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Abstract

B-Lactam antibiotics are of utmost importance when treating bacterial infections in the
medical community. However, currently their utility is threatened by the emergence and
spread of B-lactam resistance. The most prevalent resistance mechanism to B-lactam
antibiotics is expression of B-lactamase enzymes. One way to overcome resistance caused by
B-lactamases, is the development of B-lactamase inhibitors and today several B-lactamase
inhibitors e.g. avibactam are approved in the clinic. Our focus is the oxacillinase-48 (OXA-48),
an enzyme reported to spread rapidly across the world and commonly identified in
Escherichia coli and Klebsiella pneumoniae. To guide inhibitor design, we used diversely
substituted 3-aryl and 3-heteroaryl benzoic acids to probe the active site of OXA-48 for
useful enzyme-inhibitor interactions. In the presented study, a focused fragment library
containing 49 3-substituted benzoic acid derivatives were synthesised and biochemically
characterized. Based on crystallographic data from 33 fragment-enzyme complexes, the
fragments could be classified into R' or R? binders by their overall binding conformation in
relation to the binding of the R' and R® side groups of imipenem. Moreover, binding
interactions attractive for future inhibitor design were found and their usefulness explored
by the rational design and evaluation of merged inhibitors from orthogonally binding
fragments. The best inhibitors among the resulting 3,5-disubstituted benzoic acids showed
inhibitory potential in the low micromolar range (ICso = 2.9 uM). For these inhibitors, the
complex X-ray structures revealed non-covalent binding to Arg250, Arg214 and Tyr211 in the
active site and the interactions observed with the mono-substituted fragments were also
identified in the merged structures.

1 Introduction

Years of overuse of antibiotics have selected for antibiotic resistant strains (1), and today
medical personnel are frequently forced to administer last-resort antibiotics. However, the
number of cases where last-resort antibiotics fail in treatment are increasing (2) and deaths
due to antibiotic resistant infections are expected to surpass cancer deaths by 2050 (3).
Bacterial resistance towards clinically important B-lactam antibiotics (4) like penicillins,
cephalosporins and carbapenems originates most often from the occurrence of B-lactam-
hydrolysing enzymes — the B-lactamases.

The B-lactamase enzymes are of ancient origin (5) and today over 2600 enzymes spanning
four classes of B-lactamases are known (6-8). B-Lactamases are grouped into two super
families based on the enzyme mechanism for B-lactam hydrolysis: the serine dependent B-
lactamases (SBLs; Amber class A, C, and D) and metallo-B-lactamases (MBLs; Amber class B)
(7,9). SBLs are characterized by a serine residue in the active site, while MBLs require a metal
co-factor, usually one or two zinc ions, for enzyme activity. This work focuses on the class D
SBLs — also called oxacillinases (OXAs) — and in particular on the oxacillinase-48 (OXA-48).

The class D SBLs are characterized by a hydrophobic environment in the active site, that
facilitates the carboxylation of a lysine residue. The N-carboxylated lysine plays a critical role
in the substrate hydrolysis (10). Originally, the OXAs were believed to have a limited
substrate profile only hydrolysing penicillins, but with the emergence of carbapenem-
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hydrolysing OXA variants, e.g. OXA-23, OXA-24 and OXA-48, their clinical relevance has
increased (11). OXA-48 was reported for the first time in 2001 and has since then spread
rapidly across the world. (11) It is commonly identified in Escherichia coli and Klebsiella
pneumoniae.

One strategy to circumvent resistance in B-lactamase producing pathogens is the use of -
lactamases inhibitors (4,12) in combination with the B-lactam antibiotic. Inhibitors of class A
SBLs like clavulanic acid, sulbactam and tazobactam became clinically available from the
1980s (13), but only a few class D B-lactamases are inhibited by these B-lactamase inhibitors
e.g. OXA-2 and OXA-18 (14). In 2015, a new SBL inhibitor, avibactam, targeting class A, C and
some class D SBLs, including OXA-48, was approved by the FDA for treatment of complicated
urinary tract and intra-abdominal infections (15). However, the inhibition level of different
class D B-lactamases by avibactam varies (16,17). With the first reports of resistance to
avibactam published (18), one can speculate that it will only be a matter of time before class
D B-lactamases show resistance to avibactam as well.

The development of new OXA inhibitors, either with a different enzyme-inhibition profile
compared to existing inhibitors, or as alternative when resistance to existing inhibitors
arises, is of importance. We have previously reported a fragment-based screening approach
to identify weak inhibitors of OXA-48 (19). The most interesting hit was 3-(pyridin-4-
yl)benzoic acid 1 with an ICsq of 250 uM and a ligand efficiency (LE) of 0.32. Crystallographic
data from enzyme-fragment complexes indicated two overlapping binding conformations of
the fragment. Merging of the two conformations of 1 into one molecule 2 (Fig. 1) gave a 10-
fold increase in binding affinity improving the ICso from 250 uM to 18 uM (19).

CO,H

2
(ICs0 18 uM)

Figure 1: The two alternate conformations of fragment 1 (light grey) in complex with OXA-48
(dark grey surface) (A and B), the merged compound 2 (pink) in complex with OXA-48 (dark
grey surface) (C), and a schematic view of the merging approach described in previous work

(D) (19).

In this study, we describe the use of small mono-substituted fragments - analogues of
fragment 1 - as probes to explore the OXA-48 binding site. The aim was to identify fragment-
enzyme interactions in the two alternate binding pockets of the active site of OXA-48, which
could be of general interest for the design of OXA-48 inhibitors. We wanted to exploit the
ability of small fragments to efficiently explore the binding pocket as they are less restricted
by size and more flexible compared to more elaborated inhibitors. Moreover, the smaller
fragments generally have the advantage of being more easily prepared making the discovery
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process more work-efficient. Furthermore, we wanted to translate the knowledge gained
into the rational design of di-substituted inhibitors related to compound 2 circumventing the
laborious preparation of a large library of elaborated inhibitors.

Towards this goal, we prepared a focused fragment library containing 3-aryl benzoic acids
decorated with a wide range of polar groups and a number of 3-heteroaryl benzoic acid
derivatives. In total 49 fragments were tested for inhibitory activity against OXA-48 and the
binding conformations of 33 fragment-enzyme complexes were analysed by X-ray
crystallography. Based on the structural information, fragments could be classified according
to their preferred binding pocket and useful fragment-enzyme interactions e.g. hydrogen
bonds were identified. Moreover, several new orthogonally binding fragments were found
leading to the design of symmetrically and unsymmetrically di-substituted inhibitors with
improved ICso in the low micromolar range. The structural data from enzyme-inhibitor
complexes was compared with enzyme-fragment complexes.

2 Results and discussion

A fragment library containing 49 3-substituted benzoic acid analogues 3a—35 was prepared
(Table 1). The fragments generally fulfilled the demands of libraries for fragment-based
ligand design (MW < 300, clogP < 3, hydrogen bond acceptor/donors < 3) (20). For the
synthesis, a strategy based on the Suzuki-Miyaura (SM) cross-coupling reaction to join two
sp’—hybridized carbons was employed (21). Two alternate coupling strategies were
successful starting with either 3-bromobenzoic acid (Table 1, strategy A) or 3-
carboxyphenylboronic acid pinacol ester (Table 1, strategy B) as starting materials allowing
for the utilisation of a wide range of aryl boronic acids or aryl bromides to introduce diversity
in the library.

