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Synopsis: 
A molecule flagged in an in silico docking screen against MtDTBS, was inadvertently 

hydrolysed in the crystal conditions used for hit validation. The resulting fragment-sized 

molecule bound to the DAPA substrate binding pocket of the target enzyme (MtDTBS) with 

millimolar affinity, as measured by surface plasmon resonance, but was later modified to a 

highly potent (nanomolar) ligand and promising lead for the development of novel tuberculosis 

treatments. 

 

 Graphical Abstract 

 

Abstract 
We previously reported potent ligands and inhibitors of Mycobacterium tuberculosis 

dethiobiotin synthetase (MtDTBS), a promising target for antituberculosis drug development 

(Schumann et al., ACS Chem Biol. 2021, 16, 2339-2347); here the unconventional origin of 

the fragment compound they were derived from is described for the first time. Compound 1 

(9b-hydroxy-6b,7,8,9,9a,9b-hexahydrocyclopenta[3,4]cyclobuta[1,2-c]chromen-6(6aH)-one), 

identified by in silico fragment screen, was subsequently shown by surface plasmon 
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resonance to have dose-responsive binding (KD 0.6 mM). Clear electron density was revealed 

in the DAPA substrate binding pocket, when 1 was soaked into MtDTBS crystals, but the 

density was inconsistent with the structure of 1. Here we show the lactone of 1 hydrolyses to 

carboxylic acid 2 under basic conditions, including those of the crystallography soak, with 

subsequent ring-opening of the component cyclobutane ring to form cyclopentylacetic acid 3. 

Crystals soaked directly with authentic 3 produced electron density that matched that of 

crystals soaked with presumed 1, confirming the identity of the bound ligand. The synthetic 

utility of fortuitously formed 3 enabled subsequent compound development into nanomolar 

inhibitors. Our findings represent an example of chemical modification within drug discovery 

assays and demonstrate the value of high-resolution structural data in the fragment hit 

validation process.  

 

Keywords: Fragment based drug design, hit validation, hydrolysis, tuberculosis, biotin 

biosynthesis, X-ray crystallography 

 

 

Introduction 
 

Biotin (vitamin B7) is a cofactor for multiple essential cellular processes including energy 

metabolism and cell wall maintenance [1-7]. Mycobacterium tuberculosis (Mtb), the causative 

pathogen of tuberculosis, relies on biotin biosynthesis as its sole source of this vitamin, as it 

does not possess the biotin transport proteins found in other bacteria, plants, and animals [1-

2]. As a result, targeting enzymes involved in biotin biosynthesis affects the growth of cultured 

mycobacteria [8-12] as well as their pathogenicity in murine macrophage and zebrafish models 

of tuberculosis (TB) [13-15], validating biotin biosynthesis as a key metabolic process during 

both acute and latent stages of the Mtb life cycle. The absence of homologous biotin 

biosynthesis enzymes in humans, suggests targeting this pathway therapeutically may result 

in a low incidence of off-target effects and is therefore a promising strategy for drug discovery. 

 

Fragment-based drug design (FBDD) has become a favoured alternative to conventional high-

throughput drug discovery processes due to its highly efficient sampling of chemical space 

and ease of subsequent compound modification [16-17]. FBDD has previously been applied 

to the screening of inhibitors targeting 7,8-diaminopelargonic acid synthase (DAPAS), one of 

enzymes required for biotin biosynthesis in Mtb [18]. The identified inhibitor, an aryl hydrazine, 

recorded a sub-millimolar inhibition constant (Ki = 10.4 mM) [18]; however, this is yet to be 
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developed into an anti-TB agent. Dethiobiotin synthetase (DTBS) is another promising 

antimycobacterial drug target due to its indispensable role in the biotin biosynthesis pathway 

[2,19]. This protein is well characterised biochemically and structurally [19-20] and was 

therefore selected for FBDD in the current study.  

