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ABSTRACT: Keratinicyclins and keratinimicins are recently discovered glycopeptide antibiotics (GPAs). The latter are canonical
GPAs with broad-spectrum activity against Gram-positive bacteria, while keratinicyclins form a new chemotype by virtue of an
unusual oxazolidinone moiety and exhibit specific antibiosis against Clostridium difficile. Here, we investigated the three-dimensional
structures and functional consequences for both molecules. Equilibrium binding studies showed tight binding by keratinimicin A, but
not keratinicyclin B, to the peptidoglycan terminus. Using protein crystallography methods, we solved the X-ray crystal structures of
both GPAs, which, in conjunction with DFT calculations, indicate that the inability of keratinicyclin B to bind the peptidoglycan is
governed by steric factors. Keratinicyclin B, therefore, interferes with an alternative target to inhibit C. difficile growth, a conclusion
confirmed by checkerboard analysis that revealed synergistic activity with vancomycin. Our results set the stage for identifying the
molecular target of keratinicyclins and for exploring their therapeutic utility in combination with vancomycin.

Glycopeptide antibiotics (GPAs) have been indispensable in
the fight against infectious disease.!* To date, over a hundred
members have been characterized giving rise to at least five dif-
ferent structural classes. Mode of action studies, many con-
ducted before the structure of the founding member vancomy-
cin (1, Fig. 1) was solved,”® have identified the growing pepti-
doglycan chain as the target of 1. Specifically, five H-bonds
have been shown to be essential in binding the D-Ala-D-Ala ter-
minus of the peptidoglycan. Aside from uncovering additional
biological targets, the discovery of new GPAs provides oppor-
tunities to study the relationship between structure and function
as well as the mechanisms underlying molecular recognition.’
Keratinimicins and keratinicyclins are two such new analogs.'°
Keratinimicin A (2) is a class IT GPA that exhibits broad-spec-
trum activity against diverse Gram-positive bacteria. Ke-
ratinicyclins, on the other hand, form a new chemotype within
the GPAs owing to the presence of an unusual N-terminal oxa-
zolidinone. Variant B (3) harbors antiviral properties and only
specific antimicrobial activity against Clostridium difficile.'°
Both 2 and 3 were identified following activation of a silent bi-
osynthetic gene cluster in Amycolatopsis keratiniphila, and
their structures were elucidated by extensive NMR analysis.
Two aspects, however, remain unresolved. Absolute configura-
tions of stereogenic centers were inferred from bioinformatic
analyses, but have not been experimentally determined. More-
over, the lack of broad antibacterial activity for 3, despite con-
taining all H-bonding components to bind D-Ala-D-Ala, re-
mains unexplained. Here, we address these topics using a com-
bination of experimental and computational studies.

To explore whether lack of peptidoglycan binding by 3 ex-
plains its narrow-spectrum antimicrobial phenotype, we carried
out equilibrium binding studies using isothermal titration calo-
rimetry (ITC). As control, we first tested binding of 1 to the
Na,Ne-diacetyl-L-Lys-D-Ala-D-Ala tripeptide — the terminal
three residues of a typical Gram-positive peptidoglycan — and
observed formation of a 1:1 complex with a Kq of 2.7 + 0.4 uM
as well as AH and TAS of -8.6 + 0.5 kcal/mol and -0.96
kcal/mol, respectively (Fig. 2A). Both the affinity and entropic
penalty for binding the tripeptide are consistent with previous
results for vancomycin.!' Ligand binding induces back-to-back
dimerization of 1 via intermolecular H-bonds.'>!* However, we
did not probe cooperativity under our ITC conditions, as the op-
erating concentrations were below the equilibrium constant for
dimerization. With 2, we also observed formation of a 1:1 com-
plex, this time with a K4 of 1.7 £ 0.3 uM, AH of 7.0 + 0.3
kcal/mol and TAS of 0.85 kcal/mol (Fig. 2B). Thus, while AG
for the interaction is similar for 1 and 2, binding by 2 is both
enthalpically and entropically driven. We suspect that the en-
tropic gain with 2 stems from increased solvent disorder upon
ligand binding as keratinimicin is significantly more hydropho-
bic than 1. Keratinicyclin B, on the other hand, did not bind the
tripeptide at several concentrations tested despite the presence
of the five canonical H-bonding moieties (Fig. 2C). Based on
the sensitivity of our set-up, we estimate a K4 >0.5 mM.