Many of the required aryl boronic acids and bromides were commercial available, while the
aryl bromides used as starting materials for fragments 17-20, 24, 29 and 30 were prepared
according to standard acylation and sulphonylation protocols. The NH-tetrazol-5-yl-
substituted arylbromides (starting material for fragments 26a and 26b) were prepared by a
[3+2] intermolecular cycloaddition of 3- or 4-bromobenzonitrile with trimethyl silyl azide in
the presence of dibutyltin oxide in anhydrous 1,4-dioxane. The reaction mixture was
subjected to microwave irradiation in a tightly sealed vessel for 50 min at 150 °C to afford 3-
or 4-bromobenzotetrazole in 86% and 82% yield, respectively.
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139  Table 1: Preparation strategy and inhibitor activities of a library of 3-substituted benzoic
140  acids analogues against OXA-48 (ICso, Ky and LE).

0 Ar—B(OR),, 0 Ar—Br,

Br PACI,(PPhg)y, KsPO4,  p, PACI5(PPhg)y, KgPO4, 0
OH dioxane/H,0 OH dioxane/H,0 (Ro)zBﬁOH
141 Strategy A Strategy B
Comp. Ar= Strateg. ICso Ko LE® | comp. Ar= Strateg.  ICso Ko LE?
ID Yield (M) (uM) ID Yield  (uM)  (uM)
3a* > 9 170 035 | 11b* O@E- A 180 350 0.29
78% ’ HoN 97% ’
B ~& A
* * S s
3b @ g0 170 300 033 | 12a* @ gy, 120 150 0.29
OH A o é@g A
4a* 17 . 12 =S - 1 02
a @ oa 5O 5 0.38 b i ooy 380 361 025
|A\\ A HzN B
ab* 110 11 . 13* 2
b oA 98% 0 0 035 3 @ " 35 330 330 029
\
A N A
*  HO - . * 7 .
ac @% soy, 470 170 029 | 14 @}{ ory, 390 220 027

B
36%

A HoN
5* HO& gqy; 900 230 025 | 15a 2
B

o\
A H,oN
*
6a @ ogy 250 123 030 | 15b s

6b* A 360 226 028 | 16 8 110 300 0.31
~o 98% ‘ 15% '

600 800 0.27

1400 550 0.23

v o Y A 150 250 o031 16b - ® 1000 970 023
% 86% 67%
S = A N O\\S,H B*¢

7 | o5 400 1000 028 | 17 /‘b@ S 370 100 024

.
F A O‘\s’ e
8a* @ cey 130 170 o034 | 18 @O@ esy 60 210 024
0]

* A g7 B¢
8b* gy 130 240 034 | 19a Hﬁ sy 110 110 026
O

A a,c
_ —S—NH
§ 28% 360 312 030 | 19b i @ 1% 450 240 022

a,c o H a,c

P A" AN B
S
9% @o oy, 210 200 027 | 20 /\bV\©}f 119 370 200 022

8c* F

(0]
A A
* o *
9b* pr sa 260 144 026 | 21a )LH oy 35 100 033
0 §
A = A
1 : 2 27 | 21b* 450 2 2
0 > Mt gg 380 280 0 S ad opy, 450 290 025
NH, 0

a,b

A B
11a o)\©X 98% 260 220 0.28 22 ANKQ}{ 87% 130 130 0.27

142 * X-ray structure of fragment-enzyme complex available. ® Reaction in anhydrous THF instead of
143  dioxane:water as solvent; ® XPhos-Pd G2 as catalyst instead of PdCly(PPhs),; © PdCl,(dppf) as catalyst
144  instead of PACly(PPhs),. © LE = (—1.4 * log,, IC5,)/HeavyAtomCount with units kcal/(mol per heavy
145 atom).
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Table 1 continues:

d

Comp. Ar = Strateg. 1Cso Ko LE Comp. Ar = Strateg. 1Cso Ko LE
ID Yield (uM) (LM) ID Yield (LM) (uM)
H a,c HoN N
N B N B
222 Y V\©}< sy 230 170 024 | 29 | 26% 170 130 0.33
O (] (]
G AN o 5
23b )LH s 520 190 022 30 NJX 25% 800 900 0.29
x aoe o e
24+ 2 14 2 1 \ 11 2
o«@}( 30% 50 0 025| 3 " A 7% 350 3 028
NA N B N A
25 TN 159 1300 >1000 020 | 32 e 6% 500 590 0.31
N= () - ()
H B S B
* N ~ . - .
26a* E/@;f oy 60 70 030 | 33 NW D 24% 800 900 0.31
-
H H
N B N B
26b N @ 36 70 030 | 34 310 400 0.27
No 5 98% Q\/\@é{ 20%
s B Z A
27* 11 4 ) * \ 1 42
679 0 400 030 3% [ osy 59 0
Z . B
8% [ g7 200 160 0.27
N (]

* X-ray structure of fragment-enzyme complex available. ? Reaction in anhydrous THF instead of
dioxane:water as solvent; ° XPhos-Pd G2 as catalyst instead of PACl,(PPhs),; © PdCly(dppf) as catalyst
instead of PdCly(PPhs),. @ LE = (—1.4 * log,, 1C5,)/HeavyAtomCount with units kcal/(mol per heavy
atom).

In general, couplings under standard aqueous conditions using PdCl,(PPhs), as catalyst (5—10
mol%), KsPO, as base (5 equiv.) in dioxane/water gave good yields. The couplings leading to
fragments 9, 17-20 and 22-24 were not successful under these standard conditions. More
efficient catalysts (XPhos-Pd G2 or PdCl,(dppf)) and water-free conditions (anhydrous THF
instead of dioxane/water) were successfully employed to solve reactivity and solubility
problems and to prevent hydrolysis for base sensitive products (9 and 24). However, for
some products (19a+b and 20) the yields were still low (< 20%). Generally, the reactions
were easily purified by automated C18 flash chromatography to provide compounds of high
purity (> 95% as determined by UHPLC). For some compounds (15, 16, 19, 23, 24, 32 and 34),
additional silica flash chromatography was necessary to provide sufficiently pure products.

To study inhibitor properties like activity and enzyme interactions of merged fragments, a
small series of symmetrical and unsymmetrical 3,5-disubstituted benzoic acids was designed
(vide infra) and prepared. The synthesis of symmetrical 3,5-disubstituted compounds 36 and
38 was achieved under the conditions established for the coupling of mono-substituted
fragments using Pd,(dba)s/XPhos or XPhos-Pd G2 as catalysts (Scheme 1) (19). The di-
substituted coupling products 36 and 38 were obtained from 3,5-dibromobenzoic acid as
starting material and an increased amount of the boronic acid derivative (2 equiv.) in 54%
and 65% vyield, respectively. Compound 37 was isolated in 11% vyield as by-product in an
attempt to selectively mono-substituted 3,5-dibromobenzoic acid (vide infra).
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Scheme 1. Preparation of symmetrical 3,5-disubstituted benzoic acids. Reagents and
conditions: 36: 3-acetamidophenylboronic acid (1.5 equiv.), Pd,(dba)s;*CHCI3 (5 mol%), XPhos
(5 mol%), dioxane:water (1:1), 60 °C, 54%; 37: 4-acetamidophenylboronic acid (0.75 equiv.),
PdCl>(PPh3s), (10 mol%), dioxane:water (1:1), 95 °C, 11%, 38: quinolin-6-ylboronic acid pinacol
ester (2.0 equiv.), XPhos-Pd G2 (5 mol%), tert-butanol, 60 °C, 65%.