 

DTBS functions as an obligate homodimer, with two active sites as revealed by X-ray 

crystallography [19]. Here, the substrate 7,8-diaminopelargonic acid (DAPA) is converted into 

dethiobiotin, in a reaction that requires CO2, Mg2+, and a nucleoside triphosphate. Each active 

site is comprised of a DAPA binding site (an enclosed, hydrophobic pocket formed by both 

dimer partners), and an adjacent nucleoside triphosphate pocket formed solely from one 

monomer. The latter site is composed of a phosphate binding loop region (P-loop; or Walker 

A motif) and a nucleoside binding site [19]. DTBS usually requires adenosine triphosphate 

(ATP) for catalysis, but M. tuberculosis DTBS (MtDTBS) can utilise many alternative 

nucleoside triphosphates (NTPs) in the reaction, with a preference for cytidine triphosphate 

(CTP) [19-20].  

 

We recently reported the first nanomolar-affinity ligand for MtDTBS derived from a weakly-

binding fragment compound [21]. For clarity, this publication focused on the structure-guided 

development process and details of how the first fragment was identified following the initial 

in silico screen are now reported. We now present the unconventional origin of this fragment, 

which was produced by hydrolysis of an in silico docking hit during crystal soaking experiments 

designed to confirm the compound binding mode. This result reinforces the potential for 

compounds to be inadvertently modified during experiments designed to assess their function 

and demonstrates the value of high-resolution structural data in the hit validation process. 

 

Results and Discussion 

 
Initial validation of selected in silico MtDTBS hits by surface plasmon resonance and 
enzyme inhibition assays 
In our previous study, we briefly reported the in silico screening of 93,904 fragment 

compounds from the Zinc database, together with a single concentration SPR follow-up screen 

of 15 of the highest ranked and available in silico hits [21]. Seven of these fragments showed 

a more than 2-fold increased SPR response over the MgCTP and MgATP controls (B1, B3, 

B7, B9, B10, B13, and B14 – see Table S1 for structures). We report here the subsequent 

SPR validation studies of these seven compounds that showed four of the seven, B1, B3, B7, 
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and B9, had dose responsive binding to MtDTBS with KD of 0.58 – 1.24 mM (Table S1, Figure 

S1). 

 

A single dose enzyme inhibition assay was also performed to determine if binding was 

competitive at the catalytic site. Each of the fifteen originally identified fragments was tested 

at its maximum soluble concentration, which ranged from 0.18 – 2.39 mM (Figure S2). Only 

B6, B7, and B8 (at 0.18, 1.38, and 1.05 mM) reduced the MtDTBS activity below 90%, 

suggesting approximately 10 – 15% inhibition of MtDTBS. The absence of substantial 

inhibition, particularly for the hits identified as dose-responsive binders by SPR (B1, B3, and 

B9), may be the result of inadequate solubility as well as the weak binding affinity of the 

fragments.   

 

Structural characterisation of hit binding by X-ray diffraction revealed electron density 
in the MtDTBS active site was incompatible with soaked ligand 
Crystals of MtDTBS produced as previously described [19 - 21] were soaked with millimolar 

concentrations of selected fragments (B1, 45 mM; B7, 5 mM; B9, 30 mM). X-ray diffraction of 

the soaked crystals showed that in all cases, and consistent with previous observations, DTBS 

was present as the obligate and catalytically active homo-dimer subunit. Electron density 

corresponding to a soaked ligand in the active site was only observed with compound B9.   

 

Crystals soaked with fragment B9, re-designated here for simplicity as compound 1 (9b-

hydroxy-6b,7,8,9,9a,9b-hexahydrocyclopenta[3,4]cyclobuta[1,2-c]chromen-6(6aH)-one; 

30 mM final concentration), were shown to have additional electron density in the DAPA 

pocket, between two bound sulfate ions. This density differed from that expected for 

compound 1 based on the Zinc database (Figure 1A), and did not match that expected for any 

of the crystallographic buffer components present, i.e. sulfate, glycerol and DMSO.  
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Figure 1. Electron density from an MtDTBS crystal soaked with compound 1. A. View of compound 1 (black sticks) 
within the Polder electron density (3s) observed within the active site of MtDTBS. This molecule fits poorly into the 
density. B. Two perspectives of each diastereomer of 3 (RR: light blue, SS: dark blue, SR: pink, RS: orange) fit 
into the Polder electron density (3s) observed in the MtDTBS active site. Each of these molecules is visually 
consistent with the electron density. Minimal structural differences between diastereomers were observed, and the 
preferred stereochemistry could not be definitively identified solely by crystallography. C. Compound 3 overlayed 
with the natural substrates of MtDTBS: CTP (yellow sticks) and DAPA (black sticks). 3 binds in the DAPA pocket.  

