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Discovery of new drug binding sites on well-established targets is of great interest as it facilitates the design
of new mechanistic inhibitors to overcome the acquired drug resistance. Small chemical fragments can
easily enter and bind to the cavities on the protein surface. Thus, they can be used to probe new druggable
pockets in proteins. DNA gyrase plays indispensable roles in DNA replication, and both its GyrA and GyrB
subunits are clinically validated antibacterial targets. New mechanistic GyrB inhibitors are urgently desired
since the withdrawal of novobiocin from the market by the FDA due to its reduced efficiency and other
reasons. Here, a fragment library was screened against the E. coli GyrB ATPase domain by combining
affinity- and bioactivity-based approaches. The following X-ray crystallographic efforts were made to de-
termine the cocrystal structures of GyrB with ten fragment hits, and three different binding modes were
disclosed. Fortunately, a hydrophobic pocket which is previously unknown was identified by two fragments.
Fragments that bind to this pocket were shown to inhibit the ATPase activity as well as the DNA topological
transition activity of DNA gyrase in vitro. A set of fragment analogs were screened to explore the binding
capacity of this pocket and identify the better starting fragments for lead development. Phylogenetic analy-
sis revealed that this pocket is conserved in most Gram-negative and also many Gram-positive human
pathogenic bacteria, implying a broad-spectrum antibacterial potential and a lower risk of mutation. Thus,
the novel druggable pocket and the starting fragments provide a novel basis for designing new GyrB-
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1. Introduction

Antibiotics are among the greatest discoveries by human be-
ings. They save millions of lives every year. However, drug re-
sistance to the existing antibiotics has developed quickly in
recent years, which has become a serious global public health
problem." Discovery of new antibacterial agents with novel
scaffolds and mechanisms is urgently demanded.*”

DNA gyrase is an enzyme that exists in prokaryotes but
not in humans. It relaxes the positive supercoil and intro-
duces a negative supercoil to the DNA molecules during repli-
cation, making it essential to the growth of bacteria.* Fluoro-
quinolones are potent DNA gyrase inhibitors, and they are
widely used antibacterial agents in clinics.” However, the
fluoroquinolone drugs have encountered the problem of
widespread cross-resistance.® Mutations of key residues Ser83
and Asp87 (numbered according to E. coli DNA gyrase here
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and later unless otherwise specified) in the DNA gyrase A
subunit have been identified in many fluoroquinolone-
resistant bacterial strains. These mutations significantly re-
duced the binding affinity of fluoroquinolones to DNA gyr-
ase, which is one of the major mechanisms for the drug re-
sistance.” Gyrase inhibitors different to fluoroquinolones are
required for fighting these resistant bacteria.

DNA gyrase is a heterotetrameric enzyme consisting of two
A (GyrA) and two B (GyrB) subunits (Fig. 1). While GyrA carries
out the DNA cleavage and reunion, GyrB hydrolyzes ATP to in-
troduce negative supercoils to DNA molecules.>® Both GyrA
and GyrB are indispensable for the bioactivity of DNA gyrase
in bacteria. Fluoroquinolones target the DNA-cleavage active
site on GyrA to efficiently prevent DNA from reunion and re-
lease.'® Other inhibitors have also been reported, but none of
them entered the market.'" The ATPase site on GyrB is another
attractive site for antibiotic discovery, and drugs targeting GyrB
could avoid the fluoroquinolone-resistance caused by GyrA
mutations. Novobiocin is a natural product isolated from
Streptomyces species.'” It tightly binds to the GyrB ATPase site
mainly through hydrogen-bonding (H-bonding) interactions
with Asp73 and Arg136 to compete with the adenosine group
of the substrate ATP."* In the 1960s, novobiocin was approved
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Fig. 1 Domain architecture of A and B subunits of bacterial DNA gyrase from E. coli.

for treating the infections of penicillin-resistant Staphylococcus
aureus, Streptococcus pneumoniae and other pathogens. How-
ever, it was finally withdrawn by the FDA in 2011 due to its tox-
icity and low effectiveness."* In the recent years, many new
GyrB inhibitors have been developed.'*'® The inhibitor DS-
2969b is currently under clinical development.'® In addition,
two pyrrolamide compounds developed by AstraZeneca were
also tested in phase I clinical trials but did not go further.*
The binding mechanism of these GyrB inhibitors more or less
resembles that of novobiocin with overlapping binding sites
and similar interacting residues. Therefore, GyrB mutants that
are resistant to novobiocin are likely resistant to these inhibi-
tors too. Inhibitors with new scaffolds and novel mechanisms
of action are desired to accelerate the discovery of GyrB-
targeting antibacterial agents.

