J AMERICAN mB' .
=8 socieTy For
MICROBIOLOGY

RESEARCH ARTICLE

L)

Check for
updates
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J. Bailey,” L. Gallagher,® W. T. Barker,® V. B. Hubble,’ J. Gasper,? C. Melander,” 2 C. Manoil®

aDepartment of Genome Sciences, University of Washington, Seattle, Washington, USA

bDepartments of Chemistry and Biochemistry, University of Notre Dame, Notre Dame, Indiana, USA

ABSTRACT Small molecule adjuvants that enhance the activity of established antibi-
otics represent promising agents in the battle against antibiotic resistance. Adjuvants
generally act by inhibiting antibiotic resistance processes, and specifying the process
acted on is a critical step in defining an adjuvant’s mechanism of action. This step is
typically carried out biochemically by identifying molecules that bind adjuvants and
then inferring their roles in resistance. Here, we present a complementary genetic
strategy based on identifying mutations that both sensitize cells to antibiotic and
make them “adjuvant blind.” We tested the approach in Acinetobacter baumannii
AB5075 using two adjuvants: a well-characterized B-lactamase inhibitor (avibactam)
and a compound enhancing outer membrane permeability (aryl 2-aminoimidazole Al-
1). The avibactam studies showed that the adjuvant potentiated one B-lactam (ceftazi-
dime) through action on a single B-lactamase (GES-14) and a second (meropenem) by
targeting two different enzymes (GES-14 and OXA-23). Mutations impairing disulfide
bond formation (DsbAB) also reduced potentiation, possibly by impairing B-lactamase
folding. Mutations reducing Al-1 potentiation of canonical Gram-positive antibiotics
(vancomycin and clarithromycin) blocked lipooligosaccharide (LOS/LPS) synthesis or its
acyl modification. The results indicate that LOS-mediated outer membrane imperme-
ability is targeted by the adjuvant and show the importance of acylation in the resist-
ance. As part of the study, we employed Acinetobacter baylyi as a model to verify the
generality of the A. baumannii results and identified the principal resistance genes for
ceftazidime, meropenem, vancomycin, and clarithromycin in A. baumannii AB5075.
Overall, the work provides a foundation for analyzing adjuvant action using a compre-
hensive genetic approach.

IMPORTANCE One strategy to confront the antibiotic resistance crisis is through the
development of adjuvant compounds that increase the efficacy of established drugs.
A key step in the development of a natural product adjuvant as a drug is identifying
the resistance process it undermines to enhance antibiotic activity. Previous proce-
dures designed to accomplish this have relied on biochemical identification of cell
components that bind adjuvant. Here, we present a complementary strategy based
on identifying mutations that eliminate adjuvant activity.

KEYWORDS Acinetobacter, Tn-seq, aminoimidazole, avibactam, baumannii, baylyi,
meropenem, vancomycin

everal alternatives to traditional antibiotic discovery have been proposed for con-

fronting the antibiotic resistance crisis, including the development of adjuvants
that increase the efficacy of established drugs (1-6). Resistance to an antibiotic is often
distinguished as to whether its mechanism is “acquired” and “intrinsic,” with acquired
resistance typically corresponding to dedicated detoxifying functions like B-lactamases
encoded in the accessory genome, and intrinsic resistance being more general and
encoded in the core genome, such as that due to the outer membrane permeability
barrier in Gram-negative bacteria. Adjuvants can target either type of resistance. For
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example, a variety of B-lactamase inhibitors and outer membrane barrier-compromis-
ing compounds have been identified (7-11).

Natural product whole-cell screening has been fruitful in the unbiased discovery of
new antibiotic adjuvants (3, 4). A key step in such studies is defining how an adjuvant
sensitizes bacteria to an established antibiotic, i.e., defining the resistance mechanism
it compromises. The principal methods used to reach this goal have been biochemical,
based on identifying adjuvant-binding proteins and inferring their roles in resistance
(12-14). While this strategy has markedly increased our understanding of adjuvant
mechanisms, it has potential limitations, e.g., that knowing the identity of an adjuvant-
binding molecule does not guarantee that the actual resistance process it functions in
is obvious, that some of the biochemical methods depend on the previous identifica-
tion of candidate target molecules for purification and further analysis, and that some
of the methods assume that binding targets are proteins. In the study presented here,
we developed a complementary strategy that bypasses these limitations by identifying
mutations that compromise adjuvant-targeted resistance processes themselves.

Our study focused on Acinetobacter baumannii, an ESKAPE pathogen notorious for
its expression of multiple, often redundant antibiotic resistance determinants (15-18).
We employed A. baumannii AB5075, a highly virulent isolate exhibiting robust antibi-
otic resistance which has been developed as a genetically manipulable strain represen-
tative of current clinical isolates (19). AB5075 encodes an extended spectrum class A
B-lactamase (GES-14), two class D oxacillinases (OXA-23 and OXA-69), a class C enzyme
(AmpC), and several B-lactamase relatives (20-24). The GES-14 gene is in a resistance
island (RI-2) carried on a plasmid, whereas the others are chromosomal (20, 25).
AB5075 produces lipooligosaccharide (LOS) in place of lipopolysaccharide (LPS) as the
principal outer membrane permeability barrier (26-28). LOS is nonessential under
some growth conditions but is needed for resistance to multiple antibiotics (16). Like
many A. baumannii strains, AB5075 undergoes a phase variation that affects resistance
and other traits, apparently due in part to differences in capsule production in the vari-
ant types (29, 30). The strain also undergoes a high-frequency gene duplication that
produces unstable aminoglycoside resistance (31). Resources available for AB5075
include an arrayed transposon mutant library, transposon insertion sequencing (Tn-
seq) technology, and a list of genes essential for growth (19, 20, 31-36). In addition, an
extensive Tn-seq analysis of antibiotic resistance in a different A. baumannii strain
(ATCC 17978) provides a general reference for the species (17). We also employed A.
baylyi to test the generality of findings for A. baumannii. A. baylyi strain ADP1 is an anti-
biotic sensitive relative of A. baumannii that has been developed as a model for syn-
thetic biology because of its high DNA transformation competence (37-39).

