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Abstract: Compatible solutes are low molecular weight, highly water-soluble and neutrally
net-charged molecules with various protective functionalities that accumulate and are produced in
microorganisms. Their multi-purpose functionalities, also adaptable in vitro, make them potential
components in healthcare and cosmetic products. One promising but insufficiently examined
representative of this molecule class is Ny-acetyl-L-2,4-diaminobutyric acid (y-NADA), the metabolic
precursor of ectoine. Here, we demonstrate the crystallization ability of y-NADA by using cooling
crystallization in aqueous solvents and find that it forms rod-shaped crystals. According to a single
crystal structure determination, y-NADA is orthorhombic with space group P2;2;2; and a = 5.3647(1),
b = 8.3652(2), ¢ = 16.9149(5) A, Z = 4, Ry = 3.48%, WR, = 7.33% (all data). Additionally, y-NADA is
analyzed via Raman, IR, 'H, and '*C NMR spectroscopy.

Keywords: compatible solute; amino acid; NADA; (25)-4-acetamido-2-aminobutanoic acid;
small molecule; crystallization; crystal structure; Raman; infrared spectroscopy

1. Introduction

Facing osmotic pressure in saline environments, halophilic bacteria produce and take up so-called
compatible solutes to compensate for osmotic pressure and the effects of salt. Compatible solutes are
of low molecular weight, and are polar and highly water-soluble molecules. In addition, they are
uncharged at a neutral pH. Most importantly, they do not interfere with cell metabolism, i.e., they are
compatible with the organism [1], creating an adaptive strategy to changes in the surrounding salinity.
The preferential-exclusion model [2—4] describes the functionality of the compatible solutes in the
solution, stabilizing the hydration layer [5,6] by keeping themselves away from the vicinity of proteins.

Compatible solutes consist of a broad diversity of molecules, ranging from sugars, polyols,
amino acids and their acetylated derivatives [7-10], which are used by bacteria, archaea, and eukarya [11]
to perform a large spectrum of protective functions [10,12-14]. Thus potential application areas of
compatible solutes range from skincare [15,16] and treatment against respiratory infections [17,18] to
cancer treatments [19,20] and process optimization [21-24]. Additionally, the formulation of biologicals
and proteins has also been investigated [25-28].

Ectoine is one of the most successful compatible solutes and is biotechnologically produced in
tons per year [29] for use in various cosmetic products. It is produced by the moderate halophilic
Y-proteobacterium Halomonas elongata and enables the organism to grow in high salinity solutions of
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more than 30% NaCl [30]. Figure 1 shows the metabolic synthesis of ectoine in H. elongata, which begins
with L-aspartate. Here, the precursor molecule of ectoine, Ny-acetyl-L-2,4-diaminobutyric acid IUPAC
nomenclature: (2S)-4-acetamido-2-aminobutanoic acid) (y-NADA), a linear amino acid derivative,
is converted to ectoine in a cyclic condensation reaction with the help of ectoine synthase (EctC) [31].
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Figure 1. Ectoine synthesis pathway in H. elongata, starting with L-aspartate. Ny-acetyl-L-2,4-
diaminobutyric acid (Y-NADA) is enzymatically converted from diaminobutyric acid with the help of
L-2,4-diaminobutyric acid transaminase (EctA). Ectoine synthase (EctC) catalyzes the ring formation
to ectoine and ectoine hydroxylase (EctD), the hydroxylation to 5-hydroxyectoine. Ectoine hydrolase
(DoeA) hydrolyses ectoine to Nx-acetyl-L-2,4-diaminobutyric acid, and Na-acetyl-L-2,4-diaminobutyric
acid deacetylase (DoeB) finally closes the cycle to diaminobutyric acid. Adapted with permission
from [32].

v-NADA was first discovered by Liss (1962) in latex produced by Euphorbia pulcherrima [33]. However,
its interesting, osmoprotective functionality was not discovered until 1997, when Céanovas et al., (1997)
created a Halomonas elongata mutant to further study y-NADA [34]. This protective characteristic can
also be gained by non-producing bacteria through y-NADA uptake [35]. Canovas et al., (1999) also
demonstrated the functional integrity of a thermally treated enzyme in the presence of y-NADA in vitro,
which was even better than in the presence of the established ectoine [36]. This finding indicates the
protective application of y-NADA beyond natural osmoprotection. However, the molecule itself and its
ability to be utilized as an alternative in the compatible solute market has been investigated rarely.