Extensive studies by Perkins, Williams, and others have de-
fined the molecular basis for interaction between 1 and its tar-
get.!"8 Collectively, they suggest three hypotheses that may ex-
plain why 3 does not bind the tripeptide. (i) The charged N-ter-
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Figure 1. Structures of GPAs studied herein. The seventh residue is shown in blue, where keratinicyclin B instead contains an oxa-
zolidinone. The amide that is flipped out in a 6mer vancomycin is shown in green.
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Figure 2. Binding of GPAs to the tripeptide ligand. Shown are ITC-derived binding isotherms for 1 (A), 2 (B), 3 (C), and 4 (D).
Complex stoichiometry (N), Ka, AH, TAS, and AG for the interaction are given in each plot.



minal ammonium group of 1 is known to be important for lig-
and binding, accounting for 1.5-2 kcal/mol of the interaction.'
In contrast to 2, which contains a charged amino terminus at
neutral pH, the oxazolidinone of 3 is uncharged. (i7) Williams
and colleagues have shown that the 6mer version of 1, in which
the N-terminal N-Me-D-Leu has been removed by Edman deg-
radation (1"), does not bind the tripeptide ligand." This has been
attributed to disruption of the position of the residue 6 amide in
1 (Fig. 1), which flips out of the binding pocket thereby pre-
cluding or weakening the interaction with the tripeptide. Fi-
nally, (iii) Perkins demonstrated that the binding pocket for the
peptide ligand is rigid and small;® sterics are therefore important
for the interaction, a conclusion that has been verified by struc-
tural studies of the vancomycin-tripeptide complex.”*

To test hypothesis (i) above, we turned to keratinimicin C (4),
a natural derivative of 2 in which the N-terminal amine is re-
placed with a ketone, thereby removing the positive charge at
this position.!” ITC binding studies with 4 yielded a Kq of 2.8 +
0.3 uM as well as AH and TAS of -7.4 £ 0.3 kcal/mol and 0.2
kcal/mol, respectively, similar parameters as 2 (Fig. 2D). This
result is consistent with the analogous bioactivity profiles of 2
and 4.!° Thus, the lack of positive charge at the oxazolidinone
of 3 does not explain its inability to bind the target peptide.

Next, we explored the topology of the two GPAs and assessed
the second hypothesis by determining structures of 2 and 3 us-
ing X-ray crystallography. Repeated attempts to crystallize both
compounds via small molecule crystallization methods failed.
However, using vapor diffusion techniques typically employed
for proteins, we successfully generated crystals of 2 and 3 suit-
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able for X-ray diffraction analysis. Their structures were subse-
quently solved to 0.95 A resolution (Table S1), thus providing
information regarding the backbone conformation and the ab-
solute configuration at chiral centers (Fig. 3, Fig. S1-S2).

The crystal structure of 2 reveals a typical cup-shaped topol-
ogy, the backbone configuration of which aligns well with the
structure of 1 (PDB accession 1FVM, chain A rmsd of 0.36 A
over 28 atoms, Fig. 3A-C).® Intriguingly, we observed formate
and chloride ions derived from the crystallization conditions,
occupying similar sites as the terminal carboxyl group and an
amide of the tripeptide, when compared to the complexed van-
comycin crystal structure, supportive of an analogous binding
mode. The structure of 2 confirms the absolute configurations
we proposed based on NMR and bioinformatic analyses of the
ker gene cluster.!® Crystallographic data obtained for 3 likewise
verify the absolute configurations proposed in the original
structural studies (Fig. 3D). They further reveal the oxazoli-
dinone in near perpendicular arrangement with respect to the
plane created by the central aryl-ether-crosslinked aromatic
sidechains. Alignment of 2 and 3 shows that their backbone
conformations are almost identical with rmsds between 0.14-
0.25 A over 24 atoms when comparing equivalent chains (Fig.
3E, Movie S1). Indeed, the position of the H-bonding partners
that are important in binding the tripeptide are entirely homol-
ogous, and the central amide of residue 6 is not flipped away
from the binding site. It thus seems unlikely that hypothesis (ii)
explains the disparate tripeptide binding properties of 2 and 3.

The experiments thus far rule out explanation (i) and (ii). In
order to evaluate the impact of sterics and the third hypothesis
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Figure 3. X-ray crystal structures of 2 and 3. (A) Structure of 2; amino acids, formate, and chloride are labeled. (B) Overlay of the
structures of 1 and 2. (C) Space-filling model of 2 bound to the tripeptide. The inset shows the view of the complex from above. (D)
Crystal structure of 3. The peptide bond that flips out in compound 1’ is marked (*). (E) Overlay of the structures of 2 and 3. (F)
Space-filling model of 2 bound to the tripeptide. The inset shows the view of the complex from above. Dashed line highlights possible
0O-0 repulsion between 3 and the ligand. Details regarding crystallographic dimers of 2 and 3 are outlined in the SI (Fig. S1-S2).



outlined above, we used the position of the formate and chloride
and the overall structural congruence of 1, 2, and 3 to generate
a model of the tripeptide complex of 2 and 3 (Figs. 3C, 3F). The
resulting space-filling models highlight the importance of CI-
Hpg7 in creating a small rigid binding pocket that locks the
tripeptide ligand in place. This steric lock is missing in 3, which
may explain the different affinities of 2 and 3 for the tripeptide.
Moreover, the model shows a short distance (~3.6 A) between
the oxazolidinone carbonyl-oxygen and the terminal carboxyl
group of the ligand (Fig. 3F), possibly causing a repulsive in-
teraction. This distance is similar to the O-O repulsion that ren-
der bacteria, which incorporate D-Ala-D-lactate, resistant to
1.1%18 In the absence of simple experiments to test the im-
portance of steric and stereoelectronic effects, we resorted to
DFT-based calculations, in which we sought to estimate the
contribution toward binding energy provided by Cl-Hpg7 in 2.

