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A B S T R A C T   

Background: Recently, through comprehensive medicinal chemistry efforts, we have found a new daptomycin 
analogue, termed kynomycin, showing enhanced activity against both methicillin-resistant S. aureus and 
vancomycin-resistant Enterococcus in vitro and in vivo, with improved pharmacokinetics and lower cytotoxicity 
than daptomycin. 
Methods: In this study we compared the physicochemical properties of kynomycin with those of daptomycin from 
an atomic perspective by using Nuclear Magnetic Resonance spectroscopy and Molecular Dynamics simulations. 
Results and conclusion: We observed that kynurenine methylation changes daptomycin’s key physicochemical 
properties; its calcium dependent oligomerization efficiency is improved and the modified kynurenine strengths 
contacts with the lipid tail and tryptophan residues. In addition, it is observed that, compared to daptomycin, 
kynomycin tetramer is more stable and binds stronger to calcium. The combined experiments provide key clues 
for the improved antibacterial activity of kynomycin. 
General significance: We expect that this approach will help study the calcium binding and oligomerization 
features of new calcium dependent peptide antibiotics.   

1. Introduction 

Daptomycin is one of the few antibacterial agents developed to treat 
Gram-positive based skin infections and the first-in-class cyclic lip-
opeptide antibiotic in clinical use since 2003 [1]. The drug exhibits 
significant bactericidal activity against drug-resistant Gram-positive 
bacterial strains, including methicillin- and vancomycin-resistant 
S. aureus (MRSA and VRSA) and VRE [2–4]. However, the number of 
daptomycin resistant bacterial pathogens has increased at an alarming 
rate [5,6], thus there is an urgent need to fight back and develop a new- 
generation of daptomycin-based antibiotics. 

Despite daptomycin has been used in clinical for almost 20 years, its 
unique mode of action (MOA) remained uncertain. Recent reports follow 
a more similar path on the MOA: daptomycin undergoes calcium (Ca2+) 
induced oligomerization into micro-micelles which deliver it to the 
bacterial membrane at high localized concentrations [7–9]. When near 
to the bacterial membrane, the oligomer dissociates and penetrates the 
membrane bilayer, where it reassembles into channels leading to 

membrane depolarization and consequent cell death [10–12]. However, 
several of these key steps are not completely understood and therefore 
still highly controversial; different theories have been recently proposed 
showing that the MOA remains unclear [13–16]. 

Various research groups have established the structure-activity 
relationship (SAR) of daptomycin and produced analogues by semi- 
synthesis, chemo-enzymatic, combinatorial biosynthesis and total 
chemical synthesis [17–23]. We recently have performed a detailed SAR 
analysis on daptomycin and obtained 80 analogues via chemical syn-
thesis [24], from where we have observed that methylations of specific 
amino acids (Trp1, Gly5 and Kyn13) enhanced the daptomycin’s anti-
bacterial effect. In particular, the aniline group’s methylation at Kyn13 
in daptomycin showed the most dramatic effect on the activity, superior 
to that of daptomycin. Kynomycin eradicated both daptomycin-sensitive 
and -resistant MRSA and VRE in vitro and in vivo, and showed improved 
pharmacokinetics and lower cytotoxicity than daptomycin [25]. 

In this work, we analysed and compared the physicochemical 
properties of kynomycin and daptomycin from an atomic perspective by 
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using a combination of Nuclear Magnetic Resonance (NMR) spectros-
copy and Molecular Dynamics (MD) simulations. By using Ca2+ titration 
experiments and the analysis of different NMR parameters, the oligo-
merization of both daptomycin and kynomycin in the presence of Ca2+

and the peptide local conformation were studied. In addition, kyno-
mycin’s tetramer stability and binding to Ca2+ were calculated from the 
MD simulations. Overall, we have demonstrated that the methylation of 
Kyn13 changed kynomycin’s key physicochemical properties as 
compared to daptomycin. 

2. Results 

2.1. Kynomycin calcium mediated oligomerization 

We measured the NMR parameters associated with changes in 
conformation, Ca2+ binding and oligomerization. Some studies showed 
that adding calcium to daptomycin led to line broadening of the 1H-NMR 
signals due to chemical exchange between the Ca2+-free and Ca2+- 
bound daptomycin conformers and also by a change in T2 relaxation due 
to oligomerization [26–28]. Firstly, we studied the effect of stepwise 
increment of Ca2+ (Ca2+ titrations) to the cyclic peptides, kynomycin 
and daptomycin, respectively. 1H-NMR spectra were obtained using 
peptide: Ca2+ solutions in the range of 1:0 to 1:2.5 equivalents (Figs. 1, 
S1 and S2). As compared to daptomycin, the addition of Ca2+ to kyno-
mycin caused a more severe linewidth disturbance (LWHH, line width at 
half height, v1/2 in Hz), and many signals (i.e., see backbone NH region 
and CH3 group in MeKyn13) merged with the baseline (See Fig. 1a and 
S1a), while daptomycin needed almost three times more Ca2+ than 
kynomycin to obtain comparable line broadening levels (Fig. 1). 
Moreover, to study the contribution of each residue separately, we 

monitored and mapped the visible (no overlapped) protons’ LWHH 
changes of kynomycin and daptomycin (Figs. 1b, S1b and S2). MeKyn13 
and Trp1 residues showed stronger LWHH disturbance in kynomycin 
than in daptomycin; this fact could suggest a local change in confor-
mation around those regions in the presence of calcium. For each proton 
without overlap in the spectra we monitored and plotted the change in 
LWHH (∆v1/2) during the Ca2+ titration (See Fig. S2) and fitted the 
sigmoidal curves to obtain the Ca2+ dissociation constants (KD) 
(Table S1). The Ca2+ KD value of kynomycin is found to be lower than 
that of daptomycin. The results suggest that kynomycin may be more 
subject to oligomerize in the presence of Ca2+ than daptomycin, and that 
Trp1 and MeKyn13 local conformation might be different. 

