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Chemicals, buffers, and sample preparation 

 
Phenylboronic acid (PBA) and 4-fluoro-phenylboronic acid (FPBA) were purchased from BLDpharm. 

Lysogeny broth (LB) and HEPES were purchased from BioShop Canada Inc. Other chemicals were 

purchased from Merck, ThermoFisher Scientific, J.T.Baker, and Uni-Onward Corp. All chemicals are 

of ACS grade (or higher) and used as is. Isothermal calorimetry measurements were performed in 20 

mM Na-HEPES, 150 mM NaCl at pH 7.4. All solutions, including both the titrant and the analyte, were 

prepared in this buffer. LspC analogues S1 and B1 were prepared according to previously reported 

methods.1 These peptides were prepared as 5 mM buffered stock solutions and stored at –80o C. 

 

 
Isothermal titration calorimetry (ITC) data acquisition 

 
Affinity ITC LV (TA instrument) was used for all ITC experiments, wherein the cell contained 200 μL 

of sample, the temperature was fixed at 25 oC, heat acquisition mode was set to “small”, and stirring 

was set to 80 rpm. All experiments were performed in triplicates, wherein one representative trace is 

shown in the main text and the rest in Figure S1 to S8. Background titrations were performed in 

duplicates. 

S1 experiments. S1 was prepared as either a 50 M or 500 M solution by diluting the 5 mM stock 

into the buffer described above. In the S1-calcium experiment, CaCl2 (5 mM) was titrated into S1 (50 

μM, 200 μL) in the cell. In the S1-C10P experiment, C10P (5 mM) was titrated into S1 (500 μM, 200 

 

μL) in the cell. The S1-C10P interaction was measured in the presence, and then in the absence of 

CaCl2 (5 mM). The first injection was 0.4 μL, which was followed by eighteen injections of 2 μL of the 

titrant with 180-second intervals between each injection. 

B1 experiments. B1 was prepared as a 50 M solution by diluting the 5 mM B1 stock into the buffer 

described above. In the B1/PBA-C10P experiment, C10P (0.5 mM) was titrated into a premixed 

solution of 50 M of B1 and 250 M of PBA in the cell. The interaction was measured in the presence, 

and then in the absence of CaCl2 (5 mM). Titration settings were the same as the S1 experiments, 
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except for an even longer waiting period between injections (500 seconds). In the B1-PBA experiment, 

PBA (1.1 mM) was titrated into B1 (50 μM, 200 μL) in the cell. All experiments were conducted in 

triplicate, while those without significant interactions and control experiments were performed in 

duplicate. 

 

ITC data analysis 

The calorimetric data was analyzed using NanoAnalyze. The appropriate background titration trace 

was first subtracted from each dataset prior to data analysis. For example, C10P titration into buffer 

was subtracted from the S1-C10P experiment; PBA titration into buffer was subtracted from the B1- 

PBA experiment, etc. The first datapoint in an ITC experiment is typically an outlier and excluded from 

data analysis. We noticed that few of our experiments (will be specifically marked in the following text) 

show a few more outlier datapoints due to peptide aggregation in the absence of the C10P substrate. 

These datapoints were also excluded from data analysis and are indicated in the figure legend. The 

built-in “Independent” model in NanoAnalyze was used for curve fitting iterated 1,000 times and 

reported the 95% confidence interval. Thermodynamic parameters reported in this manuscript were 

the averages and standard deviations of triplicate experiments. 

 

 

Minimum inhibitory concentration determination 

 
A single bacterial colony (Staphylococcus aureus subsp. aureus, ATCC 29213) on an LB agar plate 

was inoculated into LB medium (Bioshop® ) and grown overnight at 37o C to stationary phase. The 

resulting culture was diluted 5,000-fold and used as the inoculum to setup the MIC assay. B1 was 

added to the growth medium to generate the working solution (128 μg/mL), which was used to 

generate a 50 μL per well two-fold dilution series across a 96-well microtiter plate from well 1 to 10. 

The last two wells were reserved for positive (no peptide) and negative (no bacteria) controls. 

