 hydrogen bonds from the surrounding water molecules of glutamine. When 
compared with the coordination number of water in this solution (Table 4) where each 
oxygen atom accepts 4.8 hydrogen bonds, it is clear that the geometric constraints of 
orientating water molecules around the glutamine carbonyl group, leads to a reduction in 
surrounding water molecules. To visualize the hydrogen bonding between the carbonyl group 
in the backbone and side chain and the water molecules in three dimensions, the spatial 
density function (SDF) between the groups have been determined from the EPSR simulation. 
The distribution of water molecules around the backbone carbonyl group was analysed by 
placing the COO!

 group of the backbone at the centre of the laboratory axis, with oxygen 
atoms lying in the zy!plane, while for the side chain the CO group was central in the 
laboratory axis, with the z axis set to run through the oxygen. From these central axes the 
positions of water molecules were probed giving rise to a SDF, which depicts the location of 
water molecules in the three!dimensional space around each carbonyl group. Figure 5 shows 
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the resulting SDF for the backbone (A) and the side chain (B). For the backbone, the surface 
contour of the water shell encloses 25 % of the water molecules from 2 to 4.28 Å. For the 
side chain, 25% of the water molecules are enclosed from 2 – 4.41 Å. These distances 
correspond to the minimum of the first peak in the corresponding C4OW (r) function (Figure 
SI 1). For the backbone carbonyl group the preferred location of the water molecules in the 
first coordination shell is either directly over each oxygen atom or in the zx plane, with 
density found above and on each side of the group. There is absence of density below the 
COO! group where this group is bound to a carbon. In the case of the side chain, one 
extended area of water density is found above the oxygen atom, corresponding to bonding via 
the two lone pairs on the oxygen. An additional area of density is found to one side of the 
carbon atom due to interactions with the side chain amine group. The density of the water 
shell for the backbone and side chains in the SDFs further illustrate that the backbone has 
more interactions with water than the side chain. Below we compare backbone and side chain 
interactions between glutamine molecules to determine whether this trend continues. This 
will help to shed light on the intermolecular interactions which might favour glutamine–
glutamine interactions over glutamine!water interactions, which may be important in 
understanding the self!assembly of glutamine in larger structures. 

As well as hydrogen bonding through the carbonyl groups the glutamine molecule is capable 
of hydrogen bonding through the amine groups to the surrounding water molecules. In the 
glutamine molecule the amine groups include the backbone ammonium cation NH3

+, labelled 
atoms Nb and Hb in Figure 1, and the amine on the side chain NH2, labelled atoms Ns and 
Hs. Water and glutamine can hydrogen bond via donation from NH3

+ and NH2 to the 
surrounding water molecules. Figure 6 shows the hydrogen bond interactions between 
glutamine hydrogen atoms and water oxygen atoms in the backbone gHb4Ow (dashed line) and 
the side chain gHs4Ow (solid line). The first peak in the gH4Ow (r) are similar occurring at 1.66 Å 
for the backbone and 1.74 Å for the side chain. Again, the backbone first coordination shells 
are at a smaller distance than that of the side chain, indicating the backbone!water hydrogen 
bond interactions are more strongly correlated. The number of hydrogen bonds between Hb 
and Hs and Ow is ~ 1 for both the backbone and the side chain (Table 6). Next, we consider 
the interactions between the nitrogen in the backbone Nb and side chain Ns, with the 
surrounding water molecules. The gN4Hw (r) functions are shown in Figure 7 for the backbone 
(dashed line) and the side chain (solid line). A peak can be seen at 3.35 Å for gNb4Hw (r) for 
the backbone, with a corresponding coordination number of 10.7 (Table 8). In the case of the 
side chain – water interactions a peak in the gNsHw (r) is observed at 3.39 Å, with a 
coordination number of 13.4, corresponding to the hydrogen bond interactions between the 
nitrogen on glutamine and hydrogen on water. In addition to this peak, a smaller peak is 
observed at ~ 2 Å in gNs4Hw (r) (Figure 7), which may be indicative of hydrogen bonding 
between the lone pair of electrons on the nitrogen, allowing the possibility of accepting a 
hydrogen bond from water. 