Here, we developed a genetic procedure to identify adjuvant target processes and
evaluated it using two adjuvants targeting different resistance mechanisms (Fig. 1).
The first adjuvant studied was avibactam, a well-characterized broad spectrum B-lacta-
mase inhibitor active against most class A and some class D enzymes (7). The com-
pound potentiates the activity of multiple B-lactam antibiotics against A. baumannii
(40, 41). The second adjuvant studied was aryl 2-aminoimidazole Al-1, a compound
which compromises the A. baumannii outer membrane permeability barrier. The adju-
vant potentiates the activities of antibiotics normally ineffective against Gram-negative
species, including the glycopeptide vancomycin and the macrolide clarithromycin, as
well as several B-lactams (10, 42). The specific binding target of Al-1 is not known, but
the adjuvant is presumed to compromise the outer membrane permeability barrier
because of the drugs it potentiates, because it fails to potentiate a colistin-resistant
mutant and because it alters LOS structure (10).

RESULTS AND DISCUSSION

Rationale. The primary goal of this study was to develop and test a general genetic
approach for identifying the resistance processes targeted by antibiotic adjuvants. The
assumption underlying the approach is that mutations inactivating an adjuvant-
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FIG 1 Antibiotic adjuvants employed in this study. Avibactam is a B-lactamase inhibitor of the
diazabicyclo-octane class, and Al-1 is an aryl 2-aminoimidazole thought to enhance outer membrane
permeability.

targeted resistance mechanism will both create a sensitivity phenotype mimicking ex-
posure to the adjuvant and cause loss of adjuvant potentiation. We implemented the
approach in three steps (Fig. 2). First, we identified the resistance determinants for an
antibiotic potentiated by an adjuvant of interest at genome scale by transposon inser-
tion sequencing (Tn-seq). We next examined candidate resistance loci one-by-one to
validate and quantify their mutant sensitivity phenotypes. We then screened validated
antibiotic-sensitive mutants for reduced antibiotic potentiation by adjuvant. Mutations
sensitizing cells to an antibiotic and eliminating potentiation of its activity by adjuvant
should inactivate the resistance process targeted by the adjuvant. In addition to actual
adjuvant-binding targets, gene products needed for the binding target to function in
resistance should meet these criteria. To evaluate this approach, we analyzed adju-
vants acting on genetically simple (3-lactamase) or complex (outer membrane imper-
meability) resistance processes in A. baumannii AB5075.

STEP OBJECTIVE

Identify antibiotic To identify

sensitive mutants candidate
by Tn-seq resistance genes

Quantify sensitivities To validate
of single mutants resistance genes

l

Test verified mutants for : To identify genes

loss of adjuvant needed for
potentiation adjuvant activity

FIG 2 Genetic identification of resistance processes targeted by antibiotic adjuvants. The approach is
based on identifying mutations that mimic (phenocopy) treatment with adjuvant in enhancing
antibiotic sensitivity. The approach assumes that among all mutations sensitizing bacteria to a
potentiated antibiotic, the subset that is not further sensitized by adjuvant inactivates the targeted
resistance process. The genes identified by this procedure should in principle include both those
encoding molecules binding adjuvant and auxiliary functions needed for the binding target to
function.
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TABLE 1 Avibactam potentiation of ceftazidime action is eliminated by B-lactamase GES-14 mutations®

mBio’

Ceftazidime MIC (ug/mL)

Gen+e Mutation Product —avibactam +avibactam AMIC
- None - >2,048 14+2 >146
trpB Insertions >2,048 12 >170
blages 14 Deletion B-Lactamase GES-14 11 £2 75+1 1.5
IptE Insertions LOS transport 136 =57 09+0.2 151
dsbA Insertions Thiol:disulfide interchange 717 =108 12£5 59
gidA Insertions Division >2,048

blagyp»s Deletion B-Lactamase OXA-23 >2,048 12 >170
blaces 14, blaoya.os Deletions B-Lactamases GES-14 and OXA-23 12 8 1.2

aMutants were assayed for ceftazidime sensitivity in the presence and absence of avibactam (64 ng/mL). The values reflect 4 to 13 independent efficiency of plating assays
of multiple alleles, and nonzero sample standard deviations are shown. The trpB mutants serve as wild-type transposon-containing strains. A deletion mutant lacking
resistance island 2, which includes bla. ,, gave MIC values comparable to the Abla. ,, single mutant (not shown). LOS, lipooligosaccharide; MIC, minimal growth

inhibitory concentration

Avibactam studies. As a proof-of-concept study, we analyzed avibactam. Avibactam
enhances the activities of the B-lactams ceftazidime (a third-generation cephalosporin)
and meropenem (a carbapenem) (see Fig. S1) against A. baumannii (40, 41), and we exam-
ined both. The approach outlined in Fig. 2 predicts that one or more of the four principle
B-lactamases encoded by AB5075 will behave as avibactam targets for the antibiotics.

Avibactam-ceftazidime. We first identified mutations increasing ceftazidime sensi-
tivity using Tn-seq. Screens were carried out at three ceftazidime concentrations con-
siderably lower (>16-fold) than the AB5075 minimal growth inhibitory concentration
(MIC) (>2,048 ng/mL) to identify preferentially mutants with strong sensitivity pheno-
types. The top hits identified in the screen corresponded to the genes for the GES-14
B-lactamase (blages.q4), a replication function of the plasmid carrying the GES-14 gene
(repA), and a glucose-inhibited division protein (gidA) (see Table S1, top) (43). GES-14
was previously implicated in ceftazidime resistance in a different strain of A. baumannii
(23). Insertions in the three other B-lactamase genes (blagya.»3, bldoyase and ampC) did
not increase sensitivity (see Table S1 bottom and not shown). Mutations inactivating
two genes contributing strongly to meropenem resistance (see below), corresponding
to an LOS transport function (IptE) and a function needed for disulfide bond formation
(dsbA), exhibited weak ceftazidime sensitivity phenotypes in Tn-seq, with depletion
only at the highest antibiotic concentration assayed (see Table S1, bottom).