Thus, we conduct a deeper characterization of y-NADA by showing its crystallization ability.
The crystallization of biomolecules is a crucial step to analyze the structure, using X-ray diffraction,
and therefore their physical properties. The structure, shape and size of the obtained crystal allow
possible conclusions to be drawn about the physical behavior of the solid—e.g., stability and
bioavailability. Further, they define the separation and purification ability of the biological molecule
and form the bases of downstream processes. Here, these processes benefit from a fast volume
reduction, which is also possible in the early stages, and the required formulation and purification of
the final product [37].

2. Materials and Methods

Hydrolyzed ectoine material (provide by bitop AG), containing Ny-acetyl-L-2,4-diaminobutyric
acid (y-NADA), Na-acetyl-L-2,4-diaminobutyric acid (x-NADA), ectoine, and sodium chloride (NaCl)
was dissolved to maximum solubility overnight at 50 °C in H,O. Saturated suspension was sterile
filtered to avoid nucleation on foreign and undissolved particles. Further, yv-NADA was crystallized
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with cooling down the saturated solution from 50 to 20 °C and incubated for at least 24 h under orbital
shaking or stirring. y-NADA crystals were identified with HPLC analysis, using a reversed-phase
method with 65/35 ACN/H,O, YMC-Pack Polyamine II 12 nm, S-5 pm, 250 X 4.6 mm ID column,
1 mL min~! at 30 °C. Further, dried y-NADA crystals were put on a microscope slide and visualized
with the microscope Nikon Eclipse 50i, equipped with a CFI Plan Fluor 4-fold objective. Microscopic
images were taken with a Nikon DS-2Mv digital camera.

Crystals of y-NADA have been investigated by X-ray single-crystal diffraction. For data collection,
the single crystals were fixed on the tip of a glass fiber and were positioned in a cold N, gas
stream for the low-temperature measurements. Data collection was performed at 100 K, 200 K,
and at 300 K, respectively, with a StadiVari (Mo Ka radiation) diffractometer (Stoe & Cie, Darmstadt,
Germany) equipped with a PILATUS 300K detector (Dectris Ltd., Baden-Daettwil, Switzerland)
and a Cryostream 800 system (Oxford Cryosystems, Oxford, United Kingdom). The structure was
solved by Direct Methods (SHELXS-2014) [38] and refined by full-matrix least-squares calculations
against F? (SHELXL-2014) [39]. All non-hydrogen atoms were treated with anisotropic displacement
parameters. All hydrogen atoms have been located from the difference Fourier map and refined with
free atomic coordinates and isotropic displacement parameters of 1.2 Ueq(N) or Ueq(C), respectively.
The absolute structure could not be determined by crystallographic means due to the low scattering
power of the light elements, so the Flack parameter, although close to zero, showed a high e.s.d.
and, therefore, was meaningless. The results of the structure determinations are listed in Table 1
and Supporting Information, Table S1. The supplementary crystallographic data for this paper
have been deposited with the Cambridge Structural database and are available free of charge via
www.ccde.cam.ac.uk/datarequest/cif on quoting the depository numbers CCCD-2024475 (100 K),
CCDC-2024476 (200 K), and CCDC-2024477 (300 K). The crystal structure does undergo only slight
changes between room temperature and 100 K. The most precise results obtained from the measurement
at 100 K are discussed in the main part of this work; the results of the structure determinations at 200 K
and at 300 K are presented in the Supporting Information (Tables S1-S8, Figure S1).

Table 1. Crystallographic data and details of the structure determination of y-NADA at 100 K.