When working with natural abundance 13C/15N samples, the use of 
1D 1H-NMR Ca2+ titrations in H2O/D2O allowed us to observe backbone 
NH signals and compare both peptides’ local changes in conformation 
and oligomerization. To obtain a site-specific view of this effect, the 2D- 
NMR Ca2+ titrations were conducted. We run 13C,1H-HSQC Ca2+ titra-
tions with kynomycin, monitored the changes in the peptides’ relaxation 
parameters and compared them to Ca2+ daptomycin titrations. In 
agreement with the 1D titrations, the presence of calcium also showed 
an increase in 13C/1H peak linewidth together with a decrease in peak 
intensity. Again, compared to daptomycin, the addition of Ca2+ to 
kynomycin caused a more severe peak intensity disturbance (Fig. S3). 
However, a significant change in chemical shifts (CS) was not observed, 
so we correlated the process with slow exchange (oligomerization KD 
values in the uM range). We monitored every peptide cross peak in-
tensity, and as a result, similarly to the 1D titrations, a sigmoidal trend 
upon adding Ca2+ was observed (Fig. S4). Next, we estimated the Ca2+

concentration required to decrease each 13C/1H peak intensity to 50% 
(we named it Ca2+C50, see Fig. S5) for both peptides. The average 

Fig. 1. Ca2+ dependent titrations. Titration of dap-
tomycin and kynomycin with molar equivalents of 
Ca2+ (0 to 2.5 equivalents). Panel (a) shows the 1H- 
NMR spectra of the backbone NH region. Resolved 
peptide resonances are highlighted. Panel (b) shows 
the line width at half height (LWHH, v1/2 in Hz) of 
daptomycin (left) and kynomycin (right) against the 
molar equivalents of Ca2+ added (0 to 2.5; top to 
bottom plots). Red, green, yellow, blue and white 
coloured bands correspond to NHindole, aromatic, Hβ, 
CH3 and Hδ protons, respectively. Panel (c) shows 
kynomycin structure mapping the protons with 
ΔCa2+C50 values (Ca2+C50Daptomyin-Ca2+C50 
Kynomycin, in mM) between 1 and 2 (orange spheres) 
and > 2 (red spheres).   
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daptomycin Ca2+C50 value was calculated to be 7.39 mM, higher than 
for kynomycin (5.66 mM). 

Next, we looked in detail at each amino acid contribution individu-
ally. We estimated the Ca2+C50 difference between daptomycin and 
kynomycin for every CH signal (ΔCa2+C50 values, in mM). This value 
highlights the peptide regions showing stronger perturbation in kyno-
mycin compared to daptomycin. In detail, DAO (Decanoid acid chain), 
Trp1, Orn6, Asp3/9, Ala8, Gly10, MeGlu12 and MeKyn13 residues 
showed much higher ΔCa2+C50 values in kynomycin (Fig. 1c). More-
over, the region concerning DAO, Trp1 and MeKyn13 shows more sig-
nals with higher ΔCa2+C50 than the rest of the peptide. This result 
suggests that the local chemical environment around these areas in 
kynomycin may have changed, and may be now more buried into the 
oligomer structure than that for daptomycin. 

To further study the Ca2+ dependent oligomerization, we compared 
the peptides’ diffusion parameters during the Ca2+ titrations by 
acquiring Diffusion Ordered SpectroscopY (DOSY-NMR) experiments 
(Fig. 2, Fig. S6). While free kynomycin/daptomycin samples showed 
similar average diffusion coefficient values (LogD at − 9.508 and − 9.506 
m2s− 1 respectively, apo-state), the presence of Ca2+ affected their olig-
omerization differently. For instance, in kynomycin the presence of 2.5- 
fold more of Ca2+ altered the diffusion values (See table in Fig. 2, LogD at 
− 9.541 m2s− 1, estimated to be rH of 8.5 Å by using modified Stock-
s–Einstein equation based on a sphere model [29]), whereas in dapto-
mycin sample no significant effect was observed. These results were 
consistent with the 1H and 1H, 13C-HSQC Ca2+ titration results, where 
less amount of Ca2+ was required for kynomycin oligomerization than 
for daptomycin. We sequentially increased the peptide: Ca2+ concen-
tration to 1:4.5 ratio in order to saturate the peptide oligomer equilibria 
and measured the diffusion constants. At each Ca2+ adding point 
kynomycin showed higher diffusion constants than daptomycin (See 
Table in Fig. 2), and at the maximum Ca2+ concentration measured, 

kynomycin rH values were comparable to the estimated radii of gyration 
from the simulated tetramer (RgMD). Daptomycin rH values at maximum 
calcium concentration were found slightly lower than the simulated 
RgMD. 

Next, we performed Ca2+ NMR titrations at different peptide con-
centrations. Analysed from the 2D-DOSY spectra of daptomycin and 
kynomycin at different concentrations in the absence of Ca2+ (See 
Fig. S7), both daptomycin and kynomycin diffusion values were con-
stant, suggesting that under our experimental conditions, daptomycin 
and kynomycin remained in monomer state in the absence of Ca2+. 

From 1H and 2D-DOSY Ca2+ NMR titrations, we found that kyno-
mycin and daptomycin at low peptide concentrations behaved differ-
ently than at high peptide concentrations. In contrast to the titrations at 
high peptide concentrations (2 mM, Fig. 2), at low concentrations (0.5 
mM), LWHH and diffusion values were unaffected using up to 1:19 
peptide: Ca2+ ratios (See Figs. 2, S8A and C). However, spectra showed 
changes in 1H CS and peak intensities (See Fig. S8B) suggesting that both 
peptides at low concentrations bind to Ca2+ in monomeric form. We 
monitored the changes in peak intensity during daptomycin an kyno-
mycin Ca2+ titrations (Fig. S9) and observed similar trend with that at 
high peptide concentrations; signals coming from kynomycin showed a 
more severe peak intensity disturbance than daptomycin signals. 
Moreover, the estimated kynomycin Ca2+ KD values were slightly lower 
than the ones from daptomycin at low peptide concentrations (See 
Fig. S10 and Table S2). The results altogether suggest that at both low 
and high peptide concentrations, kynomycin binding to Ca2+ is stronger 
than daptomycin. 