For the synthesis of unsymmetrical 3,5-disubstituted benzoic acids 39, the sequential
addition of two different aryl boronic acids under the previously established conditions gave
only 15% isolated yield (Scheme 2). In addition, the procedure involved tedious HPLC
purifications as the reaction mixture was difficult to purify due to occurrence of symmetrical
by-products with similar properties. To improve the selectivity of the reaction, we changed
the starting material from 3,5-dibromobenzoic acid to 3-iodo-5-bromobenzoic acid in order
to take advantage of the faster coupling reaction of aryl iodides when compared with aryl
bromides and thereby to prevent formation of symmetrical disubstituted by-products
(Scheme 2). Investigation of the chemoselective coupling of 3-iodo-5-bromobenzoic acid
with quinolin-6ylboronic acid pinacol ester to form mono-substituted int-40 showed that a
second, unwanted coupling was not easily prevented and a careful fine tuning of catalyst
(RuPhos-Pd G3, XantPhos-Pd G3, Sphos/Pd;(dba)s, Xphos/Pd,(dba)s;, SPhos-Pd G3, XPhos-Pd
G2, Pdy(dppf)Cl,), solvent (toluene/water, anhydrous THF, dioxane/water, tert-butanol),
reaction temperature (40-80 °C) and time (10—48 h) was initiated (Table SI1, see supporting
information). The composition of the crude reaction mixtures with respect to mono- and
disubstituted products as well as unreacted starting material was determined by mass
spectrometry (MS). The most chemoselective catalysts were XantPhos-Pd G3, Pd,(dppf)Cl,
and SPhos/Pd;(dba); showing good selectivity for the aryl iodide when the reaction was
performed with KsPO,4 as base in dioxane/water at 60 °C for 24 hours (Scheme 2). At this
conditions with SPhos/Pd,(dba)s; as catalyst, the monosubstituted intermediate int-40 was
obtained as main product together with small amounts of the disubstituted by-product (8-
10%). Careful purification to remove any traces of the disubstituted compound provided int-
40 in moderate yield (45%). The mono-substituted int-40 was further subjected to a second
coupling with XPhos-Pd G2 (5 mol%) as catalyst to provide 40 in good yields (90%).
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Br r2

Br A
Arl = 0 @\ = T Ar2= NG Q /@\
At CIT 0 Ay

int-39 (not isolated) int-40 (45%) 39 (11%) 40 (90%)

Scheme 2: Preparation of unsymmetrical 3,5-disubstituted benzoic acids. Reagents and
conditions: 39: i. X = Br, 3-acetamidophenylboronic acid (0.75 equiv.), PdCl,(PPhs), (10 mol%),
dioxane:water (1:1), 60 °C; ii. pyridin-4-ylboronic acid (1.2 equiv.), PdCl,(PPhs), (10 mol%),
dioxane:water (1:1), 60 °C; int-40: X = I, quinolin-6-ylboronic acid pinacol ester (2.0 equiv.),
Pd,(dba);+CHCI; (5 mol%), SPhos (5 mol%), dioxane:water (1:1), 60 °C; 40: 3-
acetamidophenylboronic acid (1.5 equiv.), XPhos-Pd G2 (5 mol%), tert-BuOH, 60 °C.

2.2 Evaluation of 3-substituted benzoic acids

2.2.1 Inhibitor activity of 3-substituted benzoic acids

The mono-substituted fragments 3—35 were initially investigated for their inhibitory activity
against OXA-48 in an enzymatic assay and by SPR. Inhibition and binding data are given in
Table 1 along with the associated ligand efficiencies (LE). The original hit fragment 1 had an
ICs0 of 250 uM and an LE of 0.32. Most of the fragments in this study showed inhibition at a
similar level with 1Cso> 200 uM and LE < 0.30. Fragments 4a (ICso (uM)/LE: 50/0.38), 18 (ICsg
(LM)/LE: 60/0.24), 21a (ICso (LM)/LE: 35/0.33), 26b (ICso (LM)/LE: 36/0.30) and 35 (ICso
(uM)/LE: 35/0.42) showed an order of magnitude stronger inhibition and were the most
potent fragments. Even though there are some discrepancies between the inhibition and
binding data, the same trends are maintained when comparing similar compounds,
indicating that the compounds indeed bind specifically to one site of the enzyme.

2.2.2 Structural analysis of 3-substituted benzoic acids

To evaluate the binding poses of our fragments, enzyme-fragment complexes for x-ray
crystallographic analysis were prepared. Rewardingly, 33 out of 49 fragments were
successfully soaked with OXA-48 and yielded crystal structures with resolution high enough
to warrant placement of the inhibitor in the electron density (Table 1). In addition, a crystal
structure of OXA-48 in complex with the substrate imipenem was obtained to better
understand substrate binding and to compare substrate and fragment binding interactions.

The crystal structure of the acyl-enzyme complex of OXA-48 with imipenem (Fig. 2A)
revealed a conformation close to previously observed conformations with OXA-13 (PDB-ID:
1h5x). In the complex the ring-opened imipenem was bound to OXA-48 covalently with
continuous electron density from the hydroxyl group of Ser70. There was an ionic bond from
the carboxylate group of imipenem to the guanidine group of Arg250. The carbonyl-group of
the now ring-opened B-lactam ring was positioned in the oxyanion-hole forming hydrogen
bonds to the main chain amides of Tyr211 and Ser70. The 6a-hydroxyethyl group (R') of
imipenem was positioned towards the hydrophobic residues Trp105, Val120 and Leu158 and
in the following discussion this region will be called the R* site. The amidine group (R?) was
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situated in the cleft defined by lle102, Tyr211, Leu247 and Thr213 and this region will be
called the R’ site. The R' and R® side chains of imipenem (Fig. 2A) had the same overall
directions as the pyridinyl substituents in the two overlapping binding conformations
observed with our initial hit 3-pyridin-4-ylbenzoic acid 1 (19).

In all our structures of OXA-48 in complex with fragments, an ionic bond between the
carboxylate group of the fragments and the guanidine group of Arg250 was observed, which
resembled the interaction of the carboxylate group of imipenem or the sulfamate group of
avibactam with Arg250.(17,22) In some cases, the carboxylate group was oriented in such a
way that also Thr209 (fragments 9b, 28, 35), Lys208 (fragment 34) or both (fragment 26a)
participated in binding.

Another common feature found in almost all crystal structures, except for fragments 21a
and 26b, was a -7 stacking interaction of the 3-aryl substituents attached to the benzoic
acid scaffold with Tyr211. This is consistent with the binding of imipenem, where the R; side
chain was oriented towards Tyr211 (Fig. 2C). The importance of Tyr211 as a non-polar patch
that contributes in binding substrate side-chains has been recognised before (23). We also
observed this interaction with our unsubstituted pyridyl benzoic acids previously. (19)

R C

1

L 96

SASE S
HN—,
~/ NH

S R2 chain CO,H CO,H
21a 28

Figure 2: The crystal structure of imipenem in complex with OXA-48 (A) shows that the two
side chains of imipenem extends in separate directions. The carbapenem substrates of OXA-
48 have small R* side chains. We were however able to fit larger groups in the R’ site like the
N-acetamide substituted phenyl ring in compound 21a (B). Yet, most of the tested 3-
substituted benzoic acids bind towards the larger R site, like the quinolin-7-yl substituted
compound 28 (C).

The weaker binding fragments (3a+b, 4a—c, 5, 6a—c, 8a—c, 9b, 11b, 123, 13, 14, 17, 24) all
bound in nearly the same conformation with the ionic bond of the benzoic acid and Arg250
and the n-n stacking interaction with Tyr211 as major interactions. In these structures, the 3-
aryl substituent on the benzoic acid was directed towards the R, pocket (Fig. 2C). Only minor
conformational differences were observed as described in the following. To help the reader
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in the following discussion, we will describe the fragments by the identity of the Ar groups
(Table 1), as the structural differences of the fragments relate to this group i.e. 3-(2-
methyl)phenylbenzoic acid 3a will be described as 2-methylphenyl substituted fragment.

