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3-Hydroxychromone (3HC) dye trehalose conjugates have previously been exploited as environment-sensitive
fluorescent labels to detect mycobacteria by fluorescence microscopy. We have studied the 3HC dye 2-(6-
(diethylamino)benzofuran-2-yl)-3-hydroxy-4H-chromen-4-one (3HC-2) trehalose conjugate 3HC-2-Tre by X-ray
crystallography, spectroscopic methods augmented by DFT calculations and conducted preliminary labelling
experiments with Mycobacterium abscessus, a non-tuberculous mycobacterium and opportunistic pathogen. In the
crystal structure of 3HC-2-Tre - 3.14 Hy0, the 3HC-2-Tre molecules exhibit an intramolecular O—H:--O
hydrogen bond between the 5-hydroxy group of trehalose and the chromone carbonyl oxygen atom, and form
hydrogen-bonded dimers via the trehalose units with approximate local C, symmetry. The chromophore adopts
an s-cis conformation of the chromone and benzofuran systems about its central C—C bond, as previously
encountered in the crystal structure of the free dye 3HC-2, and the trehalose moieties approximately retain the
shape as found in the crystal structures of anhydrous trehalose and the dihydrate. Absorption spectra of 3HC-2-
Tre acquired in four different solvents revealed small positive solvatochromy. Fluorescence microscopy detected
M. abscessus cells treated with 3HC-2-Tre in the GFP channel.

1. Introduction

Tuberculosis (TB) is one of the most lethal bacterial infectious dis-
eases in the world and continues to be a serious threat to public health.
In 2021, an estimated 1.6 million people died of TB globally [1]. The
pathogen causing TB is usually Mycobacterium tuberculosis [2]. The
infection primarily manifests itself as a pulmonary disease but the bac-
teria can also invade other sites in the body, leading to extrapulmonary
TB [3,4]. Non-tuberculous mycobacteria (NTM), i.e. those that cause
neither TB nor leprosy, are also increasingly recognized as opportunistic
pathogens in humans [5]. NTM infections likewise most commonly
affect the lungs, thus resembling pulmonary TB, but can also occur as
extrapulmonary infections, including skin and soft-tissue infections [6,
7]. Certain patient groups, such as those with pre-existing structural
lung diseases (e.g. cystic fibrosis or bronchiectasis) or a suppressed
immune system, are at particular risk of developing NTM pulmonary
disease [8].

To combat and prevent mycobacterial infections, early and rapid
detection of the pathogens is important. Microscopy-based methods are
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particularly attractive in a low-resource environment [9]. In this
context, Kamariza et al. reported a bright solvatochromic 3-hydroxy--
chromone (3HC) dye trehalose conjugate that specifically detects
M. tuberculosis within minutes [10]. 3HC dyes exhibit high fluorescence
quantum yields and shifts in fluorescence intensity that are dependent
on the polarity of the medium [11,12]. When bound to trehalose, the
fluorophore is rapidly incorporated into the mycobacterial cell wall
(Fig. 1). The antigen 85 (Ag85) enzymes that mycoloylate exogenous
trehalose molecules in position 6 seem to tolerate an attached fluo-
rophore. Upon insertion of the dye into the non-polar environment of the
mycomembrane, fluorescence is turned on, and this property can be
exploited for detection of mycobacteria with a fluorescence microscope.
Aside from utilization for diagnostics and drug discovery [13-16],
research applications of trehalose-based probes, such as the study of the
dynamics of mycomembrane biosynthesis and remodelling, have also
been described [17].

We became interested in fluorescent probes for labelling of viable
mycobacterial cells as a possible tool for in vitro testing of anti-
mycobacerial drug candidates. Recently, we reported on the crystal and
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Fig. 1. Schematic representation of the mycobacterial cell wall, showing the transformation of dye trehalose conjugates to the analogous trehalose monomycolates
(TMM, chemical diagram on the right) and incorporation into the mycomembrane. The figure was adapted from ref. [10]. Published Open Access under the Creative
Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/ (accessed on 11 July 2023)). Copyright 2021 The Authors.
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Fig. 2. Chemical diagram of 3HC-2-Tre.