A concern in interpreting transposon mutant phenotypes is that insertions may
have polar effects on transcriptionally downstream genes which affect phenotypes. For
most mutants with antibiotic sensitivity phenotypes analyzed in this study, significant
polar effects are unlikely either because downstream genes are absent or because the
saturation-level genome coverage in the Tn-seq screens ruled out such mutant sensi-
tivities for the genes. A detailed description of potential polar effects on antibiotic sen-
sitivities of the top mutants analyzed in this study is provided in Materials and
Methods.

We validated the ceftazidime Tn-seq findings by examining individual transposon
mutants from the AB5075 arrayed transposon mutant library (20) and newly con-
structed deletion mutants (Materials and Methods). GES-14 inactivation strongly sensi-
tized cells to ceftazidime, reducing the MIC >100-fold in the absence of avibactam.
However, mutations in gidA had no discernible effect (Table 1), and mutations in repA
were not tested because they were absent from the mutant library. We suspect that
gidA mutations lead to a weak sensitivity phenotype detectable in Tn-seq experiments,
in which mutants are grown in competition, but which is not strong enough to be
seen in single mutant assays. Mutations in IptE and dsbA partially enhanced sensitivity.
Mutations inactivating B-lactamase OXA-23 alone did not significantly increase ceftazi-
dime sensitivity, and a GES-14 OXA-23 double mutant was no more sensitive than the
GES-14 single mutant. The results imply that the GES-14 B-lactamase is the principal
ceftazidime resistance function and that outer membrane LOS and disulfide bond for-
mation are needed for full resistance.
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We then examined avibactam potentiation of ceftazidime activity for the mutants
with increased sensitivities. Avibactam greatly sensitized wild-type strains, OXA-23 and
IptE mutants to ceftazidime (AMIC >146-fold), indicating that its resistance target was
still active in these strains. In contrast, avibactam had almost no effect on the ceftazidime
sensitivities of the GES-14 single mutant and the GES-14 OXA-23 double mutant (AMICs
<2-fold) (Table 1). The results indicate that GES-14 is the main target of avibactam in
potentiating ceftazidime activity. Avibactam also showed reduced ceftazidime potentia-
tion of dsbA mutants (Table 1). The result suggests that DsbA could contribute to ceftazi-
dime resistance by acting on the primary avibactam target GES-14, e.g., by promoting
formation of the enzyme’s disulfide bond and stabilizing its folded structure (44).

Avibactam-meropenem. We next examined avibactam potentiation of merope-
nem activity. We carried out Tn-seq screens at a wide range of normally subinhibitory
meropenem concentrations (seven screens at 2- to 10-fold below the AB5075 MIC) in
order to identify both strong and weak resistance functions (see Table S2). A total of 37
genes showed significant mutant depletion, and the genes could be grouped into
classes based on strength of phenotype. By far the strongest sensitization was seen for
insertions in LOS transport function IptE, which unlike most other LOS synthetic genes,
was not essential under the Tn-seq growth conditions employed (20). We suspect that
IptE mutations only partially impair LOS transport, as has been observed in other bacte-
ria (45, 46). Other top meropenem sensitive mutants (classes 1 and 2 in Table S2) inacti-
vated the genes for B-lactamase OXA-23, LOS modification enzymes (IpxL and IpsB),
capsule synthesis genes (wzy, wzb, and wzc), a capsule biosynthetic enzyme also
involved in LOS synthesis (gna) (47), and genes needed for disulfide bond formation
(dsbAB), zinc transport (znuABC and zurA), regulation (rpoE and rseP), or peptidoglycan
metabolism (pbpG and ampG). For the three B-lactamases other than OXA-23, only
mutations inactivating GES-14 increased meropenem sensitivity, although the pheno-
type was relatively weak (class 4).

Tn-seq findings were verified by assaying individual transposon mutants (Table 2).
As expected, IptE mutations led to the greatest increase in meropenem sensitivity
seen, reducing the MIC >12-fold minus avibactam. B-lactamase OXA-23 mutations
reduced the MIC 4-fold. Other genes with verified mutant sensitivities included dsbAB,
gna, pbpG, and znuA, as well as additional genes needed for LOS synthesis ([psB and
IpxL), regulation (rpoE and ompR), peptidoglycan metabolism (ampG), or of unknown
function (ABUW_0466) (48, 49). These mutations presumably define the most signifi-
cant AB5075 meropenem resistance functions.

The role of the ZnuABC zinc transport system in meropenem resistance is uncertain.
However, recent work identified a zinc limitation-induced p,n-carboxypeptidase (ZrlA)
which provides a potential link to peptidoglycan metabolism (50).

Meropenem activity against wild type and trpB transposon mutant control strains
was highly potentiated by avibactam (AMICs = 44-fold) (Table 2). LptE mutants were
equally potentiated by the adjuvant (AMIC = 32-fold), indicating that the avibactam
target was still functional in the LOS transport mutant (Table 2). Somewhat surpris-
ingly, OXA-23 deletion mutants also showed considerable potentiation by avibactam
(AMIC = 33-fold). None of 14 other meropenem-sensitive mutations fully eliminated
the potentiation either, although three (in dsbA, dsbB, and ABUW_0466) reduced it par-
tially (AMICs = 20- to 25-fold). The results suggest that multiple targets could contrib-
ute to avibactam potentiation of meropenem activity, and thus no single mutation
would fully eliminate it. We tested this possibility in two ways: by examining AB5075
double mutants and by transferring genes into A. baylyi.