The methylphenyl substituted fragments 3a (ICso (uM)/LE: 90/0.35) and 3b (ICso (uM)/LE:
170/0.33) had similar conformations, however, the 2-methyl group in 3a was facing towards
the hydrophobic c® of Ser244 explaining the more favourable binding. Fragments 4a—c (ICsq
(uM)/LE: 50/0.38, 110/0.35 and 470/0.29, respectively) also had very similar conformations,
but again we saw that more favourable van der Waals interactions gave higher affinity for
the 2-hydroxyphenyl substituted 4a. The 4-hydroxy isomer 4c had an unfavourable solvent
exposure of the hydroxyl group. Adding a methylene bridge yielding 3-hydroxymethylphenyl
5 (ICso (UM)/LE: 900/0.25) did not lead to any favourable interactions. The methoxyphenyl
fragments 6a—c (ICso (LM)/LE: 250/0.30, 360/0.28 and 150/0.31) shared the canonical R
binding pose. The methoxy group of the 2-substituted 6a appeared more shielded from
solvent exposure than in 6b and 6c, yet the methoxy group did not seem to make any strong
contacts. The weak inhibition seen with methyl thioether 7 (ICso (uM)/LE: 400/0.28)
corresponded to the results observed with the methoxy ethers 6. The fluorophenyl
substituted 8a—c (ICso (uM)/LE: 130/0.34, 130/0.34 and 360/0.30) had nearly identical
binding poses. The 4-substituted 8c gave the highest ICso value, most likely due to the
solvent exposed fluorine. The 2-substituted 8a seemed more favourable based on the
decreased solvent exposure of the fluorine atom, however, the difference to 8b was
negligible only observed by SPR.

The methoxyacetylphenyl esters 9a+b (ICso (UM)/LE: 210/0.27 and 260/0.26) showed no
clear additional interactions in the complex structures with OXA-48, and the methyl group
appeared to be unfavourably exposed to the solvent. The corresponding 4-acetylphenyl
substituted 10 (ICso (uM)/LE: 380/0.27) and carbamoylphenyl substituted 11a+b (ICso
(uM)/LE: 260/0.28 and 180/0.29) gave generally weak inhibition indicating that a carbonyl
group attached to the aromatic ring was not contributing to binding. No complex structures
are available for 10 and 11a, but the complex structure of 4-carbamoylphenyl 11b was
similar in conformation to the esters 9a+b. Slightly tighter binding was observed with the
meta-substituted sulfone 12a (ICso (uUM)/LE: 120/0.29), which also shares the same overall
conformation.

The 4-aminophenyl substituent of 13 (ICso (uM)/LE: 330/0.30) did not appear to make any
interaction with the enzyme, and the inhibition was weak. The complex structure of the
corresponding N,N-dimethyl-4-aminophenyl substituted 14 (ICso (UM)/LE: 390/0.27) showed
that the two methyl groups are solvent exposed, and this is reflected in the poor inhibition
by this compound. Similar to the complex structure of 14, the methyl 4-sulfonamidophenyl
group of 17 (ICso (LM)/LE: 370/0.24) was seemingly pushed out of the active site and appears
completely exposed to the solvent. The larger phenyl 4-sulfonamidophenyl substituted
fragment 18 (ICso (UM)/LE: 60/0.24) showed lower ICsq values probably driven by the
increase in hydrophobicity, and no complex structure was obtained.
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The corresponding 4-acetamidophenyl 21b (ICso (UM)/LE: 450/0.25) showed weak inhibition,
likely due to the solvent exposure of the hydrophobic methyl group. The 3-acetamidophenyl
containing fragment 21a (Figure 3), however, showed a 10-fold increased inhibition (ICso
(uM)/LE: 35/0.33). The complex structure of OXA-48 with fragment 21a revealed that the
carbonyl of the acetyl formed a hydrogen bond to the guanidine group of Arg214, which
directs the 3-acetamidophenyl substituent to the R’ site (Fig. 2B) and lead to a T-shaped r-r-
stacking interaction of the 3-acetamidophenyl substituent with Trp105. The n-it stacking of
the 3-acetamidophenyl substituent to Tyr211 normally observed with these fragments was
not observed; instead Tyr211 interacted with the benzoic acid by T-shaped n-nt-stacking. The
interaction of an acetamide with Arg214 has been described previously for the avibactam
analogue FPI-1523 in complex with OXA-48 (PDB-ID: 5fas) (22).
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Figure 3: Compound 21a was one of the most potent 3-substituted benzoic acid derivatives
we found. The ICsp-value (A) was determined to be 35 uM, while the Ky was found to be 100
uM (B). The crystal structure of the complex OXA-48:21a with an omit-type polder-map
(2.50) (C) and its 2D-representation (D) shows that the carbonyl of the acetamido-group
forms a hydrogen bond with the guanidine of Arg214. The interaction with Arg214 causes the
B-ring to move away from Tyr211, introducing a new interaction with Trp105.

Encouraged by the results for fragment 21a, we designed a series of fragments incorporating
a hydrocarbon linker between the phenyl ring and the amino, sulfonamido or acetamido
groups of 13, 18 and 21. The amines 15 and 16, the sulfonamides 19 and 20, the amides 22,
23a+b and the acetate 24 are more flexible, thus, increasing the potential of hydrogen
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bonding. However, none of these fragments showed substantially improved binding (ICsp:
110-1000; LE: 0.19-0.30). Moreover, the crystal structures of the amides 22, 23a+b and the
acetate 24 (ICsp (UM)/LE: 230/0.24, 520/0.22 and 250/0.25) did not show any specific
interactions for the functional groups.

In fragments 26a and 26b NH-tetrazole substituted phenyl rings were investigated as Ar
substitutents. Introducing the weakly acidic tetrazol-5-ylphenyl substituent in either 3-
position 26a (ICso (LM)/LE: 60/0.30) or 4-position 26b (ICso (LM)/LE: 36/0.30) yielded good
binding for both fragments. However, the binding poses for the two compounds were very
different. The 3-tetrazol-5-ylphenyl substituted 26a bound in two alternate positions. The -
n-stacking with Tyr211 was maintained for both conformations, but the tetrazoles appeared
completely solvent exposed with no interactions with the enzyme. The 4-tetrazol-5-ylphenyl
substituted 26b formed a hydrogen bond with the guanidine group of Arg214 (Fig. 4),
interrupting the m-i-stacking with Tyr211. Fragment 26b occupied the R site rather than the
more common R’ site.
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Figure 4: The ICso-value of compound 26b (A) was determined to be 36 uM, while the Kp was
found to be 70 uM (B). The crystal structure of the complex OXA-48:26b with an omit-type
polder-map (2.50) (C) and a 2D-representation of the protein:compound complex
interactions. (D).
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Figure 5: The ICso-value of compound 28 (A) was determined to be 240 uM, while the Kp was
found to be 160 uM (B). The crystal structure of the complex OXA-48:28 with an omit-type
polder-map (2.50) (C) and a 2D-representation of the protein:compound complex
interactions. (D).

A number of heterocyclic aryl substituents were also evaluated (fragments 25, 28-35). With
some exceptions of the pyridinyls 29 and 35 (ICso (uM)/LE: 170/0.33 and 35/0.42) most of
these fragments showed only weak inhibition. The quinolin-7-yl substituted fragment 28
(ICso (UM)/LE: 240/0.30) did maintain the overall conformation of the previous R* binding
fragments (Figure 5), and so did the corresponding naphtalen-2-yl substituted fragment 27
(ICso (UM)/LE: 110/0.29). In the same manner the indol-5-yl substituted fragment 34 (ICs
(uM)/LE: 310/0.27) did show acceptable binding, yet no specific interaction except for the -
stacking with Tyr211. In our previous paper, we investigated pyridin-4-yl and pyridin-3-yl
substituted fragments (19) , and both inhibited OXA-48 with the same potency (ICso (UM)/LE:
250/0.32). The pyridin-2-yl substituted fragments 35 (ICso (UM)/LE: 35/0.41) showed a 10-
fold improvement in binding (Fig. 6A and B). In the crystal structure, two alternative
conformations were observed (Fig. 6C). One conformation was the canonical with m-stacking
of the pyridinyl ring with Tyr211 occupying the R’ site (Fig. 6E), but in the other
conformation the pyridinyl ring was orientated to the R' site. The second conformation
showed a hydrogen bond from the protonated N atom in the pyridine ring to the backbone
carbonyl of Tyr117, which represents a unique interaction for the fragments in the library
(Fig. 6D). Only the protonated pyridinyl-nitrogen would be able to form hydrogen bonds to
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the Tyr117 mainchain, which may explain the slower on/off-rates observed for fragment 35
in the SPR-experiments (Fig. 6B).

