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1 CcrA 

1.1 Primary structure 

There is a four amino acid residue difference between the sequence used in the NMR experiments, as 
compared to the sequence used in the docking studies (PDB ID: 1A8T) (Table S1).2 Thus, there is a 98% 
sequence and 100% length similarity between the sequences. Amino acid residues 171 and 208 are located in 
the active site at loop 10 and loop 12, respectively. Here, this region is denominated the L10-L12 binding site. 
The difference in hydrogen bonding properties between the side chains of Ala and Thr at position 171 has 
been taken into consideration. No hydrogen bonding interactions were observed between the top scoring 
poses and the side chain of Thr171. For the most important residues, the BBL numbering is given in Table 
S4–Table S7.3 

Table S1. The amino acid sequence expressed and used in the NMR experiments, as compare to the sequence 
used in the molecular docking. 

 Amino acid residue  
Amino acid sequence 

Residue number NMR experiments Crystal structure  
81 D N  A1QKSVKISDD10ISITQLSDKV20YTYVSLAEIE30

GWGMVPSNGM40IVINNHQAAL50LDTPINDAQ 
T60EMLVNWVTDS70LHAKVTTFIP80D81HWHGD 
CL88GG90LGYLQRKGVQ100SYANQMTIDL110AK 
EKGLPVPE120HGFTDSLTVS130LDGMPLQCYY140 

LGGGHATDNI150VVWLPTENIL160FGGCMLKDN 
Q170A171TSIGNISDA180DVTAWPKTLD190KVKAK 
FPSAR200YVVPGHGD208YG210GTELIEHTKQ220IV 

NQYIESTS230KP232 

88 L I  
171 A T  
208 D N  

 

 
 
 
 
 

 

  



S3 
 

2 NMR spectroscopy 

2.1 CcrA NMR resonance assignment 

Table S2. 13Cα and 13Cβ chemical shift resonance assignments of CcrA. 

 
  



S4 
 

2.2 1H,15N HSQC titration experiments 

For the titrations, separate CcrA batches were prepared and the ligands were dissolved in the same buffer as 
the protein (10 mM PBS, 1.0 mM ZnSO4, pH 7.0). Correlation 1H, 15N HSQC spectra were recorded on free 
15N-labeled CcrA, and upon addition of 4, 5 and 6 as reported in Table S3. To minimize sample dilution, the 
volumes of the standard ligand solutions that were added in each titration step were ensured to be kept in the 
low microliter range. Averaged protein concentrations were used in the calculations, and the actual ligand 
concentrations were adjusted for the small dilution in each step. The samples were vortexed to mix the ligand 
and protein properly. Care was taken to avoid any foaming. 

For the 1H,15N HSQC experiments, normal sampling of 4 scans and 150 phase sensitive steps in the 
indirect dimension, and with a total acquisition time of about 30 min, were used. In some cases, 8 scans were 
required to increase the s/n ratio. The experiments were performed on either a 800 MHz spectrometer with a 3 
mm TCI cryogenic probe or a 900 MHz spectrometer equipped with a 5 mm TCI cryogenic probe. A constant 
temperature of 35 °C was maintained throughout the experiments. High precision 3 mm NMR tubes were 
used at all times. 

The NMR data was processed using the NMRPipe software. The CCPN software (V2) containing the 
CcpNmr Analysis plugin was used in the data analysis, which involve both automatic analysis and manual 
inspection of the trajectories of the shifting peaks. 

Table S3. Concentrations of the CcrA, and 4, 5 and 6, respectively, which were used in the titration 
experiments. 

Compound 4 5 6 

CcrA 
C (mM) 

0.25 0.15 0.20 

T
itr

at
io

n 
st

ep
 

0 0 0 0 
1 0.031 0.029 0.050 
2 0.062 0.059 0.099 
3 0.124 0.088 0.148 
4 0.247 0.117 0.196 
5 0.495 0.145  
6  0.213  

Final ratio 
CcrA:compound 

1:2 1:1.4 1:1 

 
The weighted average chemical shift perturbations (CSP) for the backbone amides were calculated from the 
observed chemical shift differences in the proton and nitrogen dimensions from equation 1, where the 
chemical shift scaling factor Rscale is 6.5.4-5 The data is presented in Table S4–Table S6 and as histograms in 
Figure 3. If CSP data is missing there was no difference observed, or the analysis of the residue was 
prevented (i.e. it was overlapped, missing, or as in the case of prolyl residues, it was lacking a backbone 
amide proton). A CSP larger than the population mean (μ) plus one standard deviation (1σ) is considered as a 
significant chemical shift perturbation (SCSP).5 Assigned 1H,15N HSQC spectra are shown in Figure S2–
Figure S11. 