The SDF for the water molecules surrounding the NH3
+ group of the backbone and the NH2 

group of the side chain are shown in Figure 8. For the backbone, the surface contour of the 
water shell encloses 25 % of the water molecules from 2 to 3.42 Å. For the side chain, 25% 
of the water molecules are enclosed from 2 – 3.45 Å. These distances correspond to the 
minimum of the first peak in the corresponding N4Ow (r) function (Figure SI 2). In each SDF 
plot the nitrogen atom is located at the origin of the central axes, with one of the amine 
hydrogen atoms in the zy plane. From Figure 8 the most likely location of water molecules 
around the NH3

+ group in the backbone is over each hydrogen atom. This suggests that the 
hydrogen atoms successfully donate a hydrogen bond to surrounding water molecules. In the 
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case of the NH2 side chain the most likely location of water molecules is over each of the 
hydrogen atoms. In this SDF the distribution is reflective of the fact that there are only two 
hydrogen bonds available to donate a hydrogen bond to the surrounding water molecules. 
Due to the presence of a lone pair of electrons on the nitrogen there is also the possibility of 
accepting a hydrogen bond, shown as a small lobe of density in the centre, back of the SDF 
(Figure 8B). This hydrogen bonding can also be observed as a small peak in the gNs4Hw (r) 
function in Figure 7.  

Although the concentration of glutamine in the solution is small it is interesting to examine 
the RDFs for glutamine!glutamine interactions to fully understand the hydrogen bonding 
ability of this molecule. We consider the interactions between glutamine oxygen and 
glutamine hydrogen atoms, for which there are 4 pair distributions namely gOb4Hb (r), gOb4Hs 

(r), gOs4Hb (r) and gOs4Hs (r) (Figure 9). Tables 9 and 10 show the corresponding coordination 
numbers for these functions. In each of the RDFs shown in Figure 9 there are prominent 
intermolecular correlations between carbonyl and amine groups in the solution. Three of the 
oxygen – hydrogen RDFs in Figure 9 display two prominent peaks, indicating either two 
different hydrogen bonding distances present or one bonded hydrogen and one non!bonded 
hydrogen interaction. In the case of the backbone – backbone interactions (Figure 9A) the 
first peak in the RDF gOb4Hb (r) occurs at 1.53 Å, while for side chain –side chain interactions 
(Figure 9D)  the first peak in the RDF gOs4Hs (r) occurs at 1.65 Å (see Table 9). We can 
compare this with the first peak position in the RDF of oxygen hydrogen interactions for 
water in aqueous glutamine, where gOW4HW (r) has a first peak position at 1.77 Å. Thus the 
backbone!backbone RDF first coordination shells are at a smaller distance than that of both 
the side chain – side chain and water!water RDF first coordination shells, indicating the 
backbone!backbone hydrogen bond interactions are more strongly correlated. This trend 
continues for the second coordination shell where the second peak position in the RDF gOb4Hb 

(r) is at a smaller distance for the backbone than for the side chain interactions gOs4Hs (r) (see 
Table 10). As well as the radial positions of the first and second coordination shell we can 
examine the peak intensities of the first and second peaks in the RDF gO4H (r) for both the 
backbone and side chain. There are interesting differences between the peak intensities of the 
glutamine – glutamine RDFs in Figure 9. The peak intensity is highest for backbone –side 
chain interactions (see gOs4Hs (r) Figure 9C) than for backbone!backbone interactions (see gOb4

Hb (r) in Figure 9A) and side chain!side chain interactions (see gOs4Hs (r) in Figure 9D). 
Inspection of the coordination numbers in Tables 9 and 10 indicate that hydrogen bonding 
between glutamine molecule is present, but very limited at this dilute concentration.  