Table 1

Crystal data and refinement details for 3HC-2-Tre - 3.14 H,0.

Empirical formula

M,

T (K)

(A

Crystal system

Space group

ad)

b (A)

cd

v (A%

z, 7

p(gem )
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Crystal size (mm)
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R1 [I > 20(D]

wR2 (all data)

Apmax, Apmin (e A7)

C33H39NO17.14
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150(2)

0.71073
Orthorhombic
P2,2,2;
7.2371(3)
26.7785(12)
34.8048(15)
6745.1(5)

8,2

1.426

0.116

3049

0.280 x 0.026 x 0.025
1.91-25.00
525,500 / 11,893
0.2908

8554

11,893 /72 / 983
1.069

0.0620

0.1619

0.29, —0.22

molecular structure of the solvatochromic dye 2-(6-(diethyl-amino)
benzofuran-2-yl)-3-hydroxy-4H-chromen-4-one (3HC-2) and pre-
liminary labelling experiments with Mycobacterium aurum, a generally
considered non-pathogenic mycobacterium and model organism used in
antimycobacterial drug discovery, using the dye trehalose conjugate
3HC-2-Tre (Fig. 2) [18]. We have now characterized 3HC-2-Tre by
X-ray crystallography and spectroscopic methods, and performed pre-
liminary fluorescent labelling experiments with Mycobacterium absces-
sus. This NTM species has emerged as responsible for pulmonary
infections with poor prognosis, particularly in patients with cystic
fibrosis [19], and therefore has come into the focus of our drug discovery
efforts [20,21].

2. Experimental section
2.1. General

The synthesis of 3HC-2-Tre from 3HC-2 and anhydrous d-trehalose
can be found in the literature [10,18]. Experimental details of the pu-
rification of 3HC-2-Tre by preparative HPLC have been reported in the
supplementary materials of ref. [18]. 3HC-2 was purified for the label-
ling experiment by recrystallization from acetonitrile [12]. Absorption
spectra were acquired on a Thermo Scientific GENESYS 180 UV-visible
Spectrophotometer, using quartz glass cuvettes (d = 1 cm). Solvents
were of analytical grade.

2.2. X-ray crystallography

Crystals of 3HC-2-Tre - 3.14 HyO suitable for X-ray diffraction, albeit
as extremely fine needles and consequently weakly diffracting, were
obtained from a solution of 3HC-2-Tre in methanol/water (2:1) by slow
evaporation of the solvents at room temperature. Diffraction data with a
redundancy of over 30 to increase the I/6(I) ratio were collected on a
Bruker AXS D8 Venture diffractometer equipped with an Incoatec IuS
microfocus X-ray source with Montel multilayer optics and a CMOS
Photon III detector. The diffractometer was operated using the APEX4
software [22], and the diffraction images were processed with SAINT
[23]. Scaling and a Gaussian absorption correction based on indexed
crystal faces were carried out with SADABS [24]. The crystal structure
was solved with SHELXT [25], using intensity data averaged and scaled
assuming point group mmm, and refined with SHELXL.-2019/3 [26]. For
the final structure refinement, the intensity data were averaged and
scaled applying 222 point group symmetry. An ethyl group, a hydrox-
ymethyl group and one solvent water molecule were found to be
disordered. Appropriate restraints on geometric parameters and atomic
displacement parameters were applied to disordered regions (see
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Fig. 3. Microscope image of needle-shaped crystals of 3HC-2-Tre - 3.14 H,0.

supplementary crystallographic data). In addition, the SWAT instruction
in SHELXL was used to model diffuse solvent [27]. Hydrogen atoms of
3HC-2-Tre were placed in geometrically calculated positions and
refined using an appropriate riding model. Hydrogen atoms on the water
molecules were poorly located in difference Fourier maps and were thus
excluded from the structure refinement. The absolute structure was
inferred from the known absolute configuration of the d-trehalose
starting material used in the synthesis of 3HC-2-Tre. Structure pictures
were generated with Diamond [28] and Mercury [29]. The solvent area
volume per unit cell volume was calculated with Platon [30], using
default settings, and the Bravais-Friedel-Donnay-Harker (BFDH)
morphology [31-33] with Mercury. Crystal data and refinement details
are listed in Table 1.