To further confirm the Ca2+ binding results, we compared the 
binding affinity of kynomycin and daptomycin to an artificial lipid 
bilayer in the presence of Ca2+ by ITC (See Fig. 3). Our data showed that 
when the lipid bilayer was titrated against kynomycin in the presence of 
Ca2+, kynomycin exhibited lower Kd values than with daptomycin [Kd of 

Fig. 2. Kynomycin and daptomycin oligomer size. 2D-DOSY spectra of daptomycin (left) and kynomycin (right) in the free state (in black), and after adding 2,5, 3, 
3,5 and 4.5 increments of CaCl2 (shown in red, yellow, blue and brown). The average diffusion coefficient (LogD, m2s− 1, at 2 and 0.5 mM), hydrodynamic radii (rH Å, 
at 2 and 0.5 mM) and MD derived radii of gyration (RgMD, Å) values for each Ca2+ titration investigated are displayed. 
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31.75 ± 0.04 μM (n = 3) for kynomycin and 71.60 ± 0.08 μM (n = 3) for 
daptomycin]. The results showed that kynomycin in the presence of 
Ca2+ binds tighter to the artificial lipid bilayer. 

2.2. Peptide Ca2+ bound conformation 

We analysed the structures of daptomycin and kynomycin in the 
absence (apo-form) and presence (oligomer-state) of Ca2+ from 1H, 1H- 
NOESY experiments. Both in the presence and absence of Ca2+, when 
looking at the NH/Hα region, kynomycin and daptomycin eNOEs 
pattern and intensity were comparable (data not shown). Therefore, as 
same as reported for daptomycin [27,30–32], kynomycin showed no 
obvious differences in peptide backbone structure. Fig. 4 comprises the 
1H, 1H-NOESY spectra region containing DAO, Trp1 and Kyn/MeKyn13 
side chains. In detail, as shown in Fig. 4a, the absence of NOEs cross 
peaks in the DAO chain region suggests a high level of flexibility of this 
moiety for both daptomycin and kynomycin in the apo-state. These 
findings were consistent with previously reported for daptomycin in the 
apo-state [27]. However, in the presence of Ca2+ we observed local 
conformational changes around the DAO chain and several peptide side 
chains. The spectra of both compounds showed clear eNOEs between 
aromatic protons from Trp1 and Kyn/MeKyn13 and DAO. However, we 
found more eNOEs between MeKyn13/Trp1 and DAO in kynomycin 
than in daptomycin (Fig. 4b, c and Table S3). Moreover, we exclusively 
detected eNOEs between Trp1 and MeKyn13 in kynomycin: Ca2+ sample 
(Fig. 4d). These data suggest that Kyn13 methylation in kynomycin af-
fects its side chain conformation to strengthen the contacts with Trp1 
and the fatty acid chain in the oligomer state. 

2.3. Kynomycin Ca2+ mediated tetramer oligomerization 

To obtain more information about the Ca2+ dependent oligomeri-
zation of kynomycin, MD simulations of daptomycin and kynomycin 
tetramers were performed. Prior to the simulation, the distance between 
monomers was kept to >1.5 nm. For both peptides, after starting the 
simulations, the monomers started to become closer to each other due to 

thermal motion and the radius of gyration (Rg, Å) of the putative 
tetramer oscillated in a large range (15–45 Å). After 200–300 ns of 
simulation, the Rg curves reached a plateau which remained constant 
until the end of simulation (see Fig. S11). We calculated the average Rg 
values using the last 10 ns of the MD trajectories. The average Rg for 
daptomycin tetramer was 11.3 Å and for kynomycin tetramer 11.5 Å 
(see Fig. 2 and S11). Strictly, these two peptides exhibited similar geo-
metric size in the tetrameric state. To further analyse the assembling 
process, we monitored the distances between monomers. Herein, we 
focus on the centres of mass of the backbone atoms forming the 
macrocyclic rings. From Fig. S12, we found a similar phenomenon for 
daptomycin and kynomycin. The peptides first form trimers and then 
between 240 and 300 ns the fourth monomer binds to the trimer to form 
the tetramer. 

Next, we monitored the solvent accessible area (SASA) for each 
residue during the course of the simulation. A general decreasing trend 
in the SASA values for DAO, Trp1 and Kyn13/MeKyn13 was observed 
after the formation of the tetramers; which tended to get more buried in 
the oligomeric states. (Fig. S13A-B). This observation was further 
confirmed when comparing the average SASAs of these residues with 
those in the apo-form peptides (Table S4-S5). We observed exceptions 
for two DAO chains (B and D) in daptomycin and two DAO chains (B and 
C) in kynomycin, for which the SASA was either not significantly 
reduced or fluctuated until the end of the simulations. These results 
suggested that the alkyl chain showed intrinsic flexibility and allowed it 
to adopt different packing modes with other residues. Even though the 
high flexibility of the tetramer complexes during the simulation (See SD 
values in Table S4), we observed slightly different SASAs trend in some 
residues between daptomycin and kynomycin (i.e., see Trp1, Orn6, 
Asp7, Asp9, Glu12 and Kyn/MeKyn13 in Table S4). In contrast to these 
mentioned residues, the majority of other hydrophilic residues were 
more exposed to solvent with not strong SASAs change (Fig. S13A-B, and 
Table S5). 

Fig. 3. Representative ITC traces and binding curves of (a) titration between 0.1 mM daptomycin and 7.5 mM lipid bilayer in the presence of 1 mM Ca2+ and (b) 
titration between 0.1 mM kynomycin to 7.5 mM lipid bilayer in the presence of 1 mM Ca2+. 
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2.4. Core structures of daptomycin an kynomycin tetramers 

We extracted the final frames of tetramers MD trajectories and 
visually analysed DAO and its interactions with Trp1 and Kyn/MeKyn13 
(Fig. 5). In the case of daptomycin tetramer, we found both inter- 
molecular and intra-molecular interactions between the indole ring of 
Trp1 and the alkyl chain of DAO (In Fig. 5a, see monomers B and D for 
intra-molecular DAO-Trp1 interactions, and monomers A-B and D–C for 
inter-molecular DAO-Trp1 interactions). In the case of Kyn13, its in-
teractions with DAO were mainly inter-molecular (see in Fig. 5A Kyn13 
in monomer C and B). When analyzing the core of kynomycin tetramer 
(Fig. 5b) we observed both inter-molecular and intra-molecular in-
teractions between DAO and Trp1/MeKyn13, which were found similar 
to daptomycin (for instance, Trp1 of monomer D was found in between 
DAOs of monomers A and D). 