Bacterial inoculum was then added to each well (50 μL), so that each well contained a total of 100 μL 

of solution, wherein the final peptide concentrations ranged from 64 to 0.125 μg/mL. The microtiter 
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plate was incubated statically at 37o C prior to readout. To determine whether our peptide depends 

on FPBA to suppress bacterial growth, FPBA was premixed in the growth medium at the appropriate 

concentration and used as the diluent to prepare the dilution series. 

 

 
Nuclear magnetic resonance (NMR) experiments 

 
NMR experiments were conducted on a Bruker AVIII 400 (400 MHz) spectrometer. Chemical shifts of 

19F () are relative to CFCl3. The B1 stock solution (5 mM in buffer) was diluted by D2O to generate a 

working sample with 10% (v/v) of D2O. This sample underwent 128 scans. Following the addition of 

one equivalent of FPBA, the sample was incubated at room temperature for 1 hour before it was 

scanned. Then, more FPBA was added to reach a final stoichiometric ratio of 5:1 (FPBA/B1). This 

sample was scanned one hour and one week after preparation and saw no change in 19F signal. 19F 

NMR spectra of hydrofluoric acid (HF), trifluoroacetic acid (TFA), FPBA, and a solution of glucose (1 

M) in saturated FPBA were also acquired. 

 

 

Detection limit of B1 boronic ester formation 

 
Under our experimental conditions and based on the performance of our NMR spectrometer, the 

detection limit of a 19F species is approximately 100 μM. In other words, when no B1/FPBA binary 

complex can be detected based on 19F NMR in a solution containing B1 and FPBA, no more than 100 

μM of this species is present, i.e., [B1/FPBA] < 100 μM. Knowing that [B1]o = 4.5 mM and [FPBA]o = 

5 mM (the amount of B1 and FPBA at the start of the experiment), the lower bound of the dissociation 

constant of this equilibrium can be estimated: 

𝐾𝑑 >
[𝑩𝟏][𝐹𝑃𝐵𝐴]

[𝑩𝟏/𝐹𝑃𝐵𝐴]
=

4.4 × 4.9

0.1
= 0.216 𝑀; 𝐾𝑎 < 4.64 𝑀−1 

 
We thus concluded that B1/FPBA binary complex formation is extremely weak, if present at all. 
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Timescale of boronic ester formation 

 
To estimate the timescale necessary to reach equilibrium, we surveyed the literature and identified 

several boronic acid / diol reactions that proceeds slowly. As one of the most extreme cases, the 

kforward and kreverse of the PBA and cis-1,2-cyclopentanediol condensation / hydrolysis equilibrium are 

0.0216 M–1s–1 and 0.0014 s–1, respectively.7 A simulation with 1 ms steps was performed using 

these rate constants. The iteration loop was terminated when the reaction quotient (Q) and the 

equilibrium constant (K) differ by no more than 1% (Q/K > 0.99), at which point the reaction was 

deemed complete (equilibrated). The initial concentration of the boronic acid and the diol ligand 

were set based on our ITC experiment condition, wherein [PBA] = 12.5 μM and [B1] = 50 μM. Under 

these conditions, the boronic ester formation / hydrolysis takes 3,287 s (54.8 min) to reach 

equilibrium. To ensure that our experiment conditions would be able to accommodate such a slow 

reaction, we ran an ITC experiment with one-hour intervals in between titrations and saw no 

detectable release of heat. Furthermore, samples were incubated at room temperature for at least 

one hour prior to 19F NMR experiments. The B1/FPBA mixture was scanned one week after 

preparation and saw no change in 19F signal. 