Fragment screening is a fast-growing strategy for discover-
ing new drug scaffolds as well as for probing novel druggable
sites."”” ™ In comparison with the traditional high-
throughput screening (HTS) approach, which often suffers
from extremely low hit rate and thus the need of screening
hundreds of thousands of chemicals, fragments are much
smaller and enter the binding pockets in the target proteins
more easily, and many hits are identified by just screening a
few hundred fragments. X-ray crystallographic analysis could
reveal the binding modes of these fragment hits in drug tar-
gets and also provide the structural basis for fragment grow-
ing, merging and linking to exploit new classes of agents. A
number of compounds generated by fragment-based lead dis-
covery (FBLD) have entered clinical trials or even reached the
market."® Fragment screening has also been applied to S. au-
reus GyrB, mainly through computational and NMR-based
approaches.>*** These screenings resulted in different initial
fragments for lead discovery, and drug-like inhibitors that
are more potent than novobiocin were successfully devel-
oped.””* 1t is worth pointing out that the fragment screen-
ing approach often suffers from both high false positives and
high false negatives because of the weak affinities and activi-
ties of the fragments.>*>* More screening efforts are required
to identify new fragments for GyrB.

In this study, a library containing 486 rule-of-three (Ro3)
fragments was screened against E. coli GyrB by combining the
protein thermal shift assay (TSA) and ATPase activity assay,
resulting in 49 positive hits. Ten cocrystal structures were
solved, which revealed three different binding modes of the
fragments in the GyrB ATPase domain. Interestingly, one
binding mode revealed by two structures disclosed an induced

1620 | Med. Chem. Commun., 2018, 9, 1619-1629

hydrophobic pocket that has never been identified before. Our
structural and biochemical analysis suggested that the ligands
binding to this pocket could efficiently block the function of
E. coli DNA gyrase. The conservation of the pocket and the
growing potential of the fragments are also discussed.

2. Results and discussion
2.1 Fragment screening against E. coli GyrB

In principle, chemical binding usually stabilizes the target
protein and increases its melting temperature (7,,) in the
thermal denaturation process. Protein thermal denaturation
can be monitored with a dye, which fluoresces only after bind-
ing to the hydrophobic surfaces exposed upon protein dena-
turation.® In this study, a fluorescence-based thermal shift
assay (TSA) was employed to screen a total of 486 fragments
to find the potential binding fragments for EcGyrB_AD. As the
blank control, the T,, of EcGyrB_AD without adding any frag-
ments was 55.3 + 0.2 °C (s.d. from 6 repeats). Considering the
general low binding affinities of the fragments, the initial
fragment concentration was set to 1 mM. Fragments that
could increase the T;, of the protein greater than 0.5 °C (twice
of the s.d. of the control samples) were considered as positive
hits. Based on this criterion, 33 fragment hits were identified,
representing a hit rate of 6.8% (Fig. 2A and Table 1). The Ty,
changes (AT;,) caused by these fragment hits are between 0.5
and 3.1 °C. As expected, the majority of fragments (68.9%)
showed no thermal shift (AT, between —0.5 to 0.5 °C), and a
number of fragments (24.2%) displayed negative AT, values,
which may be due to the nonspecific binding of these frag-
ments to the denatured states of the proteins.>” As a positive
control, novobiocin (1 mM) dramatically increased the T;, of
EcGyrB_AD for about 11.5 °C (Fig. 2B), consistent with its
reported strong binding affinity.>*

Due to the high false negative in fragment screening, an
ATPase activity-based screening strategy was applied in paral-
lel to identify fragment hits from the library. The ATPase do-
main hydrolyzes ATP to produce the energy for catalysis, and
releases ADP and phosphate. When phosphoenolpyruvate, py-
ruvate kinase, lactate dehydrogenase and NADH are present,
the released ADP can be rapidly recycled to ATP. At the same
time, NADH will be oxidized to NAD", resulting in a decrease
of the absorbance at 340 nm. Therefore, the ATPase activity
of GyrB linearly correlates to the absorbance decrease in this
coupled system. The inhibitory effect of a fragment can be
detected by measuring the percentage change of absorbance

This journal is © The Royal Society of Chemistry 2018


http://dx.doi.org/10.1039/c8md00148k

Published on 04 July 2018. Downloaded on 10/19/2018 10:33:22 AM.

MedChemComm
A 1
ey 33 fragment hits
§ 12 ATn>0.5C
o 10
o
[y

J

9
By

S » o N Q
< N A N a° o
N Q Q‘?' \9 \‘j v

Thermal shift, ATn (°C)

l 25 fragment hits
Inhibitory rate >3()%>

(@)

Frequency

\J N \2J N » o
A G
Inhibitory rate (%)

B 1.4x104 Blank control
\ Fragment 6
8 1.2x10°+ Fragment 7
e oo
g Novobiocin
@ 1.0x10*4
o
= 3
i 8.0x10" 4
6.0x10°-

View Article Online

Research Article

35 40 45 50 55 60 65 70 75
Temperature (°C)

v
v v v,
058 bt L TR o
050 memat v,
", .......
0.454 "
o "a %
3 II.. o
8 0.40- uat %00,
sas]” Blank control "'-.--_
1« Fragment7 -
0.3044 Fragment 36 S
328 v Novobiocin .t

0 200 400 600 800 1000 1200

Time (s)

Fig. 2 The fragment screening against E. coli DNA gyrase. (A) The fragment screening results from the thermal shift assay (TSA). 33 fragments
increased the melting temperature of the E. coli DNA gyrase ATPase domain (EcGyrB_AD) greater than 0.5 °C, thus were identified as the hits. (B)
The representative melting curves of the TSA screening. (C) Histogram of the results of ATPase assay-based fragment screening. 25 fragments
showed the inhibitory rate higher than 30% at 1 mM concentration against E. coli DNA gyrase, thus were considered as the hits. (D) The represen-

tative ATPase assay curves.