As observed during the SASAs analysis, both daptomycin and 
kynomycin tetramer complexes were flexible. Therefore, to completely 
understand the dynamics of the complex, we monitored the trajectories 
of key distances between residues DAO, Trp1 and Kyn/MeKyn13 during 
the simulation (Fig. S14A-J). Moreover, we extracted from the trajec-
tories the DAO, Trp1, Kyn/MeKyn13 inter- and intra-residual distances 
which could show potential eNOEs (<3.5 Å, See Table S6). 

Comparing the core structures of daptomycin and kynomycin tetra-
mers during the simulations, we found a clear difference in Trp1 and 

Kyn/MeKyn13 local conformation preferences. Compared to daptomy-
cin, kynomycin tetramer showed more regular inter- and intra- 
molecular packing between Trp1 and MeKyn13 (Fig. 5d, S14A-D, F–I 
and Table S6). The four monomers in kynomycin showed intra- and/or 
inter-molecular Trp1-MeKyn13 and MeKyn13/MeKyn13 packing with 
distances which could derive to eNOEs for the majority of simulation 
(See Fig. 5d, S14J and Table S6); however, in daptomycin most of those 
residues were found far to produce consistent eNOEs (Fig. 5c, S14E, 
Table S6). Moreover, in comparison to daptomycin, in kynomycin 
tetramer we observed an increase in number and frequency of Kyn13- 
and Trp1-DAO intrachain interactions with possible eNOE correlation 
(Table S6 and Fig. S14E, J). The results were in agreement with the 
1H,1H-NOESY derived eNOEs in the presence of Ca2+ (Fig. 5 and 
Table S3). The lipid DAO-MeKyn13 and -Trp1 eNOEs observed in 
kynomycin were principally coming from intramolecular interactions, 
whereas Trp1-MeKyn13 eNOEs were both inter- and intra-molecular. 
Therefore, we can suggest that kynurenine methylation in daptomycin 
changes its local conformation; these evidences might account for the 
improvement in oligomerization. 

2.5. Kynomycin binding to Ca2+

The binding of Ca2+ ions to each peptide monomer in daptomycin 
and kynomycin was analysed. Fig. 6 shows the tetramers of daptomycin 

Fig. 4. Daptomycin and kynomycin Ca2+ bound conformation. Part of the 1H, 1H NOESY spectra of daptomycin (left) and kynomycin (right) in the apo-form (a) and 
in the presence of Ca2+ (b). Structures of Kyn/KynMe13, Trp1 and DAO for daptomycin (c) and kynomycin (d) showing eNOEs observed in (b) as double-headed 
arrows. Pertinent crosspeaks are annotated and highlighted in squares. List of observed eNOEs is shown in Table S3. DAO, Decanoid acid chain. 
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and kynomycin in the presence of calcium, and the plots show the closest 
distances between each Ca2+ and any oxygen atom of each monomer. 
The horizontal lines around 2.6 Å indicate the binding of Ca2+ to an 
oxygen of the peptide chain. In the case of daptomycin (Fig. 6, top 
panel), we observed Ca2+ number 1 (Ca1) steadily binding to monomer 
A until the end of the simulation when it also binds to monomer C. 
During the whole simulation, the Ca2+ number 2 was very active and it 
sequentially bound to dimers B/C, A/B, B/D and A/D (See Fig. 6, top 
panel). The binding of Ca4 to monomer D was also unstable. During the 
first 200–300 ns of simulation, Ca4 diffused away from monomer D and 
transiently bound to monomer B. Although it bound back to monomer D 
after 300 ns, it switched to monomer B after 450 ns. The only exception 
was Ca3 which simultaneously bound to monomers B and C shortly after 
the start of the simulation and the binding lasted until the end of the 
simulation. 

In the case of kynomycin (Fig. 6, bottom panel), different Ca2+ be-
haviours were found. A simultaneous Ca1 and Ca4 interaction with two 
and three monomers was observed, respectively. Ca2 steadily bound to 
monomer D after 250 ns of simulation and occasionally bound to 
monomer A. The only exception was Ca3 which bound to monomer D 
shortly after starting the simulation and the binding lasted until the end 
(See Fig. 6, bottom panel). The results suggest that Ca2+ binds more 
stable to kynomycin tetramer than to daptomycin tetramer, which 
agrees with the Ca2+ affinity values calculated from the NMR Ca2+

titrations. 

2.6. Kynomycin tetramer stability 

Next, high-temperature MD simulations were performed to evaluate 
the stability of kynomycin and daptomycin tetramers [33]. We choose 
100 ◦C (temperature sufficient to break intramolecular interactions) and 
simulate both tetramers in the presence of Ca2+. As shown in Fig. 7, 
three dissociation events for daptomycin appeared as evidenced by the 
sudden jumps in the Rg curve. In contrast, the fluctuation magnitude of 
the Rg curve for kynomycin was much smaller and never reached Rg 

values higher than 15 Å, indicating the tetrameric structure of kyno-
mycin was still maintained even at high temperatures. Therefore, we can 
suggest that the Ca2+-bound kynomycin tetramer was more stable than 
that of Ca2+-bound daptomycin. 

