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ABSTRACT: The relationship between enzyme inhibition and antimicrobial potency of

NH,

adenine-based NAD*-dependent DNA ligase (LigA) inhibitors was investigated using a

strain of the Gram-negative pathogen Haemophilus influenzae lacking its major AcrAB-TolC
efflux pump and the Gram-positive pathogen Streptococcus pneumoniae. To this end,
biochemical inhibitors not mediating their antibacterial mode of action (MOA) via LigA
were removed from the analysis. In doing so, a significant number of compounds were
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identified that acted via inhibition of LigA in S. pneumoniae but not in H. influenzae, despite

being inhibitors of both isozymes. Deviations from the line correlating antimicrobial and
biochemical potencies of LigA inhibitors with the correct MOA were observed for both

X
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species. These deviations, usually corresponding to higher MIC/ICgj ratios, were attributed

to varying compound permeance into the cell.
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AD*-dependent DNA ligases (LigA) are essential for the

formation of phosphodiester bonds at single-strand
breaks in double-stranded DNA, such as those that occur as
part of DNA repair and ligation of Okazaki fragments during
DNA replication.” There is genetic evidence in a wide range of
bacterial species that LigA is essential for growth.® Because the
human counterpart of this class of enzymes is ATP-dependent,
this has led to the expectation that bacterial-specific inhibitors
could be identified, which could serve as starting points for the
development of antibacterials for clinical use.*® Several
laboratories have screened their compound libraries for LigA
inhibitors with enzyme assays, identified improved analogues
with antimicrobial activity, and shown that this activity was
mediated by inhibition of LigA. In this way, pyridochroma-
nones® and pyridopyrimidines’ both provided in vitro
validation of LigA; that is, these compounds inhibited bacterial
growth by means of chemical inhibition of this intracellular
target.

Recently, a class of adenine-based LigA inhibitors was
identified that resulted from a high-throughput screen of
AstraZeneca's proprietary compound library using a biochem-
ical assay. Iterative chemistry efforts led to sufficient improve-
ment of antimicrobial potency and biophysical properties such
that adequate systemic exposure could be achieved, resulting in
efficacy in animal models of infection.” This major step forward
validated LigA as an antibacterial target in vivo. The analysis of
the relationship between enzyme inhibition and antimicrobial
potency described here focused on the initial chemistry effort
thag improved the antibacterial activity of the original screening
hit.
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All compounds were tested for biochemical potency against
Haemophilus influenzae LigA® in an enzyme assay, and 320
compounds showed an inhibitory concentration at which
activity was reduced by 50% (ICs) of less than S0 uM. The
antimicrobial activity of these actives was quantified as
minimum inhibitory concentration (MIC)® using H. influenzae
HIN101 that lacks activity of the multidrug efflux transporter
AcrtABToIC via which adenosines to various extents are
extruded (see below).>'® There were 219 compounds with
an MIC of 64 ug/mL and lower. To assess the mode of action
(MOA), the MICs were compared between parental strain H.
influenzae HIN101 and an isogenic strain overexpressing LigA,
H. influenzae HIN102.> If the antibacterial activity were
mediated via LigA, the MIC would be higher in the
overexpressing strain. Because a 4-fold difference reliably
could be measured, this was the minimal elevation to conclude
that the MOA in the parental strain was via LigA. For 54 less
potent compounds, the higher concentration could not be
tested due to the fixed maximum test concentration, 64 yg/mL,
in which case the result was inconclusive. For 56 compounds,
the antimicrobial activity remained unchanged, indicating that
the MOA in the test strain was mediated by a target other than
LigA. It should be noted that in typical target-based drug
discovery projects, these orphaned compounds are abandoned
since they have antimicrobial activity not related to biochemical
inhibition of the target of interest. These could, however, serve
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Table 1. Examples of Substitutions in Adenine-Based LigA Inhibitors Resulting in an Alternative MOA in H. influenzae but Not
in S. pneumoniae

S. pneumoniae® H. influenzae®
Cmpd  ICs (uM) MIC (ug/ml) MOA ICs (uM) MIC (ug/ml) MOA
1 0.04 0.5 + 0.26 8 + \ 1"
2 0.06 2 + 0.86 8 -

amb
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HO OH
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“MIC and MOA obtained in the test strain S. pneumoniae SPN100 and H. influenzae HIN101; MOA via LigA (+) or via another yet undetermined
target (—).