To determine whether glutamine interacted strongly with itself in the solution, despite the 
dilute concentration, a cluster analysis was completed. Glutamine molecules were considered 
to be involved in clusters through hydrogen bonded interactions if the distance between 
carbonyl oxygen atoms and amine hydrogen atoms is within the range covered by the first 
coordination shell of the corresponding RDF. The glutamine clusters were defined in this way 
because there was a prominent correlation between carbonyl oxygen and amine hydrogen 
atoms in the RDFs (Figure 9). The results of the cluster analysis are shown in Figure 10 for 
the aqueous glutamine solution. From Figure 10 it can be seen that most of the glutamine 
molecules exist as isolated molecules in this dilute solution. However, there is evidence for 
dimers of glutamine molecules in the solution. This is an interesting result given there are 
only a small number of glutamine molecules in the EPSR simulation (25 glutamine molecules 
and 6725 water molecules). Glutamine clusters of size two are seen for the glutamine!
glutamine interactions involving backbone!backbone, backbone!side chain and side chain!
side chain. Representative glutamine!glutamine interactions obtained from the EPSR 
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simulation are shown in Figure 11 for (A) backbone!backbone, (B) backbone!side chain and 
(C) side chain!side chain. The glutamine!glutamine interactions shown in Figure 9 and the 
resulting dimers of glutamine in Figure 10 demonstrate the ability of glutamine to hydrogen 
bond with itself in the solution. Inspection of the position and width of the first coordination 
shell for all glutamine – glutamine RDFs in Figure 9 show that the most strongly correlated 
hydrogen bond interaction is between backbone!backbone interactions.  

To determine whether the dimers observed in Figure 10 are indicative of larger!range 
structures being present in the solution or whether it is simply the result of glutamine 
molecules randomly packing (with no attractive interactions) we completed further EPSR 
simulations. In the first case, a simulation was run at the same concentration of glutamine 
with no atomic charges and the empirical potential set to zero, thus removing all of the 
attractive interactions between the molecules other than Van der Waals interactions and 
removing the empirical potential refinement to the data. If the clustering was a consequence 
of attractive interactions between molecules and refinement to the experimental data then the 
clustering would not occur in this ‘randomly packed’ simulation. The ‘randomly packed’ 
simulation then provides a Monte Carlo simulation that approximates a random distribution 
of molecules in solution where there is no driving force for hydrogen bonding interactions 
between glutamine molecules (or indeed water molecules). The results of this test are shown 
in Figure SI 3B, with the results of the original EPSR simulation shown in Figure SI 3A for 
comparison. The cluster distributions demonstrate that only isolated glutamine monomers are 
present in the ‘randomly packed’ simulation. In the second case a simulation was run which 
included atomic charges but no empirical potential, allowing us to determine whether the 
neutron diffraction data was important in the refinement of the empirical potential. The 
results of these tests are shown in Figure SI 3C. The cluster distributions demonstrate that 
some glutamine clusters of size two, three and four are found, when considering glutamine 
interactions between the backbones of glutamine molecules. However, no dimers or larger 
clusters are observed for glutamine molecules, when considering interactions between 
glutamine side chains. Importantly, the glutamine dimers formed by interactions between side 
chains in glutamine are only observed in the EPSR simulation which includes refinement 
(Figure 10), demonstrating that these dimers are a result of refinement to the neutron 
diffraction data. Interestingly it is side chain – side chain glutamine interactions which have 
been identified as playing an important role in the interaction and association of glutamine 
containing polypeptide chains and proteins 23!26.  

The largest cluster size observed in Figure 10 is two glutamine molecules and may be a limit 
of the number of glutamine molecules in EPSR simulation. As a control we completed small 
angle scattering experiments to determine whether larger clusters were found in this dilute 
solution. Figure 12 shows the differential scattering cross!section for aqueous glutamine after 
subtraction of the scattering from D2O and the cuvettes from the samples. Inspection of the 
data shows that there is no large scale structure present in the solution at the concentration 
studied, namely 30 mg/ml. This is evidenced by the lack of any strong signal arising at any 
place in the spectra in Figure 12. An exception occurs at very low Q due to the detector cut!
off rather than the sample scattering itself. Given the LOQ instrument is capable of 
measuring long!range structures in the length range 25 – 800 Å in solution, the results 
demonstrate that there are no long range glutamine structures > 25 Å. If glutamine is 
aggregating in the solution it is either forming small aggregates of less than 25 Å in diameter 
or forming clusters with a larger number of molecules with very compact conformations, less 
than 25 Å in diameter. 
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Conclusion 