Eqn. 1: CSP = Δδ(1H, 15N) = √(Δδ(1H)2 + ((1/Rscale × Δδ(15N))2) 

Dissociation constants (Kd) and Δδmax were obtained by least square fitting of the observed chemical shift 
differences (Δδobs) and related total ligand concentrations ([L]t) to equation 2, where [P]t corresponds to the 
total concentration of CcrA.5 Fast exchange was observed for 4 and 5, and slow exchange for 6 (described in 
2.2.1). Thus, Kd values were only calculated for 4 and 5 using this method. In these calculation, the 
dissociation constants of the significantly shifted active site residues identified via the CSP and the direction 
of CSP analyses (described in 2.2.2) were included. 

Eqn. 2: Δδobs = Δδmax(([P]t + [L]t + Kd) – (([P]t + [L]t + Kd)
2 – 4[P]t[L]t)

1/2)/2[P]t 
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2.2.1 1H,15N HSQC titration experiments of 6 

The step-wise chemical shift changes observed in the titration series of 4 and 5 is characteristic for fast 
exchange processes (Figure S3, Figure S4, and Figure S6−Figure S9).5-6 From the starting point, 
corresponding to the free form of CcrA, the 1H and 15N chemical shifts of the majority of the amino acid 
residues were changing gradually upon addition of the ligands. The chemical shifts at each titration point 
represent the average of the free and bound forms of CcrA. For 6, on the other hand, the peaks of the free 
form were still observed in the first titration point, together with a new set of peaks representing the bound 
form (Figure S5, Figure S10 and Figure S11). This type of transitions between a decreasing free form and an 
increasing bound form, appearing as two separate peaks in the NMR spectra, is characteristic for slow 
exchange processes. The resonances of the bound form were assigned using the qualitative ‘minimum 
chemical shift approach’, in which the unassigned peak closest to the peak of the free form is identified and 
assigned to corresponding bound form.5, 7-8 Also the disappearance of the peaks of the free form and the 
appearance of the peaks of the bound form in the spectra were inspected. 

In Figure S1, a section of the full spectra is zoomed to show the free form, the individual titration steps, 
as well as the transition of the peaks during the titration series. In the first titration step there was a small peak 
of the free form left, but the main peak was already that belonging to the bound form (cf. Figure S1 a, b and 
f). In the following titration steps (c.f. Figure S1 c–e and g–i) the peaks of the bound form barely changed and 
approached a maxima. Due to the fast transition to the complexed state the data only represented the end-
points, which prevented the extraction of dissociation constants using equation 2 (vide supra) and the peak 
integrals as the NMR observable.5-6, 9 It is the curved region of the titration curve between the end-points that 
contain the required information on the equilibrium condition. As an alternative, an approximate Kd was 
derived from equation 3.9 Based on the NMR data, saturation was assumed to be reached in the last titration 
step, and the bound fraction of CcrA (fP(bound)) was determined from the peak intensity ratio between the first 
and the last titration steps.6 The average Kd sample mean and standard deviation calculated using the data for 
the residues in the L3-L5-L7 binding site showing a significant CSP and a positive Kd value (i.e. Trp32, 
His82, Cys87, Gly89, His145 and Gly175) was 2.3 ± 0.3 μM. 

Eqn. 3: Kd = [P] × [L]/[PL] = (1 − fP(bound))/fP(bound) × ([L]t − fP(bound)[P]t) 
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Figure S1. A zoomed region of the 1H,15N HSQC spectrum of a) free CcrA and b–e) CcrA bound to 6 in 
titration steps 1–4, respectively. f–i) Superpositions of a and b–e, respectively. 
  

a) b) 

d) 

c) 

e) f) 
(a+b) 

g) 
(a+c) 

h) 
(a+d) 

i) 
(a+e) 
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Figure S2. Assigned 800 MHz 1H,15N HSQC spectrum of CcrA. 