Table 1 The summary of fragment screening results

No. of compounds Hit rate” (%)

In-house Ro3 fragment library 486

Thermal shift hits (AT,, > 0.5 °C) 33 6.8
ATPase assay hits 25 5.1
(inhibitory rate >30%)

Overlapping hits 9

Total hits 49 10.1
Binding modes clarified 10 2.1
by crystallography

“ Hit rate as a percentage of the total fragments screened.

decrease due to the inhibition of ATP hydrolysis. Finally, 25
fragments showed inhibitory rates higher than 30% at 1 mM
concentration (Fig. 2C and Table 1). As the positive control, 1
mM of novobiocin totally blocked the ATPase activity of E.
coli DNA gyrase (Fig. 2D). The ICs, values were determined
for the fragments with inhibitory rates greater than 60% at 1
mM concentration (Fig. S1IA-Ef). Among these fragments,
fragment 49 (4-methylphenylpropionic acid) showed the best
inhibitory potency with an ICs, value of 0.12 mM and also a
good ligand efficiency (LE) of 0.45 keal mol™" per heavy atom.

The fragment hits identified by the TSA (33 hits) and
ATPase bioassay (25 hits) are partially overlapped (9 hits),
resulting in final 49 fragment hits. This relative low
overlapping rate between two assays emphasized the neces-

This journal is © The Royal Society of Chemistry 2018

sity of combining independent approaches in fragment
screening. The 49 fragment hits are listed in Table S1.f Most
fragment hits can be grouped into six different scaffolds:
benzo-heterocyclic fragments, benzonitrile analogs, phenol
fragments, aniline fragments, phenyl-heterocyclic fragments
and coumarins (Fig. S2t). Besides these six scaffolds, other
structures, e.g. the steric adamantine and sulfamide, are also
found in the fragment hits. The chemical diversity provides a
good opportunity for discovering novel inhibitors. To deter-
mine their binding details, 49 fragment hits were used in
X-ray crystallography studies.

2.2 X-ray crystallographic analysis of the fragment hits

The X-ray cocrystal structure is important for clarifying the
binding mechanism of the fragment hit and guiding the frag-
ment development toward a more potent drug-like molecule,
therefore it plays a central role in FBLD. However, crystal
soaking often fails to provide enough density for fragment
modelling, either due to the block of the fragment binding
sites by crystal contacts, or because fragment binding re-
quires protein conformation changes which are not allowed
in the crystalline environment.>® To improve the successful
rate and to avoid the bias in crystal soaking, four different
types of GyrB crystals were soaked (three for EcGyrB_AD and
one for SaGyrB_AD). Finally, cocrystal structures of GyrB_AD
with 10 of the 49 fragment hits were determined at

Med. Chem. Commun., 2018, 9, 1619-1629 | 1621
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resolutions between 1.45 and 2.74 A. According to their bind-
ing sites and H-bonding patterns, these fragments could be
grouped into three classes (Fig. 3A).

Fragments 5, 8, 19, 29, 30, 37 and 45 constitute the first
class. These fragments form H-bonding interactions with
Asp73, a key residue in coordination of the adenosine group
of substrate ATP (Fig. S3A-GT). All these fragments partially
overlap with the adenosine group of the ATP analog (ADPNP)
and the noviose sugar group of novobiocin when their
cocrystal structures are aligned (Fig. S4At).

In the initial X-ray crystallography trials, only some frag-
ments binding at the site around Asp73 could be identified.
To find fragments binding to other sites, fragment 8 was
used to saturate the pocket around Asp73, and then the frag-
ments that were able to further increase the protein thermal
stability were screened. Using this modified TSA screening
method, 6 fragments (1, 6, 9, 24, 25, and 32) were found to
further stabilize EcGyrB_AD with the AAT,, of 0.7-1.5 °C (Ta-
ble S2t), suggesting a cooperative binding with fragment 8 at
a different site. Interestingly, among these 6 fragments, frag-
ment 24 is similar to the coumarin scaffold of novobiocin,
which was shown to mainly interact with two charged resi-
dues Arg76 and Arg136."* Fortunately, the X-ray co-structure
of EcGyrB_AD with fragment 6 (benzofuran-2-carboxylic acid)
was finally solved at a resolution of 2.74 A using the
EcGyrB_AD crystal. Fragment 6 binds to an alternative site
about seven angstroms (A) away from Aps73. Its carboxyl
group makes ionic interactions with the guanidinium group
of Arg136 and its furan ring forms a strong cation-n interac-
tion with Arg76, which are similar to the interactions be-
tween the coumarin ring of novobiocin and GyrB (Fig. S3H
and S4Bf). Fragment 6 represents the second class of GyrB-
binding fragments we identified (Fig. 3A).