We have used neutron diffraction and computational modelling to examine the 
hydrogen bonding present in a glutamine water solution. At the dilute concentration studied 
here glutamine is capable of forming hydrogen bonds with itself, as evidenced by the 
presence of prominent hydrogen bonding peaks in the relevant RDFs (Figure 9A!D) as well 
as the presence of dimers of glutamine molecules (Figure 10). Glutamine’s ability to 
hydrogen bond through both the backbone and side chain provides a range of possible 
hydrogen bonding interactions between glutamine. The presence of dimers in the solution is 
an interesting result given there are only a small number of glutamine molecules in the EPSR 
simulation, demonstrating the propensity for this molecule to associate. Glutamine dimers are 
seen for glutamine!glutamine interactions involving backbone!backbone, backbone!side 
chain and side chain!side chain. Examination of all of the RDFs gO4H (r) for glutamine–
glutamine, water – glutamine and water –water interactions allows comparison between first 
neighbour level hydrogen bond interaction.  The shortest distance measured in the first peak 
position of gO4H (r) is for the glutamine!glutamine interactions between backbone oxygen and 
backbone hydrogen (1.53 Å), suggesting that hydrogen bonding between glutamine 
backbones is most strongly correlated. While side chain –side chain interactions were 
observed, there is no indication that they are more correlated or cooperative than backbone!
backbone interactions, as has been suggested by previous studies on polyQ 24, 25. These 
differences may reflect the subtle difference in hydrogen bond ability of the glutamine 
monomer and glutamine within a polypeptide chain, highlighting the importance of 
understanding the intermolecular interactions of both the individual building block, 
glutamine, and its assembly into larger structures, such a polyQ chains.  

The dominant interaction at the glutamine concentration studied here is between 
glutamine and the surrounding water, without significantly perturbing the bulk water 
structure. On average, single carbonyl oxygen atoms can coordinate more water molecules, 
compared to amine hydrogen atoms in agreement with previous work on aqueous proline 30 
and glutamic acid 31. Interestingly, in the study of aqueous glutamic acid 31 the carbonyl 
oxygen atom coordinated more water molecules (~4.5 water molecules) than that observed 
for glutamine or proline (~3 water molecules)�30. This may be due to the presence of sodium 
hydroxide in the solution in the study 31. Examination of the RDFs and corresponding 
coordination numbers reveals that the backbone of glutamine has more interactions with 
water than the side chain, demonstrating the powerful propensity of this molecule to 
hydrogen bond. This is in agreement with previous studies of a glutamic acid solution which 
showed that both the backbone and side chain of glutamic acid hydrogen bonded with water 
31. Given the strong interaction between glutamine and water it might be expected that water 
would be a good solvent for a polypeptide chain made up of glutamine, polyQ. In a good 
solvent a polypeptide chain is hydrated by water and forms an expanded structure, 
maximizing the contact between chain and water 53. However, recent experimental and 
computational studies have made the discovery that water is a poor solvent for polyQ chains 
20, 21, 54. In these studies polyQ chains, varying in length from 10 glutamine repeats to 75 
repeats, where found to form collapsed disordered globules in aqueous solution. The 
observed behavior of the collapsed polyQ chain is therefore at odds with the notion of 
glutamine!water interactions being favorable and instead suggests that the glutamine 
molecules in the chain would prefer to interact with themselves rather than with water. This is 
in agreement with molecular dynamics simulations which suggested that the stability of 
collapsed, globular polyQ chains results from an extensive hydrogen bonding network 
between glutamine molecules, with glutamine!glutamine hydrogen bond interactions being 
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more favourable than glutamine – water interactions 21. The importance of inter!amino acid 
interactions has previously been observed in a study examining a series of dipeptides of 
differing hydrophobicity and hydrophilicity 29. This study found that dipeptides containing 
more hydrophilic groups interacted more strongly with each other than those containing 
hydrophobic groups, suggesting that it is the hydrophilic nature of a peptide with drives 
association 29.  This hydrophilic association has also been observed in proline solutions, 
where backbone!backbone interactions resulted in clustering 30. While the present study 
shows extensive glutamine!water interactions, the presence of prominent glutamine!
glutamine interactions at this dilute concentration points to the importance of glutamine 
hydrogen bonding, which will be more prevalent in a polyQ chain. Further studies on polyQ 
in water are essential to learn more about the intermolecular interactions which might favour 
glutamine–glutamine interactions over glutamine!water interactions, which may be important 
in understanding the self!assembly of glutamine in larger structures. The work presented here 
forms only the first step in an exhaustive study of the structure of glutamine and polyQ chains 
of different length at different concentrations, temperatures and solvent environment.  
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Sample No. Sample Name Description 
1 Glutamine!H10 D2O Fully protiated Glutamine(99.5%) with D2O (Purity 