Compound CeH12N,2 O3
crystal system orthorhombic
space group P2:2,2; (No. 19)
temperature 100(2) K
a 5.36470(10) A
b 8.3652(2) A
c 16.9149(5) A
cell volume 759.09(3) A3
formula units 4
molar mass 160.18 g mol~!
X-ray density 1.402 g-em™3
wavelength Mo-Kx
absorption coefficient 0.112 mm™!
measured reflections 39,700
unique reflections 5250
Rint 0.0273
20 region 5.43°-84.10°
hkl range -10<h<10
-11<k<15
-31<1<31
absorption correction empirical
reflections > 20 4776
number of parameters 136
R(F)(obs), R(F)(all) 0.0293, 0.0348
Ry (F?)(obs), Ry, (F?)(all) 0.0711, 0.0733
goodness of fit 1.025
max./min. difference density 0.408/-0.230 e-A~3
depository no. CCDC 2024475
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NMR spectra were measured with a Bruker Avance Ultrashield 400 MHz spectrometer. The 'H
spectra were calibrated by using the residual proton signal of the used deuterated solvents. Chemical shifts
are reported in parts per million (ppm), with the solvent peaks serving as internal reference.

NMR Spectra (see Supporting Information Figures S2 and S3) of y-NADA: 'H-NMR (400 MHz,
D0, 300 K): 6(ppm) = 3.71 (t, 1 H, CH), 3.36/3.30 (m, 2 H, CHy), 2.10 (m, 2 H, CH3), 1.99 (s, 3 H, CH3);
I3C-NMR (101 MHz, D,0, 300 K): (ppm) = 174.65 (COO), 174.15 (CON), 52.37 (CH), 35.38 (CH,),
30.12 (CHy), 21.74 ppm (CHj).

Raman spectroscopy was performed in three independent measurements at room temperature
with a Raman Senterra spectrometer from Bruker Optics, Germany. Solid crystals from cooling
crystallization in H,O, were placed on a microscope slide and measured with a 488 nm laser and
40 mW laser power.

The Fourier-transform infrared spectra (FTIR) were measured in three independent measurements
at room temperature, using a Bruker ALPHA II FTIR spectrometer with the matching platinum
attenuated total reflection (ATR) module. Crystals from cooling crystallization in H,O were analyzed.
Measurements were performed with 24 scans per sample and the baseline was subtracted via the
rubber band method in the software OPUS. Raman bands and IR spectra were normalized to the most
pronounced peak of 400 to 1700 cm~! and 1701 to 4000 cm™~! for each measurement. More detailed
assignments of the Raman and IR bands are presented in the Supporting Information section (Table S9).

3. Results

3.1. Crystal Shape and Structure

We crystallized y-NADA in H,O with cooling crystallization. Crystallinity of active substances in
their final formulation is generally favorable for better physical and chemical stability, separation and
process performance [40]. Figure 2 shows the obtained rod-shaped crystals of y-NADA, crystallized in
mL-reaction tubes (a) and in stirred 15 mL reactors (b). The shape of the crystal is the same—rod to
needle-shaped—however, differing in size and arrangement. While crystals from the crystallization in
reaction tubes with orbital shaking occur in clusters (Figure 2a), crystals from the reactor experiments
with stirring are singled (Figure 2b).

(a) (b)

Figure 2. y-NADA crystals obtained with cooling crystallization (50 °C-20 °C) in H,O. (a) y-NADA
crystal cluster after crystallization in 2 mL reaction tube in H,O with 300 rpm shaking. (b) Single
crystals after crystallization in a small scale reactor with 150 rpm stirring and 10 mL volume.

Regarding bioavailability of active substances, the singled crystals from the 15 mL reactor
system (b) are advantageous. They provide a better accessible surface compared to the clustered
form. The increased surface-mass ratio with decreasing particle size improved the bioavailability;
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however, the oxidation hazard can increase [41]. Further, downstream process steps can be affected by
the appearance of the crystal [42], like the size, due to viscosity and rheology behavior. Especially needles
and flakes are known to be difficult in process handling. Filtration, drying and formulation emerge more
challenging. Thus, significant effort is made with, for example, wet-milling and temperature cycles to
obtain bigger particle sizes but low aspect ratios and gain better process-ability of the needle-shaped
crystals [43,44]. However, obtained crystals were composed only of y-NADA, demonstrating that
cooling crystallization is a versatile tool for the purification of this compatible solute in stirred reactors.