 

 
Molecular dynamics (MD) simulations 

 
Initial structure preparation. The initial structure of the B1/PBA/C10P ternary complex was reported 

previously.1,2 Since our ITC results showed Ca(II) did not influence the stability of this complex, Ca(II) 

was excluded from the current simulations. The three oxygen–boron bonds (C10P (phosphate)–

PBA, Ser7–PBA, and Ser1–PBA) were removed one at a time using the Maestro software from 

Schrödinger,3 generating three complexes in which the boron is sp2 hybridized with an empty p orbital 

and adopts a trigonal planar geometry. In the initial structures, all amide bonds were in the trans 

configuration. The topology file for each complex was generated using the Schrödinger utility 

ffld_server and converted to GROMACS format using the ffconv.py script.4 Extra improper dihedrals 

related to the H, N, C, O atoms of the peptide bonds were applied to suppress the formation of cis 
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bonds. All MD simulations in this study were performed using GROMACS 2018.85 with the OPLS- 

2005 force field6 and the TIP4P water model.7 

Solvation and equilibration for explicit-solvent simulations. The following protocol was the same 

as our previous work.1 Briefly, each initial structure was first energy minimized in vacuum using the 

steepest descent algorithm, and then solvated using a pre-equilibrated box of water molecules, with 

the minimum distance of 1.0 nm between the complex and the box walls. Sodium ions (Na+) were 

added to neutralize the system. The energy of each solvated system was then minimized using the 

steepest descent algorithm, followed by a four-step equilibration process. Five parallel sets of MD 

simulation with different initial velocities were performed. The first two steps included a 50 ps 

isothermal-isochoric (NVT) simulation followed by a 50 ps isothermal-isobaric (NPT) simulation to 

allow the solvent molecules to equilibrate. In both simulations, the heavy atoms of the complex were 

restrained by a harmonic potential with a force constant of 1,000 kJ × mol–1 × nm–2. Two subsequent 

steps without restraints, including a 100 ps NVT simulation and a 100 ps NPT simulation, were 

performed to equilibrate the entire system. The temperature was kept at 300 K in all NVT and NPT 

simulations using the v-rescale thermostat with a time coupling constant of 0.1 ps. A pressure of 1 

bar was employed in all NPT simulations using the Parrinello-Rahman barostat with a time coupling 

constant of 2.0 ps and isothermal compressibility of 4.5 × 10−5 bar−1. The LINCS constraint 

algorithm was applied to all bonds during equilibrations. Periodic boundary conditions were used in 

all directions of the unit cell. A cutoff of 1.0 nm was imposed for both Lennard-Jones and 

electrostatic interactions. The particle mesh Ewald approach treated the electrostatic interaction 

beyond the cutoff distance with a Fourier spacing of 0.12 nm and cubic interpolation. A long-range 

dispersion correction for energy and pressure was applied to account for the 1.0 nm cutoff of the 

Lennard-Jones interactions. The dynamic equations were integrated using the leapfrog algorithm, 

with a time step of 2 fs. Then, the production simulation was performed in the NPT ensemble for 100 

ns. MD parameters for production simulations were the same as the ones described in NPT 

equilibrations, except that the LINCS constraint algorithm was now applied to only bonds involving 
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hydrogens. 

Root-mean-square deviation (RMSD) and root-mean-square fluctuation (RMSF) calculations. 

We used the 50–100 ns segment of the trajectories to calculate RMSD and RMSF. RMSD was 

computed using the carbonyl carbon atom of the N-fatty acid, the backbone atoms (N, C, and C) of 

residues 2–6 and 8–11, and the C and N atoms of the second residue, Dap2. Residues Ser1 and 

Ser7 were excluded from the RMSD calculations because they form bonds with PBA, and our focus 

was on the deviation of the remaining peptide from the X-ray crystal structure.1 RMSF was calculated 

using the C atoms of residues 1–11. 
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Figure S1. ITC traces of C10P titration into B1/PBA/Ca2+ 

 

 

 

 

 

Figure S2. ITC traces of C10P titration into B1/PBA 
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Figure S3. ITC traces of C10P titration into B1/Ca2+ 

 

 

 
 

 
Figure S4. ITC traces of C10P titration into B1 
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Figure S5. ITC traces of PBA titration into B1 
 

 
 
 

 
Figure S6. ITC traces of C10P titration into S1/Ca2+ titrated by C10P 
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Figure S7. ITC traces of C10P titration into S1 
 

 
 

 
Figure S8. ITC traces of Ca(II) titration into S1 
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FPBA 

Saturated FPBA + 1 M glucose 

Figure S9. 19F NMR spectra of FPBA with and without glucose 

 
The top trace is 19F NMR (400 MHz) spectrum of a saturated solution of FPBA in 150 mM NaCl and 