Since B-lactamase GES-14 contributed detectably to meropenem resistance in a
wild-type AB5075 genetic background (Table 2; see also Table S2), we examined
whether it was responsible for the residual resistance and avibactam potentiation of
OXA-23 mutants. We generated single and double deletion mutants of GES-14 and
OXA-23 and examined their meropenem sensitivities * avibactam. Strains carrying a
deletion of the 13.5-kbp resistance island (RI-2) that includes the GES-14 gene were
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TABLE 2 Meropenem sensitivity and avibactam potentiation of transposon mutants®

mBio’

Meropenem MIC (ug/mL)

Gene Function Tn-seq class Insertion site (bp)® —avibactam +avibactam AMIC
Wild type - - - 12+0.8 0.25 48
trpB Tryptophan synthesis - 381 (1,230) 12 0.25 48
670 (1,230) 11 =1 0.25 44
blagya.»s B-Lactamase OXA-23 1 121 (822) 3 0.09 33
230 (822) 3 0.09 33
IptE LOS synthesis 1 18 (510) 0.67 +0.3 0.009 74
229 (510) 0.31 £0.12 0.008 39
384 (510) 0.25 0.008 32
404 (510) 0.38 0.008 48
pbpG Peptidoglycan metabolism 1 277 (1,008) 35+0.6 0.11 = 0.02 32
140 (1,008) 4 0.09 44
ZNUA Zinc transport 1 391 (840) 6 0.12 50
211 (840) 6 0.12 50
gna Capsule synthesis 1 319 (1,275) 3.5*+06 0.03 117
157 (1,275) 4 0.06 67
dsbA Disulfide formation 1 336 (618) 35+0.7 - -
184 (618) 3.8*05 0.19 20
64 (618) 4 0.16 = 0.04 25
dsbB Disulfide formation 2 56 (516) 6 0.25 24
106 (516) 514 0.25 20
ampG Peptidoglycan recycling 2 460 (2,190) 4 0.09 44
779 (2,190) 4 0.09 44
ABUW_0466 Unknown 2 320 (663) 6 0.25 24
470 (663) 6 0.25 24
rpoE Sigma factor 2 236 (615) 6 0.09 67
IpxL LOS synthesis 2 314 (936) 3 0.05 60
IpsB LOS synthesis 2 333(1,101) 4 0.05 80
742 (1,101) 25 %21 0.04 £ 0.01 63
blages 14 B-lactamase GES-14 4 378 (864) 1M1*£14 0.25 44
ompA Outer membrane protein - 103 (1,062) 4 < -
943 (1,062) 3 - -
ompR Two-component regulation - 502 (765) 2.75*+0.5 0.05 55
411 (765) 25+06 0.05 50
envZ Two-component regulation 4 888 (1,458) 6 - -

9The average values of two to seven efficiency-of-plating assays for each mutant are presented. Nonzero sample standard deviations are shown. A complete list of mutants
identified by Tn-seq is shown in Table S2, including their class assignments based on depletion after growth in the presence of meropenem. Additional genes with verified
but smaller individual mutant meropenem sensitivities (minus avibactam) (AMIC 6 to 10) were ghbB (capsule synthesis); bfmR, rseP, and dksA (regulation); mrdA, dacC, elsL,
and rlpA (peptidoglycan synthesis); ABUW_0460 (unknown function); and znuC (zinc transport). The ompA and ompR genes showed low mutant read recovery in Tn-seq

and were not assigned a class.
bTransposon insertion position in gene (gene length).
<Sensitive to avibactam alone.

also included. We found that double mutants lacking both GES-14 and OXA-23 B-lactamase
genes were much more sensitive to meropenem than the corresponding single mutants in
the absence of avibactam and were not further sensitized by avibactam (Table 3). The
results indicate that OXA-23 and GES-14 contribute redundantly to meropenem resistance,
with OXA-23 dominating when both enzymes are present, and that both enzymes are
inhibited by avibactam.

The contributions of both OXA-23 and GES-14 to avibactam potentiation of mero-
penem activity can be readily observed by the growth of wild-type and mutants on
agar * avibactam with meropenem Etest strips (Fig. 3). The zone of clearing is dramati-
cally greater with avibactam in the agar medium for the wild-type, the two single
B-lactamase mutants and the LptE mutant (AMIC = 32- to 64-fold). However, the OXA-
23-GES-14 double mutant exhibits only modest potentiation by the adjuvant
(AMIC = 2-fold).

To further examine the apparent redundancy in B-lactamases acting on merope-
nem, we examined “transplant” strains in which the GES-14 and OXA-23 genes were
inserted into the genome of A. baylyi. A. baylyi is a genetically manipulable relative of
A. baumannii which does not exhibit significant B-lactam resistance (51). The
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TABLE 3 Meropenem sensitivity and avibactam potentiation in deletion mutants and
transplant derivatives®

Meropenem MIC (ug/mL)

Mutation(s) No. of isolates tested -avibactam +avibactam AMIC

A. baumannii
None 1 12 0.25 48
Ablagy »s 2 4 0.094 43
Ablaces s 3 8 0.25 32
ARI-2 1 8 0.25 32
Ablagys 3 Ablages 14 3 0.094 0.094 1
Ablaoys o5 ARI-2 1 0.094 0.094 1

A. baylyi
None 1 0.064 0.031 2
+ kan 1 0.064 0.047 1.4
+ blaoya.»s 2 8 0.19 42
+ blages. s 2 0.75 0.047 16
+ blagyars + blages s 2 10 0.19 52

aMIC values are based on duplicate efficiency of plating assays in LB of independently derived strains. The
sample standard deviations were <5% in all cases. The slight (=2-fold) avibactam potentiation consistently
seen for wild-type A. baylyi was eliminated by a mutation inactivating penicillin binding protein 2 (which is not
essential in A. baylyi), suggesting that the protein contributes somewhat to the potentiation (not shown). An A.
baylyi mutant deleted of IptE reduced the meropenem MIC 12-fold in a bla-minus background and 48-fold in a
transplant strain expressing OXA-23 and GES-14, indicating that the IptE-minus sensitivity phenotype is
independent of the two B-lactamases. RI-2, resistant island 2 (contains blag ,,).