 

It is noted here, that lactone 1 was described in the Zinc database as the cis,cis,cis-

stereoisomer (Figure 2). However, X-ray diffraction of a small crystal that had grown in the 

stock solution of 1 allowed the molecule to be reassigned the trans,trans,cis relative 

configuration shown in Figure 2 (Table S2). It was later noted that the supplier linked to this 

compound by the Zinc database (Specs Compound Handling BV) did not specify the 

configuration around the cyclobutane ring. Despite this ambiguity over the starting relative 

configuration, both the trans,trans,cis- and cis,cis,cis-stereoisomers were clearly incompatible 

with the MtDTBS ligand electron density. 
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Figure 2. The enantiomers and the relative stereochemistry of lactone 1 a) as described in the Zinc database, and 
b) as determined by X-ray crystallography. Panel c) shows the three-dimensional view of 1. Both enantiomers were 
observed in the asymmetric unit of the crystal. Displacement ellipsoids are shown at the 50% probability level. 

 

It was hypothesised that the lactone of 1, fused to a strained cyclobutane ring, would be 

susceptible to hydrolysis to intermediate cyclobutane 2 with subsequent ring opening giving 

carboxylic acid 3 (Scheme 1). Compound 3 was more visually consistent with the observed 

electron density present in the active site of MtDTBS and modelling of this molecule in the 

2Fo-Fc electron density resulted in favourable COOT density fit scores and PHENIX real-

space correlation coefficients (>1.09, >0.938 respectively). Modelling was not sufficient to 

conclusively determine either the relative or absolute configuration of the bound compound. 

Each stereoisomer of structure 3 could be manipulated to fit within the density (Figure 1B); 

however, upon refinement of one of the trans-3 exhibited the highest ligand occupancy (RS: 

0.51, SR: 0.13, RR: 0.32, SS: 0.34, RS and SR are trans, SS and RR are cis) and the most 

preferable real-space refinement statistics (Table S3). 
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Scheme 1. Proposed degradation mechanism of lactone 1 to carboxylic acid 3, via cyclobutane 2 in the 
crystallization conditions. Degradation was hypothesized to occur via hydrolysis of the lactone and collapse of the 
four-membered ring. This was accompanied by the generation of two new stereocenters, leading to four possible 
diastereomers (RS, SR, RR, and SS). 

 

Basic conditions in crystal soaking induced the hydrolysis of compound 1  
To test the hypothesis that the density observed in the MtDTBS active site was due to a 

hydrolysis product, a combination of small molecule X-ray crystallography, NMR, TLC, and 

MS analysis was performed. Firstly, deliberate hydrolysis of 1 using classical basic hydrolysis 

conditions [22], produced carboxylic acid 3 (Scheme 2).  

 

 
Scheme 2. Induced hydrolysis of lactone 1 to carboxylic acid 3 under basic condition. The presence of 3 was 
confirmed by NMR and MS analysis (see data in Compound Synthesis, Methods section). 

 

To investigate whether compound 1 had hydrolysed in the original stock solution, or under the 

crystal soaking conditions, we examined the DMSO stock solution of 1 used for these 

experiments, for signs of hydrolysis. More than one year since its original preparation, the 

stock solution was found to contain a 1:1 mixture of both 1 and 3, as determined by NMR 

analysis (Figure S3).  
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Next, the effect of the slightly basic crystal soaking conditions (pH 8) on compound 1 was 

investigated. A small amount of 1 was added to the crystal soaking buffer (1.4 M NH4SO4, 

0.1 M Tris pH 8, 10% glycerol), and the reaction mixture was monitored by TLC over the 

course of a week. The first traces of 3 were detected after 2 days, with complete conversion 

after 6 days (data not shown). This contrasted with the forced hydrolysis of 1, that was 

complete within 24 hours. 

