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Laspartomycin C (LspC) is a calcium-dependent antibiotic (CDA), a family of peptide antibiotics that has an
intriguing mechanism of action (MOA) and great promise in drug development. While it has long been
known that CDAs require Ca(i) to function, the mechanistic details remain elusive. We previously
reported a synthetic analog of LspC, termed B1, that can be fully activated by phenylboronic acid (PBA)
and is no longer dependent upon Cal(i) for its antibacterial activity, providing a new entry point to study
the MOA of CDAs. In other words, Ca(n) is the cofactor for LspC activation and PBA is the cofactor for B1
activation. Presented herein is their thorough characterization using isothermal calorimetry, NMR, and
molecular dynamics simulation. To our surprise, we found that even though both LspC and B1 sequester
isoprenyl phosphate to suppress bacterial growth, they go through distinct paths. LspC and Bl have
analogous thermodynamic endpoints, namely, a stable ternary complex containing the peptide antibiotic,
the cofactor (Ca(i) or PBA), and the substrate. However, the former goes through a binary complex
intermediate, whereas for the latter, there is no detectable interaction between any pairs of the three
components (B1, PBA, and the substrate). B1 thus presents an extreme case of synergistic binding and
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Introduction

Calcium-dependent antibiotics (CDAs) are peptide antibiotics
that require Ca(u) for suppressing bacterial growth.' While
many enzymes require metal cofactor(s) to operate, this
phenomenon is uncommon for natural products, and the
mechanistic details remain elusive.”” Members of the CDA
family bind to various phospholipid intermediates in the
bacterial cell wall biosynthesis pathway, resulting in cell
death.®® Such a phospholipid sequestration mechanism is
different from most antibiotics currently in clinical use.” CDAs
are thus promising candidates in addressing the antimicrobial
resistance crisis and have attracted the attention of many
scientists.'*™

Laspartomycin C (LspC) is a cyclic lipopeptide with an N-
terminal fatty acyl chain and contains 11 amino acids,
including several non-canonical residues such as bp-allo-
threonine, pipecolic acid, and diaminopropionic acid
(Fig. 1a).** Previous LspC studies revealed that it has two Ca(u)
binding sites and that three aspartate residues (Asp1, Asp5, and
Asp7) are critical for its calcium-dependent antibacterial
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a unique way to control the activity of an antibiotic.

activity."* LspC is in fact the only CDA that has been struc-
turally characterized in its antibacterially active state (Fig. 1b),
which is a ternary complex that includes Ca(u) and geranyl
phosphate (C10P). C10P is a surrogate of the important cell wall
biosynthesis intermediate undecaprenyl phosphate (C55P).*>*

Inspired by this structure, we reported previously a synthetic
analogue of LspC, termed B1, wherein the functional role of
Ca(u) as the cofactor was replaced by phenylboronic acid (PBA)
(Fig. 1c).** The crystal structure of LspC shows that the side-
chain carboxylate of Aspl and Asp7 coordinate the external
Ca(u), and that of the Asp5 coordinates the internal Ca(u). The
Aspl and Asp7 residues in LspC were both substituted with
serine in B1, whose side-chain hydroxyl groups condense
(reversibly) with PBA to form a boronic ester. Calcium cation(s)
is hypothesized to hold LspC in a conformation poised for C55P
binding, and PBA plays the same role in B1. The B1/PBA/C10P
ternary complex was characterized by mobility shift
assays, °'P NMR, and electrospray mass spectrometry.*®

LspC and B1 both bind the same isoprenyl phosphate
substrate and form analogous ternary complexes, i.e., LspC/
Ca()/C10P and B1/PBA/C10P. In LspC, the electrostatic attrac-
tion between the external Ca(u) and the phosphate of C55P is
key to sequestering C55P. Similarly, the empty boron p orbital
in PBA after it condenses with B1 engages the phosphate oxy-
anion. Herein, we report isothermal calorimetry (ITC), nuclear
magnetic resonance (NMR), and molecular dynamics (MD)
simulation data to show that these two peptide antibiotics
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Fig.1 (a) Inthe current study, S1 served as the surrogate of LspC. They
are identical except for a minor difference in the N-terminal fatty acyl
chain (R, and unsaturation (A%). The two aspartic acid residues (Aspl
and Asp7) that interacts with the external Ca(i), marked in green, are
replaced with serine in the synthetic analogue B1. (b) LspC was co-
crystallized with Ca(i) and C10P in its active conformation (PDB ID:
5002)* (c) MD simulation shows that the B1/PBA/C10P/Ca(n)
quaternary complex adopts a structure highly similar to that of S1/
Cal(i)/C10P.

arrive at analogous thermodynamic endpoints via distinct
paths. The former undergoes stepwise binding and an inter-
mediate binary complex, whereas the latter is a rare example
among small molecules of synergistic binding. Specifically,
while the formation of the B1/PBA/C10P ternary complex is
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highly favourable, mixing any two of the three components (B1,
PBA, and C10P) showed no detectable interaction. Such a uni-
que phenomenon suggests that the conformational change of
B1 is not stepwise and only occurs in the presence of both PBA
and C10P, offering new possibilities in small molecule drug
design and engineering.