properties of the transplant strains reflected those of the corresponding A. baumannii
mutants (Table 3). Compared to the parent and wild-type control strains, the OXA-23 sin-
gle transplant increased the meropenem MIC 10-fold more than the GES-14 transplant,
and the double transplant was slightly more resistant than the OXA-23 single transplant.
Both individual transplants and the double transplant were potentiated by avibactam,
whereas the parent and control strain showed little potentiation. Taken together, these
findings confirm that the OXA-23 and GES-14 B-lactamases almost entirely account for
AB5075 meropenem resistance and that avibactam sensitizes cells by inhibiting both.
One possible explanation for the unusual redundancy phenotype is that OXA-23 interac-
tion with one or more outer membrane porins transporting meropenem provides a ki-
netic advantage over GES-14 in the inactivation of the antibiotic (33).

Summary of avibactam findings. The results of the avibactam analysis help vali-
date the approach outlined in Fig. 2 for identifying a relatively simple class of adjuvant
target (B-lactamases) and show that the approach can succeed in the face of target re-
dundancy. The non B-lactamase genes for which mutants show partially reduced
potentiation by avibactam, namely, dsbAB and ABUW_0466, may act indirectly to facili-
tate folding or export of the target B-lactamases.

Aryl 2-aminoimidazole Al-1 studies. We next examined adjuvant Al-1 (Fig. 1),
which sensitizes A. baumannii to antibiotics normally ineffective against Gram-negative
species, including the macrolide clarithromycin and the glycopeptide vancomycin (see
Fig. S1) (10). The adjuvant is thought to compromise the outer membrane permeability
barrier, allowing the potentiated antibiotics to reach their cellular targets.

We first screened for AB5075 clarithromycin or vancomycin hypersensitive mutants
by Tn-seq. We identified 15 genes showing strong mutant depletion with vancomycin
and nine with clarithromycin, with six genes in common (see Table S3). Three of the
genes in common function in LOS synthesis or modification (IptE, IpsB, and gna), fitting
with the key role of LOS in outer membrane impermeability to the drugs. Most other
genes involved in LOS production were poorly represented in the transposon mutant
pools analyzed due to their essentiality under the Tn-seq screening conditions
employed (20) and could not be evaluated. We thus assume that the three LOS muta-
tions identified lead to only partial loss of the outer membrane permeability barrier
and can be tolerated. Mutants not known to be associated with LOS synthesis with
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FIG 3 Adjuvant potentiation plate test. The image shows meropenem sensitivity = avibactam using
bacteria grown overnight on LB agar in the presence of Etest strips. The approximate MICs based on
these assays (-avibactam, + avibactam in ug/mL) were as follows: wild-type (24, 0.38), Ablagy,,; (4,
0.125), Ablage,, (12, 0.38), Ablagy,,; Ablags,, (0.250.125), IptEzTn (0.5, 0.012). LB agar was
supplemented where indicated with 64 ug/mL avibactam.

strong sensitivity phenotypes for the antibiotics affect synthesis of peptidoglycan
(rlpA), capsule (gtr51), or metabolism (g/nA) (see Table S3). Overall, the results are con-
sistent with the tenet that the two antibiotics are normally ineffective against Gram-
negative bacteria due to poor outer membrane permeation.

The next steps of the analysis were validation of clarithromycin- and vancomycin-
sensitive phenotypes with single mutants, followed by screens for loss of adjuvant
potentiation (Fig. 2). However, in the process of carrying out these studies, we found
that the growth of many mutants of interest was inhibited by adjuvant Al-1 alone. To
identify adjuvant-sensitive mutants at a comprehensive scale, we carried out Tn-seq
screens in the presence of Al-1 alone (see Table S4). The screens identified mutations
in 27 genes that significantly increased Al-1 sensitivity, including genes required for
capsule synthesis (10 genes), phospholipid retrograde transport (four genes), and LOS
core oligosaccharide synthesis (four genes). The results suggest that reducing the cap-
sule or LOS oligosaccharide permeability barriers or increasing the phospholipid con-
tent of the outer membrane sensitizes cells to adjuvant. A strong LOS-minus mutation
(IpxC:ISAbaT) remains sensitive to adjuvant (see below), indicating that the toxicity is
not due to an effect on LOS.
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TABLE 4 Al-1 potentiation of vancomycin and clarithromycin activity in mutants®

mBio’

Vancomycin MIC (uzM Al-1)

Clarithromycin MIC (uM Al-1)

Gene Insertion site (bp) 0 15 20 AMIC® 0 15 20 AMIC?
AB5075 - 256 64 32 8 32 4 2 16
trpB 381(1,230) 256 64 32 8 32 2 2 16
670 (1,230) 384 = 181 96 * 45 241 16 32 4 2 16
IptE 18 (510) 8 2 1.5+0.7 53 6=*3 1 0.5 12
229 (510) 8 1 1 8 4 1 0.75*04 53
IpxL 314 (936) 128 48 + 22 32 4 32 2 2 16
414 (936) 64 64 32 2 32 2 2 16
dnaJ 449 (1,113) 64 16 12*+6 53 32 3%1 2 16
628 (1,113) 96 *+ 45 16 12+6 8 32 4 2 16
IpxC 395 (903) 0.125 0.125 0.125 1 0.0625 0.0625 0.0625 1
473 (903) 0.25 0.125 0.125 2 0.0625 0.0625 0.062 1

aValues represent means of 3 or 4 assays by broth microdilution in LB containing different levels of Al-1. Non-zero sample standard deviations at 48 hours are shown. The

MIC of Al-1 alone was 50 uM under these conditions.
bAMIC at 20 uM adjuvant.