 

Together, these results showed that 1 only slowly degraded to 3 in neutral aqueous DMSO, 

but that degradation was significantly hastened by increasingly basic aqueous conditions. 

Compound 3 observed in the crystal structure was likely predominantly produced during the 

8-day crystal soak. 

 

Compound 3 is a trans-stereoisomer 
 

Based on the proposed degradation mechanism (Scheme 1) and the trans,trans,cis-

stereochemistry of 1, it is conceivable that the substituents on the cyclopentane ring in 3 also 

have a cis-relative configuration (see Scheme 1). However, the proton α to the ketone of 3 is 

expected to be base labile and hence could potentially epimerise. Unfortunately, no small 

molecule crystal of 3 could be obtained and NOESY NMR experiments were inconclusive. 

The relative stereochemistry of 3 was instead indirectly determined with the help of compound 

4 (Figure 3). This ethyl ester was synthesized as part of efforts to prepare analogues of 

compound 3 and surprisingly consisted of two separable diastereoisomers as shown in 

Figure 4. A NOESY spectrum was recorded for each diastereomer, and it was concluded that 

the cis-isomer was that which showed a correlation between the two CH protons on the 

cyclopentane ring, whereas the trans-isomer showed a correlation between the ketone α-

proton and the methylene group attached to the cyclopentane ring (Figure 3). Notably, the α-

proton of trans-4 was shifted significantly upfield relative to that of cis-4 (δcis ≈ 3.9ppm; δtrans ≈ 

3.5 ppm).  
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Figure 3. Structure of trans and cis isomers of 4 (left) and corresponding NOESY spectra (right). Green arrows 
indicate the key correlations found in the NOESY experiments. Stereochemical configurations are relative. 

 

Comparison of the 1H NMR spectra of both diastereoisomers of 4 with that of 3, as produced 

by forced hydrolysis, led to the conclusion that 3 obtained in this way is in its trans-

conformation (Table S4). As noted above, the ligand density observed in the MtDTBS co-

crystal structure was also consistent with the trans conformation (Figure 1). Together the X-ray 

diffraction of the MtDTBS co-crystal and NMR data confirm the identity of the hydrolysed 

product as trans-3. As an additional test, MtDTBS crystals soaked with 3 produced by 

deliberate hydrolysis (PDBID 6NMZ [21]) had electron density in the active site that closely 

matched that obtained after soaking with 1 (PDBID: 6NLZ, shown in Figure 1) and trans-
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isomers modelled into the density from each crystal were well aligned (RMSD align = 0.181 - 

0.278, Figure 4). 

 

Figure 4. An overlay of 3 from the PDBIDs 6NLZ (cyan, soaked directly with 1 – compound 3 forms during the 
soaking period) and 6NMZ (magenta, soaked with 3 formed by prior hydrolysis of 1). This overlay depicts that the 
intentionally produced 3 exhibits the same binding pose as the original observation of the molecule.  

 

Conclusions  
 

In this report, we describe the serendipitous discovery of a fragment molecule that binds to 

MtDTBS, a promising anti-tuberculosis drug target. Compound 1, which was initially identified 

by in silico screening, degraded when added to the crystal soaking condition, resulting in 3, 

which bound to the DAPA substrate pocket. Compound 3 was later determined to bind only 

weakly to MtDTBS with a KD of 3.4 mM [21]. This was consistent with the requirement for high 

concentrations for the crystal soaking, as electron density for 3 was not observed in soaks 

with concentrations below 10 mM. Meanwhile, here the KD of compound 1 was measured as 

0.6 mM (Figure S1), indicating the original compound had stronger binding affinity than 

hydrolysis product 3. However, weak KDs in the high micromolar-millimolar range can be hard 

to measure accurately and are associated with large errors. In addition, different methods 

were used to immobilise the MtDTBS for these two experiments (biotinylated-DTBS coupling 

to streptavidin for 3 [21] and amine coupling for 1, reported here), which may influence the 

results. Nevertheless, these results show that both 1 and 3 bind to MtDTBS. 