Results
Characterization of C10P binding by ITC

We started by using ITC to assess the substrate affinity of these
peptide antibiotics. In this study, S1 was used as a surrogate of
LspC (Fig. 1a). These two peptide antibiotics are identical except
for a minor difference in their N-terminal fatty acyl chains and
show no detectable differences in antibacterial potencies and
MOA." Our first set of experiments was performed in 20 mM
HEPES buffer (pH 7.4) supplemented with 5 mM of CacCl,.
Titrating C10P into the sample cell containing a solution of B1
(50 uM) premixed with 250 pM of PBA resulted in an exothermic
binding isotherm with a near equimolar stoichiometry [Ky =
(2.0 £ 1.1) x 107’ M, n = 1.14 + 0.05, Fig. 2a]. Titrating C10P
into S1 (500 puM) also resulted in an exothermic binding
isotherm, albeit with slightly weaker binding [Kgq = (2.5 &+ 1.9) X
107® M, n = 0.79 + 0.10, Fig. 2b]. All ITC experiments were
repeated in triplicate (Fig. S1 to S8). These results suggest that
in the presence of the appropriate cofactor, i.e., Ca(u) for S1 and
PBA for B1, both peptide antibiotics form an equimolar complex
with the phospholipid substrate C10P.

Next, we investigated the importance of Ca(u) for S1 and B1.
The buffers used in these experiments remained the same,
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Fig.2 Representative traces of C10P titration into (a) B1/PBA/Ca* and (b) S1/Ca" in the presence of 5 mM Ca(i). Note that the first three outlier
datapoints in (b) were excluded from analysis. Such a pattern is due to S1 aggregation and was also observed in ITC studies of LspC in previous
reports.”* Representative traces of C10P titration into (c) B1/PBA, (d) S1, and (e) B1 with no supplemented Caf(i). All ITC experiments were
performed in triplicate (n = 3) in the same buffer solution (150 mM NaCl, 20 mM HEPES, at pH 7.4). The rest of the ITC traces can be found in the

Supporting Information (SI) (Fig. S1 to S8).

4550 | RSC Adv, 2026, 16, 4549-4554

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09403h

Open Access Article. Published on 21 January 2026. Downloaded on 6/10/2026 6:20:50 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
a b c
2.5 Cell: 81 2.5 Cell: B1 B(OH),
% =, Titrant: Ca2* Titrant: PBA
[ 1.5 1.5
- R
$E 051 0.54
o B
-0.51 051 Antibioic R MIC (uM)
§% 01 I S 09 - LspC/Ca(ll) 32 Ref10
E 2 2
Eg Al . ) B1/PBA H 33  Ref15
= -4 =]
6 K= (6.0:0.7) x 10 6 Ka=nd BIFPBA F 66  Thiswork
0O 05 10 15 20 25 0 1 2 3 4 5
Stoichiometric ratio Stoichiometric ratio
d
FPBA HF
B1 (4.5mM) + FPBA (5 mM)
B1 (4.5mM) + FPBA (1 mM)
| B1(4.5mM)
1 ] T
-80 -100 120 -140 & (pom)

Fig. 3 Representative traces of (a) Ca®* titration into S1 and (b) PBA titration into B1. All ITC experiments were performed in triplicate in the same
buffer solution (150 mM NaCl, 20 mM HEPES, at pH 7.4). The rest of the ITC traces can be found in the Sl (Fig. S1 to S8). (c) Minimal inhibitory
concentrations (MIC) of various peptide antibiotics against Staphylococcus aureus ATCC 29213. (d) *°F NMR spectra of B1 were acquired in the

same HEPES buffer described in the main text in the presence of 0, 1, and 5 mM of FPBA; hydrogen fluoride (HF) was included as the internal

standard.