In the discussion above most fragments were identified as R? binders with fragment 4a (ICso
(LM)/LE: 50/0.38) being the strongest binder among them. For R” binders, the edge-to-face
n-ri-stacking with Tyr211 appears to be an important interaction in accordance with previous
analyses (23). Fragment 35 showed the best ligand efficiency (ICso (UM)/LE: 35/0.42), but
could not be classified as a R' or R” binder as both binding pockets showed useful
interactions (Fig. 6C—E). Only two R* binders — fragments 21a and 26b - were identified, both
showing hydrogen bonds with Arg214 as cause for the fragments orientation towards the R
site.
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Figure 6: Compound 35 bound in the two alternate conformations. The ICso-value (A) was
determined to be 35 uM, while the Kp was found to be 159 uM (B). The crystal structure of
the complex OXA-48:35 with an omit-type polder-map (2.50) (C) and a 2D-representation of
the protein:compound complex interactions. (D for green colored conformation, E for
magenta colored conformation).

2.2.3 NMR studies

In order to evaluate the fragment-enzyme binding in solution, a *C NMR experiment for
OXA-48 was developed based on previous studies (24,25). OXA enzymes can be selectively
carbamylated with bicarbonate at an active site lysine to provide the corresponding
carbamic acid (24,26,27). For OXA-48 the carbamylated residue is Lys73, which is situated in
the R* site (Fig. 2B). By using *C-labeled sodium bicarbonate (NaH*3COs), a **C atom was
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introduced in the R' site of OXA-48, which can be used as a reporter probe for fragment
binding in *C NMR studies.

Fragments binding in the R! site were expected to change the local environment of the *C
labelled Lys73, which results in a change of the *C chemical shift of Lys—NH-">CO,H, while
ligands binding in the R” site are further than ~9 A away from the Lys73 carbamic acid, and
are therefore not expected to directly affect the *C chemical shift.

NMR experiments were performed by equilibrating OXA-48 with *C-labeled sodium
bicarbonate followed by the addition of inhibitor 2 and selected fragments 21a, 28 and 35
with known binding modes from X-ray analysis. The results are shown in Fig. 7. The *C NMR
spectrum of OXA-48 after equilibration with NaH>CO; showed the carbamate resonance at
163.95 ppm as a broad signal (Fig. 7E), which is in good agreement with the reported
chemical shift for carbamylated OXA-48 (28). In addition, two unassigned signals were
observed at 164.04 ppm similar to the results reported for carbamylation of OXA-58 (27).
Here the authors speculated that the unassigned signal may be related to a second
carbamylation site (27).

On addition of R! binding fragment 21a and inhibitor 2, the *C chemical shifts of the
carbamate signal were consistently deshielded in both experiments (6 = 164.25, Ad = 0.28
ppm, Fig. 7E and 7F). These findings support that the compounds bind competitively in the
active site. Moreover, the observed chemical shift perturbation indicates that the
compounds occupy the R! site as found in the crystal structures. The R? binding fragment 28
showed a similar deshielding of the carbamate signal though at a smaller amplitude (6 =
164.13, Ad = 0.16 ppm, Fig. 7D) supporting that the fragment binds in the active site, while
fragment 35, which was identified as R® or R? binder, only slightly affected the chemical shift
(6 = 164.00, Ad = 0.04 ppm, Fig. 7C). The observed chemical shift perturbations for
fragments 28 and 35 may indicate that fragment 28 has an effect on carbamylated Lys73,
while fragment 35 do not interact with the R! site, which is not consistent with the X-ray
structures. However, a more detailed study of the NMR conformations would be needed to
be conclusive about the binding poses in solution.

The small amplitudes of the observed chemical shift perturbations indicated that the effect
is not caused by direct hydrogen bonding of the carbamic carbonyl, for which a Ad of several
ppm would be expected, even for a uM binder (29). This was supported by the crystal
structures of OXA-48 indicating that the Lys73 carbamic acid was preoccupied in hydrogen
bonding to Trp157 and was not affected by ligand binding. The observed consistent, but
rather subtle, deshielding of the Lys73 carbamic acid (6 = 164.25, Ad = 0.28 ppm, Fig. 7E and
7F) for our R binding fragments can possibly be explained by an anisotropic magnetic
deshielding by the edge of the aromatic rings of these fragments, which were positioned
roughly 5 A away from the reporter carbon for R binding fragments. Moreover, amplitude
of the chemical shift perturbation observed with R binding fragments 21a and inhibitor 2
(Fig. 7E and 7F) were in line with the reported changes observed for OXA enzymes on
coordination with inhibitors like B-hydroxyisopropylpenicillanates (24), cyclic boronates (25)
and avibactam (28).
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Figure 7: °C NMR of the buffer alone including *>C labeled bicarbonate (A); OXA-48 without
3¢ labeled bicarbonate (B), OXA-48 with *>C labeled bicarbonate and fragment 35 (C); OXA-
48 with C labeled bicarbonate and fragment 28 (D); OXA-48 with >C labeled bicarbonate
and fragment 21a (E); OXA-48 with °C labeled bicarbonate and 3,5-di(4-pyridinyl)benzoic
acid 2 (F) and OXA-48 with 3C labeled bicarbonate and no fragment (G). Two unassigned
signals were observed at 164.1 ppm, and are believed to originate in a second carboxylated
site of OXA-48.

2.3 Inhibitor activity and structural analysis of 3,5-disubstituted benzoic acids.

In an attempted to design more potent inhibitors from our fragments, the mono-substituted
benzoic acids were evaluated for a merging approach (Fig. 8). By overlaying X-ray structures,
promising combinations showing orthogonal binding poses were identified and some of the
combined structures were prepared and evaluated with good results.

Ar  Mmerge based Arl Ar2
on structural
information
—
CO,H CO,H

Ar = substituted phenyl
or heterocyclic groups

Figure 8: Strategy for substitution of the Ar' and Ar® groups in the focused fragment library of
3-substituted benzoic acids analogues.

An overlay of fragment 21a as well as 26b with several R’ binders identified the
combinations of fragments 21a/28, 21a/1 and 26b/35 as interesting partners (Fig. 9). The
combination 21a/1 and 21a/28 were synthetically feasible and gave compounds 39 and 40
(Scheme 2), respectively. In addition, the symmetrical 3,5-disubstituted benzoic acids 36—38
representing the symmetrical combinations of fragments 21a, 21b and 28 were included in
this study (Scheme 1).
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Figure 9: Superimpositions of the binding poses observed for 21a/28 (A), 21a/1 (B, 1: PDB-
ID:5dva) and 26b/35 (C) showing some of the possible combinations for 3,5-disubstituted
benzoic acids.

The 3,5-disubstituted compounds 36—40 were evaluated for their inhibitory activity against
OXA-48 as measured by their ICso, K4 and LE and complex structures with OXA-48 and
compounds 36, 38 and 40 were obtained (Table 2). The merged compounds 37, 38 and 39
(ICso (uM)/LE: 110/0.19, 48/0.21, 100/0.22) failed to adequately maintain the binding
interactions as the ICsg values were at a similar level as the corresponding mono-substituted
fragments 28, 1 and 21a (ICso (uM)/LE: 240/0.33, 250/0.32 and 35/0.33). When comparing
the I1Cso values of compounds 36, 37 and 40 (ICso (UM)/LE: 2.9/0.27, 48/0.21 and 2.9/0.27)
with the corresponding fragments 21a, 21b and 28 (ICso (uM)/LE: 35/0.33, 450/0.26,
240/0.3), a 10-fold decrease of the ICsq value was observed. Nevertheless, the improved
binding was associated with a decrease in LE showing that the fragment-enzyme interactions
are less efficient with the merged compounds. The reduction in LE probably relates to the
rigid structure of the merged compounds allowing for little conformational freedom. Overall,
the strongest inhibitors in this study are compounds 36 and 40 with ICso values of 2.9 uM
and LE of 0.27.