For the structure determination, a fragment of an approximately 3-mm-long needle has been
isolated. Indexing of the diffraction pattern resulted in an orthorhombic unit cell, and inspection
of symmetry and extinction conditions indicated unambiguously a non-centrosymmetry and the
chiral space group P21212, respectively. The results of the structure determination are given in
Table 1 for the measurement at 100 K, and in the Supporting Information; Table S1 for 200 and 300 K.
A symmetry cross-check with Platon [45] at the final state of the refinement confirmed this finding.
Nvy-acetyl-L-2,4-diaminobutyric acid crystallizes with one formula as asymmetric unit. As almost usual
for many amino acids [46], e.g., including the related ectoine and aspartic acid [47,48], the molecule,
shown in Figure 3, is found in its zwitterionic form, so both oxygen atoms of the carboxylic acid group
are deprotonated while the amine nitrogen atom at the «-C atom bears three H atoms (for detailed
bond lengths and angles see Tables 2 and 3). The heavier atoms of the acetyl group, C6, C5, O3, and N2,
are in-plane, indicating a partially delocalized 7t system. The methylene carbon atoms C3 and C4 are
only slightly apart of this plane, too, e.g., shown by the bond angle sum of 359.13° around N2 and
the C3-C4-N2-C5 torsion angle of 172.85°. The sp® carbon atoms C2, C3 and C4 are in almost perfect
tetrahedral coordination (see Table 3) and are in skew conformation.

Figure 3. The y-NADA molecule, obtained from a structure determination at 100 K. Atoms are drawn
with anisotropic displacement ellipsoids of the non-hydrogen atoms as well as isotropic ones of the
hydrogen atoms at the 80% probability level.

Table 2. Bond lengths for y-NADA at 100 K, distances in A.

Atoms Distance Atoms Distance

C1-O1  1.2637(8) C3-C4  1.5251(8)
Cl-02  1.2551(8) C4A-H4A  0.979(14)
C1-C2  15352(8) C4-H4B  0.979(14)
C2-H2A  0960(13)  C4-N2  1.4588(8)
C2-N1  14906(7) N2-H2B  0.846(14)
NI-H1A  0.882(14) N2-C5  1.3390(8)
NI-HIB  0905(14) C5-03  1.2470(8)
NI-HIC  0918(13) C5-C6  1.5070(9)
C2-C3  15391(8) C6-H6A  0.929(16)
C3-H3A  0949(14) C6-H6B  0.939(15)
C3-H3B  1.000(14) C6-H6C  0.953(16)
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Table 3. Bond angles for y-NADA at 100 K, angles in °.

Atoms Angle Atoms Angle
02-C1-01 126.72(6) H3A-C3-H3B  108.2(12)
02-C1-C2 116.49(5) N2-C4-C3 110.08(5)
01-C1-C2 116.75(6) ~ N2-C4-H4A 108.5(8)
N1-C2-C1 109.79(5)  C3-C4-H4A 113.7(8)
N1-C2-C3 108.09(5)  N2-C4-H4B 108.9(8)
C1-C2-C3 110.26(5) C3-C4-H4B 109.5(8)

N1-C2-H2A 108.1(8)  H4A-C4-H4B  106.1(12)
C1-C2-H2A 110.5(9) C5-N2-C4 120.80(5)
C3-C2-H2A 110.1(8) C5-N2-H2B  119.3(10)
C2-N1-H1A 110.7(8) C4-N2-H2B  119.1(10)
C2-N1-H1B 108.7(8) 03-C5-N2 121.31(6)
H1A-N1-H1B 106.6(12) 03-C5-C6 122.31(6)
C2-N1-H1C 111.4(8) N2-C5-C6 116.35(5)
HIA-N1-H1C  111.0(12) C5-C6-H6A  109.9(10)
H1B-N1-H1C 108.3(12) C5-C6-Hé6B 112.3(9)
C4-C3-C2 113.38(5) H6A-C6-H6B  106.3(14)
C4-C3-H3A 109.9(8) C5-C6-H6C 109.5(11)
C2-C3-H3A 108.2(8)  H6A-C6-H6C  110.1(14)
C4-C3-H3B 109.1(8)  H6B-C6-H6C  108.7(12)
C2-C3-H3B 107.9(8)