99.99 % D) 
2 Glutamine!H10 H2O Fully protiated (99.5%) with milliQ water 

 
3 Glutamine!D5H5 D2O Deuterated methyl atoms (97 atom % D) with D2O 

(Purity 99.99 % D) 
4 Glutamine!D5H5 H2O Deuterated methyl atoms (97 atom % D) with milliQ 

water 
 

Table 1. Glutamine!water samples for which the structure factor has been measured with 
neutron diffraction on the SANDALS instrument.  
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Intra)molecular Bond Lengths 

Bond Pair Bond Length (Å) 

Cb!Ca 1.5400 

Cb!Ob 1.2510 

Ca!Cm 1.5280 

Ca!Nb 1.4980 

Ca!Hm 1.0970 

Cm!Cm 1.5200 

Cm!Hm 1.1048 

Cs!Cm 1.5110 

Cs!Os 1.2310 

Cs!Ns 1.3340 

Nb!Hb 1.0400 

Ns!Hs 1.0070 

 

Intra)molecular Bond Angles 

Atom Types Bond Angle (°) 

Ca!Cb!Ob 116.65 

Ob!Cb!Ob 126.70 

Cb!Ca!Cm 110.30 

Cb!Ca!Nb 110.20 
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Cm!Ca!Nb 111.10 

Cb!Ca!Hm 108.70 

Cm!Ca!Hm 109.70 

Nb!Ca!Hm 106.60 

Ca!Cm!Cm 114.00 

Ca!Cm!Hm 108.00 

Cm!Cm!Hm 110.28 

Hm!Cm!Hm 106.90 

Cm!Cm!Cs 113.10 

Cs!Cm!Hm 107.55 

Cm!Cs!Os 122.10 

Cm!Cs!Ns 115.20 

Ns!Cs!Os 122.70 

Ca!Nb!Hb 110.10 

Hb!Nb!Hb 108.83 

Cs!Ns!Hs 120.95 

Hs!Ns!Hs 117.70 

 

Intra)molecular Dihedral Angles 

Atom Types Dihedral Angles (°) 

Cb!Ca!Cm!Cm !61.50 

Nb!Ca!Cm!Cm 66.10 

Ca!Cm!Cm!Cs 175.50 

Cm!Cm!Cs!Ns 167.20 

 

Table 2. Geometry for glutamine molecules used in the EPSR simulations: representative 
intra!molecular bond distances, angles and dihedral angles.  
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Atom Name ε (kJ/mol) σ (Å) m (a.m.u.) q (e) 
Cb 0.43932 3.750 12 0.7000 

Ca 0.33472 3.800 12 0.2100 

Cm 0.49731 3.905 12 0.0000 

Cs 0.43932 3.750 12 0.5000 

Ob 0.87864 2.960 16 !0.8000 

Os 0.87864 2.960 16 !0.5000 

Nb 0.71128 3.250 14 !0.3000 

Ns 0.71128 3.250 14 !0.8500 

Hb 0.0 0.0 2 0.3300 

Hs 0.0 0.0 2 0.4250 

Hm 0.0 0.0 2 0.0 

Ow 0.65000 3.166 16 !0.8476 

Hw 0.0 0.0 2 0.4238 

 

Table 3. Lennard!Jones parameters, masses and Coulomb charges defining the potentials 
used for EPSR simulations of glutamine and water at 297 K. The SPC/E model potentials 
have been used for water, whilst OPLS potentials have been used for glutamine.  