Table 2. Inhibitor activities of 3,5-disubstituted benzoic acids analogues against OXA-48 (ICsq,
Kp and LE).

1 2 ICSO KD a
Ar Ar ID LE
(uM)  (uMm)
e B,
P P 36* 29 20 027
H H
H H
N N
g @ g @ 37 48 70 021
(@] (@]

= 5 = e
Ej@ Ej@ 38* 110 70 049
N N
2,k
o l;i PN 39 100 70 0.22

40* 2.9 49 0.27
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Figure 10: Compound 36 maintained the interaction with Arg214 as we observed for the 3-
substituted benzoic acid derivate. The ICso-value (A) was determined to be 2.9 uM, while the
Kp was found to be 30 uM (B). For the higher concentrations of compound 36 some unspecific
binding was observed. The crystal structure of the complex OXA-48:36 with an omit-type
polder-map (2.50) (C) and its 2D-representation (D) shows one of the acetamide-groups
interacted with the guanidine group of Arg214, while the other group was solvent exposed.

The structural analysis of the OXA-48 complexes with 36, 38 and 40 showed that the
interaction of the carboxylic acid with Arg214 is maintained. For compound 36, a near
perfect overlay was obtained with the complex structure of fragment 21a showing that all
interactions seen with the fragments were preserved in the larger compound (Fig. 10). The
second 3-N-acetamidophenyl group forms a not previously observed hydrogen bond with
Ser244. In the SPR sensorgrams some concentration dependent aggregation was observed.
(30)

Interestingly, the conformation of compound 38 in complex with OXA-48 was changed
compared with the mono-substituted fragment 28. In the OXA-48:38 complex, one
quinolinyl group bound in the R' site similar to fragment 21a. The other quinolinyl group
positions itself in a conformation similar to the alternative conformation observed with
fragment 35 (Fig. 6). No specific interactions were observed, but this conformation shielded
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the hydrophobic quinoline ring from solvent exposure by burying the compound deep in the
hydrophobic cleft.

The complex structure of the unsymmetrical compound 40 (Fig. 11) that was composed of
the quinoline ring of fragment 28 and the 3-N-acetamidophenyl substituent of fragment 13a
shared the key interactions of both mono-substituted fragments validating our approach,
with an ICsg of 2.9 uM.

3 Conclusion

A targeted fragment library consisting of 49 diversely 3-substituted benzoic acid derivatives
was prepared and biochemically analysed for their inhibitory activity against OXA-48.
Enzyme-fragment complexes for crystallographic studies were obtained for 33 fragments. By
systematically changing the substituent-groups of the benzoic acid derivatives we were able
to identify inhibitory fragments with ICso < 40 uM (21a, 26b, 35). Based on the structural
information, fragments could be classified according to their preferred binding pocket. Most
fragments were orientated towards the R” site induced by a m-m-stacking with Tyr221.
Unfortunately, no further interactions in the R? site could be identified from our library. The
strongest binding fragments 21a and 26b were binding in the R® site due to a hydrogen bond
to Arg214 and for fragment 35 a hydrogen bond to the carbonyl backbone of Tyr117 was
observed. By overlaying the complex crystal structures of fragments 1, 21a, 26b, 28 and 35,
the design of five new 3,5-disubstituted inhibitors evolved. The strongest 3,5-disubstituted
inhibitors 36 and 40 showed ICsq values as low as 2.9 uM, thus have improved inhibitory
potential. The complex crystal structures of 36 and 40 revealed that the interactions of the
individual fragments were mainly retained in the merged structures. In addition, for inhibitor
36 a previously not observed hydrogen bond from the 3-N-acetamidophenyl group in the R?
site to Ser244 was found, which is interesting as we otherwise found few interactions in this
region. Future work will focus on the evaluation of fragments with increased flexibility e.g.
by introducing a CH, or heteroatom linker bridging the aromatic ring systems to further
explore the active site.
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Figure 11: Compound 40 maintained the interaction with Arg214 as we observed for the 3-
substituted benzoic acid derivate. The ICsp-value (A) was determined to be 2.9 uM, while the
Kp was found to be 49 uM (B). The crystal structure of the complex OXA-48:40 with an omit-
type polder-map (2.50) (C) and its 2D-representation (D) shows that the acetamide-group
interacted with the guanidine group of Arg214, while the quinoline-ring was partially solvent
exposed.

4 Experimental
4.1 Synthesis

4.1.1 Synthesis of 3-substituted benzoic acids (complete data for all procedures and compounds is
found in the Supporting Information)

4.1.1.1 General procedure A — Aqueous conditions:

The halo aryl (1.0 equiv) was dissolved in a mixture of water:dioxane (1:1). The boronic acid
or ester (1.5 equiv) and potassium phosphate (5.0 equiv) were added. The solution was
degassed by vacuum/Argon cycles (10 times) before addition of PdCl,(PPhs), (10 mol%) and
further degassed (5 times). The resulting mixture was stirred at 95 °C under argon
atmosphere for 16-20 hours. The reaction mixture was filtered through Celite and diluted
with water (approx. 30 mL) before washing with chloroform (3 x 30 mL). If not stated
otherwise, the aqueous phase was concentrated under reduced pressure and applied to a
C18 precolumn before purification on a 10 g or 60 g C18 column with a gradient of
acetonitrile in water (10-100%) to yield the desired product.
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41.1.2 General procedure B — Anhydrous conditions:

The halo aryl (1.0 equiv) was dissolved in anhydrous THF. The aryl boronic acid or aryl
boronic ester (1.5 equiv) and inorganic base (5.0 equiv) were added. The solution was
degassed by vacuum/Argon cycles (10 times), before addition of a palladium catalyst (10
mol%) and further degassed (5 times). The resulting mixture was stirred at 75—-90 °C under
an inert atmosphere for 16-20 hours. The reaction mixture was filtered through Celite and
diluted with water (approx. 30 mL) before washing with ethyl acetate (3 x 30 mL). If not
stated otherwise, the aqueous phase was concentrated under reduced pressure and applied
to a C18 precolumn before purification on a 10 g or 60 g C18 column with a gradient of
acetonitrile in water (10-80%) to yield the desired molecule.

41.2.1 General procedure:

3-Bromo-5-iodobenzoic acid (0.03—-0.06 mmol, 1.0 equiv.) was dissolved in the indicated
solvent (0.5—-1 mL/0.01 mmol substrate). The boronic acid or ester (1.5 equiv.) and base (5.0
equiv.) were added. The solution was degassed by vacuum/Ar cycles (10 times) before
addition of the palladium catalyst and further degassed (5 times). The resulting mixture was
stirred at the indicated temperature under an inert atmosphere for the indicated reaction
time. The crude reaction mixture was analysed by HRMS to determine the ratio of int-39 :
disubstituted 38 : starting material. The reaction mixture was filtered through Celite bed and
diluted with water (approx. 30 mL) before washing with chloroform (3 x 30 mL). The aqueous
phase was concentrated under reduced pressure and applied to a C18 precolumn before
purification on a 60 g C18 column with a gradient of acetonitrile in water (0-5% over 15 min)
to yield the product.