Table 1 ITC characterization of S1 and Bl

Analyte Titrant Kq (M)

S1 Ca(n) (5.0 +0.7) x 10°*
S1 C10P No interaction
S1/Ca(n) C10P (2.5 +1.9) x 10°°
B1 Ca(u) No interaction

B1 C10P No interaction
B1/PBA C10P (2.0 +1.1) x 1077
Bl PBA No interaction (est. > 0.2) ¢
PBA C10P No interaction

% Estimated based on *°F NMR characterization of a B1/FPBA mixture.
See SI for details.

except for the lack of Ca(u) supplement. The apparent C10P
affinity for the B1/PBA mixture was similar [Kg = (5.4 &+ 2.4) X
1077 M, Fig. 2c], whereas no binding was observed for S1
(Fig. 2d). These observations are in line with the fact that CDAs,
such as S1, depend on Ca(u) to function.” In contrast, Bl
showed no Ca(r) dependence but completely lost its affinity for
C10P in the absence PBA (Fig. 2e). These results support the
notion that S1 is a calcium-dependent antibiotic and B1 is
a boron-dependent antibiotic.™

$1 and Ca(u) form a binary complex; B1 and PBA do not

In our design, PBA in B1 was meant to replace the role of Ca(u)
in S1 as a cofactor, inducing the peptide backbone to adopt
a conformation that is poised to bind the isoprenyl phosphate
substrates (C10P or C55P). We were therefore interested in the

© 2026 The Author(s). Published by the Royal Society of Chemistry

thermodynamic landscape that leads up to C10P binding.
Titrating CaCl, into S1 (500 pM) showed a binding isotherm
with moderate affinity that is consistent with previous reports
[Kq = (5.0 £ 0.7) x 10~* M (stoichiometry fixed at n = 2 for curve
fitting, Fig. 3a].® In contrast, we did not find evidence of B1/PBA
binary complex formation as no ITC signal was observed when
PBA was titrated into B1 (Fig. 3b).

One possibility for no apparent B1/PBA binding in ITC is that
this condensation reaction is strongly favourable but proceeds
too slowly. As an extreme example, condensation between PBA
and cis-1,2-cyclopantanediol has forward and reverse rate
constants of ky;, = 0.022 M~ 's™ " and k¢ = 0.0014 s, respec-
tively (Table S1). It is estimated that a boronic acid and a diol
with these rate constants under our experimental conditions
would take ~50 minutes to reach equilibrium (see SI)."”** We
therefore extended the intervals between injections to one hour
and still saw no ITC signals. Another possibility is that the B1/
PBA interaction is in fact too weak to be detected by ITC, and we
decided to use '’F NMR spectroscopy to assess the B1/PBA
interaction (if any).

Fluorine (*’F) NMR is useful for its high sensitivity. In
addition, since biomolecules rarely contain fluorine, '’F NMR
spectra interpretation is straightforward.” We first confirmed
that 4-fluorophenylboronic acid (FPBA) was able to activate B1
and the resulting antibacterial activity is comparable to that of
B1/PBA (Fig. 3c). PBA and FPBA suppressed Staphylococcus
aureus growth with a minimum inhibitory concentration (MIC)
of 3.3 and 6.6 M, respectively.’> Our '°F NMR experiments were
performed in the same HEPES buffer (pH 7.4) with 10% (v/v)

RSC Adv, 2026, 16, 4549-4554 | 4551
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Fig. 4 The B1/PBA/C10P ternary complex has three B—O bonds. They were removed one at a time to generate three new complexes. Shown
herein are the (@) RMSD and (b) RMSF of MD simulations performed on these structures. Each trace represents the average of five parallel
simulations (Fig. S11 and S12). Free energy landscape of (c) S1/Ca(i)/C10P and (d) B1/PBA/C10P formation. Data presented herein suggest that en
route to their respective ternary complex, S1/Caf(i) forms a binary complex whereas B1/PBA does not.

D,0 in the presence of hydrogen fluoride (HF) as the internal
standard (6 —119.7 ppm). First, we showed that FPBA condenses
with a vicinal diol (glucose) and results in an unmistakable
upfield shift in *°F signal (6 from —110 to —118 ppm, Fig. $9). A
series of '’F NMR spectra of B1 supplemented with 0, 1, and
5 mM of FPBA was then acquired. The mixtures were incubated
at room temperature for at least one hour to ensure that boronic
ester formation (if any) has reached equilibrium. No new '°F
signal was observed (Fig. 3d). Based on the experimental
conditions and the detection limit of our '’F NMR spectrom-
eter, these results suggest that the B1/PBA interaction (if any) is
extremely weak (K4 estimated to be greater than 0.2 M, see SI for
details).

No pairwise interactions between B1, PBA, and C10P

Aside from no detectable interaction between B1/PBA, we also
did not detect any B1/C10P (Fig. 1e) or PBA/C10P interaction
(Fig. $10). In other words, there is no appreciable pairwise
interaction among any of these three molecular entities (B1,
PBA, and C10P). This system thus presents a rare example of
strong synergistic binding, wherein a highly stable complex
forms only when all three components are present without
going through a binary intermediate complex (Table 1). The
mechanism of $1 is different as its formation of the S1/Ca(u)/
C10P ternary complex is stepwise. ITC data showed that S1
and Ca(u) engage in weak yet clearly detectable binding [Kq =
(4.4 £ 0.4) x 107* M].