 
Figure S3. Superposition of the full 1H,15N HSQC spectrum of free CcrA (titration step 0 in red), and CcrA 
bound to 4 (titration steps 1–5, step 5 in blue).  
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Figure S4. Superposition of the full 1H,15N HSQC spectrum of free CcrA (titration step 0 in red), and CcrA 
bound to 5 (titration steps 1–6, step 6 in blue). 

 
Figure S5. Superposition of the full 1H,15N HSQC spectrum of free CcrA (titration step 0 in red), and CcrA 
bound to 6 (titration steps 1–4, step 4 in blue).  
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Figure S6. Superposition of zoomed regions of the 1H,15N HSQC spectrum (1H 10.7−8.1 ppm vs. 15N 
118−100 ppm and 15N 133−115 ppm) of free CcrA (in red), and CcrA bound to 4 (steps 1–5, step 5 in blue). 
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Figure S7. Superposition of zoomed regions of the 1H,15N HSQC spectrum (1H 8.3−5.6 ppm vs. 15N 118−100 
ppm and 15N 133−115 ppm) of free CcrA (in red), and CcrA bound to 4 (steps 1–5, step 5 in blue). 
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Figure S8. Superposition of zoomed regions of the 1H,15N HSQC spectrum (1H 10.9−7.7 ppm vs. 15N 
118−100 ppm and 15N 133−115 ppm) of free CcrA (in red) and CcrA bound to 5 (titration steps 1–6, step 6 in 
blue). 
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Figure S9. Superposition of zoomed regions of the 1H,15N HSQC spectrum (1H 8.6−5.4 ppm vs. 15N 118−100 
ppm and 15N 133−115 ppm) of free CcrA (in red) and CcrA bound to 5 (titration steps 1–6, step 6 in blue).



S13 
 

 

 



S14 
 

Figure S10. Superposition of zoomed regions of the 1H,15N HSQC spectrum (1H 10.8−7.7 ppm vs. 15N 
118−100 ppm and 15N 133−115 ppm) of free CcrA (in red) and CcrA bound to 6 (titration steps 1–4, step 4 in 
blue). 

 



S15 
 

 
Figure S11. Superposition of zoomed regions of the 1H,15N HSQC spectrum (1H 8.3−5.3 ppm vs. 15N 
118−100 ppm and 15N 133−115 ppm) of free CcrA (in red) and CcrA bound to 6 (titration steps 1–4, step 4 in 
blue). 
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Table S4. Experimental 1H,15N HSQC titration data, and related calculated and fitted data for 4. Residues displaying a significant chemical shift perturbation (i.e. CSP > 
0.0938, where μ and 1σ were calculated to 0.0481 and 0.0456, respectively) are presented at the first page, and all other residues are presented thereafter. Active site residues 
are colored in orange, and those that are more likely to be involved in indirect than in direct interactions are colored in pale orange. The Kd sample mean and standard 
deviation calculated using the data for the residues showing a significant CSP and representing the L3-L5-L7 binding poses, as well as the whole active site were Kd L3-L5-L7 site 
= 11 ± 11 μM and Kd active site = 21 ± 40 μM, respectively. 
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Table S5. Experimental 1H,15N HSQC titration data, and related calculated and fitted data for 5. Residues displaying a significant chemical shift perturbation (i.e. CSP > 
0.0726, where μ and 1σ were calculated to 0.374 and 0.353, respectively) are presented at the first page, and all other residues are presented thereafter. Active site residues are 
colored in orange, and those that are more likely to be involved in indirect than in direct interactions are colored in pale orange. The Kd sample mean and standard deviation 
calculated using the data for the residues showing a significant CSP and representing the L3-L5-L7 binding poses, as well as the whole active site were Kd L3-L5-L7 site = 34 ± 43 
μM and Kd active site = 41 ± 59 μM, respectively. 

 
For cells colored in grey, the first titration points were used for estimating the 1H and 1H,15N Δδ since the initial data points were missing. The absolute values were not used in any further 
calculations, but the sign of the 1H Δδ were used in the DSCP analysis. 