4131 3,5-Di(3-acetamidophenyl)benzoic acid 36:

3-Bromo-5-iodobenzoic acid (0.30 mmol, 100 mg, 1.0 equiv), 3-acetamidophenylboronic acid
(0.45 mmol, 816 mg, 1.5 equiv), potassium phosphate (1.5 mmol, 324 mg, 5.0 equiv) were
dissolved in a mixture of water/dioxane (1:1). The solution was degassed by vacuum/Ar
cycles (10 times) before addition of Pd,(dba)s;«CHCl; (15 mg, 5 mol%), and XPhos (7.2 mg, 5
mol%) and further degassed (5 times). The resulting mixture was stirred at 60 °C for 20-24
hours. The reaction mixture was filtered through Celite bed and diluted with water (approx.
30 mL) before washing with chloroform (3 x 30 mL). The aqueous phase was concentrated
under reduced pressure and applied to a C18 precolumn before purification on a 60 g C18
column with a gradient of acetonitrile in water (0—5% over 15 min) to provide 36 (60 mg,
54%) as white powder. 'H NMR (400 MHz, methanol-ds) 6 8.21 (s, 2H), 7.90 (t, J = 1.7 Hz, 1H),
7.81 (t,J = 1.7 Hz , 2H), 7.68 (d, J = 8 Hz, 2H), 7.43 (s, 1H), 7.49-7.46 (m, 2H), 7.43-7.39 (m,
2H), 2.16 (s, 6H). *C NMR (101 MHz, methanol-ds) § 175.0, 171.8, 142.9, 142.3, 140.5, 132.2,
130.4, 128.2, 128.1, 123.9, 120.3, 119.7, 24.0. HRMS (ESI): Calcd. for Cy3H19N,04 [M-H]
387.1350; found 387.1342. UPLC: purity = 97.5 %
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4.1.3.2 3,5-di(4-acetamidophenyl)benzoic acid 37:

3,5-Dibromobenzoic acid (1.01 mmol, 300 mg, 1.0 equiv), 3-acetamidophenylboronic acid
(0.81 mmol, 178 mg, 0.75 equiv), potassium phosphate (3.76 mmol, 0.80 g, 3.5 equiv) and
PdCl,(PPhs), (0.11 mmol, 77 mg, 10 mol%) were stirred in a mixture of water/dioxane (1:1)
for 24 hours at 95 °C under argon atmosphere. The crude reaction mixture was filtered
through Celite and diluted with water (approx. 30 mL) before washing with chloroform (3 x
30 mL). The aqueous phase was concentrated under reduced pressure and applied to a C18
precolumn before purification on a 60 g C18 column with a gradient of acetonitrile in water
(0—100 % over 12 minutes). The fractions were analysed by MS and fractions containing 37
were combined. The product was purified by reverse-phase automated flash
chromatography before being subjected to purification by HPLC, to yield 37 (0.09 mmol, 34
mg, 11%) as a white solid. 'H NMR (400 MHz, methanol-d,) 6 8.24 (s, 2H), 7.98 (d, J = 7.8 Hz,
2H), 7.85 (d, J = 7.9 Hz, 2H), 7.68-7.66 (m, 2H), 7.63-7.60 (m, 2H), 7.57-7.53 (m, 1H), 2.16 (s,
6H). 3C NMR (101 MHz, methanol-d,) & 175.2, 171.7, 142.0, 140.2, 139.4, 137.9, 131.7,
128.4, 128.2, 127.6, 127.4, 123.3, 121.4, 116.2, 23.9. HRMS (ESI): Calcd. for C,3H19N,04 [M-
H] 387.1350; found 387.1340. UPLC: purity >99.5 %

4.1.3.3 3,5-diquinolin-6-ylbenzoic acid 38:

3,5-Dibromobenzoic acid (0.11 mmol, 33 mg, 1.0 equiv), 6-quinolinylboronic acid pinacol
ester (0.23 mmol, 60 mg, 2.0 equiv), potassium phosphate (0.58 mmol, 125 mg, 5.0 equiv)
were dissolved in tert-butanol. The solution was degassed by vacuum/Ar cycles (10 times)
before addition of XPhos-Pd G2 (5 mol%, 5 mg) and further degassed (5 times). The resulting
mixture was stirred at 60 °C for 20—24 hours. The reaction mixture was filtered through
Celite bed and diluted with water (approx. 30 mL) before washing with chloroform (3 x 30
mL). The aqueous phase was concentrated under reduced pressure and applied to a C18
precolumn before purification by C18 RP flash chromatography with a gradient of
acetonitrile in water (0-5% over 15 min) to yield 38 (0.08 mmol, 29 mg, 65%) as white
powder. 'H NMR (400 MHz, methanol-d,) & 8.87-8.86 (m, 2H), 8.52 (s, 1H), 8.50 (s, 1H), 8.46
(m, 2H), 8.38 (m, 2H), 8.29-8.26 (m, 3H), 8.18 (s, 1H), 8.16 (s, 1H), 7.61-7.58 (dd, J = 8.3, 4.2
Hz, 2H). *C NMR (101 MHz, methanol-d,) § 174.4, 151.1, 148.0, 141.5, 140.5, 138.6, 130.6,
130.1, 129.5, 128.7, 126.9, 122.8. HRMS (ESI): Calcd. for CysH1sN,0, [M-H]™ 375.1139; found
375.1133. UPLC: purity = 99.1 %

41.4.1 3-(3"-Acetamidophenyl)-5-pyridin-4-ylbenzoic acid 39: attempted synthesis from 3,5-
dibromobenzoic acid

3,5-Dibromobenzoic acid (1.01 mmol, 300 mg, 1.0 equiv), 3-acetamidophenylboronic acid
(0.81 mmol, 178 mg, 0.75 equiv), potassium phosphate (3.76 mmol, 0.80 g, 3.5 equiv) and
PdCl,(PPhs); (0.11 mmol, 77 mg, 10 mol%) were stirred in a mixture of water/dioxane (1:1)
for 24 hours at 95 °C under argon atmosphere. The crude reaction mixture was filtered
through Celite and diluted with water (approx. 30 mL) before washing with chloroform (3 x
30 mL). The aqueous phase was concentrated under reduced pressure and applied to a C18
precolumn before purification by C18 RP flash chromatography with a gradient of
acetonitrile in water (10-100 % over 12 minutes). The fractions were analysed by MS and
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fractions containing int-39 were combined and reacted with pyridin-4-ylboronic acid (0.97
mmol, 119 mg, 1.2 equiv), potassium phosphate (4.05 mmol, 0.86 g, 5.0 equiv) and
PdCI,(PPhs3), (0.08 mmol, 56 mg, 10 mol%). The product was purified by reverse-phase
automated flash chromatography before being subjected to purification by HPLC, to yield 39
(0.12 mmol, 39 mg, 15%) as a white solid. '"H NMR (400 MHz, methanol-d,) & 8.22 (s, 1H),
7.92 (d, J = 7.6 Hz, 1H), 7.76 (s, 2H), 7.68-7.60 (m, 3H), 7.46-7.33 (m, 4H), 2.14 (s, 3H). C
NMR (101 MHz, methanol-d,) 6 175.3, 171.7, 143.0, 141.5, 140.4, 139.8, 130.3, 129.7, 129.3,
129.3,128.9,123.7,120.1, 119.6, 23.9. UPLC: purity = 97.9%

4.1.4.2 3-Bromo-5-(quinolin-6-yl) benzoic acid int-40:

3-Bromo-5-iodobenzoic acid (0.15 mmol, 50 mg, 1.0 equiv), 6-quinolinylboronic acid pinacol
ester (0.22 mmol, 58 mg, 1.5 equiv) and potassium phosphate (0.76 mmol, 162 mg, 5.0
equiv) were dissolved in a mixture of water/dioxane (1:1). The solution was degassed by
vacuum/Ar cycles (10 times) before addition of Pd,(dba)ssCHCIs (5 mol%, 7.5 mg), and SPhos
(5 mol%, 3.1 mg) and further degassed (5 times). The resulting mixture was stirred at 60 °C
for 20-24 hours. The reaction mixture was filtered through a Celite bed and diluted with
water (approx. 30 mL) before washing with chloroform (3 x 30 mL). The aqueous phase was
concentrated under reduced pressure and applied to a C18 precolumn before purification on
a 60 g C18 column with a gradient of acetonitrile in water (0-5% over 20 min). Product int-
40 (0.07 mmol, 23 mg, 45%) was obtained as a white powder. *H NMR (400 MHz, methanol-
d,) 6 8.92-8.91 (m,1H), 8.49-8.46 (m, 1H), 8.35 (s, 1H), 8.28 (s, 2H), 8.10 (s, 2H), 8.02-8.01 (m,
1H), 7.97-7.96 (m,1H), 7.59-7.56 (dd, J = 8.3, 4.2 Hz, 1H). *C NMR (101 MHz, DMSO-ds) &
166.6, 150.8, 147.2, 143.6, 140.6, 136.8, 136.5, 131.7, 131.1, 129.6, 128.5, 128.2, 127.4,
126.5, 125.8, 121.9, 121.7; HRMS (ESI): Calcd. for C16H97gBrN02 [M-H]™ 325.9822; found
325.9822.

4.1.43 3-(3'-Acetamidophenyl)-5-quinolin-6-ylbenzoic acid 40:

3-Bromo-5-(quinolin-6-yl) benzoic acid int-40 (0.039 mmol, 13 mg, 1.0 equiv), 3-
acetamidophenylboronic acid (0.55 mmol, 10 mg, 1.5 equiv) and potassium phosphate (0.20
mmol, 0.42 g, 5.0 equiv) were dissolved in tert-butanol. The solution was degassed by
vacuum/Ar cycles (10 times) before addition of Xphos-Pd G2 (5 mol%, 1.5 mg) and further
degassed (5 times). The resulting mixture was stirred at 60 °C for 20—-24 hours. The reaction
mixture was filtered through Celite bed and diluted with water (approx. 30 mL) before
washing with chloroform (3 x 30 mL). The aqueous phase was concentrated under reduced
pressure and applied to a C18 precolumn before purification on a 60 g C18 column with a
gradient of acetonitrile in water (0-5% over 20 min). Product 40 (0.023 mmol, 9 mg, 90%)
was obtained as white powder. *H NMR (400 MHz, methanol-d,) & 8.87-8.83 (m, 1H), 8.56-
8.45 (m, 1H), 8.41-8.39 (m, 1H), 8.35-8.20 (m, 3H), 8.18-8.11 (m, 1H), 8.08 (t, / = 1.8 Hz, 1H),
7.87-7.86 (m, 1H), 7.72-7.68 (m, 1H), 7.62-7.56 (m, 1H), 7.56-7.49 (m, 1H), 7.46-7.42 (m, 1H),
2.17 (s, 3H). *C NMR (101 MHz, DMSO-dg) 6 174.7, 171.8, 151.2, 148.2, 142.8, 142.5, 141.4,
140.8, 140.7, 140.5, 138.8, 130.8, 130.4, 130.3, 129.7, 128.6, 128.5, 128.5, 127.0, 123.9,
123.0, 120.3, 119.7, 23.9. HRMS (ESI): Calcd. for CysHigN,0O3 [M-H] 381.1245; found
381.1243.UPLC: purity = 96.4 %
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For the biochemical assay OXA-48 was expressed with the native signal-peptide and purified
from the periplasm as described earlier.(31) For surface plasmon resonance assays, nuclear
magnetic resonance and crystallization a His-tagged construct was used.(19)

All experiments were performed using a Spectramax M2e at 25 °C in 100 mM sodium
phosphate (pH 7.0) supplemented with 50 mM NaHCOs; and 0.2 mg/ml bovine serum
albumin (BSA). Velocities from the linear range were determined in the SoftMax Pro
software (Molecular Devices). All experiments were done with a sample volume of 100 pL.
IC;, values were determined for all compounds in competition with 25 uM of the
chromogenic substrate nitrocefin. The log,, of the inhibitor concentrations to the response
with bottom and top constant based on controls were fitted nonlinearly in GraphPad Prism 6
(GraphPad Software) to determine the IC;, value.

All SPR experiments were performed on a Biacore T200 at 25 °C. The data were analyzed
using Biacore T200 Evaluation Software 2.0 (GE Healthcare). The sensorgrams were double
reference subtracted using a reference surface and blank injections. The final running buffer
included 50 mM HEPES pH 7.0, 50 mM K,SO,, 0.5% Tween-20, 50 mM NaHCO,, and 2.5%
DMSO. The enzyme, tOXA-48, was diluted to 25 pg/mL in 10 mM MES pH 5.5. The enzyme
was immobilized to a level of around 5000 RU on a CM5 chip using standard amine coupling.

Compounds were tested with 10 dilutions from 400 uM to 10.5 uM, with 30 s injection and
60 s dissociation time. Compounds exhibiting kinetic behavior had the dissociation time
extended to 300 s. Seven startup cycles with buffer were performed. Solvent correction was
performed every 48" cycle and a positive control was included every 24 cycle with 3.5-Di(4-
pyridinyl)benzoic acid as the control (19). Affinities were calculated from the steady-state
affinity model with a constant R,., adjusted by the control and the molecular weight of the
compound.

A solution of NaH™CO3 in D,O (50 mM) was prepared. The NaH'3COs/D,0-mixture was
added to 1 mM OXA-48 in 50 mM sodium phosphate and 50 mM sodium bicarbonate pH 6.5
in a1 :9 ratio of bicarbonate to enzyme. Compounds were diluted from a 150 mM stock
solution in 100% DMSO to a final concentration of 3.75 mM (2.5% DMSQO). Sample volumes
of 500 pL were used. We performed the experiment at 37 °C with a Bruker Avance Il HD
with an inverse detected TCI probe with cryogenic enhancement for *H, *C and °H,
operating at 599.90 MHz for protons and 150.86 MHz for carbon. 10 000 scans at 30° pulse
angle with 2 s relaxation delay were collected using 1D *C NMR with power-gated
decoupling of protons (zgpg30 using waltz16).

Crystals of OXA-48 was grown from hanging drops containing 0.1 M HEPES pH 7.5, 8-11%
PEG 8000 and 4-8% 1-butanol as previously described.(17) Compounds were diluted to
3.75mM in the cryo solution with 0.1M HEPES pH 7.5, 10% PEG 8000, 5% 1-butanol, and 25%
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ethanediol, usually overnight. The exception was the crystal soaked in imipenem. Imipenem
was added to saturation in the cryosolution, and the crystal was just given a quick soak.

Crystals were flash cooled in liquid nitrogen. X-ray diffraction data were collected at BL 14.1
and BL14.2 at BESSY (Berlin, Germany) (32) and at ID23 and ID30 at ESRF (Grenoble, France).
In most cases the structures were solved by refining against the protein-atoms of previous
structures (P212121 PDB ID: 5DVA and P21 PDB ID: 5DTK), but in cases where the unit cells
were to different PHASER was used with chain A from PDB ID: 5dtk as the search model for
molecular replacement. In most cases images were collected autoprocessed using the tools
at the beamlines,(33-37) but in some cases we found it useful to reprocess using DIALS or
XDS together with AIMLESS.(38-40)

The compounds were built into difference density maps after initial refinement in
phenix.refine,(41) with waters deleted from the active site. Restraints for the compounds
were prepared using the GRADE Web Server.(42) Omit maps were calculated using the
phenix.polder-tool which excludes bulk-solvent from the volume surrounding the ligand.(43)
Figures were made using PyMOL.(44) Ligand-interaction diagrams were prepared using the
Maestro-suite from Schrodinger Release 2016-3 (Schrodinger, LLC, New York).
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