To bypass the adjuvant toxicity complication, we focused further analysis on three
genes whose mutants were sensitive to vancomycin and/or clarithromycin but were
insensitive to adjuvant alone. The genes encode functions required for LOS transport
(IptE), LOS acyl modification (IpxL) (52, 53), and a chaperone (dnaJ). We retrieved indi-
vidual mutants for the three genes from the arrayed AB5075 transposon mutant library
and assayed their antibiotic sensitivities. Mutations in all three genes increased sensi-
tivity to vancomycin compared to the parent AB5075 or transposon-insertion control
strains (trpB), and the IptE mutations also increased clarithromycin sensitivity (Table 4).
We next examined the additional effect of Al-1 and found that the mutations affecting
LOS reduced but did not eliminate potentiation (measured as AMIC) of vancomycin
(IptE and IpxL) and clarithromycin (IptE), whereas the dnaJ mutation had only a small
effect on vancomycin potentiation. The results fit with a mechanism in which Al-1 acts
on LOS to compromise the outer membrane permeability barrier.

Since neither of the LOS mutations eliminated potentiation completely, it was possi-
ble that they did not fully compromise the outer membrane permeability barrier, or that
functions other than LOS also contribute to potentiation by Al-1. To evaluate this possi-
bility, we isolated 12 mutants expected to be strongly LOS-minus by selecting strong col-
istin resistance under conditions in which LOS is not essential (54) (see Materials and
Methods). Nearly all (11/12) of the mutants isolated carried IS element insertions in IpxC,
the gene for first committed step of LOS synthesis (52) (see Materials and Methods). Two
of these mutants examined were exquisitely sensitive to vancomycin and clarithromycin
and showed virtually complete loss of Al-1 potentiation (Table 4). The results imply that
LOS function is likely to be the sole significant resistance determinant acted on by Al-1.

We examined Al-1 toxicity toward the adjuvant-blind /pxC mutants and found little
change from the wild type (e.g., MIC = 75 = 27 for AB5075 and 70 = 27 for LpxC- strain
MAB203). The finding shows that Al-1 antibiotic potentiation and toxicity are geneti-
cally separable and indicates that Al-1 toxicity does not act through LOS.

To examine whether the effects seen for A. baumannii AB5075 potentiation
extended to another Acinetobacter species, we examined deletion mutants of A. baylyi.
In addition to IptE and IpxL, we created mutations in IpxM (encoding a second LOS acyl
transferase) (52, 53) and IpxA (encoding the first step of LOS synthesis). The IpxA mu-
tant was constructed in a suppressor mutant genetic background (AmlaBCDEF ApldA)
because of its near essentiality in a wild-type genetic background (55). The wild-type
control strain (MAY154) exhibited strong Al-1 potentiation of clarithromycin and van-
comycin activity, whereas all the LOS mutations reduced or eliminated potentiation for
one or both antibiotics (Table 5). The results with A. baylyi thus reflect those for A. bau-
mannii and suggest that LOS is likely to be a relatively general requirement for Al-1
potentiation in Acinetobacter species. They also further underscore the importance of
LOS acyl modification for vancomycin potentiation.
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TABLE 5 Al-1 potentiation of antibiotic activity in A. baylyi mutants®

Vancomycin MIC («M Al-1) Clarithromycin MIC («M Al-1)
Strain Genotype 0 15 20 AMIC 0 15 20 AMIC
MAY116 Wild type 256 16 16 8 0.5 16
MAY156 AlptE 2 0.5 4 0.25 0.125 2
MAY157 AlpxL 128 24 *9 53 8 0.5 16
MAY158 AlpxM 28*5 16 1.8 4 0.5 8
MAY154 AmlaBCDEF ApldA 128 5318 24 2 0.5 4
MAY155 AmlaBCDEF ApldA AlpxA 4 4 1 0.0625 0.0625 1

9Values represent means of two to three broth microdilution assays in LB at 45 to 48 h with nonzero sample standard deviations shown. The MIC of Al-1 alone was =50 uM

for all strains (not shown). MAY116 and MAY 154 carry nptll in place of an IS element (see Materials and Methods).

A simple explanation for Al-1 potentiation of vancomycin is that it reduces LOS acy-
lation. The model can account for the reduced hydroxyacyl content of LOS isolated
from Al-1-treated cells (10), since LpxL adds a hydroxyacyl group to LOS (53). However,
since IpxL and IpxM mutations increase vancomycin sensitivity much more than clari-
thromycin sensitivity, whereas Al-1 potentiates both antibiotics robustly, reduced acy-
lation seems unlikely to be the sole mechanism by which Al-1 acts.

Morphology of Al-1-treated cells. In previous work with A. baylyi and A. baumannii,
we and others found that lethal mutations affecting outer membrane biogenesis, includ-
ing LOS and protein localization, led to a distinctive terminal morphology in which bacteria
accumulated as chains of rounded cells (55, 56). The phenotype suggests defects in lateral
peptidoglycan synthesis and cell separation. Since Al-1 appears to act on the outer mem-
brane, it should produce a similar morphology. Indeed, growing cells in the presence of
Al-1 led to rounding at low concentrations (15 wM) and additional chaining at higher lev-
els (40 and 80 wM) (Fig. 4). The results provide independent support for the conclusion
that the adjuvant compromises the outer membrane.

Summary of Al-1 studies. The results provide strong support for the hypothesis
that Al-1 acts by compromising the LOS-mediated outer membrane permeability bar-
rier, and show the critical role of acyl modification for the barrier function. The study
was complicated by the facts that LOS was essential under the conditions used for Tn-
seq analysis and that adjuvant alone was toxic to many antibiotic sensitive mutants.
Nevertheless, the analysis progressed because partial loss-of-function mutations affect-
ing LOS which were not lethal and did not sensitize cells to adjuvant toxicity could be
studied.