2.3. Computational methods

The structure of the free molecule of 3HC-2-Tre was optimized by
DFT calculations with ORCA 5.0 [34], using a B3LYP functional [35,36]
and a def2-TZVPP basis set [37]. The starting molecular structure was
taken from the non-disordered molecule 1 in the crystal structure of
3HC-2-Tre - 3.14 Hy0. The structures of methanol and 2-propanol
hydrogen-bonded to the nitrogen atom of 3HC-2-Tre were optimized
in a similar manner from geometries created by Avogadro [38], using
coordinates from the non-disordered molecule in the crystal structure
and including an atom-pairwise dispersion correction to the DFT energy
with Becke-Johnson damping [39] and an auxiliary basis def2/J [40].
The Amax values for the UV-vis absorption bands were calculated using
time-dependent DFT (TD-DFT) employed by ORCA 5.0, using the same
B3LYP functional and def2-TZVPP basis set with 30 excited states
including a conductor-like polarizable continuum solvent model
(CPCM) for both the ground and the excited states [41]. Cartesian co-
ordinates of the DFT-optimized structures of 3HC-2-Tre, 3HC-2-Tre -
CH30H and 3HC-2-Tre - (CH3)2,CHOH can be found in the MOL file
format in the Supplementary Materials.

2.4. Microbiology and fluorescence microscopy

The wild-type strain M. abscessus ATCC 19977 was cultivated by
inoculation of a thawed glycerol stock (1 mL, see Supplementary Ma-
terials) into 10 mL of Middlebrook 7H9 liquid medium supplemented
with 10 % ADS (5 % bovine serum albumin fraction V, 0.81 % sodium
chloride, 2 % dextrose in purified water) and 0.05 % polysorbate 80. The
liquid culture was grown to an ODg( between 0.2 and 0.8 by incubation
at 37 °C in a humidified atmosphere of 5 % carbon dioxide with shaking.
The culture was then diluted to 5 x 10’ CFU mL™} (ODggo = 0.1 is
equivalent to 1 x 10% CFU mL™!) with growth medium and 1 pL was
transferred to a clear flat-bottom 96-well plate (Sarstedt, 83.3924.500)
with 100 pL growth medium per well. After two days of incubation, 1 uL
of 3HC-2-Tre or 3HC-2 (10 mM in DMSO) was added to each well to
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Molecule 1

Molecule 2

Fig. 4. Displacement ellipsoid plots (50 % probability level) of unique mole-
cules 1 and 2 in the crystal structure of 3HC-2-Tre - 3.14 H,0. Hydrogen atoms
are represented by small spheres of arbitrary radius. Carbon-bound hydrogen
atoms are omitted for clarity. Dashed lines represent hydrogen bonds. Minor
disorder parts in molecule 2 are shaded. Colour scheme: C, gray; H, white, N,
blue; O, red. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 5. Structure overlay plot of the unique 3HC-2-Tre molecules 1 (green) and
2 (orange) in the crystal structure of 3HC-2-Tre - 3.14 H,O and the DFT-
optimized structure of the free molecule (pink), superimposed at the non-
hydrogen atoms of the chromone moieties. Hetero atoms of the chromophore
are labelled with atom types for easy orientation. Disorder in molecule 2 and
hydrogen atoms have been omitted for clarity. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version
of this article.)

achieve a final dye concentration of 100 uM. After homogenization by
pipetting, the plate was incubated for three hours without shaking.
Thereafter, the homogenization step was repeated and 1 pL of each well
was transferred to a black clear flat-bottom 96-well plate (Greiner Bio-
One, 6550909) filled with 200 pL of phosphate-buffered saline with 4

Journal of Molecular Structure 1298 (2024) 137010

% paraformaldehyde per well. After fixation, fluorescence microscopy
was carried out with a Thermo Scientific Celllnsight CX5 instrument,
exciting the sample at 485 nm and imaging with the GFP filter sets
(510-531 nm).