S24 
 

 



S25 
 

 



S26 
 

 



S27 
 

 
For cells colored in grey, the first titration points were used for estimating the 1H and 1H,15N Δδ since the initial data points were missing. The absolute values were not used in any further 
calculations, but the sign of the 1H Δδ were used in the DSCP analysis. 
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Table S6. Experimental 1H,15N HSQC titration data, and related calculated and fitted data for 6. Residues displaying a significant chemical shift perturbation (i.e. CSP > 
0.1306, where μ and 1σ were calculated to 0.658 and 0.648, respectively) are presented at the first page, and all other residues are presented thereafter. Active site residues 
are colored in orange, and those that are more likely to be involved in indirect than in direct interactions are colored in pale orange. 

 



S31 
 

 



S32 
 

 



S33 
 

 



S34 
 

 
For cells colored in grey, the first titration points were used for estimating the 1H and 1H,15N Δδ since the initial data points were missing.  
The absolute values were not used in any further calculations, but the sign of the 1H Δδ were used in the DSCP analysis. 
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2.2.2 Direction of chemical shift perturbation (DCSP) analysis 

Table S7. DCSP analysis data for compounds 4–6. The DCSP is different if the signs of (Δ1H,Δ15N) are not all = (+,+), (+,−), (−,+) or (−,−); and the DSCP is the same if the 
signs of (Δ1H,Δ15N) are all = (+,+), (+,−), (−,+) or (−,−). The residues are ordered based on their position in the active site (i.e. on cross sections of the active site). For cells 
colored in grey, the first titration points were used in the calculations of the 1H and 15N Δδ since the initial data points were missing. In 1A8T, residues 88, 171 and 208 
correspond to Ile, Ala and Asn (Table S1). 
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2.2.2.1 Per residue plots of CSP data 

 

 
 

 
Figure S12. Per residue plots of the 15N and 1H Δδ for residues 29, 30, 55, 83, 85, 88 and 89 in the L3-L5-L7 
binding site. 
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Figure S13. Per residue plots of the 15N and 1H Δδ for residues 31, 32 and 178 in the L3-L10 binding site. 
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Figure S14. Per residue plots of the 15N and 1H Δδ for residues 167, 168, 170, 171, 173 and 208 in the L10-
L12 binding site. 
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3 Molecular docking 

3.1 General information 

Schrödinger software (Schrödinger, LLC, New York, NY, 2019) was used for all the steps in the molecular 
docking. Unless otherwise stated, default settings were used in the computations. The crystal structure of 
CcrA (PDB ID 1A8T, chain A) was prepared using the Protein Preparation Wizard; involving Prime to fill in 
missing side chains and loops, Epik to generate heteroatom states (pH 7.0 ± 2.0), PropKa (pH 7) to optimize 
the hydrogen bond network (sampling of water orientations when appropriate), and the OPLS3e force field in 
the restrained minimization (hydrogens only). The Receptor Grid Generation module in Glide was used to 
define the active site by creating a rectangular box centered on the native ligand (i.e. biphenyltetrazole type 
inhibitor L-159.061) and extending in all directions to encompass ligands of similar size (i.e. 16.5 Å) or 
ligands < 22 Å (see 3.2.1 for details). Grids with 8, 1 and 0 water molecules in the active site were generated 
and validated, resulting in the selection of grid G1-b (i.e. a grid with 1 water molecule kept in the active site, 
and extending in all directions to encompass ligands < 22 Å) for all the docking studies. The ligands were 
converted to 3D all atom structures using LigPrep. Epik was used to generate possible ionization states at 
target pH 7 ± 2, including metal binding states. Tautomers were selected to be generated. The molecular 
docking was performed using Glide. Default settings were used for the ligand parameters. All compounds 
were docked using the flexible docking mode, with sampling of nitrogen inversions and ring conformations 
(only for L-159.061), and with extra precision (XP) rescoring. Biased sampling of torsions was selected for 
amides by penalizing non-planar conformations. Epik state penalties was selected to be added to the docking 
score. A maximum of 100 poses were selected to be generated for each ligand. Post-docking minimization 
was used, and per-residue interaction scores were written for residues within 10 Å from the grid center. Prime 
MM-GBSA rescoring of docking poses (VSGB 2.0 solvation model and OPLS3e force field) were performed 
providing poses ranked based on free energy of binding (ΔGbind in kcal mol-1).10 For these calculations, 
flexibility was allowed for residues within 10 Å from the ligands, and minimization was selected as sampling 
method. Structural interaction fingerprints (SIFts) in Canvas was used for representation and analysis of the 
docking poses.11 Side chain, zinc ion, and hydrogen bonding interactions were used to generate the SIFts. The 
similarity between the SIFts were evaluated using the Tanimoto similarity metric, and clustering was 
performed using the Flexible Beta linkage method. Epik (Schrödinger, LLC, New York, NY, 2020) was used 
for empirical predictions of aqueous pKa values (Section 3.4). 