5 0.05 2 + 1.3 64 -

Table 2. Examples of MOA Determination in Both Parental (Hin101 and Spn100) and Overexpression (Hin102 and Spn102)
Strains of H. influenzae and S. pneumoniae

H. influenzae
Cmpd  ICs0 (M) MIC (ug/ml) MOA?
Hin101  Hin102 Hin101 Hin102 . ":
2 0.9 8 8 - - <Ii
04

1 0.3 8 32 * ; r
6 0.3 8 >64 + ?

HO  OH
NH,
N: N
¢ f LD
o N N/)\O
11

F OH

S. pneumoniae
Cmpd  ICsp (uM) MIC (ug/ml) MOA?

Spn100 Spn102 Spn100 Spn102 L
7 0.3 16 16 - - Res ¥

8 0.2 4 32 + - L
e
4

6 0.1 4 >64 + ?

HO

NH,
N o\
4
/\Si;Nij;\OD
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“MOA via LigA (+), via another yet undetermined target (—), or an inconclusive result (?).

as new drug discovery starting points, in particular upon In summary, 109 compounds with a MOA via LigA in H.

discovery of their cellular target. influenzae were identified. This is not a trivial result. Adenine-
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Figure 1. Correlation between biochemical and antimicrobial potency of (left) 109 adenine-based inhibitors of H. influenzae LigA against H.
influenzae HIN101, a strain lacking the AcrB efflux pump subunit, and (right) 169 adenine-based inhibitors of S. pneumoniae LigA against S.
pneumoniae SPN100, which mediate their antibacterial MOA via this target. The triangular pattern is characterized by its hypotenuse, shown as a line
displaying a linear relationship between the two parameters when compound permeation is thought not to limit antimicrobial potency. Parallel lines

indicate a 95% confidence interval.

based LigA inhibitors are rapidly reversible inhibitors that are
competitive with NAD*> Their potency is determined in
biochemical assays containing NAD" at a low multiple of its K,
of around 1-10 pM. Experimentally determined intracellular
NAD* concentrations (1—10 mM"") are orders of magnitude
higher, suggesting that outcompeting NAD" at these levels with
a reversible inhibitor would be virtually impossible, in particular
since a large fraction of metabolic flux via LigA needs to be
inhibited before bacterial growth is halted.'? On the other hand,
evolutionary considerations have led to the assumption that
substrate concentrations in the vicinity of a molecular target
would be in the range of an enzyme's K,.."* The ability to
identify NAD*-competitive inhibitors of LigA, which apparently
reach sufficiently high intracellular concentrations to mediate
their antimicrobial action via this target, seems to support this
last prediction.

Because there is precedence for antimicrobial compounds
having different MOA in Gram-positive and Gram-negative
species,'* a similar analysis was performed with Streptococcus
pneumoniae using a LigA-overexpressing strain, S. pneumoniae
SPN102, isogenic with the parental strain, S. pneumoniae
SPN100.> This resulted in 203 antimicrobial compounds of
which 169 displayed a MOA via LigA, 14 did not, and 20 were
inconclusive. Of these 169, 99 compounds were antimicrobial
and acted via LigA in both species. Therefore, the relative
number of compounds that were shown not to act via the
desired target was four times higher (56 vs 14) in H. influenzae
than in S. pneumoniae. This indicated that a significant number
of compounds were antimicrobial against both species but only
acted via LigA in S. pneumoniae, despite being bona fide
inhibitors of both isozymes. In the examples shown in Table 1,
replacement of the ribose moiety with tetrahydrofuran and
large substitutions at either the adenine 2'-hydroxyl, the ribose
S’-carbon, or the 3’-hydroxyl altered the MOA in H. influenzae,
yet left that in S. pneumoniae unchanged. For these compounds,
the loss of the correct MOA in H. influenzae was correlated
with a loss of potency in the enzyme inhibition assay and
elevated MIC, whereas for S. pneumoniae, both potency in the
enzyme inhibition assay and MIC were retained. This pattern