 

Bond r1 (Å) r2 (Å) 1st peak position (Å) Coordination number s.d. 

Ow!Ow  0 3.41 2.77 4.8 1.1 

Ow!Ow 
Pure 

Water 

0 3.51 2.80 5.2 1.2 

Ow!Hw  0 2.41 1.77 1.8 0.7 

Ow!Hw 
Pure 

Water 

0 2.45 1.80 1.8 0.6 

 

Table 4. Water)Water Interactions: Peak positions and coordination numbers for the first 

coordination shell of the radial distribution function gOw4Ow for water oxygen atoms (Ow), 

shown in Figure 3. The values are shown for both the EPSR analysis of neutron diffraction 

data of the glutamine– water mixture and the same functions for pure water, where previously 

published neutron diffraction data 50 has been used to complete an EPSR simulation. The 

standard deviation s.d. has been calculated over all configurations (~10 000). 
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Bond r1 (Å) r2 (Å) 2nd peak position (Å) Coordination number s.d. 

Ow!Ow  3.41 5.68 4.38 19.4 2.4 

Ow!Ow 
Pure 

Water 

3.51 5.64 4.56 18.9 2.1 

Ow!Hw  2.41 4.42 3.30 20.5 2.9 

Ow!Hw 
Pure 

Water 

2.45 4.80 3.31 27.5 2.6 

 

Table 5: Water)Water Interactions: Peak positions and coordination numbers for the 

second coordination shell of the radial distribution function gOw4Ow for water oxygen atoms 

(Ow), shown in Figure 3. The standard deviation s.d. has been calculated over all 

configurations (~10 000). 

 

 

 

 

 

 

 

Bond r1 (Å) r2 (Å) 1st peak position (Å) Coordination number s.d. 

Ob!Ow 0 3.21    2.63 2.9    0.7 

Os!Ow 0 3.36    2.76 2.5    0.9 

Hb!Ow 0 2.35    1.66 1.0    0.3 

Hs!Ow 0 2.45    1.74 0.9   0.4 

 

Table 6: Glutamine– Water Interactions: Peak positions and coordination numbers for the 

first coordination shell of the radial distribution functions gO4Ow and gH4Ow, shown in Figures 4 

and 6. The glutamine backbone atoms are denoted Ob and Hb and the glutamine side chain 

atoms are denoted Os and Hs. The standard deviation s.d. has been calculated over all 

configurations (~10 000). 
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Bond r1 (Å) r2 (Å) 2nd peak position (Å) Coordination number s.d. 

Ob!Ow 3.21    5.27 4.67 13.2 2.7 

Os!Ow 3.36   5.18 4.67 11.8 2.1 

Hb!Ow 2.35    3.67 3.11 3.6 1.1 

Hs!Ow 2.45    4.38 3.32 7.4 1.7 

 

Table 7: Glutamine– Water Interactions: Peak positions and coordination numbers for the 

second coordination shell of the radial distribution functions gO4Ow and gH4Ow, shown in 

Figures 4 and 6. The glutamine backbone atoms are denoted Ob and Hb and the glutamine 

side chain atoms are denoted Os and Hs. The standard deviation s.d. has been calculated over 

all configurations (~10 000). 

 

 

 

Bond Interaction 

Type 

r1 (Å) r2 (Å) Peak 

position (Å) 

Coordination 

number 

s.d. 

Nb!Hw  Amine 
hydrogen 

atoms 

0 3.99 3.35 10.7     1.8 

Ns!Hw  Lone pairs 0 2.23 2.03 0.3 0.5 

Ns!Hw  Amine 
hydrogen 

atoms  

2.23 4.31 3.39 14.5 2.8 

 

Table 8: Amine Nitrogen) Water Interactions Peak positions and coordination numbers for 

the coordination shells of the radial distribution function gNb4Hw and gNs4Hw, shown in Figure 7. 

The glutamine backbone atoms are denoted Nb and the glutamine side chain atoms are 

denoted Ns. The standard deviation s.d. has been calculated over all configurations (~10 

000). 
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Bond r1 (Å) r2 (Å) 1st peak position (Å) Coordination number s.d. 