3.2 Verification of the docking method 

Among the variety of CcrA inhibitors reported previously,2, 12-29 there are crystal structures reported for four 
CcrA-ligand complexes.12-13, 20 The complex with the ligand most similar in size and structure to the 2TTA 
type CcrA inhibitors was selected to be used in the study, i.e. PDB ID 1A8T (2.5 Å resolution) with ligand L-
159.061 (Figure S15).13 

 
Figure S15. The structure of the native biphenyltetrazole ligand L-159.061. 

3.2.1 Redocking of the native ligand 

After the protein preparation and grid generation steps the native biphenyltetrazole ligand L-159.061 (Figure 
S15) was re-docked into the active site of CcrA (PDB ID 1A8T) for validation of the docking method. Three 
grids denominated G8, G1 and G0 were generated with 8, 1 and 0 water molecules, respectively, kept in the 
active site, and with the active site defined as a rectangular box centered on the native ligand L-159.061 and 
extending in all directions to encompass ligands of similar size. In the X-ray structure there are two water 
molecules involved in hydrogen bonding with the ligand. Water molecule number 315 is interacting with the 
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carbonyl oxygen, and water molecule number 289 is interacting with the ethereal oxygen, of the 4H-3,1-
benzoxazin-4-one moiety. In grid G8, the water molecules with a distance shorter than 5 Å to a heteroatom 
were kept, including number 315 and 289, whereas in grid G1 only 315 was kept. Water 315 is hydrogen 
bonding with the neutral Lys167 residue (pKa 6.64 predicted by Epik), and was considered to be the most 
important water to keep for the docking of the native ligand. It was also considered to be relevant for the 
docking of the 2TTA compounds. Since the 2TTA compounds are slightly larger than the native ligand, a 
second G1 grid, labeled G1-b, extending in all directions to encompass ligands < 22 Å was generated. In 
addition, Ser37, Ser173 and Thr171 were defined as rotatable groups. The results from scoring-in-place Glide 
calculations of L-159.061 employing the different grids are presented in Table S8, and the poses from the XP 
dockings are shown in Figure S16. 
 
Table S8. Validation of docking method by re-docking of the native biphenyltetrazole ligand L-159.061 into 
the active site of CcrA (PDB ID 1A8T). 

Settings Results 
Precisiona Ligand 

sampling 
Post-docking 
minimization 

Gridb RMSDc  
(Å) 

Glide score 
(kcal mol-1) 

SP Score in place No G8 0 -4.506 
SP Score in place No G1 0 -3.593 
SP Score in place No G1-b 0 -3.727 
SP Score in place No G0 0 -3.157 
XP Score in place No G8 0 -4.294 
XP Score in place No G1 0 -2.465 
XP Score in place No G1-b 0 -2.522 
XP Score in place No G0 0 -1.883 

