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Abstract

Background: Glutamate (Glu) is of great interest in biomedical research. It is considered 

a biomarker in diabetes, which may potentially contribute to the development of autism in 

genetically vulnerable human populations, and it is found in relation to advanced glycation end 

products (AGEs) [1]. Additionally, Glu plays an active role in the function of ligand-gated ion 

channel glutamate receptors, chloride channels capable of filtering glutamate, as well as Potassium 

(K+)-channel [2]. Glu attains α [3] and β [4] crystal forms and Cβ-CH2 show asymmetric 1H 

signal pattern in NMR spectra.

Objectives: The current study was undertaken to understand the signal patterns of Cβ-CH2 in 

Glu of the smallest dipeptide, Glycylglutamic Acid (GlyGlu), as well as the order, and planarity of 

the amide bond in the molecule.

Materials and Methods: NMR spectra of GlyGlu were measured in D2O to deduce 1H and 13C 

chemical shifts and coupling constants. GlyGlu was crystallized from MeOH and the structure was 

determined by single crystal X-ray diffraction techniques.

Results: The sidechain of Glu in the dipeptide dissimilates the β form. The amino group of Gly 

(Glycine) is protonated and exhibits hydrogen bonding with the main chain carboxylate group of 

a symmetry-related Glu that is deprotonated in the crystal packing of GlyGlu. The deprotonated 

main chain carboxylate of Glu is also in hydrogen-bonding distance from the side chain carboxylic 

acid group that is in the protonated form of a symmetry-related Glu of the dipeptide. The Cβ-CH2 

geminal protons on the side chain of Glu have different chemical shifts and splitting pattern in 1H 

NMR reflecting their dissymmetric environment.

Conclusion: The results reported will be useful for monitoring changes that Glu and/or 

molecules in connection to Glu may undergo in in vivo, in situ, and in vitro conditions. This 

provides a valuable metric which will enable the examination of the metabolites relevant to 
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the detection and diagnosis of disease or developmental conditions, as well as scrutinizing the 

effectiveness of treatment options.
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1. Introduction

Glu is an important metabolite because its accumulation causes neurotoxicity and is 

considered a novel biomarker in the development of type 2 diabetes. Gardener et al. (2009) 

reported that of maternal factors linked to autism, gestational diabetes was linked with a 

twofold increase in the incidence of autism [5–7]. Also the PI3K/Tor pathway is predicted 

to be activated by Insulin signaling through a mechanism that is comparable to the genetic 

changes as described by Scott et al. (1998) [8, 9]. Moreover, in neurons, the PI3K/Tor 

signaling pathway alters a form of synaptic plasticity that has been involved in autism 

[10, 11]. Furthermore, Glutamate, a ligand for metabotropic glutamate receptors (mGluR) 

facilitates synaptic plasticity known as long term depression. Insulin signaling has also been 

predicted to contribute to the development of autism in genetically susceptible individuals 

[12–14].

Diabetes Mellitus is a disease of impaired energy metabolism, characterized by damaged 

glucose metabolism and insulin resistance. Chronically elevated blood sugar levels lead 

to the rise of advanced glycation end products (AGEs) which may cause significant 

physiological complications which are the hallmarks of the disease [1]. This occurs when 

Glutamate catalyzes and/or participates in the glycation of susceptible proteins [15, 16] 

when located less than 5.0 Å [17] from AGE-modification sites in these proteins. Amino 

groups with lower pKa values are expected to be more reactive toward glycation due to their 

greater nucleophilicity [18, 19].

The acidic pK values for the α-amino, α-carboxyl and δ-carboxyl groups of Glu are 9.47, 

2.10 and 4.07, respectively [20, 21]. Also Glu is known to exist in two defined α and 

β crystal forms. The amide C-N double bond strength increases and is accompanied by 

a transfer of electron density from the amide nitrogen to oxygen in Glycylglycine when 

in the zwitterionic state [22, 23]. The resonance-stabilized planar amide bond exhibits 

approximately 40% partial double-bond strength makes one of the highly stable and least 

reactive functional groups.