was also apparent from antimicrobial activities against the
overexpression strains of both species (Table 2). Increased
cellular target levels in the overexpression strain HIN102
caused diminished antimicrobial potency showing that in the
parental strain HIN101 the MOA was via LigA. The MOA of
that same compound in the overexpression strain, however, was
not necessarily clear. The maximum increase in MIC upon
overexpression was at least 16- and 64-fold for H. influenzae
and S. pneumonia, respectively® (Table 2), and this activity in
the overexpression strain was potentially mediated via
inhibition of LigA (hence “inconclusive” in Table 2). However,
this again implied that adenosines that showed a lower fold
increase caused an antimicrobial effect via a different
mechanism when present at higher concentrations in the
overexpression strain, even though the MOA in the parental
strain was via LigA. Determination of the alternative target(s)
in each species will be required to explain the increased number
of compounds that do not act via LigA in H. influenzae vs that
in S. pneumoniae. However, this finding emphasizes that MOA
determinations cannot be extrapolated between Gram-positive
and Gram-negative species.14

In order for a rapidly reversible, biochemical inhibitor of an
intracellular target to result in inhibition of cell growth, it needs
to reach a sufficiently high intracellular concentration, as
required by its biochemical potency, in a critical amount of
time. In doing so, its rate of permeation also requires to
compensate for continuous compound dilution, a consequence
of, at least initially, uninterrupted cell enlargement and division.
If permeant properties vary among biochemically equipotent
inhibitors, then a linear relationship between ICy, and MIC is
not to be expected. Rather, a triangular pattern relating ICs, to
MIC should result, in which a range of MICs is attained by
biochemically equivalent inhibitors. This is exactly what was
observed for LigA inhibitors (Figure 1). For example, a
biochemical potency of ICy, equal to 100 nM yielded MICs as
low as 1 pg/mL and as high as 32 pug/mL, and conversely,
among compounds with an MIC of 8 ug/mL, IC;, values varied
from SO nM to 1 uM (Figure 1). The minimum MICs observed
for given ICs, values lie along the hypotenuse of the triangular
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Figure 2. Correlation between clog D'* and the efflux ratio (i.e.,, MIC /MICyni01) (left) and the MICy;,10,/1Cs, ratio (right) in H. influenzae

wild-type:

using the data set of 99 compounds with a MOA via LigA in both S. pneumoniae and H. influenzae (29 indeterminate values were excluded from the

left graph).

relationship and indicate a lower limit where MIC is dominated
by biochemical potency. These limits were fitted empirically for
LigA inhibitors in H. influenzae and S. pneumoniae, using simple
least-squares regression weighted by the MIC/ICs, ratio for
each compound, and constrained to proportionality between
MIC and ICs. The line is thus formed by compounds with the
best permeance characteristics while accounting for exper-
imental variation. In both strains, it was found that the line
corresponded to a “best-case” MIC/ICy, ratio of about 15
(mol/mol, assuming a MW of 500). Thus, all LigA inhibitors
with this biochemical mode of inhibition and optimum
permeance characteristics are expected to exhibit MICs no
better than about 15 times the ICy,.

Reversible biochemical inhibitors resulting from target-based
screening efforts may have low permeance that is gradually
improved through iterative chemistry efforts and may lead to an
MIC even when the permeant properties are suboptimal.
Isolation of resistant mutants using these compounds is
expected to yield strains with mutations that reduce either
biochemical potency or permeance. In this way, membrane
proteins with even the slightest ability to move inhibitors to the
extracellular fluids may be identified as efflux pumps. The
relevance of such a finding is ultimately determined by the
balance of permeation and biochemical potency of the clinical
drug for which biochemical and antimicrobial potency, as well
as MOA, need to be followed throughout the drug discovery
process. Ideally, its datum would reside on the hypotenuse,
having an MIC that is primarily predicted by its biochemical
potency. Consequentially, mutations resulting in increased
efflux pump activity are less likely to occur, and resistance
frequencies may be significantly lower. Alternatively, a drug
may have lower MICs but not as low as the biochemical
potency would predict, suggesting permeation as a bottleneck.
Although a more potent antimicrobial, use of such compound
could lead to higher clinical resistance frequencies.