Conclusions. These studies serve to validate a new, genome-scale approach for
defining the resistance mechanisms undermined by antibiotic adjuvants based on
identifying loss-of-function mutations that eliminate adjuvant potentiation. The
approach was successful in dissecting the simple situation in which the major resist-
ance determinant for an antibiotic was also the function targeted by an adjuvant (avi-
bactam-ceftazidime), but also accommodated more complicated cases in which there
were two redundant adjuvant targets (avibactam-meropenem), the target was essen-
tial (Al-1), or the adjuvant was toxic (Al-1). In principle, the procedure should identify

Al-1 (uM)
0 15 , 40 80

FIG 4 Morphology of Al-1 treated A. baumannii. Bacteria were grown on LB agar containing
different levels of Al-1 for 20 h at 37°C and imaged using phase-contrast microscopy. Ratios of 1:2:4
cell chains for the different Al-l concentrations were as follows: 0 uM (0.20:1.0:<0.02), 15 uM
(0.13:1.0:0.08), 40 uM (<0.02:1.0:5.0), and 80 wM (0.03:1.0:0.56) (>200 cells counted for each
concentration). The MIC for Al-1 is 50 to 75 uM in this medium, which may account for the reduced
production of four cell chains at 80 uM.
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TABLE 6 Strains

Strain Genotype Locus/loci mutated Source or reference
Acinetobacter baumannii
AB5075-UW Wild type 1
MAB103 ARI-2 ABUW_4045-4064 2
MAB198 Ablagy»s ABUW_0563 This study
MAB199 Ablages.,, ABUW_4052 This study
MAB200 Ablagyp 55 Ablages 14 ABUW_0563, ABUW_4052 This study
MAB201 Ablagys o5 ARI-2 ABUW_0563, ABUW_4045-4064 This study
MAB202 AbfmR ABUW_3181 This study
MAB203 IpxC::ISAba1 at bp 395 of 903 ABUW_0152 This study
MAB204 IpxC::ISAba1 at bp 473 of 903 ABUW_0152 This study
Acinetobacter baylyi
ADP1 Wild type 3
MAY116 AlS1236_1:nptll ACIAD0320-0321
MAY151 AIS1236_1:blages ,, (ABUW_4052) ACIAD0320-0321 This study
MAY152 AIS1236_4:bldgy, 55 (ABUW_0563) ACIAD1249-1250 This study
MAY153 AlS1236_1:blages ., AIS1236_4:blagy 3 ACIAD0320-0321, ACIAD1249-1250 This study
MAY154 AmlaB-F ApldA AIS1236_1:nptll ACIAD3241-3245 This study
MAY155 AmlaB-F ApldA AlpxA:nptll ACIAD3241-3245, ACIAD1354 3; this study
MAY156 AlptE::aphA6 ACIAD3107 This study
MAY157 AlpxL::aphA6 ACIAD0484 This study
MAY158 AlpxM::aphA6 ACIAD2638 This study

virtually all the nonessential functions underlying a resistance process targeted by an
adjuvant. This genetic approach thus complements biochemical methods focused on
defining adjuvant-binding targets based on in vivo or in vitro affinity (12-14).

The challenges of defining targets for new adjuvants discovered in target-blind
screens are not unlike those encountered for new antibiotics, namely, the shortage of
general methods available and uncertainty associated with those that are (57). The
genetic strategy presented here adds an approach that is general and complementary
to established biochemical methods and should thus contribute to the development
of this promising class of drugs.

MATERIALS AND METHODS

Growth medium, strains, and plasmid. The growth medium was LB (10 g of tryptone, 5 g of yeast
extract, 8 g of NaCl/L with 15 g/L Bacto agar [Difco] for LB agar) at 37°C (A. baumannii) or 30°C (A. baylyi)
unless otherwise noted. A. baumannii AB5075-UW (MAB101), transposon T26 insertion pools and single
mutants of this strain have been described (20), as has plasmid pSL15a (34). All Acinetobacter strains
used for this study are listed in Table 6.

Mutant construction and isolation. A. baumannii nonpolar, unmarked deletion strains were con-
structed by targeted mutagenesis using a suicide plasmid integration-excision method (34). A fragment
consisting of ~1 kb of flanking sequence on each side of a gene to be deleted was subcloned using
added restriction sites into suicide vector, pSL15a. Deletions were designed to be in-frame and remove
all but ~30 bp total from the ends of the genes deleted. The suicide vector was conjugated from either
MFDpir or S17-1 into AB5075 or MAB103, with selection for tetracycline (15 wg/mL) and, for S17-1 donor
matings, chloramphenicol (10 wg/mL) (58). Tetracycline-resistant cointegrants were purified, streaked
onto LB media lacking sodium chloride and containing 6% sucrose, and then incubated at room temper-
ature overnight. In the case of the blag ,, deletion construction, tobramycin at 10 ug/mL was also
added to sucrose media to select for p1AB5075 and eliminate sucrose-sensitive colonies that had lost
the plasmid. Sucrose-resistant colonies were screened for loss of tetracycline resistance and deletion
constructs were confirmed by PCR.

A. baylyi marked and unmarked deletion mutant strains were made through natural transformation
of linear fragments as described previously (59), except that flanking sequences used were ~1 kb in
length, the kanamycin resistance marker inserted was the aphA6 gene from AB5075 (60) and that
unmarked deletions did not contain added sequences. All deletion constructs were confirmed by PCR.
Insertion strain MAY151 was made by replacement of 1S1236_1 sequence (genome bp 321570 to
322805) with the promoter and coding sequences of blag.,, (ABUW_4052) via natural transformation
(59). Likewise, MAY152 was made by deletion of 1S1236_4 (genome bp 1248193 to 1249429) and inser-
tion of promoter and coding sequences of blagy,,; (ABUW_0563). A double mutant (MAY153) was
made via sequential transformations. Primers used for mutant constructions are listed in Table S5.