The dipeptide, GlyGlu, is chosen as a model system to study because: 1) the amino and 

carboxylate/carboxylic acid groups are covalently connected by a framework with a single 

amide moiety; 2) it contains β methylene geminal protons of Glu; and 3) will not introduce 

additional chiral centers. Characterization of the structural properties of this molecule will 

provide the required information about the amide moiety in it. What would happen to the 

diastereotopic signal pattern seen in 1H NMR pattern of Glu when it is a peptide? Here 

we present the crystal structure determination and NMR studies of GlyGlu. Since proteins 

and peptides are polymers of amide/peptide groups their properties are documented and 

their automated synthesis is considerably advanced for large scale production. Hence, the 
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ability to generate derivatives with highly diverse functional substitutions provides a large 

collection of peptidomimetic analog variations for a given amide fragment based inhibitor of 

interest.

2. Materials and Methods

Glycylglutamic acid (GlyGlu) –

GlyGlu (CAS Number: 7412–78-4) was dissolved in 0.7 mL of D2O to produce a 0.105 M 

solution. NMR spectra were recorded using tertramethylsilane (TMS) as the standard on a 

Bruker Advance II 400 MHz NMR spectrometer with an indirect detection probe. Chemical 

shifts of the signals were reported in parts per million (ppm) and peak patterns defined 

as singlet (s), doublet (d), triplet (t), multiplet (m), doublet of doublets (dd) with coupling 

constants (J) in Hertz (Hz) indicated in NMR spectra.

The sample in D2O that was used for NMR studies was then expended for crystallization. 

Crystals were obtained by vapor diffusion technique using methanol as the solvent. Data 

were collected at 100 K using a Bruker SMART APEX CCD single crystal X-ray 

diffractometer with graphite monochromated Mo Kα radiation (λ=0.71073 Å) with a crystal 

to detector distance of 4.00 cm. Bruker Apex2 [24] and SAINT software packages [25] 

were used for data collection and integration. Collected data were corrected for absorption 

and other systematic errors using SADABS [26] by multi-scan methods based on the Laue 

symmetry using equivalent reflections. SHELXTL-PLUS [27–29] was used to determine 

the solution and perform the refinement of the structure. The structures were determined 

by direct methods and refined by full matrix least-squares refinement by minimizing 

∑w(Fo
2 − Fc

2)2 while non-hydrogen atoms were refined anisotropically. All hydrogen atoms 

were located from difference Fourier maps and were refined freely using isotropic thermal 

parameters following the procedure accepted previously [29, 30]. Complete listings of 

geometrical parameters, positional and isotropic displacement coefficients for hydrogen 

atoms and anisotropic displacement coefficients for the non-hydrogen atoms are deposited 

with the Cambridge Crystallographic Data Centre as (CCDC 2090883). These data 

can be obtained from The Cambridge Crystallographic Data Centre www.ccdc.cam.ac.uk/

data_request/cif.

3. Results

Single crystal structure determination

Single-crystal X-ray structure of GlyGlu (C7H12N2O5) (Figure 1) was determined and all 

hydrogen atoms were located in Difference Fourier maps. In the crystal structure (Figure 

2) the molecule is in the zwitterionic form. The N-terminal amine group is protonated, 

the C-terminal carboxylic acid group is deprotonated, and the side chain carboxylic acid 

is protonated. The crystal packing is dominated by a multitude of N-H•••O and O-H•••O 

hydrogen bonds that involve the ammonium and amide groups. In the GlyGlu structure, 

these hydrogen bonds assemble the molecules into intricately connected three dimensional 

networks in the crystalline state.
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The angle and distances associated with the amide moiety in GlyGlu are −6.8 (3) °, 

1.233 (3) Å, 1.327 (3) Å and 0.8800 Å for O5-C6-N1-C4, C6-O5, C6-N1 and N1-H1, 

respectively, reinforcing the existence of partial double bond nature. The structure of GlyGlu 

is densely packed (Figure 3) with no residual void within the lattice structure or bound 

solvent molecules located in its crystalline state. This confirms the chemical structure and 

molecular formula of the compound used for NMR analysis. The Dx, for GlyGlu is 1.51 

Mg m−3. This falls within the category of hydrophilic structures with abundant hydrogen 

bonding groups of dipeptides that are with the predicted [31] Dx value to typically fall 

within the 1.40 – 1.60 Mg m−3 range. Hydrogen bonds are found between atoms N1H1-O3’, 