Fragments 7 (4-(4-hydroxyphenyl)sulfanylphenol) and 36
(4-phenoxyphenol) constitute the third class. Both fragments
contain a phenol structure, and their phenol moiety forms
H-bonds with the carbonyl oxygen of Asp73 and the backbone
oxygen of Thr165 (Fig. 3B and C). The other phenol group of
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fragment 7 and the phenyl group of fragment 36 were ob-
served to insert into a hydrophobic pocket surrounded by
Ile78, Ala91, Ile94, Met95, Val120, Leu132, Ile134, Thr165 and
Val167 (Fig. 4B). This pocket is located at the bottom of the
ATP adenosine-binding pocket. Interestingly, this hydropho-
bic pocket is not formed when ADPNP or novobiocin binds to
GyrB (Fig. 4A). Binding of fragments 7 and 36 induced the
rearrangement of the side chains of Ile78, Met95 and Leu132
and formed this hydrophobic pocket to better accommodate
these two fragments (Fig. 4B). Neither substrate ATP nor any
published GyrB inhibitors were reported to touch this hydro-
phobic pocket,"**° indicating a novel inhibition mechanism
for fragments 7 and 36 on GyrB.

2.3 Druggability analysis of the new hydrophobic pocket

The new hydrophobic pocket induced by fragments 7 and 36
is close to the binding site of the ATP adenosine group. We
further examined the role of such a pocket in regulating the
activity of DNA gyrase and in drug development.

At first, the cocrystal structure of the E. coli GyrB ATPase
domain with fragment 36 was superimposed to that with
ADPNP (PDB code 4WUC). Fragments 7 and 36 form an
H-bond with Asp73, which is also important for coordinating
the adenosine ring of ATP. The phenol group of fragment 36
clashes with the ADPNP adenosine ring, suggesting a direct
competition of fragment 36 with the substrate ATP (Fig. 5A).
The inhibitory mechanism of fragment 36 was then analyzed
by measuring its inhibitory activity of DNA-dependent ATP
hydrolysis in vitro. The results showed that fragment 36 sig-
nificantly inhibited the ATP hydrolysis of E. coli gyrase in a
concentration-dependent manner. However, surprisingly, the
apparent K;,, of ATP remained unchanged but the V., gradu-
ally decreased when the fragment 36 concentration increased,
indicating a noncompetitive inhibition mechanism (Fig. 5B).
Interestingly, novobiocin and cyclothialidines also showed
similar noncompetitive behavior, although the noviose sugar
group of novobiocin and the phenol group of cyclothialidines

Fig. 3 The X-ray cocrystal structures showing how fragments bind to E. coli GyrB. (A) Overlay of the structures of ten fragment hits reveals three
different binding modes in the ATPase domain of E. coli GyrB. (B and C) Structure basis of fragments 7 and 36 binding to E. coli GyrB_AD. The
2Fo-Fc omit electron density maps associated with fragments are shown as blue meshes contoured at 1.0 c. H-Bonds are shown as yellow dotted
lines. All the structural illustrations were prepared with PyMol (https://pymol.org/).
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Novobiocin

Fig. 4 The hydrophobic pocket is induced upon fragments 7 and 36 binding. (A) The floor of the ADPNP adenosine-binding site of E. coli GyrB
was drawn as a white surface. When fragment 36 bound, an auxiliary pocket (red arrows) was induced and occupied. When either ADPNP or novo-
biocin binds, this pocket could not be observed. (B) The side chains of 1le78, Met95 and Leul32 of E. coli GyrB undergo the conformation changes
as indicated by black arrows in the fragment 36-bound (yellow sticks) state in comparison with the ADPNP- (white) or novobiocin-bound (cyan)
states. Fragment 36 is showed as a yellow ball-and-stick model.

clearly overlap with the adenosine ring of ATP according to The physiological role of DNA gyrase in bacteria is to relax
the high resolution cocrystal structures.*’*> Another study  the positive supercoils and to introduce negative supercoils
suggested that the decreased apparent Vy,.x value only oc- to the double-stranded DNAs during DNA replication.
curred at low substrate ATP concentration (less than 10 mM), = Through an in vitro DNA supercoiling activity assay, the topo-
and V., could converge to the same value if ultrahigh con-  logical transition of the relaxed plasmid pHTO-1 to its nega-
centration of ATP (greater than 1 M) was applied.*® So far, tively supercoiled form by recombinant E. coli DNA gyrase
the results showed that the ATPase inhibitors of GyrB are un-  was measured with or without fragments 7 and 36. In the
likely to be simple competitive or noncompetitive. We pro-  blank control without chemicals, the DNA gyrase converted
posed that other factors, such as substrate inhibition, play = nearly half of the relaxed pHTO-1 to the supercoiled form in
roles in their action. 30 min. This conversion was blocked completely by fragment
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Fig. 5 The inhibitory effects of binding to the induced pocket. (A) Structure superimposition reveals the potential clashes between fragment 36
and ADPNP in the ATPase site of GyrB. (B) In vitro DNA-dependent ATP hydrolysis in the presence of different concentrations of fragment 36. (C)
Inhibition of DNA gyrase supercoiling activity by novobiocin and the fragments in vitro. R, relaxed DNA; Sc, supercoiled DNA; M, DNA maker; C,
blank control; N, novobiocin.
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Table 2 ATPase inhibitory activities of fragments 7 and 36 analogs