SP Rigid 
No 

G8 
0.444 -5.806 

Yes 0.858 -6.576 

SP Rigid 
No 

G1 
0.383 -4.857 

Yes 1.505 -4.990 

SP Rigid 
No 

G1-b 
0.495 -4.795 

Yes 1.256 -5.141 

SP Rigid 
No 

G0 
0.658 -4.535 

Yes 1.503 -5.036 

XP Rigid 
No 

G8 
0.582 -4.720 

Yes 1.039 -5.127 

XP Rigid 
No 

G1 
0.344 -3.844 

Yes 1.279 -3.878 

XP Rigid 
No 

G1-b 
0.585 -3.690 

Yes 1.250 -4.017 

XP Rigid 
No 

G0 
0.431 -3.515 

Yes 1.187 -3.772 

SP Flexible 
No 

G8 
1.465 -4.173 

Yes 1.148 -4.864 

SP Flexible 
No 

G1 
1.442 -4.589 

Yes 1.281 -4.592 

SP Flexible 
No 

G1-b 
1.091 -4.655 

Yes 1.251 -3.952 

SP Flexible 
No 

G0 
1.402 -4.355 

Yes 1.427 -4.291 

XP Flexible 
No 

G8 
0.950 -4.896 

Yes 1.039 -5.301 

XP Flexible 
No 

G1 
1.278 -4.036 

Yes 1.592 -4.299 

XP Flexible 
No 

G1-b 
1.091 -3.537 

Yes 1.270 -3.454 

XP Flexible 
No 

G0 
1.701 -5.088 

Yes 1.780 -4.608 
aSP = standard precision, XP = extra precision; bThe name is related to the number of water molecules kept in the active 
site; cRMSD to the input ligand geometry using the maximum common substructure.  
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In the X-ray structure, the phenyl hydrogen atom (H17) that is pointing towards the tetrazole ring lies slightly 
out of the plane of the aromatic ring (Figure S16). Thus, if post-docking minimization is performed, the ring 
will never adopt the native conformation in the docking. Accordingly, larger RMSD’s to the input ligand 
geometry were expected and observed when post-docking minimization was used in the rigid dockings. 
Smaller differences were observed between the RMSD’s for the non-minimized and minimized ligands in the 
flexible dockings. 

As can be seen in Table S8, both standard precision (SP) and extra precision (XP) docking with rigid and 
flexible ligand sampling were producing poses with a RMSD below the accepted 2 Å limit, and docking 
scores comparable to those obtained by the scoring-in-place calculations. Glide grid G1-b, and extra precision 
(XP) docking with flexible ligand sampling was selected to be used for the ligands in this study. 
 

 

 
Figure S16. The original pose (grey) and re-docked poses (XP rigid with no post-docking minimization in 
blue; XP rigid with post-docking minimization in cyan; XP flexible with no post-docking minimization in 
violet; XP flexible with post-docking minimization in magenta), respectively, of the native ligand using the 
G8 (top left), G1 (top right), G0 (bottom left) and G1-b (bottom right) glide grids. Hydrogen H17 (PDB atom 
name) colored in black is out of plane of the phenyl ring in the X-ray structure (grey), and in the docked poses 
generated without post-docking minimization (blue and violet). 
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3.3 Molecular docking, MM-GBSA rescoring and SIFt based clustering of 4–6 

Compounds 4–6 were investigated by molecular docking as described in the general information. The 
ionization state and tautomer variants generated by LigPrep are shown in Table S9. In line with previous data, 
both of the two 1H-1,2,4-tautomers, as well as its deprotonated forms, were predicted by LigPrep, but not the 
less stable 4H-1,2,4-tautomer or its deprotonated form.30 The poses with a docking score smaller than -3 are 
presented in Table S10. 
 
Table S9. Ionization state and tautomer variants of 4–6 generated by LigPrep and submitted to docking into 
CcrA. 

 
  

Table S10. A summary of the results from the molecular docking, MM-GBSA rescoring and SIFt based 
clustering of 4–6 divided into three sub tables labeled accordingly. The top ranked pose (MM-GBSA) among 
each of the three main clusters of poses are marked with bold squares. 

 



S45 
 

 



S46 
 

 
 