 

Although compound 1 bound to MtDTBS with ostensibly higher affinity than compound 3, it is 

a more complex and unstable molecule as revealed here. This instability prevents access to 

high resolution X-ray structural data at least under the current crystallization conditions. On 
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the other hand, fragment 3 with its carboxyl group has far greater synthetic utility than 1, is 

chemically more stable due to the absence of the lactone, and is amenable to high resolution 

structural characterisation. As such, relatively simple but rational chemical modifications to 

compound 3, including addition of a tetrazole substituent on the aromatic ring, removal of the 

phenol group and inclusion of a further carboxylic acid group, improved the affinity over 5 

orders of magnitude to a final KD of 57 nM [21]. The finding in this study constitutes an example 

of chemical tractability trumping hit affinity, in the prioritisation of hits. 

 

The need to verify compound integrity during storage and transport has been known for some 

time [23-24] but even regular quality control of a fragment library may not have been sufficient 

in the case of compound 1, since the degradation occurred mainly within the crystallization 

solution, rather than the stock. This occurrence highlights that library quality control should 

also be performed in media used in experiments, over an experimentally relevant time-frame. 

This could be done concurrently with compound screening in the case of ligand detected NMR 

[25-26]. However, other common screening techniques such as SPR and thermal shift assays 

would not be able to detect compound degradation such as that presented here. Parallel 

analysis of promising hits under the same screening conditions, for example by NMR or 

LC/MS, may be beneficial in these cases. 

 

This report also highlights the importance of high-resolution structural data at early stages of 

fragment-based projects. In the absence of such data, optimisation of compound 1 would have 

been highly challenging. X-ray crystallography provided invaluable data, not only for observing 

compound degradation, but also allowing the structure-based chemical development of 3 to 

achieve a >107-fold increase in affinity for MtDTBS [21]. This presents a strong argument for 

the inclusion of X-ray crystallographic data at early stages in the FBDD process.  

 

Methods 
 
Surface plasmon resonance analysis 
SPR analysis was performed using a BIAcore T100 instrument. The preparation of MtDTBS 

was as previously described [19]. Proteins were diluted to 0.2 mg mL-1 in 0.01 M NaOAc buffer 

(pH 5.2) and immobilized to the surface of a CM5 sensor chip using a constant flow rate of 5 

μl min-1 and contact time of 420 s to reach approximately 10,000 final response units (RU). 

Flow cell 1 was left blank (no protein) to correct for bulk refractive index changes, flow cell 2 

was used to immobilized MtDTBS. 2.5% Dimethyl sulfoxide (DMSO) was added to the binding 

buffer (10 mM HEPES pH 7.4, 150 mM NaCl, and 0.005% (v/v) surfactant P20) to alleviate 
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solubility problems. To correct for small dilution errors during the preparation of compounds, 

a solvent correction was performed using standards containing 2% to 3.3% (v/v) DMSO. Hits 

previously identified by SPR as having ³ 2-fold increase in SPR response above the MgCTP 

and MgATP controls at a single concentration of compound (1 mM) [21] were subjected to 

binding analysis using varying concentrations (0.1 – 3 mM) to determine the binding affinity 

(KD). The KD was determined using a steady-state kinetic model with BIAcore T100 evaluation 

software (GE Healthcare).  

 

Enzyme inhibition assay  
The enzyme activity of MtDTBS was measured using a Fluorescence Polarization (FP)-based 

detection assay was previously described [19]. In the inhibition assay, test compound 

dissolved in 1% DMSO was included in the enzyme activity assay containing MtDTBS (1.5 

µM) and saturating concentrations of DAPA (0.1 mM) and MgATP (0.3 mM). The synthesized 

DTB product was calculated in comparison with the standard DTB curve. The control reaction 

was performed in the absence of test compound and this amount of synthesized DTB product 

from the reaction was considered as the reflection of 100% enzyme activity. The inhibitory 

activity of compounds was determined by the percentage of the remaining enzyme activity.  