3. Discussion 

Structural modifications of small molecule antibiotics have led to 
many generations of new antibiotics with improved activities, while 
development of next generation-cyclic peptide antibiotics has not been 
successful. Recently, through comprehensive medicinal chemistry 
studies on daptomycin, we discovered kynomycin as a daptomycin de-
rivative with improved antibacterial profiles. Herein, we showed that 
kynurenine methylation as in kynomycin changes daptomycin’s key 
physicochemical properties which could be associated with its improved 
antibacterial activity. We found that kynomycin was more subject to 
oligomerize in the presence of Ca2+ than daptomycin and showed 
stronger contacts between the lipid tail and Trp1 and MeKyn13 residues. 
We observed that, compared to daptomycin, kynomycin tetramer was 
more stable and its Ca2+ affinity was higher. 

The mechanism of action of daptomycin has been investigated 
extensively, and recent reports are following a similar path for its mode 
of action: daptomycin oligomerizes in the presence of Ca2+ and pene-
trates the membrane bilayer [7–12]. When inserted into the membrane, 
daptomycin will bind to phosphatidylglycerol and reassemble into 
channels causing membrane depolarization and consequently cell death. 
However, new theories have been proposed recently. For example, some 
studies suggest that daptomycin recruits essential cell division and 
peptidoglycan biosynthesis machinery components which will dramat-
ically change cell morphology and disrupt cell wall biosynthesis leading 
to a breach in the membrane and cell death [14–16]. Moreover, details 
regarding how specifically some of these events occur remain uncertain: 
for example, whether daptomycin can oligomerize when in solution so 
that delivers a large peptide concentration to the cell membrane; 
whether those oligomers are Ca2+ free or Ca2+ bound, whether the 

Fig. 5. Kynomycin and daptomycin core structures. Interactions between DAO, Trp1 and Kyn/MeKyn13 in (a, c) daptomycin and (b, d) kynomycin tetramers are 
shown. Peptide chains from monomers A, B, C, D are coloured in green, cyan, yellow and pink, respectively. Dashed lines in black show DAO-Trp1/Kyn/MeKyn13 
and interactions and in red Trp1-Kyn/MeKyn13 and Kyn13 interactions. DAO lipid chain, Trp1 and Kyn/MeKyn13 are labelled with their residue numbers. 
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oligomer dissociates and penetrates the membrane bilayer and whether 
daptomycin forms well-defined oligomers in the membrane. 

In our study, we do not try to reveal new findings in daptomycin’s 
MOA, but we aim to understand in atomic detail the differences between 
kynomycin and daptomycin based on previous hypothesis raised about 
daptomycin MOA (which in our study, were Ca2+ binding and oligomer 
formation) by using NMR spectroscopy and MD simulations. 

Previous works hypothesized that daptomycin requires calcium in 
the form of Ca2+ to form a micellar oligomer in solution [26,30], and 
that in the surroundings of the bacterial membrane where the peptide 
local concentration is higher, it can oligomerize [7–9]. This complex is 
required for daptomycin to bind to the bacterial membrane as a 

dissociated monomer or as Ca2+ bound-oligomer. Therefore, based on 
this hypothesis, we measured kynomycin’s specific NMR parameters 
associated with changes in conformation, Ca2+ binding and mediated 
oligomerization and compared them to daptomycin’s. 

Some studies showed that adding Ca2+ to daptomycin led to line 
broadening of the 1H-NMR signals [26–28]. This event was mainly 
caused by chemical exchange between the Ca2+-free and Ca2+-bound 
daptomycin conformers and also by a change in T2 relaxation due to 
oligomerization. As we showed, compared to daptomycin, the addition 
of Ca2+ to kynomycin caused a more severe increase in linewidth and, 
specifically the methylated form of Kyn and Trp showed stronger 
disturbance. Upon the addition of Ca2+ we also observed stronger 

Fig. 6. Kynomycin and daptomycin binding to calcium. Representative daptomycin and kynomycin tetramer structures in the presence of calcium ions are shown. 
Calcium atoms Ca1-Ca4 are shown as grey spheres, and peptide chains A, B, C, D are coloured in green, cyan, yellow and pink, respectively. Distance monitoring 
between each Ca2+ atom and any oxygen atom of each daptomycin monomer (chA-chD, top plots, Ca1-Ca4) and kynomycin monomer (bottom plots, Ca1-Ca4) during 
the MD simulation is represented. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 7. High-temperature stability of kynomycin and daptomycin tetramers. Rg profiles (in Å) of Ca2+-bound daptomycin (left) and kynomycin (right) tetramers at 
100 ◦C during the simulation. 
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changes in kynomycin’s 13C/1H peaks intensity and diffusion coefficient 
values than to those of daptomycin. Moreover, by combining eNOEs and 
MD derived distances we observed in kynomycin that Kyn13 methyl-
ation strengthen its contacts with Trp1 and the fatty acid chain DAO in 
the oligomer state. The results suggest that kynomycin may be more 
prompt to oligomerize in the presence of Ca2+ than daptomycin, and 
that methylation at Kyn13 may stabilize even more the oligomer, by 
improving kynomycin inter- and intra-molecular interactions. The 
improvement in kynomycin’s oligomer stability was further confirmed 
by the tetramer simulations at high temperature. We are also aware that 
Ca2+ concentration in serum is around 1.2 mM, but in order to estimate 
dissociation constants (KD) and differentiate between kynomycin and 
daptomycin behaviour we needed to run a titration curve using higher 
and lower Ca2+ concentrations than 1.2 mM. 