N2H2C-O3’, N2H2D-O5’, N2H2E-O1’, N2H2E-O5 and O2H2-O4’. The typical hydrogen 

bonding pattern which results in the dimerization between two COOH groups such as 

that observed in Fenofibric acid [30] is absent in GlyGlu. However, COOH•••−OOC type 

interactions found between atoms, C1O2H2•••O4’C5’ with corresponding distances (H-O, 

O-O) and angles (O-H-O) are 1.7Å, 2.6Å and 171.9° and C1O2H2•••O3’C5’ are 2.8Å, 3.3Å 

and 121.8° in the GlyGlu structure. The distances and angles of 2.6 Å (between H2 and 

H2CN2), 2.8 Å (O2 and H2CN2) and 95.6° between atoms of the side chain COOH and 

main chain NH3
+ groups are noticed whereas the O2 of C1OOH is 2.7 Å away from H2EN2 

and makes 111.4°. Also, the distances and angles of main chain O3 of COO− is 1.9Å, 2.7Å 

and 161.3° from H2C, N2 of NH3
+ symmetry related molecule and O4 of COO− is 2.7 Å, 

3.4 Å and 131.2° from H2C and N2 of NH3
+ symmetry related molecule. In addition, the 

distances and angles of main chain O3 of COO− is 2.0 Å and 2.9 Å away from H1N1 and 

N1 and forms 172.2° with main chain NH group.

Glu side chain conformation in the crystalline state

A survey of CCDC (Ver. 2020.20.0) [32] for entries containing Glu as part of a mono-, di- 

or tripeptide structure were considered for comparison with that of GlyGlu. All the entries 

that met this prerequisite regardless of whether the Glu is the N or C terminal residue were 

included in the evaluation. Any entry of metal complex with Glu was excluded. Of the 

entries included, a superposition of 10 non-hydrogen atoms of Glu and the RMS deviation 

of their crystal structure coordinates from Glu of GlyGlu are shown along with the dihedral 

angles (Table 1, Figure 4). As shown in the (Figure 4) side chain conformations and as 

reflected by the RMS value of Glu in GlyGlu, it is very close to LGLUAC02 and Si2005 

which are in α form but with and without bound HCl, however the conformation is not 

altered significantly.

The most significant difference between the α and β forms are predominantly confined to 

the torsion angles defined by, N-Cα-Cβ-Cγ, Cβ-Cγ-Cδ-Oε(1) and Cβ-Cγ-Cδ-Oε(2), with 

the corresponding values, 178.2°, 74.2° and −104.6°, in α and −51.8°, 18.8° and −160.7° 

in β forms, respectively of Glu. In GlyGlu crystalline state these torsion angles of Glu are 

58.1°, 1.8° and 179.1° which are closer to that displayed in the β form than that found in α 
form of Glu.

Glu side chain conformation in solution state

The 400 MHz 1D 1H NMR spectra of GlyGlu (Figure 5) were analyzed, and the spins 

were assigned, optimized and interpreted using the tools in the Guided Ideographic Spin 
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System Model Optimization method [33]. The parametrization of spectra analysis of 1H 

NMR data reveal accurate spectral signatures of chemical shifts, coupling constants and 

splitting patterns (Table 2) for the proton signals of GlyGlu dissolved in D2O. The geminal 

Cβ methylene protons of Glu are chemically not alike and magnetically not equivalent when 

GlyGlu conformation/structure is in solution environment. There were no peaks downfield 

of 6ppm in 1H NMR which implies all the exchangeable protons are replaced by D from 

the solvent. Furthermore, 13C NMR (100 MHz, D2O) chemical shift (ppm) are: C1 – (Cδ 
Carboxyl) of Glu 178.22, C5 – (Cα Carboxyl) of Glu 177.49, C6 – (Cα Carboxyl)) of Gly 

166.51, C4 – (Cα) of Glu 54.25, C7 – (Cα) of Gly 40.31, C2 – (Cγ) of Glu 30.95, C3 – 

(Cβ) of Glu 26.77.