 

X-ray crystallography of MtDTBS complexes 
MtDTBS crystals were grown in 1.2 – 1.7 M ammonium sulfate, 0.1 M Tris pH 8, 10-15% 

glycerol via hanging drop vapour diffusion at 16°C as previously described [20]. MtDTBS 

crystals were soaked with compound 1 9b-hydroxy-6b,7,8,9,9a,9b-

hexahydrocyclopenta[3,4]cyclobuta[1,2-c]chromen-6(6aH)-one (30 mM final concentration; 

10% DMSO) for 8 days. Synthesized-3-MtDTBS crystals were soaked with 3 (20 mM final 

concentration; 10% DMSO) for 2 days. Soaked crystals were subsequently flash cooled in 

liquid nitrogen and subjected to X-ray diffraction on the MX-1 Beamline at the Australian 

Synchrotron. Structures were indexed, scaled, and merged in either iMosflm and AIMLESS 

(CCP4) in accordance with CC1/2 cut-off values. The phase problem was solved via molecular 

replacement (PhaserMR or DIMPLE) using in-house MtDTBS search models. All crystal 

structures were solved in the P212121 space group, with identical overall fold to previous 

structures [19-21]. Structures were refined in Coot and Phenix.refine. 

 

Small molecule X-ray crystallography 
A small crystal of B9/Compound 1 formed over an indeterminate time in the DMSO stock 

solution, prepared from commercially obtained compound (Specs Compound Handling, BV). 

Data was collected on an Xcalibur diffractometer fitted with an Eos detector on a crystal 
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mounted on a nylon loop at 150(2) K. Using Olex2 [27], the structure was solved with the 

Direct Methods using the SHELXS [28] structure solution program and refined with the 

SHELXL [29] refinement package using Least Squares minimisation. Crystal and structure 

refinement data are provided in Table S2. 

 

Thin-Layer Chromatography (TLC) 
Pre-coated silica gel 60 F254 plates purchased from Merck were used for TLC. EtOAc, 

petroleum benzine, DCM, MeOH, and mixtures thereof were used as eluents (see compound 

synthesis section for specific individual conditions). Visualization of the compounds was 

achieved with UV light (254 nm). The denoted retention factors (Rf) were rounded to the 

nearest 0.05. 

 

High Performance Liquid Chromatography (HPLC) 
HPLC retention times (RT) are reported in minutes (min) and were determined by different 

methods, given in parenthesis. HPLCs were recorded on an Agilent 1260 Infinity HPLC and 

detector (detection at 254 nm) with a phenomenex Luna 5 µm C18 (2) 100 Å (250 X 4.60 mm) 

connected using mobile phase (MP) A: 0.1% TFA in Milli-Q water, MP B: 0.08% TFA in 

acetonitrile. For Method A, flowrate: 1 mL/min. Gradient: 0% B over 5 min, 0-100% B over 15 

min, and 100% B over 2 min. For Method B, flowrate: 1 mL/min. Gradient: 60% B over 5 min, 

60-100% B over 15 min, and 100% B over 3 min. 

 

Nuclear Magnetic Resonance Spectroscopy (NMR) 
NMR experiments were performed on a Varian Inova 500 MHz or 600 MHz instrument. The 

obtained spectra were analysed using MestReNova 11.0 software typically using Whittaker 

smoother baseline correction. Chemical shifts are reported in ppm (δ) with reference to the 

deuterated solvent used [30]. Coupling constants (J) are reported in Hertz (Hz) and rounded 

to the nearest 0.5 Hz. Multiplet patterns are designated the following abbreviations or 

combinations thereof: m (multiplet), s (singlet), d (doublet), t (triplet), q (quartet). Signal 

assignment was made from unambiguous chemical shifts or coupling constants and COSY, 

HSQC and NOESY experiments. 