Few recent reports using small-angle x-ray scattering (SAXS), small 
angle neutron scattering (SANS) and fluorescence energy transfer 
(FRET; using NDB linked daptomycin) found that daptomycin may 
behave differently at different concentrations and in the presence or 
absence of Ca2+ [8,28,34]. Their results suggest that the relevant form of 
daptomycin in terms of its mode of action might be the monomeric form. 
For our study, we chose to use NMR spectroscopy because it is a 
powerful technique to study the dynamics of complex systems at atomic 
resolution, in solution without the need of fluorophore labelling. It can 
detect slight changes in relaxation and diffusion parameters due to 
changes in temperature, concentration, pH, binding to other molecules, 
and even more determine the regions in the molecule which are more or 
less perturbed. One of the main limitations in the use of NMR for our 
study was that to obtain a decent signal, we needed to use peptide 
concentrations in the low mM-high uM range. In the beginning of the 
study, for the Ca2+ titrations we used same peptide concentrations as 
previously reported for daptomycin NMR experiments (2 mM) [26,27], 
and in the same range as used for fluorescence [35,36], isothermal 
calorimetry (ITC) [7], and circular dichroism (CD) [7] studies. We also 
believe that following the “carpet model” theory for antimicrobial 
peptide membrane disruption [37], our experimental conditions might 
reflect the high local peptide concentration in the extracellular space 
near the bacterial membrane prior insertion. However, in agreement 
with previous reports [8,28,34], we found that kynomycin and dapto-
mycin remained in monomer state at low concentrations both in the 
absence and presence of Ca2+. Thus, we suggest that at this concentra-
tion, changes in relaxation parameters were exclusively caused by Ca2+

binding, and not by Ca2+ mediated oligomerization. Moreover, we 
found that at low peptide concentrations Ca2+ binds stronger to kyno-
mycin than to daptomycin. These results were in agreement with the 
observations of Ca2+ binding from the MD simulations. Therefore, the 
results showed that kynomycin stronger KD values (Table S1–2) were 
associated with an improvement in kynomycin’s Ca2+ mediated oligo-
merization ability to a higher extent (high inter/intra-monomer in-
teractions) and to Ca2+ binding to a lesser extent. 

In conclusion, our results show that kynomycin’s enhanced anti-
bacterial activity can be due to the improvement in key physicochemical 
features like Ca2+ binding and Ca2+ mediated oligomerization. Due to 
the increasing number of recently discovered Ca2+ dependent peptide 
antibiotics, we believe that this NMR-MD based approach could be 
applied for the SAR determination of new analogues. 

4. Material and methods 

4.1. Daptomycin and kynomycin characterization by NMR 

The NMR experiments for kynomycin and daptomycin chemical 
shifts assignment were performed on preparations at 2 mM in PBS buffer 
(pH 7.4) and 10% of D2O (Cambridge Isotope Laboratories). 1H NMR 
chemical shifts were referenced to external 3-trimethylsilyl-(2,2,3,3- 
D4)-propanoate (TSP, δH 0.00, Isotec Inc.). The temperature was set 
up at 298 K. Most of daptomycin 1H NMR chemical shifts were available 

from the literature [30]. For the assignment of daptomycin and kyno-
mycin 13C/1H NMR resonances, standard 1D 1H NMR, 2D 1H,13C-HSQC, 
1H,1H-COSY, 1H,1H-TOCSY (70 ms of mixing time), and 1H,1H-NOESY 
(mixing times 150 and 400 ms) experiments were carried out on a 500 
Bruker Ascend spectrometer and 600 MHz Bruker Avance NEO Ultra-
shield spectrometer equipped with a TCI probe. 13C/1H chemical shifts 
assignments are shown in Table S7. 

4.2. Daptomycin and kynomycin Ca2+ mediated oligomerization 

The daptomycin and kynomycin samples for the initial 1H Ca2+ ti-
trations were prepared at 2 mM in PBS buffer and 10% or 100% D2O 
(Cambridge Isotopes, Andover, MA). Ten samples were obtained from a 
single preparation; a high concentrated solution of CaCl2 was added 
increasingly so that the molar ratio of daptomycin/kynomycin to Ca2+

ranged from 1:0 to 1:2.5 (CaCl2 sample concentrations of 0, 0.3, 0.7, 1, 
1.3, 1.7, 2, 3, 4 and 5 mM). For the 1H-NMR Ca2+ titrations at low 
peptide concentrations, kynomycin and daptomycin samples were pre-
pared at 0.5 mM in PBS buffer and 10% D2O. Thirteen samples were 
obtained from a high concentrated solution of CaCl2 keeping the molar 
ratio of daptomycin/kynomycin to Ca2+ ranged from 1:0 to 1:19 (CaCl2 
sample concentrations of 0, 0.035, 0.075, 0.15, 0.3, 0.6, 1.2, 2.4, 3.6, 
4.8. 6, 7.2, and 9.6 mM). 

All 1D 1H-NMR spectra collected at 298 K were recorded using a 500 
MHz Bruker Ascend spectrometer or a 600 MHz Bruker Avance NEO 
Ultrashield spectrometer equipped with a TCI probe. The spectra were 
acquired with 65 K data points, a spectral width of 15 ppm and a 
relaxation delay of 1 s. The spectra were all processed with the same 
phase correction and a line broadening of 1 Hz. The peak positions and 
linewidths (∆ⱱ1/2, LWHH) were determined by fitting each resonance to 
a Lorentzian by using the “peakw” option in Bruker Topspin software 
(Bruker). 1H-NMR chemical shifts were referenced to external 3-trime-
thylsilyl-(2,2,3,3-2H4)-propanoate (TSP, δH 0.00). Daptomycin and 
kynomycin 1H-NMR signals with different FWHH during the titration 
are shown. 

13C,1H-HSQC spectra were acquired with daptomycin and kynomy-
cin samples at a concentration of 2 mM in D2O PBS buffer. A solution of 
CaCl2 was added increasingly so that the molar ratio of daptomycin/ 
kynomycin to calcium ranged from 1:0 to 1:4.5 (CaCl2 sample concen-
trations of 0, 0.3, 0.7, 1, 1.3, 1.7, 2, 3, 4, 5, 6, 7, 9 mM). Spectra collected 
at 298 K were recorded using a 600 MHz Bruker Avance NEO Ultrashield 
spectrometer equipped with a TCI probe. The spectra were acquired 
with 1024 × 128 data points for the direct and indirect dimensions, a 
spectral width of 9 × 220 ppm and a relaxation delay of 1.5 s. The 
spectra were all processed with the same phase correction and a line 
broadening of 1 Hz. The peak positions and intensities were determined 
by using the manual “pickpeak” option in Bruker Topspin software 
(Bruker) and normalized against the free daptomycin/kynomycin 
spectra. For every signal, the Ca2+ concentration to reach 50% of peak 
intensity inhibition was calculated (Ca2+C50). 