20 mM HEPES at pH 7.4 with 10% (v/v) D2O. After the addition of glucose (1 M), 19F spectrum was 

again acquired and shown as the bottom trace. The peaks at  –110 and –118 ppm correspond 

to FPBA and the FPBA/glucose complex, respectively. 
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Figure S10. ITC traces of C10P titration into PBA 
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Figure S11. Structural ensembles of various B1/PBA/C10P complexes by MD simulation 

 

The B1/PBA/C10P ternary complex contains three boron–oxygen (B–O) bonds, wherein the boron 

in PBA is connected to the oxyanion of C10P and the side-chain OH of Ser7 and Ser1. The B–O 

bonds w e re  re m o v e d  o n e  a t a  t im e  to  g e n e ra te  th re e  n e w  B1/P B A /C 1 0 P  c o m p le x e s  th a t  s e rv e d  

a s  th e  starting point for MD simulation. Shown below are the structural ensembles of a) the complex 

with all B – O  b o n d s  in ta c t a n d  b– d) th re e  c o m p le x e s  e a c h  w ith  o n e  B – O  b o n d  re m o v e d . T h e  

s im u la te d  s tru c tu re s  a re  a lig n e d  to  th e  L s p C /C a ( II) /C 1 0 P  X - ra y  c ry s ta l s tru c tu re  b a s e d  o n  th e ir  

a m in o  a c id  b a c k b o n e  a to m s . 

 

a b 
B1-PBA-C10P 

 
 

 

B1-PBA-C10P, 

 

 
 

 

c B1-PBA-C10P, 

re m o v in g  th e  b o n d  b e tw e e n  

S e r7 -P B A  

d B1-PBA-C10P, 

re m o v in g  th e  b o n d  b e tw e e n  

S e r1 -P B A  
 

 

 

 

phosphate-PBA 
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Figure S12. RMSD and RMSF of various B1/PBA/C10P complexes by MD simulation 

 

RMSD (column a) and RMSF (column b) of various B1/PBA/C10P complexes (see description in the 

main text and Figure S10). From top to bottom are the complex with all B–O bonds intact, the 

analogous complexes with the C10P (phosphate)–PBA, Ser7–PBA, and Ser1–PBA bond removed, 

respectively. 

a b 
 
 
 

 
B1-PBA-C10P 

 

 
 

 

 

 
 

 

 

B1-PBA-C10P, 

removing the bond between 

phosphate-PBA 

 

 
 

 

 
 

 

 

B1-PBA-C10P, 

removing the bond between 

Ser7-PBA 

 

 

 
 

 

 
 

 

B1-PBA-C10P, 

removing the bond between 

Ser1-PBA 
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Table S1. Reported boronic acid / diol condensation rate constants7, 8 

 

Boronic acid Alcohol Keq kobs,f (s-1) kobs,r (s-1) Note 

PhB(OH)2 Neopentylglycol 0.577 0.0473 0.082 
 

 
Trimethylethane 1.389 0.1100 0.0792 

 

     Ref.8 a 

 Sorbitol 7.4 0.23 0.031  

 
cis-1,2-cyclopentanediol 15 0.0216 0.0014 

 

3-PyB(OH)2 Tiron 3.69 2.50 × 104 6.78 × 103 
 

 
Tiron-H  1.06 4.35 × 103 4.10 × 103 

 

3-NO2PhB(OH)2 Ethylene glycol 2.35 × 10-7 1.01 × 104 4.30 × 1010 
 

  
Propylene glycol 

 
5.55 × 10-7 

 
5.77 × 103 

 
1.04 × 1010 

Ref.9 b 

3-FPhB(OH)2 Propylene glycol 1.29 × 10-7 4.63 × 103 3.58 × 1010 
 

PhB(OH)2 Propylene glycol 1.34 × 10-8 7.49 × 102 5.57 × 1010 
 

 
a Experiments performed in d6 acetone/D2O = 1.2:1 at 25 oC 

 
b Experiments performed in CAPS buffer or self-buffered at 25 oC 
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