3. Results and discussion
3.1. Structural elucidation

The dye trehalose conjugate 3HC-2-Tre was prepared following the
procedure reported by Kamariza et al. [10], as we described recently
[18]. The final step of the elusive synthesis is shown in Fig. S1 in the
Supplementary Materials. The compound was characterized by 'H and
13C NMR spectroscopy (Figs. S2 and $3), 'H,'3C HSQC NMR (Figs. S4
and S5), high-resolution mass spectrometry (Fig. S6) and HPLC analysis
(Fig. S7). Crystallization from a solution of 3HC-2-Tre in methanol/-
water afforded very thin needle-shaped crystals (Figs. 3 and S8). X-ray
crystallography revealed the orthorhombic crystal structure of a 3.14
hydrate of 3HC-2-Tre, which we discuss in the following paragraphs.

The crystal structure of 3HC-2-Tre - 3.14 H,O comprises two crys-
tallography distinct molecules of 3HC-2-Tre (Z° = 2) and 3.14 water

Table 2
Geometric parameters (A, °) for selected hydrogen bonds in 3HC-2-Tre - 3.14
H20. The numbers after the underscore indicate unique molecules 1 and 2 (cf.
Fig. 6).

D—H.-A d(D---H) d(H---A) d(D---A) <(DHA)
05_1-H5A_1--03_1 0.84 1.93 2.760(6) 171.3
011_1-H11_1--010_2 0.84 1.96 2.794(7) 169.4
012_1-H12_1--05_2 0.84 1.91 2.704(6) 156.0
05_2-H5A 2---03_2 0.84 1.89 2.728(7) 179.1
011_2-H11_2---010_1 0.84 1.90 2.718(7) 164.1
012_2-H12.2.-05_1 0.84 2.02 2.763(6) 146.8

Fig. 6. Hydrogen-bonded assembly of unique molecules 1 and 2 (indicated by the number after the underscore) in the asymmetric unit of 3HC-2-Tre - 3.14 H,0,
viewed along the a axis direction. Dashed lines represent hydrogen bonds. Disorder, carbon-bound hydrogen atoms and solvent water molecules are omitted for
clarity. Colour scheme: C, gray; H, white; N, blue; O, red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)
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Fig. 7. (a) Part of the crystal structure of 3HC-2-Tre - 3.14 H,0, viewed along the [1-20] direction (water oxygen atoms shown with half atomic radius) and (b)
viewed along the [010] direction with the calculated BFDH morphology (needle axis along the a axis direction; water molecules not shown). Disorder and hydrogen
atoms have been omitted for clarity. Colour scheme: C, gray; N, blue; O, red. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)
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Fig. 8. Absorption spectra of 3HC-2-Tre in different solvents (c = 25 uM).

Table 3
Experimental and theoretical (TD-DFT) UV-vis spectroscopic properties of 3-
HC-2-Tre in different solvents.

Solvent Amax /MM Amax / nm (TD-DFT) £/10*Lmol ' cm™!
+ H-bonded solvent
Methanol 450 464.8 446.4 3.40
2-Propanol 450 466.3 454.4 3.03
Acetonitrile 442 465.6 - 3.02
1,4- 442 457.8 - 3.21
Dioxane

molecules per formula unit, based on refinement of the occupancy of one
oxygen atom of water. Fig. 4 depicts the molecular structures of the two
unique 3HC-2-Tre molecules. Both molecules adopt an s-cis conforma-
tion about the C—C bond joining the chromone and benzofurane moi-
eties like in the crystal structure of free 3HC-2 [18]. The chromophore in
molecule 1 is nearly planar, apart from the two ethyl groups on the