The 99 compounds that acted via LigA in both species are
physicochemically a relatively homogeneous group of neutral
molecules with a molecular weight ranging from 320 to 490 and
clog D' ranging from 0 to 3.5 (see the Supporting
Information). Compound entry into wild-type bacteria is the
result of compound permeation overwhelming efflux. The efflux
ratio in H. influenzae (MICWﬂd_Wpe/MICHmm)Ié was strongly
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dependent on the hydrophobicity of the compound, increasing
approximately 10-fold when clog D varied from 0.5 to 2.5
(Figure 2). None of the 27 compounds with clog D < 1.2
showed efflux, defined as an MIC, g ype/MIChini01 = 4,3
whereas, conversely, all 18 compounds with clog D > 1.8 were
effluxed. This is in-line with the hypothesis that compound
polarity is required to permeate through the hydrophilic porins
and reach the periplasm of Gram-negative pathogens.'” Most of
these compounds have a fractional polar surface area (FPSA)
<0.4," following the hypothesis of Manchester et al.'® that
substitution with privileged groups not detrimental to enzyme
inhibition may be required to avoid efflux low at higher FPSA.

Although the MIC/IC, ratios of both species showed a
much weaker correlation, the trend seemed as steep as the
above-mentioned efflux ratio and showed a 10-fold lowering of
the MIC/IC;, upon an increase of clog D from 0.5 to 2.5
(Figure 2). This is similar to that described for azaindoles in S.
pneumoniae’® and presumably reflects that, in the absence of
efflux, permeation into the periplasm is relatively fast as
compared to permeation through the inner membrane, which
can be promoted by increasing hydrophobicity.

The described analysis of adenine-based LigA inhibitors
shows that antimicrobial activity results from the combination
of biochemical potency and compound permeance. Determi-
nation of the MOA is essential to confirm the relevance of the
biochemical potency and the cellular compartment in which the
compound mediates its effect; extrapolation of the MOA to
either other compounds within the set or other pathogens is
likely to confound the analysis. Hydrophobicity aids permeance
through the cytosolic membrane yet reduces permeation
through the porins in the outer membrane of Gram-negative
pathogens. The increasing need for antibacterial agents to
combat Gram-negative infections”’ makes solving this conun-

drum a high priority.

B EXPERIMENTAL PROCEDURES

The bacterial strains used and the determination of LigA ICs, values
and MIC have been described previously.>® ICy, values were
determined by interpolating percentages inhibition measured at 2-
fold serially dilutions of compound concentration; the geometric mean
of the results (N > 2) is the reported ICy,. The MOA of compounds
using overexpression assays was determined by measuring MICs in
duplicate on different days. An at least 4-fold difference between
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overexpression and test strain on both test occasions led to the
conclusion that the MOA in the test strain was LigA; otherwise, it was
considered incompatible with that target. The reported MIC is the
geometric mean of the two. Reproducibility of the MIC determination
was high, leading to an estimated false positive rate of the duplicate
test for each species of less than 0.1%. Compounds that were inactive
against the overexpression strain, that is, MIC > 64 ug/mL, were
scored as 128 pig/mL. If these compounds displayed a geometric mean
MIC against the test strain of <32 ug/mL, a 4-fold difference was
reached, and it was concluded that these acted via NAD*-dependent
LigA; otherwise, the result was considered inconclusive.

B ASSOCIATED CONTENT

© Supporting Information

Table listing the above-mentioned 99 compounds with MOA
via LigA in both H. influenzae and S. pneumoniae and their
associated physiochemical and biological data. This material is
available free of charge via the Internet at http://pubs.acs.org.
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