No. Structure ATPase-assay inhibition” (%) ICso (mM) LE (kcal mol™" per HA)

7 HO : : OH 60.2 0.95 0.28
S
36 5' 5
. , OH
oy
3' ]
> 1 01 5 3
50 : : NH, 0 —
o
QWO " )
o) N N2
H
52 S 0 —
L L
0O N
oo ° i
O
54 HO /©/OH 0 —
S
O O

96.0 0.53 0.32

N

55 l l OH 0

0]

56 I I] OH 40.0 —
57 l l OH 0

NH,

58 l l OH 96.9 0.39 0.29

59 : : OH 97.6 0.32 0.32
Cl (@)

60 OH 97.6 0.24 0.28
F /©/
- L2
F
61 Cl- : : OH 97.4 0.27 0.33
(0)

62 F 98.4 0.18 0.29

x@ o
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Table 2 (continued)
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No. Structure ATPase-assay inhibition” (%) ICso (mM) LE (kcal mol™" per HA)
63 Cl /©/OH 99.0 0.12 0.34
(0]
Cl
64 E F 98.5 0.10 0.29
OH
oL T
(0]
Cl
65 Cl /©/\OH 99.5 0.084 0.33
(©)
Cl

“ Values are measured at 1 mM.

(Fig. 5C). As a positive control, 1 mM novobiocin totally
blocked this conversion. These results confirmed that frag-
ments 7 and 36 inhibit not only the ATPase activity but also
the DNA topological transition function of DNA gyrase.

Next, the potential of developing fragments 7 and 36 to a
potent drug-like chemical was analyzed. The ATPase site of
GyrB consists of multiple subpockets. Fragments 7 and 36 oc-
cupy the traditional pocket around Asp73 (P1), and also in-
duce and occupy a new subpocket at the bottom of the
ATPase site (P3) (Fig. S5t). These pockets connect with the
ATP-binding pocket (Porp), coumarin-binding pocket (P2) and
a non-touched pocket (P4). Therefore, there is plenty of space
for fragment growing, merging and linking in multiple direc-
tions to improve the affinities of fragments 7 and 36. Novobi-
ocin and some other GyrB inhibitors suffered from the high
lipophilicity-caused strong plasma protein binding and low
oral bioavailability."* The newly identified pocket is hydro-
phobic, however, its connection with hydrophilic (sub)
pockets, such as the ATP binding pocket (Fig. S51), makes it
possible to develop fragments 7 and 36 to drug-like
chemicals with appropriate lipophilicity. Furthermore, by
binding to the new pocket, inhibitors are likely to overcome
the novobiocin-resistant mutations (such as Arg136 muta-
tions) of GyrB.

To further assess the binding capability of the hydropho-
bic pocket and also identify a better starting point for frag-
ment growing, 14 fragment analogs based on fragments 7
and 36 were screened. Eight fragments (58-65) showed im-
proved ATPase inhibitory activities compared to fragments 7
(IC50 = 0.95 mM) and 36 (ICs, = 0.53 mM) (Table 2 and Fig.
S1F-Mt). The structure-activity relationships (SAR) for these
fragments were analyzed. 1) Replacement of Asp73-binding
phenol with other H-bond donors (aniline, phenylhydrazine,
2-aminobenzothiazole and piperidine, fragments 50-53) led
to the loss of ATPase inhibitory activity at 1 mM. These re-
sults indicated that the H-bonding interaction between the
phenolic hydroxyl and Asp73 is critical for the inhibitory ac-

This journal is © The Royal Society of Chemistry 2018

tivity, consistent with previous structure observations with
fragments 7 and 36. 2) The -SO,-, -CO- or ~CH,(NH,)- sub-
stitutions (fragments 54, 55, and 57) of the oxygen linker of
fragment 36 caused a total loss of ATPase inhibitory activity
at 1 mM, and the -CH,- substitution (fragment 56) partially
reduced the inhibitory activity (40.0% inhibition at 1 mM).
Interestingly, the addition of two methyl groups to the carbon
linker (-C(CHj),-, fragment 58) improved the ICs, to 0.39
mM, suggesting a potential fragment growing direction from
the carbon linker. 3) For the phenol/phenyl group that di-
rectly interacts with the hydrophobic pocket, adding chlorine
and trifluoromethyl improved the inhibitory potency at differ-
ent levels depending on the positions (fragments 59-62). In
particular, double substitutions with chlorine and/or
trifluoromethyl at C2' and C4’ further improved the IC;, to
0.12 mM (fragment 63) and 0.10 mM (fragment 64),
suggesting that the induced pocket prefers larger hydropho-
bic moieties. The addition of a methyl group at the C3 posi-
tion further improved fragment 63 to 0.084 mM (fragment
65). These substitutions did not reduce the ligand efficiency
of new fragments (Table 2). These fragments with ATPase in-
hibitory activity (fragments 58-65) were shown to also inhibit
the DNA topological transition by gyrase (Fig. 5C).