amine, with an angle between the mean planes through the
11-membered chromone system and the nine-membered benzofurane
moiety of only 1.2(2)°. In molecule 2 the angle and thus the deviation
from planarity is somewhat larger at 15.8(2)°. A prominent feature of
the molecular structure of 3HC-2-Tre is an intramolecular O—H---O
hydrogen bond between the 5-hydroxy group of trehalose and the
carbonyl oxygen atom of the chromone moiety, resulting in a
nine-membered ring. The graph set descriptor is S(9) [42]. Similar
intramolecular O—H---O hydrogen bonding interactions, albeit with an
S(8) motif, between a flavone carbonyl oxygen atom and a sugar moiety
appended to a 3-hydroxy group have been encountered previously
[43-45]. Whereas there are currently 20 crystal structures featuring a
3-hydroxychromone unit bonded via a glycosidic bond at C1 of a py-
ranose ring in the Cambridge Structural Database [46], structures con-
taining a chromone unit linked via C3 to C6 of a pyranose ring through
an ether group have to our knowledge not been reported thus far. In
molecule 1 in 3HC-2-Tre - 3.14 H,0, the nitrogen atom of the dieth-
ylamino group appears to act as a hydrogen bond acceptor for a water
molecule with d(D---A) = 2.84 A, and shows a slightly pyramidal coor-
dination. In molecule 2, the diethylamino group of the chromophore and
the 6-hydroxymethyl group of trehalose are affected by disorder (Fig. 4,
bottom), and no water molecule in hydrogen bond distance to the
dimethylamino nitrogen atom is encountered. The orientation of the two
glucose units to one another is similar to that observed in the crystal
structures of anhydrous trehalose [47] and the dihydrate [48]. Fig. 5
shows a structure overlay plot of the chromone moieties of the two
crystallographically unique molecules and that of the minimum energy
structure of the free molecule (B3LYP/def2-TZVPP), and reveals that the
structures differ mainly in the conformation of the dimethylamino group
of the chromophore and the orientation of the terminal glucose residue.

In the crystal, the unique 3HC-2-Tre molecules 1 and 2 form a
hydrogen-bonded dimer, exhibiting approximate local C, point group
symmetry with the C» axis oriented parallel to the crystallographic a axis
direction (Fig. 6). The molecules are joined by four intermolecular
O—H---O hydrogen bonds established between the trehalose moieties,
with the exclusion of solvent water molecules. The graph set descriptor
for the central ten-membered ring motif formed by the hydrogen bonds
between 011 and 010 of each molecule is R2(10) [42], and that for the
larger ring formed through O5 and 012 is R2(24). Table 2 lists the
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Fig. 9. Microscope imaging (20x magnification) of M. abscessus cells incubated with 100 uM 3HC-2-Tre and 100 uM 3HC-2 as well as untreated cells as control (GFP
channel: Aexy = 485 nm, Aep, = 510-531 nm). The images are exposure time and gain matched.

corresponding geometric hydrogen bond parameters, which are as ex-
pected for strong O—H---O hydrogen bonds [49]. Fig. 7a shows part of a
packing diagram of the structure of 3HC-2-Tre - 3.14 H,0, revealing
hydrophilic and hydrophobic regions in the crystal. The hydrophilic
regions in crystal feature hydrogen-bonded trehalose moieties and sol-
vent water molecules. The latter occupy approximately 7.4 % of the unit
cell volume, and are localized around the trehalose units. The hydro-
phobic regions are dominated by n---m stacking interactions of the
chromophore. The BFDH morphology calculated for 3HC-2-Tre - 3.14
H,0 (Fig. 7b) suggests that the stacking of the chromophore moieties
determines the needle shape [100] of the crystals (Figs. 3 and S8).

3.2. UV-vis spectroscopic properties

Klymchenko et al. studied absorption and fluorescence properties of
the free dye 3HC-2 and related 3-hydroxychromones in detail [11,12],
and Kamariza et al. characterized fluorescence properties of 3HC-2-Tre
and related dye trehalose conjugates in 1,4-dioxane / water solvent
systems [10]. Since we were not aware of a literature report of ab-
sorption properties of the dye trehalose conjugate 3HC-2-Tre, we
recorded UV-vis spectra of the compound in four different solvents

(Fig. 8) and compared the results with those obtained from
time-dependent TD-DFT calculations (Table 3). In the non-polar ether
solvent 1,4-dioxane and in the polar aprotic solvent acetonitrile, the
absorption maximum is centred at 442 nm in the visible region. A slight
bathochromic shift of 8 nm is observed in the polar protic solvents
methanol and 2-propanol. The positions of the absorption maxima and
the observed small positive solvatochromy of 3HC-2-Tre are compara-
ble with the absorption properties of unbound 3HC-2, whereas high
fluorescence sensitivity to solvents is known for both 3HC-2 [11,12] and
3HC-2-Tre [10].