DFT optimizations were performed at the B3LYP/6-31G**
level, selected to more accurately describe H-bonding interac-
tions.!*?° Frequency calculations provided thermochemical val-
ues and ensured an energetic minimum; use of the polarizable
continuum model helped simulate the electrostatic effects of
water.?! Using Avagadro, hydrogens were added to models of
the tripeptide-complex of 2 and 3 assuming neutral pH.?>* The
resultant complexes were then energy-minimized with the
UFF?* forcefield to help with steric clashes brought on by the
alignment procedure, before DFT optimization. We also com-
puted the binding energy of desleucyl-1 (1), which does not
appreciably bind the tripeptide (Ka ~ 20 mM),'> and a variant of
3 in which the carbonyl-oxygen of the oxazolidinone is replaced
with an NH group (3’) to test the effect of O-O repulsion.

Binding energies, enthalpies, and Gibbs free energies were
computed for various GPA-ligand complexes (Table 1, Tables
S2-S6). As is typical, the calculated AG values differ from those
obtained experimentally, because only a single optimized con-
former is sampled in calculations whereas many microstates are
averaged in solution. Computationally-derived binding energies
for 1 and 1’ were consistent with reported experimental results
in which the latter is effectively unable to bind the tripeptide.'
The calculated affinity of 3 for the tripeptide ligand was 6.4
kcal/mol lower than that of 2. Thus, despite the presence of the
five H-bonding partners in suitable orientations, the calcula-
tions similarly reinforce the inability of 3 to bind the tripeptide.
The 7mer backbones of 1 and 2 form a cup-shaped structure that
engulfs the tripeptide. This topology is not formed in 3. More-
over, the computed affinity of 3’ was unchanged relative to 3,
suggesting that the inability to bind the tripeptide is largely gov-
erned by steric factors.

Previous bioactivity data with 3 show that it inhibits C. dif-
ficile growth with a minimal inhibitory concentration (MIC) of
9.8 uM.!% In light of the results above, the bioactivity data sug-
gest that 3 interferes with an alternative target, rather than the
peptidoglycan terminus, to inhibit growth. If 3 interferes with
an alternative target, synergistic interaction between 1 and 3
would be expected. We carried out checkerboard analysis®*%’ in
which the MIC of 1, or 3, or a combination of 1 and 3 was de-
termined against C. difficile and a fractional inhibitory concen-
tration index was computed (see SI). With 1 alone, we deter-
mined an MIC of 1 pg/mL, consistent with previous results.
With 3 alone, we recorded an MIC of 4 pg/mL. The combina-
tion of 1 and 3 clearly indicated a synergistic interaction at sev-
eral concentrations (Fig. 4). Most notably, mere titers of 0.25
pg/mL of 1 and 0.5 pg/mL of 3 were sufficient to completely
inhibit the growth of C. difficile. By contrast, 1 and teicoplanin,

a well-known D-Ala-D-Ala binder,' exhibited only additive in-
teractions (Fig. S3). These results are consistent with the lack
of D-Ala-D-Ala binding by 3 and validate an alternative, possi-
bly new molecular target, which may be used in the future to
identify new C. difficile antibiotics.

Table 1. Calculated binding energies (kcal/mol) between the
GPA indicated and the tripeptide ligand.”

Calculation
GPA AEP AE+ ZPC* AH AG
1 -43.5 -40.8 -41.4 -21.7
1 -27.8 -26.0 -27.0 -2.6
2 -43.1 -40.9 -41.3 -223
3 -36.6 -33.5 -34.3 -12.5
3 -36.7 -33.6 -34.4 -12.8
Experiment
GPA Ka (uM) TAS AH AG
1 2.7+£04 -0.96 -8.6+ 0.5 -7.6
1’ ~20,000 - — —
2 1.7£0.3 0.85 -7.0+0.3 -7.9
3 2.8+0.3 0.20 -7.4+0.3 -7.6

¢ Chain A was used in all calculations

b Electronic binding energies

¢ Zero-point energy correction obtained using frequency calculations. See
SI for details.
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Figure 4. Checkerboard-based synergy analysis with 1 and 3
against C. difficile. See SI and text for details.

In summary, we find that 3 is unable to bind the peptidogly-
can terminus. Thermodynamic binding studies, crystallographic
analysis, and DFT-based computations all suggest that the lack
of binding is driven by steric constraints. This conclusion is
consistent with prior work in which replacement of D-Ala with
bulkier sidechains abolishes binding by 1, and with the struc-
tures of class IV GPAs, such as teicoplanin, in which a fourth
aromatic crosslink between residues 5 and 7 further rigidifies
the hydrophobic binding pocket. Our synergy data support the
conclusion that 3 interferes with an alternative target to inhibit
C. difficile growth. Future studies will seek to identify the mo-
lecular target of 3 and to explore the combination of 1 and 3 as
a viable therapeutic option.
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