60f 11

The y-NADA molecules are packed in a more or less stretched manner with the main molecule
extent parallel to the longest crystallographic axis c. They are connected via short and almost linear
hydrogen bonds between the amino groups and oxygen atoms of neighboring molecules (see Table 4).
All hydrogen atoms of the amino groups are part of one of these strong bonds, and the NH3*---O bonds
are slightly shorter than the N2-H2B---O3 bond. Considering these H bonds the NADA molecules form
corrugated layers parallel to the ac plane shown in Figure 4a, which are interlinked three-dimensionally
via the N1-H1A---O1 bond (Figure 4b). The methyl group, as well as the two methylene groups C3
and C4, are oriented in the direction of the voids between the H bonds, forming sections of less

polar character.

(@)

Figure 4. Crystal structure of y-NADA at 100 K, view along [010] (a) and [-100] (b). Atoms are shown
at the 80% probability level with carbon as black, hydrogen is white, oxygen as red, and nitrogen as

blue ellipsoids. Strong H bonds are drawn as dashed lines.

(b)
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Table 4. Hydrogen bond geometry for y-NADA at 100 K, distances in A, angles in °.

Atoms D-H H-A DA D-H--A
N1-H1A--011 0.882(14) 1.968(14) 2.8323(8) 166.2(13)
N1-H1B--02 i 0.905(14) 1.836(14) 2.7389(7) 176.4(12)
N1-H1C--03 il 0.918(13) 1.879(13) 2.7898(7) 171.8(13)
N2-H2B---O1 i 0.846(14) 2.042(14) 2.8876(7) 176.7(14)

Symmetry codes: O _x+1, y=1/2, -z + 1/2; ) x—1, Yy, Z; i) _y +1/2, -y +1,z-1/2.

3.2. Raman and IR Spectra

Just as no crystal structure of Ny-acetyl-L-2,4-diaminobutyric acid is available, there is a lack
of further chemical characterization of this compatible solute. Thus, we performed Raman and IR
measurements of the crystalline molecule, obtained from cooling crystallization in H,O, to close this
knowledge gap. Even though, Schiitte and Schiitz (1962) [49] assigned two IR bands for y-NADA in
nujol, namely the amide and NH vibration at 1650 cm~! and 3280 cm™!, respectively; the crystalline
molecule has not been investigated yet.