Finally, the conservation of the new hydrophobic pocket
was analyzed. The hydrophobic pocket is located in the cen-
ter of the ATPase domain. The side chains of the pocket-
forming residues all face ATP and are close to its adenosine
group. In particular, the side chain of Ile78 forms direct hy-
drophobic contacts with the ATP adenosine group (PDB code
1EI1). Furthermore, all these residues are also close to the
“lid” loop which is essential for the hydrolysis of ATP.**
Thus, the pocket-forming residues are likely important for
maintaining the architecture of the ATPase active site. Con-
sistently, the sequence analysis of GyrBs from the major
pathogenic bacteria (Fig. S6t) revealed that this hydrophobic
pocket is highly conserved in the Proteobacteria phylum and
many other Gram-negative bacteria, and partially conserved

Med. Chem. Commun., 2018, 9, 1619-1629 | 1625
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in Gram-positive bacteria, suggesting a broad-spectrum anti-
bacterial potential and a relative lower risk of mutations. Also
consistently, the key residue Asp73 is absolutely conserved
among all GyrBs analyzed, and the Arg136, which is fre-
quently mutated in novobiocin-resistant E. coli and S. aureus
strains,**"° is not conserved.

3. Conclusion

In this study, by employing TSA- and ATPase inhibition-
based screening approaches and X-ray crystallographic analy-
sis, ten fragments with three different binding modes were
identified. Among these, fragments 7 and 36 were observed
to bind to a hydrophobic pocket which is previously un-
known. Our results suggested that the ligands binding in this
novel pocket can inhibit the functions of bacterial DNA gyr-
ase. The new hydrophobic pocket and the starting fragments
identified in our study provide a novel basis for discovering
new GyrB-targeting antibacterial agents.

4. Methods

4.1 Protein expression and purification of E. coli and S.
aureus GyrBs

For the TSA-based fragment screening and crystallographic
studies, the 24 kDa fragment of the E. coli GyrB (UniProtKB
code POAES6) ATPase domain (EcGyrB_AD, residues 15 to 220)
was prepared as follows. The DNA coding sequence of
EcGyrB_AD was inserted into a modified pET20b(+) plasmid
(Novagen), and overexpressed as a fusion protein of Hise-
sumo-EcGyrB_AD using bacterial strain BL21(DE3) (Novagen).
The bacteria were grown in 4 liters of Luria-Bertani broth at
37 °C till the ODgyo = 0.6-0.8, then 0.15 mM of isopropyl-B-p-
thiogalactopyranoside (IPTG) was added. The bacteria were
further cultured at 18 °C for 20 h for protein expression be-
fore being pelleted by centrifugation. The bacterial cells were
resuspended with the lysis buffer (50 mM Tris pH 8.0, 400
mM NaCl, and 20 mM imidazole) and lysed by sonication.
The cell lysate was centrifuged at 40 000g for 30 min, and the
supernatant was loaded onto a pre-equilibrated 5 mL Ni-NTA
column (Qiagen). The impurity was washed with 100 mL of
the lysis buffer (50 mM Tris pH 8.0, 400 mM NacCl, and 20
mM imidazole). Then, 0.5 mg of Ulp1 enzyme was added onto
the column and incubated with the resin at 4 °C overnight to
cut off the Hisg-sumo fusion partner from EcGyrB_AD. The
flow-through fraction containing the EcGyrB_AD protein was
then collected, concentrated, and buffer-exchanged to the
equilibrium buffer (20 mM Tris pH 8.0, 70 mM NacCl, and 10
mM B-mercaptoethanol). Then, the protein was loaded onto a
5 ml HiTrap™ Q XL column (GE Healthcare). The column
was washed with 25 ml of equilibrium buffer, then the bound
proteins were gradually eluted with 175 ml of a linear gradient
of NaCl concentration from 70 mM to 1 M. Fractions
containing the EcGyrB_AD protein were concentrated and
buffer-exchanged to the gel filtration buffer (20 mM Tris pH
8.0, 200 mM NaCl, and 10 mM B-mercaptoethanol). The
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EcGyrB_AD protein was further purified with the HiLoad 16/
60 Superdex 200 pg column (GE Healthcare), and stored at
-80 °C in the storage buffer (10 mM Tris pH 8.0, 100 mM
NaCl, and 10 mM B-mercaptoethanol). The S. aureus GyrB
(UniProtKB code POAOKS) ATPase domain with a loop dele-
tion (SaGyrB_AD, residues 14-233, A105-126) has been proved
to generate high quality crystals.’” The SaGyrB_AD was
cloned, expressed and purified the same as EcGyrB_AD. The
protein purities of EcGyrB_AD and SaGyrB_AD were both
above 95% as estimated by SDS-PAGE.