A. baumannii LpxC mutants were isolated by selection for colistin resistance (27, 54). Overnight
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cultures of AB5075 were plated on LB agar supplemented with colistin (10 wg/mL) and incubated at
37°C overnight. Twelve colistin-resistant colonies found to be vancomycin sensitive were purified, and
the IpxA and IpxC genes sequenced. Eleven of the mutants carried insertions of ISAba1 or ISAba13 in
IpxC (at four unique locations), and two (MAB203 and MAB204) were studied further (Table 6).

Antibiotic sensitivity assays. Three methods were employed for measuring antibiotic minimum
growth inhibitory concentrations. For efficiency of plating assays, overnight cultures were diluted and
grown to an optical density at 600 nm (ODy,,) of 0.1 to 0.2, and aliquots of serially diluted cultures were
spotted (10 L) on antibiotic plates. After 18 to 24 h of growth, the concentration at which the efficiency
of plating fell below 5% was called as the MIC. For strip assays, Etest strips (bioMérieux) were placed on
lawns of cells from strains grown as described above prior to plating, and MICs based on growth inhibi-
tion around the strip at 18 to 24 h evaluated according to manufacturer’s instructions. In a third method,
broth microdilution (10), strains were grown as described above and diluted to 5 x 10° CFU/ml and
then distributed in a 2-fold dilution series of antibiotic and grown in a 96-well format for 48 h under sta-
tionary conditions in humidified bags. Absorbance measurements were taken with a Tecan SpectroFluor
Plus plate reader. For adjuvant potentiation assays, adjuvant was present with cells at appropriate con-
centration. For AB5075 and its mutants, opaque colony-derived cultures were assayed (32).

Transposon mutant polar effects. To evaluate the potential contribution of polar effects to transpo-
son mutant antibiotic sensitivities, we first identified genes with mutant phenotypes with downstream genes
defined as co-oriented genes with start codons within 99 bp of the upstream gene termination codon. Of
the 23 genes with strong mutant phenotypes shown in Tables 1, 2, and 4, there were five such mutants.
Mutations in three of the genes (gna, rpoE, and ompR) may be polar on genes functioning in the same physi-
ological processes (capsule formation, envelope stress response, and two-component regulation, respec-
tively), which could potentially enhance the primary mutant sensitivities. One of the remaining two genes is
ampG, which may be polar on gloA (the gene encoding glyoxylase); however, gloA mutants show no increase
in meropenem sensitivity in Tn-seq analysis (not shown), indicating that a polar effect on its expression is
unlikely to contribute to the ampG mutant phenotype. The fifth gene is IptE, in which insertions may be polar
on expression of holA, an essential gene encoding a DNA polymerase holoenzyme subunit. To test whether
reduced expression of holA was likely to contribute to the IptE phenotypes, we constructed an in-frame IptE
deletion mutant unlikely to show transcriptional polarity in A. baylyi. The deletion mutant sensitivity pheno-
types were virtually identical to those of IptE insertion mutants (not shown), indicating that polar effects
reducing holA expression are unlikely to contribute significantly to the ptE mutant phenotypes.

Tn-seq sample preparation and sequence analysis. For the ceftazidime and meropenem Tn-seq
analysis, a pool of ~450,000 T26 transposon mutagenized strains (20) was thawed, diluted in LB, and
grown for an hour with aeration at 37°C prior to diluting and plating on LB agar with subinhibitory levels
of antibiotic (ceftazidime at 0, 32, 64, and 128 wg/mL (MIC >2048 ng/mL), and meropenem at 0, 0.5, 1,
2,4,6,9,12 ug/mL (MIC 12 to 16 ug/mL). After 12 h of growth, colonies were harvested and flash frozen
in LB and 10% glycerol prior to Tn-seq processing.

For vancomycin, clarithromycin, and A1-1 Tn-seq analysis, the mutant pool was thawed, diluted into cat-
ion-adjusted Mueller-Hinton broth, and subsequently grown in the presence of drugs in 96-well format in
deep well blocks (Genetix) at 37°C with aeration. Cells were grown with various subinhibitory levels of drug:
vancomycin at 0, 12.2, 183, and 30.5 ug/mL (MIC = 256 ug/mL); clarithromycin at 0, 0.418, 0.627, and
1.045 pwg/mL (MIC = 32 ug/mL); and A1-1 at 20 wM. After approximately seven population doublings, the
cells were pelleted and frozen prior to Tn-seq processing. Genomic DNA was isolated from the transposon
mutant pools by DNeasy blood and tissue kit (Qiagen, catalog no. 69506), and ~6 ug per pool was proc-
essed by the terminal deoxynucleotidyl transferase (TdT) method as before (34). The samples were
sequenced using a MiSeq (lllumina) with an ~5% PhiX spike-in and mixed sequencing primers 17 and 18.

Sequence reads were mapped to the AB5075 genome after removing the bases corresponding to
the transposon end (reads without transposon sequence were discarded), and read counts were normal-
ized to 10 million total reads per sample (60, 61). Subsequently, reads per gene (between the 5th and
90th percentiles of the open reading frame) were tallied.

Microscopy. Microscopy was performed as described previously (59). AB5075 strains were diluted
from an overnight, grown at 37°C in LB to an ODg, 0.15 and spotted onto a thin pad of LB agar contain-
ing Al-1 on microscope slides using Gene Frames (Thermo Scientific). Coverslips were added, and slides
were incubated at 37°C. After 20 h of incubation, high-resolution phase-contrast imaging was performed
using a 100x oil objective of a Nikon Eclipse 90i microscope. To evaluate ratios of cells in different
length chains, images of cells analogous to those shown in Fig. 3 were scored manually focusing on
well-isolated individual cells and groups of cells.
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