S47 
 

 
Figure S17. Hierarchical clustering of SIFts generated for the top fifteen ranked docking poses, based on the XP gscore, of 4–6. Clusters 1 and 2 correspond to L3-L5-L7 
poses (65%), clusters 3 and 4 correspond to L3-L10 poses (18%), and cluster 5 corresponds to L10-L12 poses (18%). 
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Figure S18. Hierarchical clustering of SIFts generated for the top fifteen ranked docking poses, based on the MM-GBSA binding free energies, of 4–6. Cluster 1 corresponds 
to a minor pose(2%), clusters 2–4 correspond to L3-L10 poses (20%), clusters 4* and 5–9 correspond to L3-L5-L7 poses (53%), and clusters 10–12 correspond to L10-L12 
poses (24%). 
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Figure S19. Ligand interaction diagrams for the top scoring pose (MM-GBSA, PDB 1A8T2) of 4 (top), 5 
(middle) and 6 (bottom) in L3-L5-L7 (left), L3-L10 (middle) and L10 L12 (right) binding poses, respectively. 
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Figure S20. Ligand interaction diagrams for the L3-L5-L7 poses ranked as second (left), third (middle) and 
fourth (right) best (MM-GBSA, PDB 1A8T2), of 4 (top), 5 (middle) and 6 (bottom), respectively. 
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Figure S21. Ligand interaction diagrams for the top scoring L3-L5-L7 poses (MM-GBSA, PDB 1A8T2), of 4 
(top), 5 (middle) and 6 (bottom), where the triazole moiety of the compounds are deprotonated. For 4, the 
poses ranked as number 13 (left), 15 (middle) and 19 (right) are shown. For 5, the poses ranked as number 24 
(left) 36 (middle) and 37 (right) are shown. For 6, the poses ranked as number 17 (left) and 20 (right) are 
shown. 
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3.4 Prediction of aqueous pKa values for 1–10 

Epik (Schrödinger, LLC, New York, NY, 2020) was used for empirical predictions of aqueous pKa values. As 
shown in Table S15, 1H-1,2,4-triazole tautomer B (or the corresponding deprotonated form) was the main 
tautomeric form among the top ranked L3-L5-L7 binding poses for 1, 2, 7, 8 and 10 (Table S11), whereas for 
9 it was 1H-1,2,4-triazole tautomer A. The predicted pKa values for the triazole, and the substituents on the 
aryl moieties (Ar) in 1, 2 and 7–10 are higher with the 1,2,4-triazole in tautomeric form B than in tautomeric 
form A. 
 
Table S11. Aqueous pKa values at pH 7 predicted for 1H-1,2,4-triazole tautomer A and B of 1−10. 

   
 

A
 

B

   pKa 

Cmpd Ar’ Ar Triazole 
NH 

Ar
OH 

Ar
COOH 

Triazole
NH 

Ar
OH 

Ar 
COOH 

1  
 

 
7.5 ± 2.2 8.9 ± 0.7  10.5 ± 2.2 9.4 ± 0.7  

2 
 

3 
 

7.0 ± 2.2   10.1 ± 2.2   

4 
 

 

7.6 ± 2.2  3.7 ± 0.6 10.5 ± 2.2  3.9 ± 0.7 5 
 

6 
 

7 
 

 
6.9 ± 2.2 0.2 ± 2.0  8.8 ± 2.2 0.8 ± 2.0  

8 
 

9 
 6.9 ± 2.2 0.1 ± 2.0  8.8 ± 2.2 0.6 ± 2.0  

10 
 

 

3.5 Molecular docking, MM-GBSA rescoring and SIFt based clustering of 1–3 and 7–
10 

Compounds 1–3 and 7–10 were investigated by molecular docking as described in the general information. 
The ionization state and tautomer variants generated by LigPrep are shown in Table S12. In line with previous 
data, one or both of the two 1H-1,2,4-tautomers, and often also its deprotonated forms, were predicted by 
LigPrep, but not the less stable 4H-1,2,4-tautomer or its deprotonated form.30 The docking scores (XP gscore 
and MM-GBSA) and the results from the SIFt based clustering are presented in Table S13. 
 