 

High Resolution Mass Spectrometry (HRMS) 
High resolution mass spectra were recorded on Agilent 6230 time of flight (TOF) liquid 

chromatography mass spectra instrument. 
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Compound synthesis: 
2-(2-(2-hydroxybenzoyl)cyclopentyl)acetic acid (3) 
Compound 3 - 2-(2-(2-hydroxybenzoyl)cyclopentyl)acetic acid - was produced by classical 

hydrolysis of 9b-hydroxy-6b,7,8,9,9a,9b-hexahydrocyclopenta[3,4]cyclobuta[1,2-c]chromen-

6(6aH)-one (1) under basic conditions. Compound 1, obtained from Specs Compound 

Handling BV (0.50 g, 2.17 mmol), was dissolved in THF (20 mL) and 1 N aq. LiOH (9 mL) was 

added. The reaction mixture was stirred at 45 °C for 18 hr before it was acidified with 2 N aq. 

HCl (ca. 50 mL) and the product was extracted into EtOAc (4 × ca. 50 mL). The combined 

organic layers were washed with brine (ca. 50 mL), dried over MgSO4 and concentrated in 

vacuo. Column chromatography (8% MeOH in DCM, v/v), following standard procedures using 

silica gel 60 (40-63 µm mesh), gave the product as a pale-yellow oil (0.48 g, 90%). TLC Rf = 

0.35 (5% MeOH in DCM, v/v); HPLC RT = 18.59 min (Method A); 1H NMR (500 MHz; CDCl3) 

δ 12.45 (s, 1H, OH), 7.76 (dd, J = 8.0, 1.5 Hz, 1H, ArH), 7.49 – 7.43 (m, 1H, ArH), 6.98 (d, J 

= 8.5 Hz, 1H, ArH), 6.90 (t, J = 7.6 Hz, 1H, ArH), 3.52 (q, J = 8.5, 8.0 Hz, 1H, (C=O)CH), 2.89 

(dq, J = 15.5, 8.0 Hz, 1H, (C=O)CHCH), 2.47 (dd, J = 15.3, 6.4 Hz, 1H, (COOH)CHAHB), 2.37 

(dd, J = 15.3, 7.9 Hz, 1H, (COOH)CHAHB), [2.23 – 2.06 (m, 2H), 1.83 – 1.71 (m, 3H), 1.51 – 

1.37 (m, 1H) (3×CH2)]; 13C NMR (126 MHz; CDCl3) δ 208.4 (C=O), 178.0 (COOH), 163.1 

(CArC=O), 136.4 (CArH), 130.3 (CArH), 119.4 (CArOH), 119.0 (CArH), 118.7 (CArH), 51.5 

((C=O)CH), 38.6 (CH2COOH), 38.6 ((C=O)CHCH), 32.6, 32.3, 24.9 (3×CH2); HRMS m/z 

(+ESI) found: 271.0943 [M+Na]+; C14H16O4Na+ requires M, 271.0941. 
 

Ethyl 2-(2-(2-hydroxybenzoyl)cyclopentyl)acetate (4) 

9b-hydroxy-6b,7,8,9,9a,9b-hexahydrocyclopenta[3,4]cyclobuta[1,2-c]chromen-6(6aH)-one 
(1) (40 mg, 0.17 mmol) was dissolved in EtOH (2 mL), and methyl-L-serinate hydrochloride 

(27 mg, 0.17 mmol) and NaHCO3 (16 mg, 0.19 mmol) were dissolved in EtOH/H2O (1:1, 2 

mL), and added [31]. The solution was stirred at ambient temperature for 18 hr, before it was 

heated to reflux for 5 hr until full conversion of the starting material. After cooling to r.t. the 

reaction mixture was acidified with aq. 2 N HCl (ca. 10 mL). The product was extracted into 