4. Discussion

In aqueous solution, the α-amino and the δ-carboxyl groups will be protonated and the 

proposed probability of finding a protonated α-carboxyl group is approximately two orders 

of magnitude less than that for the δ-carboxyl group [34] based on their pK values. Since 

the crystal structure reported here was produced in aqueous solution that is grown out 

of D2O, protonated state of the α-amino and δ-carboxyl and deprotonated α-carboxyl 

groups seen in the crystalline state are consistent with the NH3
+, COOH and COO− charge 

form, respectively, in agreement with the pK values stated above. The protonated and 

deprotonated forms seen here are in agreement with corresponding 13C chemical shifts 

reported previously for Glu [35–37] and observed in the current solution state measurements 

of GlyGlu.

Görbitz reported that in the protonated state, the donor groups are engaged in two types of 

hydrogen bonds with significantly different mean N•••O distances, 2.644(17) and 2.730(17) 

Å [38]. Furthermore, studies by Görbitz [38] validated that peptides assemble head to 

tail in crystal structures due to hydrogen bonding interactions between the main chains 

as well as side chain atoms. Potential hydrogen bonding interactions could be divided 

into four categories: interaction between 1) two ionized moieties NH3
+•••−OOC; 2) amide 

NH•••O=C; 3) NH3
+•••O=C; and 4) amide NH•••−OOC of main chain atoms. Due to the 

electrostatic nature of the interaction between ionized moieties, category 1 is considered 

the strongest interaction. The presence of donor or acceptor groups in the side chain 

adds additional possibilities for hydrogen bonding interactions. Hydrogen bonding angles, 

defined by Donor-H•••Accepter are confined to be in the 180–170° and 150–110° ranges in 

previously reported peptide crystal structures [38]. Some of the Donor-H•••Accepter angles 

observed in GlyGlu are outside the range and may or may not be counted as standard 

hydrogen bonds.

Theoretically Glu may be able to attain over 103 possible conformations due to rotations 

around seven σ bonds. Major differences between the α and β forms of Glu originate 

from their torsion angles χ1: N-Cα-Cβ-Cγ (178.2° vs −51.8°) and χ3,4,2: Cβ-Cγ-Cδ­

Oε(2) (−104.6° vs −160.7°). In the GlyGlu crystalline state the conformation of Glu is 

very close to the αpolymorph of L-Glutamic acid (LGLUAC02) and that in L-Glutamic 

acid Hydrochloride (SI2055) among the structures compared as reflected by the lowest 

RMS value of over 10 common non-hydrogen atoms. All the α-amino, α-carboxyl and 
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δ-carboxyl groups in L-Glutamic acid Hydrochloride (SI2055) are in protonated form with 

a bound Cl− in the crystal structure. Noticeably the conformation of Glu found in GlyGlu 

deviates significantly from that of Glu in β polymorph of L-Glutamic acid (LGLUAC11, 

LGLUAC01).

Conformations of Glu, as seen in it or in molecules containing it, is not only limited to 

the above-mentioned entries but also may be relevant to specific functions the system is 

evolved to operate. Some examples of molecular assemblies that exploit such mechanics 

are: 1) In the vertebrate brain, ligand-gated ion channel glutamate receptors accommodate 

structural changes necessary to mediate excitatory synaptic transmissions [39, 40]. 2) 

Chloride Channels (ClC) selectively filter glutamate to clear the pathway for ion passage, 

thereby gating the pore [41–44] with a complementary structural mechanism. 3) Protonation 

of glutamate side chains mediated the activation of gate opening in Potassium (K+)-channel 

associated neural signal transduction, as it regulates selective conduction of K+ across 

biological membranes [2] which may have conformations of Glu controlling their biological 

functions.

In solution, vicinal J-coupling for Glu has been used previously to predict the ratio of 

different side chain conformers [45]. Moreover, it was suggested that glutamate exists 

predominantly in two conformations about Cα-Cβ bond, namely either gauche-gauche and 

gauche-trans or gauche-gauche and trans-gauche [45]. However, the relationship between the 

conformations defined by the angles reported previously for Glu and that specified by α, β 
forms are not clear.

The different proton chemical shifts and J coupling noticed for geminal protons in CβH2 

group of Glu in the 1D 1H NMR of GlyGlu may bring about a significant signature. Though 

the plane of symmetry is present and chirality is absent, otherwise identical methylene 

geminal protons, CH2 of Glu are stereochemically and/or magnetically non-equivalent. 