Insights from MD simulations

We then looked to molecular dynamics (MD) simulation to gain
insight into B1/PBA/C10P synergistic binding. Each of the three
oxygen-boron (B-O) bonds in the B1/PBA/C10P ternary complex
(C10P (phosphate)-PBA, Ser7-PBA, and Ser1-PBA) was removed
to generate three separate complexes as the starting point for
MD simulation. In these structures, the boron atoms were sp>

4552 | RSC Adv, 2026, 16, 4549-4554

hybridized with an empty p orbital and adopt a trigonal planar
geometry (Fig. S11). The simulations showed that removing any
of the three oxygen-boron bonds (C10P-PBA, Ser7-PBA, or Ser1-
PBA) resulted in a more flexible structure that began to gradu-
ally deviate from the antibacterially active conformation
(Fig. S11 and S12). The extent of movement was quantitated by
measuring the root-mean-square deviation (RMSD, Fig. 4a)
relative to the initial structure and root-mean-square fluctua-
tion over time (RMSF, Fig. 4b). For residues other than Ser1 and
Ser7, these three structures displayed similar RMSF and RMSD
probability density distributions. The averaged RMSDs for the
complex missing the C10P-PBA, Ser7-PBA, and Ser1-PBA bonds
are within standard errors (1.69 + 0.15, 2.22 + 0.52, and 2.08 +
0.81 A, respectively). These results suggest that the three B-O
bonds contributed nearly equally to stabilizing the B1/PBA/
C10P ternary complex, as would be expected for a three-
component synergistic binding system. If B1/PBA was a stable
intermediate en route the eventual B1/PBA/C10P ternary
complex, MD simulation of the latter two (removing the Ser7-
PBA or Ser1-PBA bonds) would have destabilized the complex to
a much greater extent and manifest as greater movements due
to the removal of B-O bonds. Together, the ITC, NMR, and MD
simulation results are consistent with synergistic binding,
wherein the combined effect is much greater than the sum of
their separate effects.

Conclusion and discussion

We report herein the mechanistic study of a boron-dependent
antibiotic (BDA) B1, a synthetic analog of the CDA S1, using
ITC, NMR, and MD simulation. These two peptide antibiotics
inhibit bacterial growth by forming analogous ternary
complexes to sequester the key cell wall biosynthesis interme-
diate C55P (B1/PBA/C10P and S1/Ca(u)/C10P). While they show
comparable affinities for C10P, a surrogate of C55P soluble in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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aqueous solutions, their paths en route the final ternary complex
are different despite having the same target substrate and
analogous thermodynamic endpoints. Specifically, our data
suggest that S1 forms an intermediate binary complex with
Ca(u) and then bind C10P (Fig. 4c), whereas B1 shows syner-
gistic binding with no discernable intermediate (Fig. 4d).

Synergistic binding describes the phenomenon wherein
presenting two (or more) molecular entities simultaneously
shows a far greater affinity for the host than their individual
affinities combined. This phenomenon is reminiscent of the
Luban Lock, a traditional Chinese wooden toy that requires the
assembly of all pieces in the correct arrangement to form
a locked structure. The B1/PBA/C10P ternary complex reported
herein is unique in two ways even among synergistic binding
systems. First, while cases of protein-ligand synergistic inter-
actions have been reported, small molecule systems are
extremely rare.”*>* The binding and release of molecular oxygen
by hemoglobin is a classic example, wherein early binding
events induce conformational changes that make subsequent
binding events more favorable.***® Second, the early binding
events that lead up to the eventual synergistic complex are
usually weak but still detectable. An example is the DNA
synthesis complex, wherein the three molecular species
involved are the enzyme (E), i.e., DNA polymerase and the
primer/template complex, the metal cofactor (Mg(u)), and the
substrate (ANTP). The magnesium cation has only weak inter-
action with dNTP (K4 ~0.1 mM), and the other pairs (E/Mg(u)
and E/dNTP) do not have detectable interactions.>”*

Note that neither of the above are perfect examples. Our B1/
PBA/C10P complex is an extreme case that has no discernable
intermediate, and to the best of our knowledge, synergistic
binding systems with these features are unprecedented among
small molecules.”*** In the context of the peptide antibiotic B1,
synergistic binding can be viewed as a manifestation of speci-
ficity and a way to control activity, as it shows no affinity for the
isoprenyl phosphate substrate (C10P) in the absence of PBA,
and vice versa. Such a control mechanism would be useful in the
development of targeted anticancer drugs, for example, wherein
a molecular toxin is designed to be turned on only in the
presence of a tumor-specific molecule. Whether such
a phenomenon is general to other CDA synthetic analogs
remains to be seen. We are also exploring the possibility of
applying such a design principle to other bioactive small
molecules.
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