For the Ca2+ KD estimation from linewidths or chemical shifts 
changes (∆ⱱ1/2 or ∆ẟ) we treated data as reported for low affinity 
binding process [38–40]. In detail, if we consider Ca2+ as ligand A which 
binds to a molecule P (daptomycin/kynomycin), to form a 1:1 complex 
A–P, the dissociation constant, KD will be defined by Eq. (1). 

KD = [A][P]
/
[AP] = koff

/
kon (1) 

All the fast-exchange NMR parameters (R; Δν1/2 or Δδ) can be cast in 
the following eq. (2) where αf is the free Ca2+ mole fraction and αb the 
bound fraction, (αf + αb = 1). 

Robs = αfRf +αbRb (2)  

where Rf and Rb are the corresponding NMR parameters of the free and 
bound states (Δν1/2f, Δν1/2b or Δδf, Δδb), respectively. These equations 
can be simplified for an excess of the free ligand to obtain eq. (3). 
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[P]T
/(

Robs − Rf
)
= [A]T +KD

/(
Rb − Rf

)
(3) 

The variation of (Robs - Rf) as a function of [A]T can be analysed in 
terms of two unknowns (Rb - Rf) and KD. Then we plot Robs - Rf versus 
[A]T allowing 1/(Rb - Rf) to be obtained from the slope of the sigmoidal 
titration curve (that is, the inflection point) and KD/(Rb - Rf) from the 
intercept on the y-axis. The equilibrium binding constant KD can be 
determined from the behaviour of any one of the observable Δν1/2 or Δδ. 
Evidence for daptomycin/kynomycin-Ca2+ interactions can be seen in 
the binding-induced line broadening Δν1/2 or chemical shift change Δδ 
in the peptide Ca2+ titrated NMR spectra, and the binding constant KD 
can be determined, according to eq. (3) with Robs = Δν1/2obs or Δδobs. 

4.3. Daptomycin and kynomycin Ca2+ mediated diffusion and oligomer 
size 

For the 2D-DOSY Ca2+ titration experiments we used a 2 and 0.5 mM 
daptomycin/kynomycin sample in PBS 10% and 100% D2O. 2D-DOSY 
experiments (standard pulse program “ledbpgp2s” and “stebpesgp1s”) 
were acquired using molar ratios of daptomycin/kynomycin to Ca2+

ranged from 1:0 to 1:4.5 (0, 0.3, 0.7, 1, 1.3, 1.7, 2, 3, 4, 5, 6, 7, 9 mM) for 
2 mM peptide concentration. Only Ca2+ titration samples with signifi-
cant changes in diffusion (starting from 1:2.5 ratios) were shown. For 
0.5 mM peptide concentrations, a ratio 1:19 peptide: Ca2+ was used (0, 
9.6 mM). The spectra were performed at 298 K on a 500 MHz Bruker 
ASCEND or a 600 MHz Bruker Avance NEO Ultrashield spectrometer 
equipped with a TCI probe and experiments were run using 3 mm NMR 
tubes without spinning to minimize convection. The number of linear 
gradient steps was set to 32. The gradient recovery delay time was 0.2 
ms and the eddy-current delay was 5 ms. Diffusion times and gradient 
pulse lengths were adjusted depending on the sample, (60–100 ms of 
diffusion time and gradient pulse length of 1.2–1.5 ms). The resulting 
NMR spectra were processed by Topspin software, and DOSY maps were 
generated using the AU DOSY module in Topspin. Averaged diffusion 
times (Log D) for each sample were calculated using the ‘f1sum’ macro in 
Bruker Topspin software. Kynomycin and daptomycin hydrodynamic 
ratio (rH, Å) were predicted using the Stokes-Einstein equation [29,41]: 

D = kBT/6πηrH  

where D is the diffusion coefficient (m2s− 1), kB is the Boltzman’s con-
stant and η is the viscosity of the solution. 

4.4. 1H,1H-NOESY derived restrains 

For both daptomycin and kynomycin, two samples (free and Ca2+) 
were prepared. The initial free daptomycin/kynomycin samples were 
prepared at 2 mM in PBS buffer and 10% D2O. The CaCl2 concentrations 
used for the 1H, 1H-NOESY experiments were estimated based on the 
line broadening obtained in the 1H-NMR spectra. To study the com-
pounds conformation in the presence of Ca2+, 4 and 1 mM of CaCl2 were 
added to the free daptomycin and kynomycin samples; peptides at these 
concentrations showed similar level of line broadening. The upper 
bounds for the different eNOE levels were classified in two classes: high 
(≤1.8–2.7 Å), low (≤2.8 to 3.5 Å). The lower distance limits were taken 
as the sum of the van der Waals radii of two hydrogen atoms (1.8 Å). 
Phase sensitive 1H, 1H-NOESY experiments of dapyomycin and kyno-
mycin were performed on a 500 MHz Bruker ASCEND spectrometer. The 
temperature was set up at 298 K. The spectra were acquired with a 
mixing time of 150 ms, a number of points 256 × 4 K in the F1 and F2 
dimensions, a spectral width of 15 ppm and a relaxation delay of 1 s. 

4.5. Isothermal titration calorimetry (ITC) assay 

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1- 
palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (sodium salt) 

(POPG) were purchased from Avanti Polar Lipids, Alabaster, AL, USA. 
For the preparation of lipid bilayer/large unilamellar vesicles (LUVs, 
containing POPC and POPG in 1:1 ratio) POPC (0.025 mmol) and POPG 
(0.025 mmol) stock solutions in methanol and chloroform mixture were 
transferred to a round-bottom flask. The solvents were evaporated under 
a stream of argon and the lipid film was further dried under vacuum for 
3 h. 1 ml of 10 mM HEPES buffer, 100 mM NaCl, pH 7.4 was used to 
hydrate the lipid film using slow agitation at room temperature. The 
resulting lipid suspension was then put into liquid nitrogen for 15 min, 
and incubated in a room temperature water bath for 15 min. The freeze- 
thaw cycle was repeated 5 times. The lipid bilayer suspension was 
diluted to the desired stock concentration and used immediately or 
stored at 4 ◦C and used within 2 days. 