Ob!Hb  0 2.31 1.53 0.0 0.2 

Ob!Hs  0 2.46 1.62 0.0 0.1 

Os!Hb  0 2.21 1.65 0.1 0.0 

Os!Hs  0 2.51 1.65 0.0 0.0 

 

Table 9: Glutamine – Glutamine Interactions Peak positions and coordination numbers for 

the first coordination shell of the radial distribution function gO4H, shown in Figure 9. The 

glutamine backbone atoms are denoted Ob and Hb and the glutamine side chain atoms are 

denoted Os and Hs. The standard deviation s.d. has been calculated over all configurations 

(~10 000). 

 

 

 

 

Bond r1 (Å) r2 (Å) 2nd  peak position (Å) Coordination number s.d. 

Ob!Hb  2.31 4.81 2.82 0.1 0.5 

Ob!Hs  2.46 3.60 
 

3.06 0.0 0.7 

Os!Hb  2.21 3.46 2.97 0.1 0.1 

Os!Hs  2.51 5.51 3.15 0.2 0.6 

 

Table 10: Glutamine – Glutamine Interactions Peak positions and coordination numbers 

for the second coordination shell of the radial distribution function gO4H, shown in Figure 9. 

The glutamine backbone atoms are denoted Ob and Hb and the glutamine side chain atoms 

are denoted Os and Hs. The standard deviation s.d. has been calculated over all 

configurations (~10 000). 
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Figure 1. Representation of the glutamine and water molecules. The single atoms have been 

labelled according to the symbols used in the simulation and throughout this paper. For 

glutamine the carbon atoms are labelled Ca, Cb and Cm, the carbonyl oxygen atoms Ob and 

Os, the amine hydrogen atoms Hb and Hs, and the methyl hydrogen atoms Hm. The atoms 

Cb, Ob and Hb are in the glutamine backbone while the atoms Cs, Os and Hs are in the side 

chain. For water the oxygen atom is labelled OW and the water hydrogen atom HW.  
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Figure 2. (A) Measured neutron diffraction data (black circles) compared to fits obtained by 

EPSR analysis (red lines), for a dilute aqueous glutamine solution at 297 K for all four 

samples. (B)The residual difference between the data and the simulation, calculated as the 

residual squares ([D(Q)!F(Q)]2) as a function of Q. The data and fits are labelled according to 

Table 1 and have been shifted vertically for improved clarity.  
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Figure 3. Water – water interactions: Water!water site!site partial radial distribution 

functions (RDFs) in a dilute aqueous glutamine solution. These include (A) gOw4Ow and (B) 

gOw4Hw. The RDFs are taken from the EPSR analysis of neutron diffraction data of the 

glutamine– water mixture (solid lines) and are compared with the same functions for pure 

water (dashed lines), where previously published neutron diffraction data 50 has been used to 

complete an EPSR simulation. 
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Figure 4. Glutamine – water interactions: Carbonyl!water site!site partial radial 

distribution functions (RDFs) from the EPSR analysis of neutron diffraction data of the 

glutamine– water mixture. The gOb4Ow  (dashed, black line) shows the ability of oxygen atoms 

on the backbone (Ob) to coordinate water molecules (OW). The gOs4Ow (solid, red line) shows 

the ability of oxygen atoms on the side chain (Os) to coordinate water molecules (OW). 
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Figure 5: Spatial density function (SDFs) showing the distribution of water molecules 

around glutamine taken from the EPSR analysis of neutron diffraction data of aqueous 

glutamine. The yellow shaded areas represent the regions where there is a probability of 

finding a water molecule surrounding (A) the backbone carbonyl group of glutamine at a 

distance range of 2 – 4.28 Å and (B) the side chain carbonyl group of glutamine at a distance 

range of 2 – 4.41 Å. The distance ranges correspond to the first coordination shell of the 

corresponding C!Ow radial distribution function (Figure SI 1). The SDFs show 25% of the 

water molecules enclosed in this region.  
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Figure 6. Glutamine – water interactions: Amine!water site!site partial radial distribution 

functions (RDFs) from the EPSR analysis of neutron diffraction data of the glutamine– water 

mixture. The gHb4Ow (dashed, black line) shows the ability of hydrogen atoms on the backbone 