Figure 5 shows both, normalized Raman (Figure 5a) and IR spectra (Figure 5b) of crystalline
Nvy-acetyl-L-2,4-aminobutyric acid, gained from cooling crystallization in H,O. The most intense Raman
peaks show up at 2929 cm~! in the wavenumber range of 17014000 cm~! and at 1296 cm™! and 910 cm ™!
in the “fingerprint region” (400-1700 cm™1) [50] of the amino acid derivative. Whereas the Raman
spectra mostly shows single bands, the IR signal occurs in more clustered peaks. Here, the highest
signal at 1537 cm™! is part of an intense multi-peak area at 1200-1700 cm™!. Further single peaks
at 466 cm™! and 3250 cm™! and a second peak cluster with the maximum at 2959 cm~! stand out.
The characteristic groups of amino acids are, in general, the carboxyl (COOH/COQO"~) and the amino
(NH,/NH;3"%) group. Further, the carbonaceous residue side chain of y-NADA includes a secondary
amide group (O=C-NH-C) (see Figure 3). Thus, the Raman band at 2929 cm™! with the two little
shoulders at 2949 cm™! and 2898 cm™' and the IR peak cluster with the maximum at 2959 cm™!
(2800-3000 cm ™) can be assigned to asymmetric and symmetric stretching of C-H (v(CH)) [50-53] in
CH, CH; and CHj groups of y-NADA (Figure 3). However, in this region, overlapping with weak
vibrations of NH3* stretching v(NH;3™) is possible [50]. The intense Raman band at 1296 cm~!, IR at
1300 cm ™, are characteristic for the CH deformation modes §(CH) [54]. Further bands at 3257 and
3250 cm™! in Raman and IR, respectively might also represent slightly shifted N-H stretching (v(NH))
in O=C-NH-C secondary amide [55]. Here, the Raman double peak between 1600-1700 cm~! and
the IR peak at 1628 cm™! can be assigned to the stretching of the amide I carbonyl group v(C=0).
Bands of both, amide II stretching of C-N v(C-N) and planar bending of N-H (8(N-H)) are found in a
wavenumber range of 1480 to 1580 cm™! [52,56]. Thus, the outstanding peak at the IR fingerprint region
at 1537 cm~!, which is also visible in Raman spectroscopy (1538 cm™!), can be identified as symmetric
bending of the amino group §(NH;*) [57]. The asymmetric bending (8,5(NH3"%)) can be assigned to
the Raman and IR bands at 1588 cm™, yet also overlapping with the stretching of the characteristic
carboxyl group v,s(COO™). The symmetric stretching vs(COO™) occurs at 1419 cm~! and 1411 cm™! for
Raman and IR, respectively. In the lower wavenumber range OH and NH wag can be assigned to
bands at 900-770 cm~! for primary amines, 750-680 cm™ for secondary amines and 750-550 cm~! for
amides. Further, the detailed assignment is summarized in the Supporting Information Table S9.
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Figure 5. Raman (a) and IR spectra (b) of crystalline Ny-acetyl-L-2,4-diaminobutyric acid, obtained from
cooling crystallization in HyO. The signal was normalized to the most pronounced peak, namely at
2929 cm™! and 1537 cm ™! for Raman and IR spectroscopy, respectively. For the detailed assignment of
the bands, see Table S9.

4. Conclusions

We showed that Ny-acetyl-L-2,4-diaminobutyric acid (y-NADA) could successfully be crystallized
in H,O with cooling crystallization, generating rod-shaped crystals. Variations in volume and stirring
conditions lead to differently sized and arranged crystals, namely in clusters or singles. With crystal
structure determination, the molecule was found to be zwitterionic and partly polar, both characteristic
attributes of compatible solutes. Further, the compound crystallizes in the chiral orthorhombic space
group P2,212; with all atoms at general positions and forms an extended three-dimensional network
of hydrogen bonds. Besides, XRD structure determination proofed the crystals to be free from
intra-crystalline impurities, sparing elaborated recrystallization in a possible future separation process.
The measured spectral bands of Raman, IR, 'H NMR and 3C NMR can be assigned to all required
chemical groups of y-NADA, thus verifying the crystals to be the aimed compatible solutes without
included impurities. To our knowledge neither the structure nor full spectroscopic analysis with Raman
and IR have been published yet, thus we make it usable as reference material. Also TH NMR and 13C
NMR spectra of the pure compound are not available yet, however Canovas et al. [34,36] showed a 1>C
NMR spectrum of the cell extract of a y-NADA producing mutant strain. Here, the assigned y-NADA
bands are in good agreement with our spectrum.

With this a first step was done to move y-NADA more in the focus of interest when developing
new active substances based on compatible solutes. With regard to a biotechnological process for
v-NADA, the results of shape, size and structure can be used for appropriate adjustments. Our results
show an easy crystallization in HpO and with this, a good purification of y-NADA without any
included impurities in the crystalline substance; however, rod and needle-shaped crystals are known
to be more difficult in process handling. Here, with adaptive strategies like wet-milling and adjusted
temperature cycles, disadvantages can be overcome [43,44].

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/10/12/1136/s1,
Crystallographic data and details of the structure determinations at 100 K, 200 K, and 300 K; Hydrogen bonds and
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selected bond lengths and angles at 200 K/300 K; Raman and IR band assignments for y-NADA crystals, measured
at room temperature, obtained from cooling crystallization in water; 'H NMR and '*C NMR spectra.
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