For the ATPase activity-based fragment screening and
other enzymatic activity assays, the full-length E. coli DNA
gyrase was prepared as described.*® In brief, the N-terminal
hexahistidine-tagged EcGyrA and EcGyrB proteins were
expressed in BL21(DE3) and purified with a Ni-NTA column
separately. Then, two proteins were mixed at a 1:1 molar ra-
tio in the gel filtration buffer (20 mM Tris HCI pH 8.0, 200
mM NacCl, and 10 mM f-mercaptoethanol) and incubated on
ice for 30 min to allow the self-assembly of the functional
A,;B, tetramer. The gyrase tetramer was then purified by gel
filtration chromatography (HiLoad 16/60 Superdex 200 pg col-
umn, GE Healthcare) and stored at —80 °C in the gel filtration
buffer before use.

4.2 Fragment screening using the thermal shift assays

To build a concise in-house fragment library, the 2500 frag-
ments from the Ro3 fragment library (Maybridge) were
grouped according to their structure similarity, and 486 di-
verse fragments with molecular weights of 120-280 Da were
selected. These fragments follow the ‘rule of three’ criteria
and are soluble in aqueous solution (higher than 1 mM).
Fragments do not contain any reactive groups, such as qui-
nones and redox cyclers, which might interfere with normal
assays and lead to false positive results.

The 486 chemical fragments were screened using a
fluorescence-based thermal shift assay (TSA) to look for the
hits binding to the ATPase domain of E. coli GyrB. Briefly,
the 20 pL reactions containing 2 ug of EcGyrB_AD, 2x SYPRO
orange fluorescence dye (Sigma-Aldrich), 100 mM HEPES pH
7.5, 150 mM NaCl, 1% (v/v) DMSO and 1 mM of each frag-
ments were prepared in the 96-well PCR plates (Life Technol-
ogies) on ice. For the blank control, the fragment was omit-
ted from the reaction. For the positive control, novobiocin
was used instead of the fragments. The plates were moved to
the StepOnePlus Real-Time PCR system (Life Technologies)
and incubated at 25 °C for 10 min. Then, the plates were
gradually heated from 25 to 95 °C at a rate of 1 °C min".
The fluorescence intensities of SYPRO orange at 490/530 nm
of excitation/emission wavelengths during protein thermal
denaturation were recorded every 0.5 min. The melting
curves (fluorescence intensities versus temperature) were
fitted by a Boltzmann model using Origin 8.0 software
(OriginLab) to calculate the protein melting temperature T.,.
Triplicate assays were applied to all fragments and controls,
and the averaged Ty, was used. The thermal shift (ATy,) of a
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certain fragment was calculated by subtracting the Ty, num-
ber of the blank control from the T, of the fragment. A frag-
ment is considered as a hit if its AT, > 0.5 °C.

4.3 Fragment screening using the ATPase inhibition assays

The fragments which could inhibit the ATPase activity of E.
coli DNA gyrase were also screened from the fragment library.
The ATP hydrolysis by DNA gyrase was measured using an as-
say as described.*® In brief, the ADP production by ATP hy-
drolysis was coupled with the rapid oxidation of NADH to
NAD' and then quantified by measuring the absorbance de-
crease at 340 nm (Ad;,). For each fragment, a 95 pL reaction
was prepared by mixing 50 mM HEPES, pH 7.5, 150 mM KCl,
8 mM MgCl,, 5 mM B-mercaptoethanol (Sangon Biotech), 5%
DMSO, 250 pg mL ™" bovine serum albumin, 2 mM phospho-
enolpyruvate (BBI Life Science), 160 uM NADH (BBI Life Sci-
ence), 5 U of phosphoenolpyruvate (Sigma-Aldrich), 8 U of
lactate dehydrogenase (Sigma-Aldrich), 150 nM full-length E.
coli DNA gyrase, and 1 mM of the fragment in a 96-deepwell
plate (Corning) at 30 °C. Then, 5 uL ATP was added to each
well at a final concentration of 0.35 mM to initiate the reac-
tions, and the absorbances at 340 nm were monitored in the
first 20 min using the Flex Station 3 (Molecular Devices). The
reaction without adding E. coli DNA gyrase was used as the
baseline, the reaction without adding any fragments was
used as the blank control, and the reaction with 1 mM novo-
biocin was used as the positive control. The inhibitory po-
tency of a fragment against the ATPase activity of E. coli DNA
gyrase was represented as the inhibitory rate (%), which
could be calculated with the equation of the inhibitory rate
(%) = [ATPase_activity (blank) — ATPase_activity (fragment)]/
ATPase_activity (blank) x 100% = [AA3z4, (blank) — Ads,, (frag-
ment)]/AA;,, (blank) x 100%. A fragment is considered as a
hit if its inhibitory rate is greater than 30% at 1 mM
concentration.