(Hb) to coordinate water molecules (OW). The gHs4Ow (solid, red line) shows the ability of 

hydrogen atoms on the side chain (Hs) to coordinate water molecules (OW). 
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Figure 7. Glutamine – water interactions: Amine!water site!site partial radial distribution 

functions (RDFs) from the EPSR analysis of neutron diffraction data of the glutamine– water 

mixture. The gNb4Hw (dashed, black line) shows the ability of nitrogen atoms on the backbone 

(Nb) to coordinate water molecules (HW). The gNs4Hw (solid, red line) shows the ability of 

nitrogen atoms on the side chain (Ns) to coordinate water molecules (HW). 
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Figure 8: Spatial density function (SDFs) showing the distribution of water molecules 

around glutamine taken from the EPSR analysis of neutron diffraction data of aqueous 

glutamine surrounding (A) the backbone amine group of glutamine at a distance range of 2 – 

3.42 Å (B) the side chain amine group of glutamine at a distance range of 2 – 3.45 Å. The 

distance ranges correspond to the first coordination shell of the corresponding N!Ow radial 

distribution function (Figure SI 2). The SDFs show 25% of the water molecules enclosed in 

this region. 
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Figure 9: Glutamine – glutamine interactions: Glutamine!glutamine site!site partial radial 

distribution functions (RDFs) from the EPSR analysis of neutron diffraction data of the 

glutamine– water mixture. (A) The gOb4Hb shows the ability of oxygen atoms on the backbone 

(Ob) to coordinate hydrogen atoms on the backbone (Hb). (B) The gOb4Hs shows the ability of 

oxygen atoms on the backbone (Ob) to coordinate hydrogen atoms on the side chain (Hs). (C) 

The gOs4Hb shows the ability of oxygen atoms on the side chain (Os) to coordinate hydrogen 

atoms on the backbone (Hb). (D) The gOs4Hs shows the ability of oxygen atoms on the side 

chain (Os) to coordinate hydrogen atoms on the side chain (Hs).  
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Figure 10: Glutamine –glutamine cluster analysis: (A))(D) Upper, the probability of 

having a glutamine!glutamine molecule cluster of a given size is shown for a dilute 

glutamine!water solution. A glutamine molecule is defined as being in the same cluster as 

another if the oxygen atom of one glutamine molecule is within a specified distance of the 

hydrogen atom on another glutamine molecule. The specified distance is taken from the 

position of the relevant trough within the glutamine oxygen –glutamine hydrogen RDFs 

(Figure 9). The EPSR cluster distribution shows a maximum cluster size of two molecules for 

some of the interactions. (A))(D) Lower, pie chart showing the proportion of glutamine 

molecules that are found within clusters of different sizes in a dilute glutamine!water 

solution. In the pie charts monomers (clusters size of one) are shown with the darkest colors 

and lighter shades are used for clusters with increasing size. Ob!Hb shows the ability of 

oxygen atoms on the backbone (Ob) to cluster with hydrogen atoms on the backbone (Hb). 

Ob!Hs shows the ability of oxygen atoms on the backbone (Ob) to cluster with hydrogen 

atoms on the side chain (Hs). Os!Hb shows the ability of oxygen atoms on the side chain (Os) 

to cluster with hydrogen atoms on the backbone (Hb). Os!Hs shows the ability of oxygen 

atoms on the side chain (Os) to cluster with hydrogen atoms on the side chain (Hs).  

Page 41 of 47

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



���

�

 

Figure 11: Representative snapshots from the EPSR simulation showing glutamine dimers 

which have formed from hydrogen bond interactions between (A) the backbone of one 

glutamine molecule and the backbone of another glutamine molecule (B) the backbone of one 

glutamine molecule and the side!chain of another glutamine molecule and (C) the side!chain 

of one glutamine molecule and the side!chain of another glutamine molecule 
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Figure 12: The differential scattering cross section from the instrument LOQ for the 

glutamine water solution at 298 K. 
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