EtOAc (3 × ca. 20 mL), and the combined organic layers were washed with brine (ca. 30 mL), 

dried over MgSO4 and concentrated in vacuo. The product was purified by column 

chromatograpy (10% EtOAc in petroleum benzine (v/v)) to give 4 as a colourless oil and a 

mixture of diastereoisomers (21 mg, 34%). The isomers were separated by semi-preparative 

HPLC to give cis-4 (7 mg, 11%, 86% de) and trans-4 (14 mg, 23%, 94% de).  

cis-isomer: 
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TLC Rf = 0.40 (10% EtOAc in petroleum benzine, v/v); HPLC RT = 14.01 min (Method B); 
1H NMR (500 MHz; CDCl3) δ 12.54 (s, 1H, OH), 7.81 (dd, J = 8.0, 1.5 Hz, 1H, ArH), 7.49 – 

7.43 (m, 1H, ArH), 6.98 (t, J = 6.0 Hz, 1H, ArH), 6.92 – 6.87 (m, 1H, ArH), 4.06 – 3.87 (m, 3H, 

OCH2 + CHC=O), 2.83 – 2.73 (m, 1H, CHCHC=O), 2.34 – 2.22 (m, 2H, CH2C=O), [2.13 – 2.04 

(m, 1H), 2.03 – 1.84 (m, 3H), 1.73 – 1.59 (m, 2H) (3xCH2)], 1.14 – 1.08 (m, 3H, CH3); 13C NMR 

(126 MHz; CDCl3) δ 209.1 (ArC=O), 172.9 (CH2C=O), 163.0 (CArOH), 136.5, 130.3 (2xCArH), 

120.0 (CArC), 119.0, 118.8 (2xCArH), 60.5 (OCH2), 47.9 (CHC=O), 40.5 (CHCHC=O), 35.9 

(CH2C=O), 32.5, 29.1, 23.9 (3xCH2), 14.2 (CH3); HRMS m/z could not be detected. 

trans-isomer: 

TLC Rf = 0.40 (10% EtOAc in petroleum benzine, v/v); HPLC RT = 13.51 min (Method B); IR 
νmax(neat)/cm-1 2962, 1731 (C=O), 1632 (C=O), 1446, 1259, 1014, 793, 756; 1H NMR (500 

MHz; CDCl3) δ 12.50 (s, 1H, OH), 7.77 (dd, J = 8.0, 1.5 Hz, 1H, ArH), 7.50 – 7.43 (m, 1H, 

ArH), 6.98 (dd, J = 8.4, 1.0 Hz, 1H, ArH), 6.93 – 6.87 (m, 1H, ArH), 4.08 – 3.96 (m, 2H, OCH2), 

3.58 – 3.51 (m, 1H, CHC=O), 2.95 – 2.83 (m, 1H, CHCHC=O), 2.45 – 2.33 (m, 2H, CH2C=O), 

[2.21 – 2.01 (m, 2H), 1.86 – 1.69 (m, 3H), 1.48 – 1.38 (m, 1H) (3xCH2)], 1.15 (t, J = 7.0 Hz, 

3H, CH3); 13C NMR (126 MHz; CDCl3) δ 208.7 (ArC=O), 172.6 (CH2C=O), 163.1 (CArOH), 

136.3, 130.3 (2xCArH), 119.5 (CArC), 119.0, 118.7 (2xCArH), 60.5 (OCH2), 51.5 (CHC=O), 39.4 

(CH2C=O), 39.0 (CHCHC=O), 32.9, 32.4, 25.0 (3xCH2), 14.2 (CH3); HRMS m/z could not be 

detected. 
 
Supporting Information 
Table S1-S2 and Figure S1-3 are provided in Salaemae_et_al_supp_info.pdf. Atomic 

coordinates and structure factors of MtDTBS soaked with compound 1 (ligand density 

corresponds to 3) have been deposited in the Protein Data Bank, Research Collaboratory for 

Structural Bioinformatics, Rutgers University, New Brunswick, NJ, with PDBID: 6NLZ. The 

structural data obtained for pure compound 1 were deposited in the Cambridge 

Crystallographic Data Centre, with CCDC reference number 2237689.  
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