4.4 Determining the IC;, against the ATPase activity of E. coli
DNA gyrase

The ATPase inhibitory rates of the selected fragments at vari-
ous concentrations were measured as described above. The
ICs, value was calculated by fitting the curve of inhibitory
rates versus fragment concentrations using the software
Prism (GraphPad Software). The logistic dose-response func-
tion of activity (%) = 100/(1 + [I]/IC5,)B was used, where B cor-
responds to the slope factor and [I] corresponds to the inhibi-
tor concentration. The ligand efficiency (LE, kcal mol™" per
heavy atom) of each fragment was calculated using the equa-
tion of LE = (1.37/HA) x pICs,, in which HA is the number of
nonhydrogen atoms of the compounds.*°

4.5 Enzymatic analysis of the inhibitory mode of the selected
fragments

The ATP hydrolysis rate (V) of E. coli DNA gyrase was mea-
sured at different ATP concentrations (125, 250, 500 and
1000 uM) in the presence of various concentrations of frag-

This journal is © The Royal Society of Chemistry 2018

View Article Online

Research Article

ment 36. Different nonlinear regressive models (competitive,
noncompetitive and uncompetitive) were tried to fit the data
using software Prism.

4.6 DNA supercoiling assay

The E. coli DNA supercoiling assay was performed using a
protocol described previously,*® with slight modification. In
brief, for each fragment, a 20 pL reaction was prepared by
mixing 35 mM Tris HCI pH 7.5, 24 mM KCl, 4 mM MgCl,, 2
mM dithiothreitol, 1 mM ATP, 1.8 mM spermidine, 0.1 mg
mL™ BSA, 6.5% glycerol, 125 ng relaxed pHTO-1 plasmid
(TopoGEN), and 1 mM fragment (dissolved at 50 mM in
100% DMSO). The reaction was initiated by adding 25 nM of
E. coli DNA gyrase, and then incubated at 30 °C for 30 min.
The reaction was stopped by adding 5 pL of 5x stop buffer
(5% sarkosyl, 0.125% bromophenol blue, and 25% glycerol).
The samples were loaded onto a standard 1% agarose gel,
and ran at an electric field of 5 V. em™ for 90 min. The gel
was stained with 3x 4S Red Plus nucleic acid stain (BBI Life
Sciences), and visualized under UV light. Reactions
containing 1 mM novobiocin (dissolved at 50 mM in 100%
DMSO) or 2% DMSO were used as the positive or blank con-
trol, respectively.

4.7 Crystallography

Four different types of crystals were grown using the sitting
vapor-diffusion method. 1 pL protein was mixed with 1 pL res-
ervoir solution, then the sitting drops were equilibrated against
70 pL reservoir solution to allow the crystals to grow. Crystals
of EcGyrB_AD in the P2,2,2, space group were grown at 8 °C
with the reservoir solution of 0.1 M Tris-HCI pH 7.5, 2.20 M
(NH,4),HPO,, and 10 mM 2-aminobenzimidazole. Crystals of
EcGyrB_AD in the P4,2,2 space group as well as in another lat-
tice of the P2,2,2, space group were grown in the same drop at
25 °C with the reservoir solution of 0.1 M MES pH 6.0, 2.5 M
MgSO,, and 8 mM tris-(2-carboxyethyl)phosphine (TECP). The
crystals of SaGyrB_AD were grown at 25 °C in the solution of
0.1 M Tris-HCI pH 8.0, 0.1 M MgCl,, and 22% w/v polyethylene
glycol 3350. Soaking experiments were done by adding each
fragment into the sitting drops at a final concentration of 10
mM and incubating for 30 min to 4 h. The soaked crystals were
then immersed in the cryoprotectant solution (the reservoir so-
lution supplemented with 20% glycerol), and flash-frozen in
liquid nitrogen for following data collection.

The diffraction data were collected at 100 K at the
beamline BL17U1 of Shanghai Synchrotron Radiation Facility
(SSRF),"" and processed using the programs HKL2000 (ref.
42) and XDS." The structures were solved by the molecular
replacement method using the program Molrep.** The
reported structures of E. coli and S. aureus DNA gyrases (PDB
codes 4DUH" and 4P80"°) were used as the searching
models. Then, iterative adjustments of the structure models
were carried out using Coot*” and Refmac5."”® The fragments
were added into the structure models at the late stage of the
refinement. The stereochemistry quality of the final structure
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models were validated using MolProbity.** The data collec-
tion and structure refinement statistics are listed in Table
S3.f The coordinates and structure factors of GyrB_AD in the
complex with the fragments have been deposited in the PDB
under the accession codes 5Z9N (fragment 5), 5Z9M (frag-
ment 6), 5Z4H (fragment 7), 5Z9L (fragment 8), 5Z9P (frag-
ment 19), 529Q (fragment 29), 5Z9F (fragment 30), 5Z40
(fragment 36), 5Z9E (fragment 37), and 5Z9B (fragment 45).
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