S53 
 

Table S12. Ionization state and tautomer variants of CcrA inhibitors 1–3 and the prospective inhibitors 7–10 generated by LigPrep and submitted to docking into CcrA. 
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Table S13. A summary of the results from the molecular docking, MM-GBSA rescoring and SIFt based 
clustering of 1–3 and 7–10 divided into seven sub tables labeled accordingly. Top ranked pose (MM-GBSA) 
among each of the main clusters of binding poses are marked with bold squares. 
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Figure S22. Ligand interaction diagrams for relevant poses (MM-GBSA, PDB 1A8T2) of 1 (top), 2 (middle) 
and 3 (bottom). For 1, top scoring L3-L5-L7 poses of the phenol (left) and phenolate (right) forms are shown. 
For 2, the top scoring L3-L5-L7 poses of the phenol (left) and phenolate (middle) forms, as well as the 
L7(Trp83) pose ranked as number 6 (in which the triazole coordinate the zinc ions) are shown. For 3, the top 
scoring L7(Trp83) (left) and L10L12 poses (middle) are shown, as well as the minor L3-L5-L7 pose ranked 
as number 11 that is discussed in the paper (right). 
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Figure S23. The top ranked pose (MM-GBSA) from the docking of 2 (turquoise) into the active site of CcrA 
(PDB 1A8T2) (for interaction diagram see Figure S22) superimposed with the crystal structure of 4 (light 
brown) in complex with VIM-2 (PDB 5LSC31). The triazole moiety is negatively charged in both 2 and 4. The 
larger angles between the triazole nitrogens and the zinc ions in CcrA is a result of the shorter distance 
between the two zinc ions in CcrA compared to VIM-2 (2.84 Å versus 3.88 Å). 
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Figure S24. Poses from docking in the active site of VIM-2 (PDB 5LSC31). A) MM-GBSA poses for 4 
(turquoise), 5 (blue) and 6 (yellow); B) glide poses for 4 (turquoise), 5 (blue) and 6 (yellow); and C) MM-
GBSA poses for 1 (turquoise), 2 (blue) and 3 (orange) showing the smallest RMSD to the native ligand (4). 
Four such L3-L5-L7 type poses were received for 2 (see Figure S22 and Figure S23) upon docking into the 
active site of CcrA (PDB 1A8T2), but none for 1 or 3–6 (see Figure S21). One likely reason for these 
differences is the shorter distance between the zinc ions in CcrA (2.84 Å versus 3.88 Å).32 

A B 

C 
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Figure S25. Ligand interaction diagrams for the L3-L5-L7 poses (MM-GBSA, PDB 1A8T2) of 7 (left) ranked 
as number 2 (top), 4 (middle) and 11 (bottom), and for the L3-L5-L7 poses of 8 (right) ranked as number 1 
(top), 4 (middle) and 10 (bottom). The poses are shown in Figure S27 as well. 
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Figure S26. Ligand interaction diagrams for the L3-L5-L7 poses (MM-GBSA, PDB 1A8T2) of 9 (left) ranked 
as number 1 (top), 3 (middle) and 8 (bottom), and for the L3-L5-L7 poses of 10 (right) ranked as number 2 
(top), 8 (middle) and 11 (bottom). The poses are shown in Figure S27 as well. 
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Figure S27. Relevant poses (MM-GBSA) from the docking of 7–10 into the active site of CcrA (PDB 
1A8T2). A) the poses ranked as number 2 (turquoise), 4 (blue) and 11 (orange) for 7; B) the poses ranked as 
number 4 (orange) and 10 (light brown) for 8; C) the poses ranked as number 1 (turquoise), 3 (blue) and 8 
(orange) for 9; and D) the poses ranked as number 2 (turquoise), 8 (blue) and 11 (orange) for 10. For 
interaction diagrams see Figure S25 and Figure S26. 

A 

D C 

B 
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Table S14. A summary of the results from the molecular docking, MM-GBSA rescoring and SIFt based 
analysis and clustering of 1–10. For 4–6, the results of the top fifteen ranked poses were included in the 
clustering, while the top ten ranked poses were included for 1–3 and 7–10. 

 

  



S67 
 

Table S15. A summary of the data in Table S9, Table S10, Table S12 and Table S13 showing the correlation 
between binding pose and main 1H-1,2,4-triazole tautomeric form (or the corresponding deprotonated form) 
identified for the top scoring poses of 1–10. 

 

Cmpds Binding pose/s 1H-1,2,4-triazole tautomera 

1, 2 

L3-L5-L7 
L3-L10 

L7(Trp83) 
B ≥ A 

L10-L12 A ≥ B 

3 
L7(Trp83) 
L10-L12 

B ≥ A 

4–6 
L3-L5-L7 
L3-L10 

B ≥ A 

L10-L12 A ≥ B 

7 
L3-L5-L7 
L7(Trp83) 

B 

9 
L3-L5-L7 
L7(Trp83) 

A > B 

8, 10 
L3-L5-L7 B ≥ A 
L3-L10 

L7(Trp83) 
A > B 

aOr the corresponding deprotonated form. 
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