The ITC measurements were performed at 25 ◦C using a MicroCal 
iTC200 (Malvern). The reference cell contained water. The sample cell 
was filled with 0.1 mM of daptomycin or kynomycin in 10 mM HEPES 
buffer, 100 mM NaCl, 1 mM CaCl2, pH 7.4. The sample syringe was filled 
with 7.5 mM POPC/POPG lipid bilayer in 10 mM HEPES buffer, 100 mM 
NaCl, 1 mM CaCl2, pH 7.4. A total of 20 injections, 2 μl per injection, 
with 0.5 μl for the 1st injection was performed, with a stirring speed of 
1000 rpm and 180 s spacing. Each experiment was performed in tripli-
cate. Curve fitting was performed using Origin software package. 

4.6. MD simulations of daptomycin or kynomycin: Computation methods 

All MD simulations were run with Gromacs (version 5.1) . To account 
for the highly flexibility of daptomycin, we used the AMBER03w force 
field [43] and the TIP4P2005 water model [44], because this combi-
nation has been shown to well describe intrinsic disordered proteins/ 
peptides [45]. All simulations were conducted under the constant 
number of particles, temperature and pressure (NPT) condition. The 
simulation temperature was set to 298.15 K or 398.15 K depending on 
the tasks of the simulations. The V-rescale thermostat [46] with a 
coupling constant 0.5 ps was used to control the simulation tempera-
tures. The Parrinello-Rahman barostat [47] was used to control the 
pressure and the coupling constant was set to 5.0 ps. A time step of 2 fs 
was used throughout all simulations. The van der Waals (vdw) in-
teractions were evaluated by twin-range cutoff method with the LJ po-
tential truncated at 1.0 nm. The PME method was used to evaluate 
electrostatic interactions and the potential was cut off at 1.0 nm. 
Because the optimize_fft option of Gromacs was turned on, the precise 
setups for the vdw and PME cutoffs were slightly different among these 
simulations. 

4.7. Daptomycin structures and force field parameters 

The NMR structure 1XT7 [30] was used to derive force field pa-
rameters for the non-canonical amino acids of daptomycin and kyno-
mycin. For D-amino acids, the force field parameters were copied from 
the corresponding L-amino acids in AMBER03w. According to the sug-
gestion in the original paper [45], the phase term of the correction of the 
backbone ψ torsion (N-Cα-C-Ni+1) was reversed. The force field pa-
rameters for ornithine (Orn) and (2S, 3R)-3-methyl-glutamic acid 
(mGlu) were taken from previous work [48]. For the crosslinked thre-
onine and kynurenine (Kyn) residues, we extracted them together and 
capped their amine groups with acetyl (Ace) groups and the carboxylate 
group with N-methyl (NMe) group. The resulting building block was 
subjected to geometry optimization by QM method (HF/6-31G(d)) with 
Gaussian 09 (revision D.01) [49]. Thereafter, the RESP method [50] was 
applied to derive atomic charges by using AMBER Tools 16 [51]. Atom 
types of atoms in these two residues were chosen from similar atom 
types in the AMBER03w force field. Parameters for bonding and non- 
bonding terms were copied from AMBER03w accordingly. For kyno-
mycin, the same procedure was followed to derive force field parameters 
for non-canonical amino acids. We assumed that the methylation only 
affects the charge distribution on the Kyn residue and fixed the partial 
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charges on threonine. For the N-terminal lipid (denoted as DAO), we 
capped it with N-methyl amine group and derived atomic charges using 
the RESP method as well. The complete parameter sets of these residues 
are provided in the Supporting Information. In order to further inves-
tigate the applicability of the AMBER03w force field and the derived 
parameter sets mentioned above, the first structure of the NMR 
ensemble 1T5M [30] was subject to MD simulations, each lasting 500 ns. 
The trajectories were compared with the 1T5M ensemble and the 1XT7 
structure. The backbone root mean squared deviation (RMSD) curves 
showed that all these conformations were sampled by the MD simula-
tions when choosing the hit criteria as RMSD <2.0 Å. 

4.8. Assembling and disassembling of daptomycin and kynomycin 
tetramers 

For either cyclic peptide, four copies of the peptide were placed in a 
cubic box of 8.44*8.44*8.44 nm [44]. The box was solvated with 
TIP4P2005 water and Ca2+ ions were added at randomly chosen posi-
tions. The system was then neutralized by 100 mM NaCl. Two phases of 
equilibrium simulations were performed sequentially at NVT and NPT 
conditions and with temperature set to 298.15 K. Position restraints 
were applied to the backbone atoms of the four peptide molecules and 
the force constants of position restraints were set to 1000 kJ mol− 1 nm− 2 

for all three Cartesian dimensions. After the equilibration simulations, 
position restraints are removed and the system was subject to 500 ns 
NPT simulation. For the disassembling of daptomycin and kynomycin 
tetramers, the last frame of the 500 ns assembling trajectory was 
extracted and heated to 398.15 K. After two phases of equilibrium 
simulations with position restraints on the backbone atoms of the pep-
tide, a production simulation was propagated to 500 ns [33]. 

4.9. Analyses of MD simulation trajectories 

All trajectories analyses were performed by using tools in the Gro-
macs package [42]. The radius of gyration (RgMD) and solvent accessible 
surface area (SASA) were calculated by using ‘gyrate’ and ‘sasa’ func-
tions. The contacts between defined groups were evaluated as the 
minimum distance between two groups of atoms by the tool ‘mindist’. 
The frequency of the potential 1H–1H eNOE correlation for DAO, Trp1, 
Kyn13 protons was calculated as the population (%P) of distances 
smaller than 3.5 Å during the last 200 ns (i.e., 300-500 ns) of the MD 
trajectories. To be specific, we picked the minimum distance at each 
time point from all proton pairs that were observed in the NOEs spec-
trum and then calculated the population of distances smaller than 3.5 Å. 
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