TD-DFT calculations on 3HC-2-Tre predicted the absorption maxima
roughly correctly (Table 3). The largest difference between experi-
mental and calculated absorption maximum is observed for acetonitrile.
This can possibly be ascribed to the fact that hydrogen bonding and
dipole-dipole interactions between solute and solvent are not properly
taken into account by the TD-DFT method with an implicit solvent
model. The presence of a water oxygen atom in hydrogen bond distance
to a slightly pyramidal diethylamino nitrogen atoms in the crystal
structure of 3HC-2-Tre - 3.14 Hy0 (vide supra) suggests that this group
could also act as hydrogen acceptor in protic solvents. Indeed, the in-
clusion of one molecule of methanol or 2-propanol hydrogen-bonded to
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the diethylamino group of 3HC-2-Tre (Fig. S9) considerably improved
the agreement between experiment and theory (column 3 in Table 3).

3.3. Fluorescent labelling of Mycobacterium abscessus cells

In order to investigate whether M. abscessus cells can be fluorescently
labelled using 3HC-2-Tre, we incubated a wild-type strain in liquid
growth medium in the presence of 100 uM 3HC-2-Tre, following a
protocol similar to that we had successfully applied for fluorescent
labelling of M. aurum cells using the same dye trehalose conjugate [18].
Our preliminary results depicted in Fig. 9 indicate fluorescence of
M. abscessus cells labelled with 3HC-2-Tre when excited at lex = 485 nm
and imaged with the GFP channel (ley, = 510-531 nm), similar to our
previous observations for M. aurum [18].

It is worth noting that Kamariza et al. arrived at the conclusion that
3HC-2-Tre-labelling of Mycobacterium smegmatis cells, a generally
considered non-pathogenic mycobacterial strain and surrogate bacte-
rium for the pathogen M. tuberculosis [50]1, is not specific to the trehalose
pathway, in contrast to the derivative named 3HC-3-Tre (bearing a 9,
9-dimethyl-9H-fluorene group instead of the benzofuran moiety in
3HC-2-Tre) [10]. Whether this applies to mycobacterial species in
general, and the exact mechanism of 3HC-2-Tre-labelling have not yet
been explored to our knowledge. To shed some light on this, we also
subjected M. abscessus cells incubated with unbound 3HC-2 and un-
treated cells as control to fluorescence microscopy. Essentially no fluo-
rescence was detected for 3HC-2-treated and untreated cells with the
GFP channel (Fig. 9). This suggests that fluorescence labelling depends
on trehalose in the wild-type M. abscessus strain used in this case.

Whereas much work has been done on fluorescent labelling of
M. tuberculosis cells using trehalose-based probes [10,13-16], we are not
aware of related studies on labelling of M. abscessus cells. Sarrazin et al.,
however, demonstrated that cyclipostins and cyclophostin derivatives
containing a fluorescent dansyl group are efficient probes that specif-
ically label a variety of mycobacterial species, including M. abscessus
[51].

4. Conclusions

3HC-2-Tre - 3.14 Hy0 appears to be the first crystal structure
determination of a chromophore attached to trehalose. The preferred s-
cis conformation of the dye 3HC-2 is retained in the trehalose conjugate.
The crystal structure containing two unique 3HC-2-Tre molecules (Z* =
2) features intra- and intermolecular O—H---O hydrogen bonds. Ab-
sorption spectroscopy showed small positive solvatochromy for 3HC-2-
Tre, similar to the unbound dye. The inclusion of one molecule of
methanol or 2-propanol hydrogen-bonded to the diethylamino group of
3HC-2-Tre in the TD-DFT calculations improved the agreement between
measured and calculated absorption maxima. This suggests that the
diethylamino group in solution likely acts as hydrogen bond acceptor for
protic solvents, in analogy to the possible Oyater—H:*Namine hydrogen
bonding interaction encountered in the solid structure of 3HC-2-Tre -
3.14 H30. Our preliminary investigations show that M. abscessus cells
can be detected with fluorescence microscopy in the GFP channel after
incubation with 3HC-2-Tre and suggest that the mechanism of labelling
is trehalose-dependent in this case. We envisage that 3HC-2-Tre-label-
ling could be a useful tool for in vitro drug susceptibility testing against
this opportunistic pathogen.
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