This resultant splitting pattern seen in the NMR spectrum enables the identification of 

this metabolite uniquely. The information obtained from this study would provide detailed 

splitting patterns corresponding to the CβH2 in the detection of Glu and/or it’s metabolites’ 

signal and must be taken into account for the interpretation of measurements made in 
vivo and in situ real time dynamic conditions and may be useful in monitoring related 

biomarkers. Also, the information obtained on the conformations, protonation states and 

pK of substitutions of a single amide derivative will be helpful in the characterization of 

peptidomimetic analog studies. Moreover, the increased double bond character reflected in 

the amide bond reveals the stability of such functionality and may be incorporated in the 

fragment based drug design.

5. Conclusions

The benchmark signature of Glu as a dipeptide establishes a unique pattern which may 

be monitored in the cells under in vivo or in situ conditions that may occur due to 

natural development or changes caused by illness. As the accumulation of AGEs may be 

considered a significant marker for diagnosis, their proximity to Glu residues may be useful 

in identifying likely areas of protein modification/glycation sites. Furthermore, the pattern 
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revealed by the dipeptide may become a helpful tool to monitor in vitro conversions in 

late-stage derivations of peptides at Glu and/or in its vicinity.
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Abbreviations:

CSD Cambridge Structural Database

CCD Charge Coupled Device

ClC Chloride Channels

Glu Glutamic acid, Glutamate

Gly Glycine

GlyGlu Glycylglutamic acid

1D One dimensional

TMS Tertramethylsilane

‘ symmetry related molecule

s singlet

d doublet

t triplet

m multiplet

dd doublet of doublets

J coupling constants

RMS root mean square
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Figure 1. 
Chemical structure of GlyGlu is shown with atom numbering schemes based on that used in 

the crystal structure determination. Not all hydrogen atoms are labeled for clarity.
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Figure 2. 
View down the amide bond of the crystal structure of GlyGlu in the Thermal Ellipsoid Plot 

representation. Atom labels and numbering shown are the same as what was deposited in 

the CSD and used in the text. Atoms C4, C3, C2 and C1 correspond to Cα, Cβ, Cγ and 

Cδ respectively. The peptide bond torsion angle C7-C6-N1-C4 is 171.01° in the crystal 

structure.
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Figure 3. 
The crystal packing diagram for GlyGlu. A unit cell with axes and hydrogen-bond pattern 

for molecules of a cell packing are shown for P212121 space group.
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Figure 4. 
Superimposition of main chain atoms of Glu to GlyGlu. The C of GlyGlu-(Green); L­

Glutamic acid Hydrochloride (SI2055-Pink); LULGAC11 (Maroon); LGLUAC12 (Yellow); 

and ARGGLU10 (Brown), N (Blue), O (Red) and H (White) atoms are shown with 

corresponding colors.
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Figure 5. 
1D 400MHz 1H NMR spectrum of GlyGlu in D2O. Integration of peaks shown correspond 

to non-exchangeable protons of the dipeptide.
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Table 2.

Chemical shift(s) and coupling constants for GlyGlu

Label Atom (Residue) δ(ppm) J(Hz)(coupling nuclei) Splitting

H7B αCH(Gly) 3.88 −16.06(H7B-H7A)

αCH(Gly) 3.88 −16.05(H7A-H7B)

H4 αCH(Glu) 4.28 5.04(H4-H3A) dd

8.97(H4-H3B)

H3A βCH(Glu) 2.17 5.04(H3A-H4) ddd

−14.25(H3A-H3B)

8.35(H3A-H2B)

7.19(H3A-H2A)

H3B βCH(Glu) 1.97 8.97(H3B-H4) dd

−14.25(H3B-H3A)

5.45(H3B-H2B)

8.99(H3B-H2A)

H2B γCH(Glu) 2.43 8.35(H2B-H3A) dd

5.45(H2B-H3B)

−15.77(H2B-H2A)

H2A γCH(Glu) 2.44 7.19(H2A-H3A)

8.98(H2A-H3B)

−15.77(H2A-H2B)
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